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ABSTRACT: In this work, we assess the structural, kinetic, and thermodynamic
nature of water in contact with the monoclinic ZrO2 (1�11) surface byab initio
molecular dynamics calculations. We� nd that water molecules in the� rst layer
immediately facing the solid surface have a preferred orientation, with one water
intramolecular bond, Ow� Hw, lying parallel to the surface, and the other water
hydrogen Hw atom pointing away from the surface. This originates from the
electrostatic attraction between surface Zr and water’s oxygen, Zr� Ow, and from
the hydrogen bonding of surface oxygen and water’s hydrogen, Os� Hw. The
short-range interactions between interfacial water and the surface ions of ZrO2
lead to an ordered structure for water molecules, with alternating hydrogen-rich
and oxygen-rich layers that persist for more than 5 Å away from the surface. The
surface structural perturbation also leads to a shortened hydrogen-bond distance
and distorted hydronium ion solvation shell, which leads to faster proton hopping
dynamics and lowered solvation free energy of the hydronium ion. By analyzing
these observations in a spatially resolved way, we demonstrate a clear link between the interfacial water structure, localized dynamics,
and thermodynamic e� ects. This work provides an atomistic understanding of the interaction of hydrated protons with the ZrO2
surface in aqueous environment and allows for further engineering of oxide surfaces for targeted hydrogen activity.

1. INTRODUCTION

Understanding water properties at oxide interfaces is
fundamentally important for a wide range of electrochemical
applications such as in corrosion,1� 3 photochemical water
splitting,4� 7 and heterogeneous catalysis.8� 10 Interfacial water
structure is distinct from that of bulk, and the dissociative
con� gurations of water at the oxide surface determine the
energetic barrier of various reactions of interest, such as proton
incorporation, oxygen evolution reaction, and hydrogen
evolution reaction.11 Ab initiomolecular dynamics (AIMD)
technique has proven to be an e� ective method for studying
water properties, both in bulk12� 14 and at oxide/water
interfaces including the oxides CeO2,

15 ZnO,16 TiO2,
17,18

Fe2O3,
19 MgO,20 Co3O4,

21 Al2O3,
22 and cubic ZrO2.

23 The
immediate� rst layer of water at the interface is widely studied
in these systems. However, the spatially resolved properties
need more attention, as water transitions from the bulk-like
structure far away from the interface to the disturbed interfacial
structure in the immediate vicinity of the oxide surface. This
extended interface within water is related to the formation of a
mesoscale electric double layer24 and further in� uences the
interaction between an aqueous electrolyte and the charged
defects in an oxide material.25 A quantitative evaluation of
water structure, kinetics, and thermodynamics in such an

extended interfacial zone is needed for a more accurate
description of the electrochemical processes therein.

With this goal in mind, in this paper, we present our work on
AIMD simulations of monoclinic m-ZrO2/water interface as a
model system of technological relevance. Zirconium oxide (or
zirconia) is a well-studied oxide material for its application in
catalysis, thermal barrier coatings, as a biomaterial, and as a
passivation layer on zirconium alloys in corrosion.26� 28 ZrO2/
water interface is of particular interest in two scenarios. First,
biomedical grade zirconia is prone to aging when attacked by
water, which raises questions on whether we should continue
to use zirconia in clinical implants.29,30 This degradation
process, which occurs at intermediate temperatures, is referred
to as low-temperature degradation (LTD). Understanding the
water structure and dynamics on the ZrO2 surface also
provides knowledge of LTD kinetics and future engineering of
zirconia-based biomaterials. Second, this interface serves as the
source of oxidation and hydrogen pickup for zirconium alloys
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in nuclear reactors.31 Zirconium alloy is used for for nuclear
fuel cladding and is exposed to high-temperature coolant water
(about 500� 700 K). As the corrosion onsets, a ZrO2 layer
forms and grows on the alloy and passivates Zr against fast
corrosion.32 The cathodic reaction in this process is the
reduction of the protons released on the surface. The hydrogen
atoms generated in the reduction reaction could either
recombine and form hydrogen gas or di� use through the
oxide layer into the zirconium metal. The latter is a detrimental
process called hydrogen pickup, leading to the embrittlement
of the alloy.31,33 An atomistic understanding of the ZrO2/water
interface is required for resolving the species responsible for
the kinetics of oxidation and hydrogen pickup and potential
engineering toward better corrosion and hydrogen resistance
for zirconium alloy.

