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Metal oxide/water interfaces play a crucial role in many electrochemical and photocatalytic processes, such
as photoelectrochemical water splitting, the creation of fuel from sunlight, and electrochemical CO2 reduction.
First-principles electronic structure calculations can reveal unique insights into these processes, such as the role
of the alignment of the oxide electronic energy levels with those of liquid water. An essential prerequisite for
the success of such calculations is the ability to predict accurate structural models of these interfaces, which
in turn requires careful experimental validation. Here we report a general, quantitative validation protocol
for first-principles molecular dynamics simulations of oxide/aqueous interfaces. The approach makes direct
comparisons of interfacial x-ray reflectivity (XR) signals from experimental measurements and those obtained
from ab initio simulations with semilocal and van der Waals functionals. The protocol is demonstrated here for
the case of the Al2O3(001)/water interface, one of the simplest oxide/water interfaces. We discuss the technical
requirements needed for validation, including the choice of the density functional, the simulation cell size, and
the optimal choice of the thermodynamic ensemble. Our results establish a general paradigm for the validation
of structural models and interactions at solid/water interfaces derived from first-principles simulations. While
there is qualitative agreement between the simulated structures and the experimental best-fit structure, direct
comparisons of simulated and measured XR intensities show quantitative discrepancies that derive from both
bulk regions (i.e., alumina and water) as well as the interfacial region, highlighting the need for accurate density
functionals to properly describe interfacial interactions. Our results show that XR data are sensitive not only to
the atomic structure (i.e., the atom locations) but also to the electron-density distributions in both the substrate
and at the interface.

DOI: 10.1103/PhysRevMaterials.4.113805

I. INTRODUCTION

First-principles electronic structure calculations and
molecular dynamics (MD) simulations have had a significant
impact in materials science, chemistry, and condensed-matter
physics [1–7] in the last three decades. However, they rely on
several design choices, including theoretical and numerical
approximations, whose validation is often a challenging
and complex task [7–15]. When performing first-principles
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calculations, one needs to identify a suitable atomistic model
of the system of interest, such as the number of atoms to
represent it, and the appropriate thermodynamic conditions
(temperature, density, pressure). The level of theory to
describe interatomic interactions must be specified, for
example, the approximation to density functional theory
(i.e., the exchange-correlation functional) that will be used.
Upon establishing a theoretical framework, numerical
approximations are chosen, e.g., methodological approaches
to solve the Kohn-Sham equations. These include the
description of core and valence electrons and the basis set
to represent the electronic states. Finally, the framework
for the calculation of specific properties of interest must be
defined. Validation of the results requires that all of these
choices and approximations be appropriate for the system
of interest, and a tight integration between experiment and
computation is essential. To date, most validation procedures
are performed for several properties of bulk phases where
many direct predictions of experimental observables (e.g.,
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FIG. 1. Schematic of the validation protocol adopted in this
work, showing the close coupling of theory and experiment cus-
tomized for the specific case of first-principles molecular dynamics
simulations of the solid/liquid interface using x-ray reflectivity.

crystallographic structures) from theoretical calculations may
be obtained [8,14,16,17].

In this work, we focus on the properties of oxide/water
interfaces, including their structure (i.e., atom locations) and
the associated total electron-density profiles. We present a
detailed validation protocol (outlined in Fig. 1) using the
metal oxide Al2O3(001)/water interface as an example. We
compare first-principles molecular dynamics (FPMD) simu-
lation results obtained using semilocal and van der Waals
(vdW) functionals and high-resolution specular x-ray reflec-
tivity (XR) measurements, with a focus on defining a general
validation protocol. Recent studies have shown that high qual-
ity XR data, due to its sensitivity to atomic-scale interfacial
structures, provides a strict test of the accuracy of predicted
structures from classical MD [18–20] and FPMD [20–22]
simulations. Such data are, therefore, promising to build a
robust validation tool.

The outline of the paper is as follows. First, we describe
the principles of XR in Sec. II and discuss how the reflected
intensity can be calculated directly from a simulated inter-
facial structure (i.e., either from the atom coordinates or the

electron-density distributions). We implement the validation
protocol in Sec. III A by comparing ab initio predictions of
the Al2O3(001)/water interfacial structure to experimental XR
best-fit results and then evaluate how the choice of theoret-
ical and numerical approximations, including the exchange
correlation functional and pseudopotentials (PPs), affects the
accuracy of computed XR intensities from the simulations.
Next, we explore the effects of the simulation cell size
(Sec. III B), of using full DFT-simulated electron distributions
to calculate XR signals (Sec. III C), and of sampling multiple
independent trajectories (Sec. III D). We find that significant
errors in the description of the aluminum-to-oxygen electronic
charge transfer in the Al2O3 substrate can overwhelm contri-
butions from the interfacial water. In Sec. III E we evaluate
the accuracy of simulated interfacial water structures, inde-
pendent of any errors in the simulated substrate, by optimizing
the DFT-simulated solid surface structure to minimize its er-
rors with respect to the XR data. We conclude by discussing
best practices in theory and simulation necessary to derive
robust structural models of aqueous interfaces and discuss
work needed to solve remaining challenges in order to achieve
full quantitative accuracy (Sec. IV).

II. METHODS

A. Specular x-ray reflectivity

X-ray reflectivity (XR) is a quantitative and sensitive probe
of the real-space structure of solid/liquid interfaces [23–25].
The use of hard x rays with photon energies E > 10 keV
leads to macroscopic (>1 mm) penetration lengths through
water, enabling the measurement of XR signals from buried
solid/liquid interfaces. At these energies, the x-ray wave-
length λ < 1 Å is comparable to interatomic distances and
can, therefore, directly probe the molecular-scale structure
of an interface. The reflectivity signal R(q) is the fraction
of the incident beam that is reflected from the surface as a
function of the scattering vector q. Here we consider the spec-
ular, i.e., mirrorlike, x-ray reflectivity where the scattering
vector is oriented along the surface normal direction ẑ with
magnitude q = |qz| = (4π/λ) sin(2θ/2); 2θ is the scattering
angle between the incident and reflected x rays as shown in
Fig. 2(a). It is convenient also to use the unitless reciprocal
lattice vector L to describe the scattering condition such that
q = (2π/c)L where c is the bulk unit-cell lattice constant of
the solid substrate.