We organize the analysis of the AIMD simulations into three
parts. First, we present spatially resolved structural information
for water and hydronium ion solvation shell. By analyzing the
atomic density pro� le, bond angle distribution, and radial
distribution functions, we arrive at a full picture of the
interfacial water structure, which has a close-packed hydrogen-
bond network and distorted hydronium solvation shell.
Second, we quantify the hopping barrier for protons, both in
the interfacial zone and in the bulk-like region. We observe a
reduction in the barrier by a factor of 2 at the interface, which
corresponds to a 10-fold increase in the proton hopping rate at
room temperature. This accelerated proton dynamics arises
from the strengthening of the hydrogen bond and weakening
of the intramolecular bond in the interfacial water layer. Third,
we examine the solvation free-energy pro� le of the hydronium
ion as a function of its distance starting from the bulk-like
region toward the ZrO2 surface. An adsorption free energy of
0.20 eV is found for the hydronium ion and 0.15 eV for the
hydroxide ion at the surface at room temperature. The
comprehensive analysis and quanti� cation of the structural,
kinetic, and thermodynamic properties in a spatially resolved
fashion allow us to establish a clear link between these
properties and provide a mechanistic understanding of the
proton interaction with the ZrO2 surface.

2. METHODS

AIMD calculations were performed for the ZrO2/water system
with Vienna Ab initio Simulation Package (VASP).34� 37 The
simulation cell contains 96 formula units of the monoclinic
phase ZrO2 with (1�11) surface orientation and 80 water
molecules, as shown inFigure 1. The (1�11) surface has been
shown to be the surface orientation with the lowest energy.38

The middle layer of ZrO2 was� xed at the ideal bulk positions
to represent the bulk material. Forty con� gurations with H+

and OH� ions sitting at di� erent distances toward the ZrO2
surface are set as initial con� gurations. For the charged cell
calculations, a neutralizing background is added, as imple-
mented inVASP. To overcome the timescale limitation of
AIMD simulations, each con� guration is� rst equilibrated
using classical MD, employing a� exible simple point charge
model for water39 and a Lennard-Jones potential for ZrO2

27

using theGULP code40,41 for 10 ns in anNPT ensemble with a
time step of 0.1 fs andT = 300 K. In the classical MD
equilibration process, the positions of ZrO2 atoms are� xed,
and only water molecules are allowed to move. The output
structures are then modi� ed by adding or extracting one H+

ion at di� erent positions to obtain the initial con� gurations for
AIMD calculations. They are further equilibrated in AIMD
employing a velocity-rescaling thermostat for 1 ps, during
which the velocities are rescaled every 10 steps. 1 ps run in an
NVT ensemble is performed as the production phase for each
of the 40 con� gurations with a Nose� Hoover thermostat. A
time step of 0.25 fs and a temperature of 330 K are used
throughout the AIMD simulation. In other words, a total of 40
ps production run is used to generate all the structural
properties analyzed in this paper.

We have limited this study to the room temperature. 330 K
is selected to correct for the known over-binding error of
density functional theory (DFT) on bulk water.42 The
temperature-dependent behavior of the water/oxide interface
is also a valuable problem that needs to be further explored.

The simulation cell size is 13.6 Å× 13.6 Å× 27.2 Å with a
water� lm thickness of 13 Å. AIMD calculations are performed
by sampling the reciprocal space at the gamma point only
using the generalized gradient approximation with the
Perdew� Burke� Ernzerhof functional.43,44 An energy cuto�

Figure 1.m-ZrO2 (1�11)/water interface as modeled in AIMD simulation. A water� lm of 13 Å thickness is used. Hydrogen ions are drawn small
and white, while oxygen ions medium-sized and red. Zr ions are the largest and green. The three shaded areas in the left (L), middle (M), and right
(R) are analyzed separately to show the di� erence between bulk-like water (region M, red shading) and interfacial water (regions L and R, green
shading). The� gure is generated with visualization software VESTA.49
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of 400 eV is used. Dispersion corrections are applied using the
Grimme D3 method with Becke� Jonson damping.45,46

Despite the fact that zirconium is a heavy element, it does
not contain unpairedd electrons that generally require to be
treated with DFT +U.47 Our previous studies have shown that
DFT already gives correct description of the defect energetics
in ZrO2,

31,48 and as such, the HubbardU term is not included
in this work.

For the purpose of comparison, the same simulations are
also performed for bulk water of 256 water molecules with no
ZrO2 surface with a density of 0.98 g/cm3. For the bulk water
calculation, one con� guration is used for neutral, H+, and OH�

calculations, respectively.
To demonstrate the interfacial e� ect on the water structure

and dynamics, spatially resolved analysis is performed with
gridding in the direction perpendicular to the surface. As
schematically shown inFigure 1, three regions, left (L), middle
(M), and right (R), are selected, with the left and right regions
being close to the surface and the middle region away from the
surface. In thez direction, the zero position is referenced to the
highest oxygen from the ZrO2 surface in the initial frame in the
production run. Each region is 2 Å in thickness. For all the
structural and dynamical properties studied in this work, we
examine the di� erences between the three regions to
demonstrate the e� ect of disrupting the water structure with
the ZrO2 surface. It is to be noted that due to the symmetry of
the simulation cell, the left and right layers are equivalent and
represent the same interfacial region. The middle layer, as we
show in theResults and Discussionsection, retains the
properties of bulk water.

The spatially resolved radial distribution functions are
de� ned such that for each pair of atoms, type A and type B,
gAB(r) in some region G counts the distribution of all type B
atoms within a distance ofr andr + dr away from atom A, with
A limited to region G. Whenr is small, both A and B atoms in
the pair are in region G with a high probability. Whenr is large,
the B atom is most likely outside region G. In these analyses,
we focus on the radial distribution function variation in a short
range in order to see the e� ect of the surface.

The preferred locations of water molecules are analyzed
from density pro� les (Figure 2), O� H bond orientation

(Figure 3), and radial distribution functions (Figure 4). In
other words, it is based purely on the outcome geometry of the
AIMD run. The schematic plot inFigure 7summarizes the
most prominent features we obtained from these analyses.

For the postprocessing of the MD trajectories, an ion
recognition algorithm is used to automatically detect and
dynamically track the hydronium ion H3O

+ and the hydroxide
ion OH� . Details of the tracking scheme can be found in
Section S1 of theSupporting Information.

3. RESULTS AND DISCUSSION
In this section, we present the spatially resolved structure and
the kinetic and thermodynamic properties of water at the ZrO2
surface. First, we analyze the structural information provided
by AIMD simulations by looking at the atom density pro� les,
bond angles, and pair correlation functions. In summary, we
found strong dissociative adsorption of water molecules, with
their hydrogen (Hw) attached to surface oxygen (Os) and
water oxygen (Ow) attached to surface zirconium (Zrs). Our
Bader charge analysis shows that the ZrO2 surface donates
electronic charge to the interfacial water layer, which makes the
surface hydroxyl hydrogen a worse hydrogen-bond donor and
the surface oxygen a better hydrogen-bond acceptor. This
interface e� ect gives rise to Ow� Hw bond lengths ranging
between 1.1 and 1.4 Å, which fall in the gap between the
intramolecular O� H bond (<1.0 Å) and intermolecular
hydrogen bond (� 1.8 Å in bulk water). The increased
negative charge of water oxygen also leads to a shortening of
hydrogen bonds and increases the compactness of the surface
hydrogen-bond network. In the meantime, the intramolecular
Ow� Hw bonds are weakened. This structural change is also
manifested in the solvation shell of surface hydronium ions,
where we observe symmetry breaking of the three hydrogen
atoms within the hydronium ion due to surface adsorption.
Second, we take a closer look at the proton exchange reaction
dynamics. The results show that the proton hopping barrier is
reduced by half at the interface, which is clearly linked to the
shortened hydrogen bond and the formation of surface
hydroxyl groups. Finally, we present the solvation free-energy
pro� les of the hydronium ion and the hydroxide ion as a
function of their distances to the surface and discuss the
structural origins of these pro� les based on the electrostatic
interaction between the ions and the background charge
oscillations of interfacial water.