The scattering of x rays from the bulk crystal lattice planes
gives rise to intense Bragg peaks, which reflect the bulk
crystalline structure. The experimentally determined lattice
constant for Al2O3 is cexp = 12.998 Å [26], and its unit cell
comprises six lattice planes along the surface normal that dif-
fer only in their lateral registry. Consequently, Bragg peaks for
Al2O3(001) are observed at L = 6n (n = 1, 2, ...) or, equiv-
alently, at q = n 2.900 Å−1 [Fig. 2(b)]. A continuous rod of
weak intensity is observed between these Bragg peaks in a
form known as a “crystal truncation rod” (CTR) [27]. The
q-dependent intensity of these weak reflections is directly
sensitive to the deviations of the interfacial structure from
the expected bulk structure and the associated electron-density
profile. Such structural changes include displacements of solid
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FIG. 2. Experimental schematic and results. (a) Specular x-ray
reflectivity from the Al2O3/water interface is measured as a function
of the vertical momentum transfer q = |kf − ki|. (b) The XR data
(red circles) are shown as a function of both q (bottom axis) and the
reciprocal lattice unit L (r.l.u.) (top axis) with the reflectivity expected
from an ideally terminated Al2O3 substrate (gray line) and the best
fit to the data with χ 2 = 1.54 (black line). (c) The best-fit structure
of the interface, shown as the effective electron density, is calculated
following Eq. (3b). The experimental data and best-fit structure have
previously been published in Ref. [21].

surface layers from their bulklike positions resulting from the
termination of an infinite crystal and ordering of the liquid
near the solid surface [23,24].

The specular XR signal R(q) probes the laterally averaged
electron density via the complex structure factor F(q) as

R(q) = T (q)

(
4πre

qAUC

)2

|F (q)|2, (1)

where T(q) describes the q-dependent transmission of the
x-ray beam through the sample cell, re = 2.818 × 10−5 Å is

the classical electron radius, and AUC is the unit-cell area of
the solid surface. F(q) is the Fourier transform of the electron
density ρ(z) [24] as a function of the height z above the
surface:

F (q) =
∫ ∞

−∞
ρ(z)eiqzdz, (2a)

=
Nelements∑

j=1

f0, j (q)
∫ ∞

−∞
n j (z)eiqzdz, (2b)

=
∞∑
j=1

f0, j (q)� je
−q2u2

j /2eiqz j . (2c)

In Eq. (2b), f0, j is the element-specific atomic form factor
(FF) [28], n j (z) is the number density profile of each element
j, and the sum is taken over all N elements in the system
(i.e., Al, O, and H for the present case of the Al2O3/H2O
interface). Equation (2c) describes the structure factor in terms
of the individual atomic layers j, where � j is the coverage
per substrate unit cell, z j is the height, and u j is the root
mean square (rms) width. The Debye-Waller factor, e−q2u2

j /2,
accounts for thermal fluctuations about the atom locations.
Encoded in each FF f0 is the spatial distribution of electrons
surrounding each atom through the q-dependent decay in the
scattering strength.

Equation (2) highlights two distinct pathways by which to
calculate an XR signal from simulated interfacial structures.
The most general approach calculates the XR signals directly
from the electron-density profile of the full interface obtained
by FPMD electronic structure calculations, thus enabling a
comparison between measured and computed XR signals
using Eq. (2a). Previous work comparing experimental and
FPMD XR signals of the SrTiO3/water interface used the elec-
tron density of the solid surface but did not include the thermal
motion of the solid through FPMD and utilized a classical
continuum model to describe electron density of the liquid
[22]. Another method, which has been reported previously
[18–21], calculates the intensities from the simulated element-
specific number density profiles, n(z), or by using parameters
to describe n(z) as in Eq. (2b) or Eq. (2c), respectively. This
second method mimics the experimental approach that is nor-
mally used to analyze XR data through model-dependent fits
and has the benefit that it can be computed for any simulated
interfacial structure (i.e., from FP or classical MD where the
electrons are not explicitly modeled) or proposed interfacial
model (as described in Sec. II B). This approach, however,
makes the implicit assumption that atomic FFs (typically for
neutral atoms) accurately describe the electron distributions
surrounding each atom. This assumption may not be accurate
in the presence of interactions that can alter the electron-
density distribution (e.g., covalent bonding, charge transfer,
electronic delocalization). As FPMD explicitly determines the
charge density distribution around each atom of the system,
the results of our calculations allow us to explore the role of
different bonding environments at the interface and in bulk
regions and thereby assess the strengths and weaknesses of
both XR calculation schemes.

The electron density, if not computed directly from FP,
can be calculated as the convolution of the elemental number
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density profiles with the inverse Fourier transform of the FFs
[Eq. (3a)]. This is distinct from the effective electron-density
profile ρeff (z), which is the number density profiles weighted
by the atomic number Zj of each atomic layer [Eq. (3b)]:

ρ(z) =
∑

j

(∫ ∞

−∞
f0, j (q)e−iqzdq

)
∗ n j (z), (3a)

ρeff (z) =
∑

j

Z jn j (z) =
∑

j

Z j� j

u j

√
2π

e−(z−z j )2/2u2
j . (3b)

In this work, we evaluate the electron-density distributions
in two ways: directly from FPMD simulations and by using
FF and number densities as in Eq. (3a). We also present the
effective electron-density profile according to Eq. (3b) that
can be compared with previous reports on the structure of the
Al2O3(001)/water interface [21,29].

B. Experiments and data analysis

The XR measurements, including sample preparation and
data analysis, have been described previously [21,29]. Briefly,
measurements were carried out using an x-ray photon energy
of 12 keV. A polished 10 mm × 10 mm (001)-terminated
single-crystal alumina sample was cleaned and mounted in
a thin-film cell [24] with ultrapure deionized water (nom-
inal pH = 7). XR data [Fig. 2(b)] were analyzed using a
model-dependent least-squares fitting procedure. The model
describes an effective electron-density profile ρeff (z), where
each atomic layer is represented as a Gaussian function ac-
cording to Eq. (3b) with parameters describing its vertical
height, coverage, and rms width. The parameters for the bulk
Al2O3 crystal are known [26] and were kept fixed in the
data analysis. The parameter values describing the atoms in
the near surface region were determined by optimizing the
model in an iterative process to achieve a “best-fit” structure
in agreement with the XR data. We use a χ2 goodness-of-fit
metric for each set of input parameters,

χ2 = 1

N

qmax∑
q0

(
Rmeas(q) − Rcalc(q)

σ (q)

)2

, (4)

where N is the number of data points, and Rmeas, Rcalc, and σ

are the measured reflectivity, calculated reflectivity from the
model, and experimental uncertainty, respectively. Rcalc(q) is
calculated via Eq. (1) with the model structure factor deter-
mined via Eq. (2c) using tabulated atomic FFs f0, j (q) [28]. A
perfect fit to the data and its associated uncertainties would
result in χ2 = 1. The optimized model-dependent fit with
χ2 = 1.54 [Fig. 2(b)] gives high confidence in the best-fit
structure shown in Fig. 2(c). This interface is described by
an oscillatory relaxation pattern within the top five Al2O3

layers nearest the interface, and the liquid water structure
is described by a modulated fluid density with a first ad-
sorbed hydration layer at a distance of 2.52 ± 0.01 Å above
the Al2O3 surface and an occupation factor of 1.83 ± 0.12
water molecules per surface unit cell (H2O/UC) [21].