3.1. Structure of Interfacial Water. We start with the
thermally equilibrated liquid water structure from classical MD
using empirical force� eld. During the AIMD equilibration, we
observe a preferred dissociative adsorption occurring at the
interface, which has also been reported previously for a water
� lm on the ZrO2 surface.50 In Figure 2, we plot thexy planar-
averaged atom density of hydrogen and oxygen on the water
side. The density pro� le clearly exhibits heterogeneity in thez
direction, within 3 Å of the ZrO2 surface. Within the
immediate 1 Å thick water layer, the densities of oxygen and
hydrogen are approximately the same. In the next 2 Å layer, we
see alternating oxygen-rich layers and hydrogen-rich layers,
where the maxima of oxygen density meets the minima of
hydrogen and vice versa. This alternating feature fully
disappears beyond 5 Å away from the ZrO2 surface, and we
see a relatively constant density right in the middle region, with
the density of hydrogen being 2 times that of oxygen.

To further understand the local structure of adsorbed water
molecules, inFigure 3, we show the joint probability

Figure 2.Planar-averaged atomic density of oxygen and hydrogen as a
function of the distancez from the ZrO2/water interface. The points
represent the histogram generated from the original data, and the
dashed lines are� tted with spline interpolation. The origin ofz
coordinate corresponds to the top surface oxygen layer of ZrO2.
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distribution of the cosines of angles between the two
intramolecular Ow� Hw bonds in each water molecule and
the ZrO2 surface normaln. The distribution is spatially
resolved in regions L, M, and R de� ned above. Following the
distribution plot, in the middle layer (Figure 3b), the bond
angle distribution tends to be isotropic with respect to the
surface normal, as expected in bulk water. However, looking at
the left and right regions, which are close to the surface, we see
a preferred orientation, with one Ow� Hw bond parallel to the
surface (cos(� ) = ±1) and the other perpendicular to the
surface (cos(� ) = 0), with hydrogen pointing away from the
surface. This preference explains the local density feature
shown inFigure 2. In the immediate vicinity of the surface,
there exists a layer with O� H pairs lying parallel to the surface,
leading to comparable O and H atom densities. The other
hydrogen atom, which points away from the surface,
contributes to the second layer which is hydrogen-rich.

Figure 4shows the radial distribution function of the surface
atoms of ZrO2 relative to interfacial water in region L. By
comparing the� rst peak positions of the radial distribution
functions of oxygen and hydrogen, we can conclude that
hydrogen atoms are attached to surface oxygens Os, with a
sharp peak at� 1 Å (Figure 4c). This peak represents surface
hydroxylation, and we observe a 50% dissociative adsorption

rate of surface water molecules, hydroxylating 20% of twofold-
coordinated surface oxygens (detailed analysis inSupporting
InformationSection S2). The� rst-layer hydrogen forms an
Ow� Hw intramolecular bond parallel to the surface. The water
oxygen atom sits closer to surface zirconium (2.0 Å) compared
to surface oxygen (2.8 Å). This Zr� Ow bond length is
comparable to the surface Zr� Os bond (1.9� 2.2 Å). Bader
charge analysis51 (details inSupporting InformationSection
S3) shows that hydrogen atoms attached to surface oxygens
have less positive charge, compared to bulk water hydrogen.
Oxygen from water attached to the surface zirconium atoms,
on the other hand, shows a more negative charge in
comparison to bulk water oxygen. The net e� ect is that the
ZrO2 surface donates electrons to surface water; thus, a net
negative charge is formed in the� rst interfacial layer and a net
positive charge is formed on the ZrO2 surface.