C. Theoretical and numerical methods

The structural model chosen to represent the
Al2O3(001)/water interface in our FP simulations consists
of a periodically repeated slab where the solid is modeled
by six Al2O3 layers (Al-Al-O3) with 12 unit cells in the
plane terminated by a fully hydroxylated Al2O3, and the
liquid is modeled with 96 water molecules. The chosen
surface termination is consistent with previous experimental
characterization and fitting analysis of the Al2O3(001) surface
in water at neutral pH [29–34]. The FPMD simulations
were carried out with the Qbox code [35] where the
Kohn-Sham equations are solved using plane-wave basis
sets and optimized norm-conserving Vanderbilt (ONCV)
pseudopotentials (PPs) [36,37]. All calculations were
performed using PPs where the 1s electrons of oxygen
and of aluminum were always considered as core electrons
and, thus, frozen in their respective atomic configurations.
In the case of Al, we considered two different PPs: (1) a PP
in which the 3s23p1 electrons were considered as part of the
valence partition (the “3e− PP”) was used for simulations
with two different functionals, PBE [38] and optB88 [39],
and (2) a PP in which the 2s22p63s23p1 electrons were
in the valence partition (the “11e− PP”) was used for
additional optB88 simulations. We also analyzed the effect of
statistical sampling from multiple trajectories and the effect
of implicitly including computed electron densities from
FP instead of using atomic FF. We compared FPMD results
obtained with PBE and optB88, both of which are widely
used to study water. The latter explicitly includes van der
Waals (vdW) interactions and has previously been shown
to outperform PBE in its predictions of the structural and
vibrational properties of liquid water [9]. Moreover, optB88
can reproduce some of the water properties as accurately as
the hybrid functional PBE0 [40] but at a significantly lower
computational cost [9,41].

The initial atomic configuration of the slab used in our
FPMD simulations was prepared starting from the final snap-
shot of a previously equilibrated alumina/water interface,
which was simulated using FPMD with the PBE functional
and included a three-layer Al2O3 slab interfaced with 96 water
molecules [42]. The snapshot was expanded along the (001)
direction to accommodate a thicker six-layer Al2O3 slab; it
was subsequently equilibrated for ∼1 ns using classical MD
(CMD) and the LAMMPS code [43] with the ClayFF force
field [44] for Al2O3 and the SPC/E force field [45] to model
liquid water. Finally, FPMD was run for ∼6 ps starting from
the equilibrated classical simulation. Further details are given
in the Supplemental Material [46].

We also carried out CMD calculations to explore the im-
pact of finite size effects on computed XR signals (Table SI
and Fig. S1). We tested an alumina model ranging in size
from 6 to 24 layers and a liquid model with 280 to 2520
H2O molecules and found that while larger simulation may be
needed to improve predictive accuracy, our six-layer slab with
96 water molecules in our FP calculations balances the need
for accuracy and computational feasibility. In addition, we use
CMD to examine in detail the effect of the distance of the first
water layer from the solid surface on the XR signals. Further
details on the CMD simulations are given in the Supplemental
Material [46].
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FIG. 3. Definition of bulk crystal, surface, and bulk fluid regions
for structure factor calculations. The oxide/water interface region
from 0 < z < az represents half of the full FPMD simulation cell
from the center of the Al2O3 slab to the center of the water region,
and the bulk regions are semi-infinite extensions thereof. O and Al
atoms shown as red and slate blue spheres, respectively.

The method used to obtain XR reflectivity from electronic
structure calculations using MD trajectories builds on similar
calculations carried out for the SrTiO3/water interface [22].
For each simulation we identify three regions correspond-
ing to the structures probed by the XR measurement: the
bulk crystal, the substrate surface and interfacial liquid, and
the bulk liquid (Fig. 3). The total structure factor, F(q), is
evaluated following Eq. (2a) by writing ρ(z) as the sum of
contributions coming from each of the three regions. The
contribution of the bulk solid is calculated as a semi-infinite
extension of the central (i.e., most bulklike) region of the
simulation slab. Specifically, the substrate crystal structure is
calculated as a repeating periodic array of the bulklike middle
of the Al2O3 slab (i.e., the three planes Al-Al-O3 centered at
z = 0 in Fig. 3) with a slab lattice parameter d006 equal to the
oxygen-oxygen vertical interlayer spacing; this bulk crystal
has a total structure factor given as the product of the structure
factor of a single unit cell with density ρB(z) and the CTR
structure factor, FCTR = 1/(1 − e−iqd ) [24,27]. The bulk fluid
at z > az is represented as a semi-infinite water layer above
the simulated interfacial water region with uniform density ρw

chosen to be equal to the experimental electron density of bulk
water (0.33 e−/Å3); its structure factor is ρw/iq multiplied by
a phase factor to describe its distance from the bulk substrate
surface, az. The solid/water interfacial region, 0 < z < az,
includes the oxide substrate surface and the adjacent fluid
with interfacial density, ρint (z), as simulated. The full structure
factor is then written as

F (q) = ∫d
0 ρB(z)eiqzdz

1 − e−iqd
+

∫ az

0
ρint (z)eiqzdz + ρw

iq
eiqaz . (5)

The structure factors in Eq. (5) can be calculated directly
from the full electronic structure predicted by FPMD, or
from the simulated atomic densities and FFs as in previous
studies [18,19,21]. The direct use of FPMD electron-density
distributions accounts for any changes to valence electron
configurations and directly tests the ability of DFT to predict
the associated XR signals. Meanwhile, the use of simulated
atomic densities is beneficial in evaluating the accuracy of the
simulated structure (i.e., the location of a particular atomic
layer) with respect to the best-fit structural model and its un-
certainties. We employ both calculation schemes in this study
to evaluate the consistency between and relative accuracies of

the simulated electronic distributions and those assumed by
FFs.

Note that when using the slab center to represent the bulk,
one faces several issues. The lattice parameter of a finite slab
of the size used here does not exactly reproduce the same bulk
lattice constant in the middle of the slab that would be ob-
tained from fully periodic bulk calculations [21,47]. Because
the XR data are highly sensitive to bulk crystal structures [48],
inaccuracies of the slab lattice will introduce significant errors
in the computed XR signals (i.e., in the location and intensity
of the Bragg peaks). In principle, the slab should contain a
bulk region large enough to recover the lattice constant of
alumina evaluated with periodic DFT calculations, but the
necessary size (possibly several tens of layers), is still outside
the current computational capabilities of FPMD on moderate
size computers, such as those used in this work. We mitigate
errors resulting from the slab lattice parameter by making
comparisons with the reflectivity data in units of reciprocal
lattice index L, which effectively scales the simulated struc-
ture to factor out the disagreement in lattice constants.

III. RESULTS AND DISCUSSION

A. Choice of theoretical model

The results of all FPMD simulations discussed in this work,
including slab lattice spacings and χ2 levels of agreement with
the XR data calculated from elemental number densities and
FF or directly from the DFT electron-density distributions,
are summarized in Table I. We first discuss the simulations
carried out using the PBE functional [Fig. 4(a)]. The sim-
ulated atomic number density profile [Fig. 4(b)] obtained
from four 10-ps trajectories is qualitatively consistent with the
experimentally derived effective electron-density profile
[Fig. 2(c)]. A notable, but expected, difference is the appear-
ance of peaks in the simulated profile due to the presence
of hydrogen atoms that are not in the experimental density
profile. This difference is due to both the weak scattering of x
rays from the single hydrogen electron and its delocalization
around the proton core.

Despite a satisfactory qualitative agreement, we identify
structural discrepancies between PBE and the experimen-
tal best-fit model. The PBE slab lattice parameter differed
from the experimentally known value by +1.7% (Table I). In
contrast, the fully periodic, optimized bulk PBE simulation
gave an Al2O3 lattice parameter 1.2% larger than the exper-
imental value. PBE also overestimates the interfacial water
height above the oxide surface 	w by ∼0.2 Å compared to
the experimental best fit (2.52 ± 0.01 Å) and underestimates
the occupation factor � of the first hydration layer (i.e., the
integrated area of the first water peak with respect to the
Al2O3 surface unit-cell area), giving 1.3 H2O/UC compared
to 1.83 ± 0.12 H2O/UC found in the experimental analysis.
Our PBE results are consistent with those found in previous
studies [21,42] and suggest that PBE does not accurately
describe the interactions of the Al2O3/water interface.

Next, we evaluate how various FPMD design choices affect
the structural predictions and directly quantify the accuracy
of the simulations in terms of the χ2 level of agreement of
computed XR intensities with the experimental XR data. We
find that optB88 provides several improvements over PBE
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FIG. 4. (a) Snapshot of the initial PBE-based FPMD simulation
with a structural model containing a six-layer Al2O3 slab and 96
water molecules before equilibration. (b) Simulation atomic number
density profiles after equilibration. The water height 	w is defined
by the distance between the surface hydroxyl oxygen and the oxygen
of the first layer of water.

with respect to achieving consistency with the experimental
best-fit (i.e., atomic) structure. The simulated alumina slab
lattice spacing from optB88 exceeds that of the experiment

by +1.5% as opposed to PBE’s +1.7% (both using the 3e−
PP). Further gains are obtained from optB88 with an 11e−
PP, yielding a lattice parameter +0.8% compared to that
of the experiment (the periodic bulk optB88 DFT calcula-
tion gave an Al2O3 lattice parameter of 2.173 Å, ∼0.3%
larger than the experimental value). These differences in the
Al2O3 bulk lattice spacing do not lead to substantial qualita-
tive differences between the electron-density profiles of the
Al2O3 surface obtained from PBE, optB88, and the exper-
imental best-fit model [comparisons of the results obtained
using the 3e− PP are shown in Fig. 5(a)]. However, such
differences are important in determining the accuracy of the
computed XR intensities as all comparisons are performed
with respect to L (i.e., after normalizing the lattice constant
errors).

We observe clear differences in the interfacial water dis-
tributions [Fig. 5(b)]. The optB88 functional predicts an
interfacial water height of 2.68 Å (independent of the choice
of PP), in closer agreement with the expected experimental
value (2.52 Å) than the height predicted by PBE (2.74 Å). The
optB88 functional also predicts an occupation factor of the
first hydration layer of 1.5 H2O/UC, which is more consistent
with the experimental best-fit result (1.83 ± 0.12 H2O/UC)
than the value determined using PBE (1.3 H2O/UC). These
results suggest that the optB88 functional, which includes
vdW interactions, provides an improved description of inter-
facial water properties relative to PBE.

The noted improvements in the electron-density distribu-
tion obtained with the optB88 functional and 3e− PP translate
to superior χ2 agreements in the calculation of the optB88 3e−
PP XR intensities [Figs. 5(c) and 5(d) and Table I]. Namely,
χ2 decreases from 102 for PBE to 66 for optB88 when using
atomic FFs, or from 119 to 91 for PBE and optB88, respec-
tively, when using DFT electron densities. However, such an
improvement is not observed when using optB88 with the
11e− PP. In this case, χ2 = 100 using FFs, equivalent to the
PBE result (102), and χ2 = 197 using DFT charge densities.
We explore the effects of PP choice on the predicted XR signal
in Sec. III C.

Our results highlight two important findings. First, the
values of χ2 obtained here are significantly larger than

TABLE I. χ 2 from comparing first-principles molecular dynamics (FPMD) simulations and experiment. PBE [38] and optB88 [39] indicate
the energy functionals used in the simulations. The pseudopotential PP includes either 3 or 11 valence electrons chosen for Al (see text). Also
noted are the volume change 	V of the simulation cell via compression along alumina (001) direction relative to the volume used in the PBE
simulation; the total simulation time t after averaging over four independent trajectories; the Al2O3 lattice parameter d006; the height 	w of the
first hydration layer above the Al2O3 surface; and the water occupation � in the first hydration layer per Al2O3 surface unit cell (UC). χ 2 is
calculated both using atomic form factors (FFs) with the FPMD atomic structure prediction and from the DFT electronic structure directly.