The change in surface water charge is accompanied by a
change in both water and hydronium ion structures, as we
detail next. InFigure 5we take a close look at the radial
distribution functions of interfacial water, comparing the three
regions (L, M, and R) with bulk results (red dashed line). It is
obvious that the middle region retains the structure of bulk
water, both in the peak positions and peak heights. Interfacial
water, as represented by regions L and R, exhibits the following
features which di� er from that of bulk water: (1) the second
gOH peak distance, which represents an intermolecular
hydrogen bond, is shortened by about 0.2 Å. This indicates
a strengthened hydrogen bond of interfacial water. The
interfacial water oxygens become better hydrogen-bond
acceptors due to their bonding with surface zirconium which
makes water oxygen more negatively charged. (2) For bulk
water, no O� H pair exists in the range of rOH = 1.1� 1.4 Å,
which is a clear separation between the well-de� ned intra-
molecular O� H bond and intermolecular hydrogen bond.
However, we observe O� H bond lengths within this range in
regions L and R. This is a result of the dissociative water
adsorption. (3) The� rstgOO peak and the secondgHH peak are
also shifted to lower values ofr by 0.15 and 0.2 Å, respectively.
This observation is a consequence of the shorter hydrogen
bonds at the interface, which draw water molecules in the� rst

Figure 3.Joint probability distribution, P, of Ow� Hw bond angles with respect to the ZrO2 surface normaln, plotted in log scale. Here, H1 and H2

refer to the two nearest-neighbor hydrogen atoms to water’s oxygen. Consider the vectorrOHi
= rHi

� rO, whererHi
andrO represent unit vectors in

the direction of the position vectors for the corresponding hydrogen and oxygen ions. The coordinates (OH1, OH2) of each point in the shown

distributions are calculated with the expression=
� �

| |
OHi

r n

r

,i

i

OH

OH
, where� rOHi

,n� represents the scalar product of the two vectors, and|rOHi
|represents

the vector length. The case OHi = 0 represents an Ow� Hw pair lying parallel to the ZrO2 surface, and OHi = ±1 represents an O� H pair lying
perpendicular to the ZrO2 surface. L, M, and, R region notations are described inFigure 1.

Figure 4.Radial distribution functions of interfacial water molecules
in region L with surface zirconium atoms (Zr) and oxygen atoms
(Os).
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solvation shell closer to each other, forming a tight hydrogen-
bond network.

Knowing the interfacial water structure, inFigure 6we
further analyze the solvation shell of the hydronium ion H3O

+.
The oxygen bonded with excess hydrogen is denoted by O*

and the excess hydrogen is denoted by H*. For the hydronium
ion in bulk, the three protons are equivalent to a� rst-order
approximation, and all form hydrogen bonds with other H2O
molecules.12 Due to the positive charge of H3O

+, the� rst peak
O*O distance (2.5 Å) is shorter than the OO distance in pure
water (2.8 Å). InFigure 6a, we see that this� rst O*O peak is
suppressed and slightly lengthened by 0.1 Å in L and R
regions, which reverses the trend in the interfacial OO radial
distribution (� rst peak shortened).

By looking atgO*H andgH*O in Figure 6b,c, we observe that
for hydronium ion in bulk water, O* di� ers from O in that it is
not a proton acceptor and cannot form hydrogen bond with
surrounding hydrogen atoms. The second OH peak atrOH =
1.4� 2.2 Å, which represents a hydrogen bond, disappears for
O*H in bulk water (and to some extent, it disappears in the M
region). Compared to that in bulk water, all the three
hydrogens in H3O

+ bond with O* with a bond length of 0.9�
1.5 Å. However, at the interface (L and R regions), as shown in
Figure 6b, the peak at 1.5 Å reappears, now representing the
bond between O* and H* in the hydronium ion at the
interface. This is also re� ected in thegH*O plot (Figure 6c),
where we see that the� rst sharp H*O peak at 1.3 Å in bulk
water disappears for regions L and R. Overall, this indicates the
broken symmetry of H* and the two other hydrogen ions of
the hydronium ion in the L and R regions. Because of the
bonding between H* and surface oxygen Os, the O*H*
interaction is signi� cantly weakened. H* is driven further away
from O* (Figure 6b,c), and subsequently, driven away from
the other hydrogen atoms within the hydronium ion (Figure
6d). Another way to look at the lengthened H*� O* distance is
that, H* forms a hydroxyl group with surface oxygen, breaking
the hydronium ion into a water molecule and a Os� H hydroxyl
group.