χ 2

Exchange correlation PP 	V (%) t (ps) d006 (Å) 	w (Å) � (H2O/UC) Atomic FFs DFT e−

PBE 3 0 40 2.2028 2.74 1.3 102 119
optB88 3 0 12.8 2.1982 2.68 1.5 66 91

11 0 11.6 2.1843 2.68 1.5 100 197
11 10 13.2 2.1809 2.64 1.7 69 133
3 10 57a

Experiment 2.1663 2.52 1.83 1.54

aCalculation uses the atomic positions from the optB88 11e− PP trajectory with compression but dressed with the 3e− PP core and valence
configurations.

113805-6



VALIDATING FIRST-PRINCIPLES MOLECULAR … PHYSICAL REVIEW MATERIALS 4, 113805 (2020)

FIG. 5. Comparison between theoretical methods and the experimental result for the electron density ρ and reflected intensity |F |2 as a
function of reciprocal lattice unit L computed using form factors (FFs). (a) Electron-density profiles of the simulated Al2O3 surface from
first-principles molecular dynamics (FPMD) simulations using the PBE (blue) and optB88 (green) functionals with a 3e− pseudopotential (see
text), plotted with the surface oxygen at zO as the reference plane, show subtle deviations from the experimental best fit (black); the differences
are more visible in an equivalent classical MD (CMD) simulation (red). (b) The FPMD electron-density profiles of the interfacial water region
reveal predicted interfacial water heights exceeding that obtained from XR experiments. (c) The simulations reproduce the general shape of
the XR data (experimental errors shown as 1σ uncertainties) but with notable differences in the region below the first Bragg peak (dotted box)
and for L ∼ 6–9. (d) A close-up view of the region in the dotted box from (c) shows that the simulated XR intensities from FP qualitatively
reproduce oscillations in the XR data better than that from CMD; the optB88 functional outperforms PBE, reflecting important qualitative
improvements in the optB88 electron-density distribution.

those obtained through the experimental analysis [χ2 = 1.54;
Figs. 2(b) and 2(c)], indicating that the accuracy of the sim-
ulations is not yet fully quantitative. Second, the χ2 values
are better when using FF than when using the DFT charge
densities, revealing that the comparison with experiments is
sensitive to both the atomic and electron-density distributions.
We explore the sensitivity to the DFT electron distributions in
greater detail in Sec. III C.

Examining qualitative features of the computed XR signals
[Figs. 5(c) and 5(d)] points to differences in the real-space
structures that can guide the validation process. Here, we
compare the FPMD results with a CMD calculation (χ2 = 55,
Table SI in the Supplemental Material [46]) to gain critical
insights. The FPMD XR signals exhibit an order of magnitude
deviation from the XR data at L ∼ 6–9 [Fig. 5(c)] and factors
of ∼2 discrepancies near L = 2–5 [Fig. 5(d)]. However, the
CMD XR signal does not show a similar low-intensity fea-
ture at L ∼ 6–9 and is more qualitatively consistent with the
experimental data at these scattering conditions. Notably, the
CMD interfacial water height of 2.55 Å [Fig. 5(b)] is nearly
equivalent to the value obtained from the experimental best-
fit model. When the CMD-simulated water layer is rigidly
shifted away from the solid Al2O3 surface and brought in
line with the FPMD values, the CMD XR intensity begins to

qualitatively reproduce the low-intensity region observed in
the FPMD intensities (Fig. S2 of the Supplemental Material
[46]). These results suggest that an accurate reproduction of
structural details in the interfacial water structure (especially
the interfacial water height), is critical but not sufficient to
obtain a high-level agreement with the measured data.

B. Volume of the simulation supercell

In Sec. III A we found that the simulated interfacial water
heights 	w exceeded that indicated by the experiment and
showed that this feature plays an important role in reproducing
the XR data. We also found that the simulated adsorbed water
densities (i.e., occupation factors) were lower than the exper-
imental result, indicating that the volume chosen in our NVT
simulations (3117 Å3) may have been too large. In principle,
one may determine the optimal slab volume by using NPT
simulations. However, adopting such a protocol is currently
prohibitive from a computational standpoint. Therefore, we
explored the sensitivity of the simulated interfacial water den-
sity profile to the selection of simulation volume by reducing
the supercell z-dimension size by 10% using simulations per-
formed at the optB88 level.
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FIG. 6. Effect of a 10% size reduction of the unit cell along the Al2O3 surface normal for the case of FPMD simulations with the optB88
functional and 11e− PP computed using atomic FFs. (a) The electron-density profiles ρ(z) of the Al2O3 interface show equivalent qualitative
agreement with the experimental best-fit structure (black) before compression (green) and after compression (purple); the structures are given
with the alumina surface oxygen layer zO as the reference plane. (b) The interfacial water densities increase with volume reduction, and the
interfacial water height is in closer agreement with the experimental result. (c) The simulated XR intensities |F |2 vs reciprocal lattice unit
L (r.l.u.) are generally similar before and after decreasing the simulation cell size but with notable changes in the oscillations below the first
Bragg peak (dotted box), as highlighted in (d), bringing the simulated XR signal in closer qualitative agreement with the XR data (experimental
errors are shown as 1σ uncertainties).

The volume compression in our optB88 simulations (which
we refer to as “optB88-10%”) led to an interfacial water
density in better agreement with the experimental XR best-fit
result. Due to the low compressibility of Al2O3, the 10%
volume reduction of the supercell did not significantly alter
the alumina slab electron-density profile or lattice spacing
[Fig. 6(a) and Table I]. We obtained a ∼17% decrease in the
volume of the much more compressible water region. The
resultant interfacial water profile [Fig. 6(b)] had an integrated
first hydration layer density of 1.7 H2O/UC and an interfacial
water height 0.04 Å closer to the Al2O3 surface at 2.64 Å. We
also observe significant changes to the second hydration layer,
including an increased density and a peak shift from >6 to
5.25 Å. Finally, the asymptotic bulklike water density (i.e.,
the density at the point farthest from the solid surface) was
0.29 e−/Å3, in closer agreement with the experimental value
of 0.33 e−/Å3 than the result from the optB88 simulation
using a larger volume (0.22 e−/Å3).

The computed XR intensities from the optB88-10% simu-
lation with the 11e− PP [Fig. 6(c)] are overall in substantially
better agreement with the XR data than those from the ini-
tial optB88 11e− PP calculation (Table I), resulting in χ2 =
69 when using atomic FFs and χ2 = 133 when using the
electron-density prediction directly from DFT. The majority
of the χ2 improvement appears to originate from a substantial

improvement in the oscillations in the simulated XR signals
below the Bragg peak [Fig. 6(d)], indicating that these low-L
XR intensities, in addition to those at 6 < L < 9, provide a
sensitive fingerprint of the interfacial water structure.

C. Sensitivity to DFT-simulated electron densities

We showed that the XR data are sensitive not only to
the atomic positions, but also to the electron distribution
surrounding each atom. To isolate the impact of the charge
densities, we compare three calculations using a single pre-
diction of the atomic density distribution (that of the 11e−
PP optB88-10% simulation) but with different descriptions
of the electron configuration: atomic FF, 3e− PP, and 11e−
PP. These calculations all give similar electron-density distri-
butions [Figs. 7(a)–7(c)]. However, the 11e− PP simulation
shows a distinct broadening of the electron density within the
Al2O3 slab [Fig. 7(b)]. This apparent delocalization leads to a
visible overestimate of the electron density between atomic
layers and an associated reduction in the density at the Al
peak positions. We observe a nearly identical delocalization
of the charge when carrying out calculations for the same
snapshot using either PBE or the hybrid functional PBE0 [40]
with the 11e− PP (Fig. S3 of the Supplemental Material [46]),
indicating that the inaccuracy in the description of charge
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FIG. 7. Effect of different electron-density configurations on the XR signal demonstrated using the atomic density prediction from the
optB88 simulation with 10% compression and 11e− PP. (a) The full electron-density profiles ρ(z) calculated directly from the electron-density
predictions of the 11e− PP (red), using the 3e− PP electron distribution (blue), or using atomic FFs (green) are compared to the experimental
best fit (black) with all profiles aligned at the alumina surface oxygen position zO. The simulated structures show detailed variations in (b) the
interlayer region of the alumina slab (gold box) and in (c) the bonding region at the interface with water (teal box). (b) In the alumina slab,
the 11e− PP electron distribution exhibits an excess density between atomic layers and a decreased Al peak density. (c) In the bonding region,
the electron densities directly from DFT are similar to each other (the 3e− PP and 11e− PP cases overlap) and are in closer agreement with
the experimental best fit than the density calculated with atomic FFs. (d) The XR intensity |F |2 as a function of reciprocal lattice unit L (r.l.u.)
computed with the 3e− PP agrees best with the XR data (black; experimental errors shown as 1σ uncertainties) while the intensity computed
directly from the 11e− PP electron-density distribution is the least accurate (see Table I). (e) Detailed view of the variation in the low-L region
of the computed XR intensities [dotted box in (d)].

densities largely originates from the use of the PP derived
with 2s2p electrons in the valence partition. Furthermore, the
11e− PP XR simulation (χ2 = 133) shows an intensity below
the second Bragg peak (10 < L < 12) that is lower than that
seen either for the atomic FF (χ2 = 69) or 3e− PP (χ2 = 57)
results, or in the XR data [Fig. 7(d)], which is indicative of
errors in the bulk structure. Hence, we conclude that inac-
curacies of the 11e− PP for Al contribute to the observed
differences in χ2 values (Table I). Also note the significant
differences between the 3e− PP and 11e− PP XR intensities
below the first Bragg peak [Fig. 7(e)], highlighting that the
low-L signal contains information not only about the water
structure as we showed earlier, but also about the substrate.

The simulated electron-density distributions in the region
between the solid surface and interfacial water [the “bonding
region”; Fig. 7(c)] display good qualitative agreement with
the experimental density. However, the distribution calculated
using atomic FFs shows a higher density in this region than
those using DFT charge densities, and it is in slightly worse
agreement with the experimental best fit. This likely con-
tributes to the lower accuracy obtained when using atomic FF
rather than the 3e− PP (χ2 = 69 versus 57, respectively). This

higher charge density appears to be associated with the use of
atomic FF for neutral atoms (O, H), which does not account
for the possibility of charge transfer at the interface. To test
this idea, we also computed the electron-density distributions
and XR intensity from the same atomic density distribution
but using ionic FFs (O2−, H+, and Al3+). The use of ionic
FFs leads to an electron-density distribution in closer qual-
itative agreement with that predicted by optB88-10% DFT
charge densities and, consequently, in closer agreement with
the experimental best-fit density (Fig. S4 [46]); it also gives a
more accurate XR signal with respect to experiment (χ2 = 45;
Table SII [46]). These results indicate that the XR data are sen-
sitive to the nature of the charge distribution between Al and
O at the interface and illustrate the importance of an accurate
calculation of electron-density distributions for comparison
with experimental XR data so as to avoid the need for any
ad hoc choices of form factors.

D. Role of trajectory sampling

As a final step of the validation protocol, we analyzed
how the statistical sampling of FPMD trajectories may af-
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FIG. 8. Role of sampling from four independent trajectories, s0−s3 (s0 red; s1: blue; s2: green; s3: purple), using the optB88 simulation
with 10% compression and the 3e− PP electron distribution. (a) The trajectories all have similar electron-density distributions ρ(z), but with
clear variations in the interfacial water region, z − zO > 0 where zO is the alumina surface oxygen layer position. (b) The difference in density,
	ρ, between each trajectory and the average of all four trajectories, 〈s〉 (which gives χ2 = 57), is largest in the water region with the s2
trajectory (green squares) showing the largest deviation; density differences for s0 − 〈s〉 are shown as red inverted triangles, for s1 − 〈s〉 as
blue circles, and for s3 − 〈s〉 as purple triangles. The total variance for all trajectories averages zero with a standard deviation of 0.0154 e−/Å3

(shaded box). (c) The XR intensities |F |2 vs reciprocal lattice unit L (r.l.u.) vary both in the low intensity region (6 < L < 8) and in (d) the
region below the first Bragg peak [dotted box in (c)]. χ2 ranges from 41 (s0) to 92 (s2). The experimental result is shown for reference (black;
experimental errors shown as 1σ uncertainties).

fect the accuracy of computed XR signals. We focus on four
independent trajectories obtained for the compressed optB88
simulations using the 3e− PP (yielding an average accuracy
of χ2 = 57). The four trajectories were each sampled for 3.4
ps and show similar electron-density predictions [Fig. 8(a)]
with differences appearing primarily in the interfacial water
distribution [Fig. 8(b)]. The levels of agreement with the XR
data range from 41 < χ2 < 92 with two to three order-of-
magnitude differences in the computed XR intensities in the
low-intensity region [6 < L < 8; Fig. 8(c)] and up to a factor
of ∼2 differences in the region below the first Bragg peak
[Fig. 8(d)]. For completeness, we performed an equivalent
analysis for the same trajectories but with atomic FF (Fig. S5
[46]) and for four independent PBE trajectories (Fig. S6 [46])
and found similar results. From these observations, we con-
clude that the interfacial water region is the main contributor
to the variability in χ2 for each FPMD methodology, and it
is an important factor in the strong variation of the computed
XR intensities at L = 6–8 across the different simulations.