As a concise presentation for all structural e� ects of the
ZrO2 surface on interfacial water presented in this section, we
summarize the atomic structure and bond length information
schematically inFigure 7. We observe that due to the surface
Zr� Ow and Os� Hw bonding, geometrically, an adsorbed water
molecule is� attened by the surface, with one Ow� Hw bond

Figure 5.Radial distribution functions for bulk water (red dashed
line) and water interfacing with ZrO2 (solid lines).

Figure 6.Spatially resolved radial distribution functions of hydronium
ion: (a) O*� O, (b) O* � H, (c) H* � O, and (d) H* � H. O*
represents the oxygen atom that is bonded with the extra proton. H*
represents the hydrogen atom that is furthest to O* out of the three
hydrogen atoms in H3O

+.

Figure 7.Schematic plot for atomic con� gurations and bond lengths
for (a) water molecule and a hydronium ion at the ZrO2 surface, (b)
water molecule in bulk water, and (c) hydronium ion in bulk water.
Hydrogen bonds are presented by black dashed lines. Black solid lines
represent intramolecular bonds. In (a), we see O� H bond length
between 1.1 and 1.4 Å on the surface, which can be either a weak
intramolecular bond or a strong hydrogen bond and as such is
represented by a blue solid line.
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lying parallel to the surface. This bonding orientation
preference at the interface also leads to alternating hydrogen-
rich and oxygen-rich layers deep into water. Meanwhile, Zr�
Ow bonding increases the negative charge of water’s oxygen,
shortening the hydrogen bond length between oxygen in water
molecules and the neighboring hydrogen donors. Surface
dissociative adsorption gives rise to Ow� Hw bond lengths
between 1.1 and 1.4 Å, which belong to the blurred transition
zone between a weak intramolecular covalent bond and a
strong intermolecular hydrogen bond. This Ow� Hw bond
length is forbidden in bulk water (Figure 5a) but arises as an
intermediate state in the surface hydrogen hopping process.15

In the case of the hydronium ion, adsorption at the water/
zirconia interface breaks the symmetry of the three hydrogen
atoms. H* is strongly bonded to surface oxygen, and thus the
bond length of O* � H* is observably longer than the bonds
between O* and the other two hydrogen atoms. In cases where
the O* � H* distance is large enough, we can say that the
hydronium ion has broken into a water molecule and a surface
hydroxyl group. However, due to the increased negative charge
of O* at the interface, the interfacial hydronium ion overall
forms stronger intramolecular bonds compared to the bulk

hydronium ion. The distinct interfacial water structure changes
its dynamics drastically, as will be discussed inSection 3.2.

3.2. Proton Dynamics at the ZrO2/Water Interface. In
this section, we quantitatively demonstrate the surface e� ect on
proton-transfer dynamics by calculating the free-energy
landscapes of proton hopping between two water oxygen
atoms at di� erent distances toward the ZrO2 surface. By
identifying the two nearest-neighbor water oxygen atoms O1
and O2 for one hydrogen atom H, we can de� ne the proton
hopping reaction coordinate� = RO1� H � RO2� H, whereRO1� H

and RO2� H are the distances between O1 and O2 to H,
respectively.� = 0 represents that the hydrogen atom is equally
shared by the two oxygen atoms, that is, in the middle of the
proton hopping process. We construct a two-dimensional free-
energy landscape of the proton hopping reaction by calculating
� G = � kBT log P(RO� O,� ), where P is the probability
distribution of the con� guration of the O1� H� O2 triplet with
respect to� and oxygen� oxygen distanceRO� O. The resultant
free-energy maps can provide both the energetics and atomic
con� gurations of the proton hopping process.