These results show how the presence of sharp minima in
XR intensities are intrinsically challenging to reproduce by
DFT. Specifically, even subtle differences in the electron-
density distributions from trajectory to trajectory (for any
given DFT methodology) can lead to significant differences
in the computed XR signals that influence the calculated χ2

level of accuracy. Therefore, the robust sampling of multiple
trajectories, as previously suggested for pure water [13], is

crucial to accurately describe these low-intensity features in
the simulated XR signals. We propose that the high sensi-
tivity of these minima in the XR data can, in principle, be
used as a stringent test of FPMD-predicted charge densities
at oxide/water interfaces, such as those that are controlled by
hydrogen bonding.

E. Empirical fitting to XR data

We showed that the XR data are sensitive to both the
solid surface and the water region; hence, they cannot be
used to uniquely determine the accuracy of the theoretical
predictions of interfacial water (i.e., the quality of agreement
in the theory-experiment comparisons is also determined by
the accuracy of the substrate structure). However, isolating
the contribution of the interfacial water can be achieved by
performing model-dependent optimization, guided by the XR
data, using the DFT simulations as the starting point. In par-
ticular, we preferentially test the accuracy of the interfacial
water structure by using the (fixed) as-simulated interfacial
water profile but allowing the geometry of the Al2O3 sur-
face structure to differ from that predicted from FPMD. This
is achieved by choosing structural parameters for model-
dependent fitting that accurately describe the simulated Al2O3

interfacial structure (i.e., atom positions and widths described
in Secs. II A and II B; see details in Ref. [21] and the Sup-
plemental Material [46]) as starting points, but then we allow
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TABLE II. χ 2 fitting results using atomic FFs or charge densities from DFT to describe the electron-density distributions for the three water
structures simulated using PBE [38] with the 3e− PP, optB88 [39] with the 11e− PP and no compression, and optB88 with the 11e− PP and
compression of the unit cell. The Al2O3 surface atomic structures were relaxed from the as-predicted FPMD simulations in order to separately
assess the χ 2 contributions relating to the water structure. 	V is the volume change of the simulation cell via compression along alumina
(001) direction relative to the volume used in the PBE simulation. χ2

0 is calculated from the parametrized Al2O3 surface (see the Supplemental
Material and Fig. S7 for details [46]) before the alumina surface structure was optimized; χ2

f A and χ 2
f DFT indicate the final quality of agreement

of the Al2O3/water structures with the experimental data when the electron density of the simulated water is calculated either using atomic FFs
or directly from the DFT electronic structure prediction, respectively.

Atomic FF DFT e−

Exchange correlation PP 	V (%) Initial (χ 2
0 )a Optimized (χ 2

fA) Optimized (χ 2
fDFT)

PBE 3 0 124 11.2 5.6
optB88 11 0 90 17.0 14.8

11 10 51 5.6 5.5

aThese values differ from those calculated directly from the simulations (Table I) due to the use here of the experimental bulk structure rather
than the structure derived from the FPMD slab, confirming the need for high accuracy in the simulated bulk structure. Nevertheless, the trends
in χ 2 are similar, i.e., optB88-10% has the highest accuracy).

those parameters to change in the optimization. We also use
the experimentally known lattice parameter, d006 = 2.1663 Å,
and internal coordinates of alumina [26]. In this optimization
procedure, the alumina atom positions and widths change
from their initial values (i.e., those simulated by FPMD) to
reduce the χ2 error associated with the solid surface, leading
to an optimized structure with a χ2 result that is sensitive
primarily to errors in the simulated water structures.

The optimized χ2 values are compared in Table II and are
substantially smaller than those obtained previously through
direct comparisons (Table I). This indicates that inaccuracies
of the DFT-simulated atomic displacements in the alumina
surface were a major contribution to the large χ2 values.
We note that the associated changes in the alumina surface
structure upon optimization are small in absolute magnitude,
with a mean difference in the atom heights within the top two
surface unit cells of only ∼0.06 Å (averaged over the PBE,
optB88, and optB88-10% simulations, using both the FFs and
the DFT electron densities). The large reduction in χ2 upon
geometry optimization reveals that these differences in the
alumina surface structure are significant and required to make
quantitative comparisons between the measured and simulated
XR data. These smaller χ2 values (χ2 ∼ 5) indicate that there
is near-quantitative agreement between the simulated hydra-
tion structure and the XR data (i.e., χ2 ≈ 1). This approach
was then used to assess the relative accuracy of the interfacial
water structures from our FPMD simulations using PBE and
optB88 with and without compression of the unit cell. Here,
we see that the optB88-10% simulation gives the most accu-
rate description of the interfacial water structure : χ2

f A = 5.6
and χ2

DFT = 5.5 using the water elemental density profile with
atomic FF or using the DFT charge density, respectively. The
optimized structure using the PBE water as predicted by DFT
charge densities results in an equivalent accuracy (χ2

f DFT =
5.6), but the fit using the PBE water structure described by
atomic FF is less accurate (χ2

f A = 11.2). These results indicate
that while a reduced water height and increased water cover-
age are important to achieve agreement with the XR results,
other features of the optimized Al2O3/water structures can
negatively impact the overall agreement with the XR data.

While the origin of the χ2 trends is not immediately
obvious from the interfacial electron-density distributions
[Fig. 9(a)], the resulting XR signals [Fig. 9(b)] show better
agreement with the XR data for optB88-10% versus PBE or
the larger optB88 simulation as well as for the DFT-based
calculations versus those using atomic FFs. We highlight, in
particular, the remaining discrepancies with the XR data in
the region between the Bragg peaks (6 < L < 9), which we
previously identified as being associated with, but not exclu-
sively due to, the interfacial water. Here, we find that a smaller
χ2 is correlated with a larger optimized rms width of the
Al2O3 surface oxygen [Fig. 9(c)]. A broader peak in this layer
leads to a slightly larger electron density in the bonding region
between the solid and water, which then appears to affect the
computed XR intensities and is consistent with the observa-
tion of Sec. III D that even subtle changes in the electron
density can lead to significant differences in the low-intensity
regions of the XR data. This result may indicate sensitivity
of the XR data to subtle changes to the interfacial electron
density arising from charge transfer or proton distributions at
oxide/water interfaces.

IV. CONCLUSIONS

Following the general protocol outlined in Fig. 1, we have
systematically tested theoretical and numerical approxima-
tions made in first-principles simulations of the Al2O3/water
interface, and we have assessed how they affect the accuracy
of the predicted structures. Approximations include the choice
of exchange correlation functional, pseudopotential, size of
the system, and the approach to calculate the experimental
observable. We have used x-ray reflectivity as the experimen-
tal observable for our validation due to its high sensitivity to
both bulk and interfacial structures. We have found, crucially,
that XR exhibits extreme sensitivity to electron densities as
well as to atomic coordinates. For example, the delocalization
of electrons around atomic cores in the bulk substrate, origi-
nating from the explicit treatment of semicore electrons, was
shown to contribute significantly to inaccuracies in computed
XR signals. We also demonstrated an enhanced sensitivity of
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FIG. 9. Optimized alumina interface structures with simulated first-principles molecular dynamics (FPMD) water structures. (a) The
electron densities ρ(z) referenced to the position of the alumina surface oxygen at zO from PBE (top), optB88 (middle), and optB88 with
10% compression, optB88-10% (bottom) are each compared to the experimental best-fit structure (black line). (b) The final simulated XR
intensities |F |2 vs reciprocal lattice unit L (r.l.u.) after optimizing the Al2O3 surface (see Table II for χ 2 results; experimental errors shown as
1σ uncertainties). (c) The χ 2 associated with the structures in (a) are correlated with the optimized rms width of the alumina surface oxygen
(PBE results shown as squares, optB88 as circles, and optB88-10% as triangles). Red data indicate that the water structure was calculated from
FPMD atomic number density prediction with atomic form factors; blue data indicate that the water structure was calculated directly from the
FPMD electronic structure predictions; black data indicate the experimental result.

low-intensity regions in the XR data to details of the interfa-
cial water distribution and established that the XR data are
sensitive to the charge transfer occurring at the solid/water
interface. Finally, through a model-dependent optimization of
the Al2O3 surface structure, we were able to isolate inaccu-
racies associated with the simulated oxide substrate structure
and quantify the relative accuracy of FP predictions of inter-
facial water.

Although none of the simulations evaluated in this work
were able to achieve full quantitative agreement when directly
compared with the XR data, the comparisons between simu-
lation and experiments presented here provide insights as to
what improvements are needed from FP calculations to do
so. The present results demonstrate that a fully quantitative
and direct evaluation of the interface accuracy of FPMD
simulations using XR data relies on having accurate predic-
tions of the bulk substrate and bulk water structures because
XR data probe the bulk and interfacial regions simultane-
ously. We expect that larger simulation cells are needed to
eliminate errors in the bulk phases. We estimate that more
than 12 Al2O3 layers may be necessary [21] to address this
technical challenge. We also conclude that a larger simula-
tion volume is needed to represent the extent of oscillations
in the interfacial water region given that the experimental
best fit shows the interfacial water density oscillations de-
caying to bulk at >10 Å from the alumina surface. Based
on our NPT-NVT CMD tests of systems with up to 2520
water molecules (Fig. S1 and Table SI [46]), we expect
that a simulation with at least 280 water molecules may be
needed to provide a more accurate prediction of the interfacial

water behavior than those carried out here with 96 water
molecules. However, such large simulation cells are currently
beyond the scope of what can be simulated with FPMD in
a reasonable amount of time on existing high-performance
computers.

While we have focused on the validation of the PBE and
optB88 functionals, there are many other flavors of DFT that
may be good candidates for the validation protocol described
in this study. For example, hybrid functionals [40,49–51] can
perform better than semilocal functionals for the structural
and diffusion properties of bulk water [15,52] and for some
bulk solid phases [53] including Al2O3 [54]. However, most
hybrid functionals cannot accurately describe interfaces be-
tween systems with different dielectric properties such as
alumina and water. In addition, it is currently unclear how
to properly describe vdW interactions [55,56] within the
context of hybrid functionals. The strongly constrained and
appropriately normed (SCAN) functional [57] is more com-
putationally advantageous than hybrid functionals and can
accurately capture many water properties [4,58]. SCAN was
recently shown [59] to outperform a hybrid functional (HSE)
[49,50] for the prediction of vibrational properties at the
Al2O3(001)/water interface and the prediction of the adsorbed
water height above the alumina surface (2.62 Å). However,
the results presented in Ref. [59] derive from simulations with
fewer Al2O3 layers and fewer water molecules than we used
here, which would be insufficient to accurately predict the XR
intensities. Nevertheless, the available results point to SCAN
as a promising functional for predictions of oxide/water inter-
faces for future study using this validation framework.
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Finally, the effects of surface protonation should be in-
corporated explicitly. In this work we assumed a fully
hydroxylated alumina surface, consistent with previous sim-
ulations [42,59] and experimental results [29–33] at neutral
pH. However, it is known that the alumina surface protona-
tion is controlled by pH (characterized by a point of zero
charge) [33,60,61] and that this behavior can be influenced by
surface morphology and defects [62–64]. The experimental
Al2O3 sample to which we have compared in this work was
cleaned and annealed to eliminate surface defects, and thus
the assumption of a fully protonated surface is expected to
be reasonable. Still, the interfacial protonation state is known
to influence the interfacial structure [65], and consequently,
a thorough comparison between the computational and
experimental results necessitates that these pH-dependent ef-
fects be accounted for in the simulations.

In summary, we have established a framework to test
the accuracy of FPMD at interfaces and have identified the
breadth of information that can be gleaned through compar-
isons with XR data. The procedure that we have described
can be applied to understand the strengths and weaknesses of
various FPMD design choices and ultimately to quantify the
accuracy of future simulations as new functionals and com-
putational approaches are developed that enable increasingly
scalable calculations [66]. Finally, the technical requirements
that are needed for evaluating the ability of FPMD to ac-
curately simulate, and therefore understand, the interactions
and structures at the oxide/water interface via a direct 1:1
comparison with XR data have been defined.

The Department of Energy will provide public access to
these results of federally sponsored research in accordance
with the DOE Public Access Plan [67].
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