Comparison of proton hopping free-energy landscapes in
regions L, M, and R and in bulk water is shown inFigure 8. We

Figure 8.Calculated free-energy landscapes of the proton hopping process between two water oxygens Ow (a) in bulk water and (b� d) in L, M,
and R regions at the ZrO2/water interface. For each region, the zero point of free energy is referenced to the minimum value within the region.
White-colored regions represent con� gurations that have zero probability.
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observe that the energy map in the middle region is both
qualitatively and quantitatively very similar to that in bulk
water. The free-energy minimum is located within theRO�O
range of 2.7� 2.8 Å, which is consistent with the� rstgOO peak,
as shown inFigure 5b. We can also say that for the proton
exchange reaction to happen in bulk water, the distance
between O1 and O2 should be below 2.6 Å. The minimum
energy path yields a hopping barrier of about 150 meV in bulk
as well as in region M, which is consistent with previous
studies.15,16

Now, we look at regions L and R, which are signi� cantly
in� uenced by the interface e� ect. The saddle point of the free-
energy landscape (� = 0,RO� O 2.4� 2.5 Å) is notably lowered
at the interface. The hopping barrier is reduced to about 80
meV, which corresponds to a 10 times faster reaction rate at
room temperature. This value is compared to the short-range
hopping barriers of 100 meV found on the ZnO surface and on
the CeO2-supported Pt clusters.15 We also observe that there is
a large area in the middle of the energy map (� � 0.25� 0.25 Å,
RO� O > 2.6 Å), which previously had zero probability in bulk
and now becomes a possible proton hopping route. This
observation is a direct result of hydrogen bonding to surface
oxygen Os and the weakened intramolecular Ow� Hw bond.
This is also con� rmed inFigure 9, where we show the same

free-energy landscape of proton hopping between surface
oxygen Os and oxygen in water. Here, the shape of the
probability distribution is closer to that in bulk, where the Os�
O distance has to be under 2.6 Å for the exchange reaction to
happen. This surface oxygen-assisted hopping process allows
for more� exible O� O con� guration and also shows a low
barrier of about 80 meV.

From the above analysis, we can conclude that proton
hopping takes place about 10 times faster in the interfacial
zone, and this arises from the structural e� ect of the interface
described inSection 3.1. First, interfacial water structure
features a more close-packed hydrogen-bond network due to
the increased strength of the intermolecular hydrogen bond for
interfacial water at the expense of the intramolecular O� H
bond. Thus, hydrogen from a proton donor is more likely to
hop toward the oxygen to which it is hydrogen-bonded. This
leads to the lowered hopping barrier in regions L and R
representing interfacial water. Second, we have shown that
hydrogen in the� rst layer in the vicinity of the ZrO2 surface is

strongly bonded with surface oxygen. This allows for the
surface-assisted hopping mechanism presented inFigure 9, as
the dissociatively adsorbed hydrogen hops between surface
oxygen and water oxygen.

3.3. Thermodynamics of Hydronium and Hydroxyl
Ion Adsorption at the ZrO2/Water Interface. In this
section, we investigate the thermodynamics of hydronium ion
and hydroxide ion adsorption at the ZrO2/water interface by
sampling their probability distribution P as a function ofz.
Following the same free-energy formation� G = � kBT log
P(z), we can obtain the relative adsorption free-energy pro� les
at di� erent positions toward the ZrO2 surface for both ions, as
shown inFigure 10. Both curves display symmetric features as

required by the equivalence of the two surfaces in the
simulation cell, which is an evidence of su� cient sampling. We
observe that the hydronium ion pro� le exhibits a minimum,
followed by a maximum within 3 Å in the vicinity of the
surface, followed by another energy minimum at about 5 Å.
Similar behavior has been shown previously for metal ions
approaching a calcite surface.52 It mainly results from the
electrostatic interaction between the positively charged ion and
the water structure forming the solvation shell. The� rst energy
minimum originates from the distorted solvation shell of the
hydronium ion close to the surface. In the interfacial zone
where the hydrogen network is more compact, the distinction
between the covalent Ow� Hw bond and hydrogen bond is
blurred and the barrier for oxygen to obtain an excess proton is
lowered. The second energy minimum originates from the
electrostatic potential built up by the alternating hydrogen-rich
(positively charged) and oxygen-rich (negatively charged)
water layers, as the charge density pro� le inFigure 10a shows.
Due to the alternating nature of the density pro� le close to the
surface,� G(H3O

+) pro� le also displays multiple minima and
maxima. In other words, next to a negative charge minimum, a

Figure 9. Calculated free-energy landscape of proton hopping
between surface oxygen (Os) and water oxygen (O).

Figure 10.(a) Adsorption-relative free-energy pro� les of H3O
+ ion

(blue dotted line) and local charge density (purple dotted line) as a
function ofz. The charge density is calculated by adding up the
averaged Bader charge (� 1.270 for Ow and +0.635 for H) multiplied
by atom density. (b) Adsorption free-energy pro� le of OH� ion
(yellow dotted line) and the averaged cosine of the angle� between
the O� H bond and the ZrO2 surface normal (brown dotted line) as a

function ofz. � is de� ned by � =
� �

| | | |
cos

r n

r n

,i

i

OH

OH
, wheren is the surface

normal pointing in the direction of increasingz. Because of this
de� nition of surface normal, there is asymmetry in the� cos� � pro� le
between the left and right interfaces.
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positive charge maximum arises. The location of this positive
maximum favors the presence of the hydronium ion, which
manifests itself as reduction in the relative free energy of
adsorption.

For hydroxide ions, we observe a relatively wide free-energy
well within 5 Å of the surface. The widening of the free-energy
well indicates that the point charge model for hydronium ion
(or proton) and metal ions does not apply to hydroxide ions.
Due to its diatomic structure, its electrostatic interaction with
the background water molecule solvent is more complex. By
analyzing the O� H bond direction inFigure 10b, we see that
in the range of 1� 4 Å, next to the zirconia surface, there is a
tendency of O� H to point away from the surface. This
correlates with the width of the adsorption free-energy well
shown in the same� gure.

We observe that there exists a thermodynamic well of 0.2 eV
for hydronium ions to be trapped within 1� 2 Å from the ZrO2
surface, which coincides with the length scale of the Stern layer
of the electric double-layer theory.53 Combining the
thermodynamic pro� le with the density information, we can
conclude that the Stern layer crowded with excess proton is
expected at the ZrO2/water interface. Such quanti� cation
allows for further numerical modeling of hydrogen evolution
reaction at the surface and hydrogen entering zirconium oxide.

4. CONCLUSIONS

In this paper, we quantitatively assessed the structural, kinetic,
and thermodynamic e� ects of the ZrO2 surface on water viaab
initio MD calculations. The spatially resolved analysis clearly
reveals links between the hydrogen-bond network, proton
hopping dynamics, and adsorption thermodynamics. We have
shown that interfacial water has a more close-packed
hydrogen-bond network compared to bulk water and displays
an ordered structure with alternating hydrogen-rich and
oxygen-rich layers within 5 Å from the surface. This is due
to both covalent and hydrogen bonding between water’s
hydrogen and oxygen on the zirconia surface (Os) and also due
to iono-covalent bonding between water’s oxygen (Ow) and Zr.
This close-packing is accompanied by shortened and stronger
hydrogen bonds and longer and weaker covalent bonds among
the water species at the interface. This structural distortion
lowers the barrier of the proton exchange reaction by half and
allows for surface-assisted proton hopping to happen.
Adsorption free-energy pro� les of hydronium ions also indicate
a connection between the structural e� ects and thermody-
namic properties, giving adsorption free energy of 0.20 eV for
the hydronium ion and 0.15 eV for the hydroxyl ion. The
results here provide a mechanistic and quantitative under-
standing of the proton and hydroxyl group dynamics and
thermodynamics at the ZrO2/interface, which could guide
further engineering of oxide surfaces toward desired water/
oxide interactions. Speci� cally, we identify electron transfer
from ZrO2 to interfacial water as an important mechanism that
enhances surface proton hopping. In applications where
hydrogen transport is undesirable, such as nuclear cladding
and biomedical coating, surface modi� cations that impede the
charge-transfer process would be valid approaches to prevent
material degradation. The opposite is true, that is, by
promoting surface charge transfer, one also promotes hydrogen
transport at the surface, which can be bene� cial in
heterogeneous catalytic processes such as oxygen evolution
reaction.
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