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ABSTRACT: In this work, we assess the structural, kinetic, and thermodynamic Hydrogen hopping barrier
nature of water in contact with the monoclinic,Zi@1) surface bgb initio AG=kTlog P(Roo,0) 5= Ro ~Ron
molecular dynamics calculations. Wiésthat water molecules in that layer «v?ig"g{%?ﬁﬁﬁg}ﬁféﬁ
immediately facing the solid surface have a preferred orientation, with one water %ﬁﬁ.&?? p i &?&ﬁ..
intramolecular bond,,OH,, lying parallel to the surface, and the other water K ﬁb;*‘? TR ’;"N
hydrogen K atom pointing away from the surface. This originates from the

Y

electrostatic attraction between surface Zr andsveetggen, ZrO,,, and from Suface: 80 meV ., Bulkwater 150 mev
the hydrogen bonding of surface oxygen andswayerogen, OH,. The h -
short-range interactions between interfacial water and the surface ions 0f
lead to an ordered structure for water molecules, with alternating hydrogé
and oxygen-rich layers that persist for more than 5 A away from the surfa
surface structural perturbation also leads to a shortened hydrogen-bond distaneg
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 dyr
and thermodynamic ects. This work provides an atomistic understanding of the interaction of hydrated protons with the ZrO
surface in aqueous environment and allows for further engineering of oxide surfaces for targeted hydrogen activity.

1. INTRODUCTION extended interfacial zone is needed for a more accurate
%escription of the electrochemical processes therein.

With this goal in mind, in this paper, we present our work on
MD simulations of monoclinic m-Zf®@ater interface as a

Understanding water properties at oxide interfaces
fundamentally important for a wide range of electrochemiclgzlI

appll_catio?s such as in corroé@nphotochemm_al water  model system of technological relevance. Zirconium oxide (or
splitting, , an(_j heterogeneous catalysfSinterfacial _Wate.r _ zirconia) is a well-studied oxide material for its application in
structure is distinct from that of bulk, and the dissociativeatalysis, thermal barrier coatings, as a biomaterial, and as a
con gurations of water at the oxide surface determine thgassivation layer on zirconium alloys in corrSsfrzro,/

energetic barrier of various reactions of interest, such as projgater interface is of particular interest in two scenarios. First,
incorporation, oxygen evolution reaction, and hydrogepiomedical grade zirconia is prone to aging when attacked by
evolution reactiolt. Ab initiomolecular dynamics (AIMD) water, which raises questions on whether we should continue
technique has proven to be arative method for studying to use zirconia in clinical implafit€ This degradation

water properties, both in btilk* and at oxide/water process, which occurs at intermediate temperatures, is referred
interfaces including the oxides §£€0Zn0O*® TiO,'"? to as low-temperature degradation (LTD). Understanding the
Fe0,"° MgO?° Co0,%" ALO,;?? and cubic Zrg’® The water structure and dynamics on the ,ZsOrface also
immediate rst layer of water at the interface is widely studiedrovides knowledge of LTD kinetics and future engineering of

in these systems. However, the spatially resolved propergggonia-based biomaterials. Second, this interface serves as the
need more attention, as water transitions from the bulk-ligource of oxidation and hydrogen pickup for zirconium alloys
structure far away from the interface to the disturbed interfacial
structure in the immediate vicinity of the oxide surface. Thi8eceived: March 8, 2021
extended interface within water is related to the formation ofRevised: June 16, 2021
mesoscale electric double fdyand further inuences the

interaction between an aqueous electrolyte and the charged

defects in an oxide mateffaA quantitative evaluation of

water structure, kinetics, and thermodynamics in such an
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Figure 1.m-ZrQ, (111)/water interface as modeled in AIMD simulation. A wetesf 13 A 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
(R) are analyzed separately to show tlezatice between bulk-like water (region M, red shading) and interfacial water (regions L and R, green
shading). Thegure is generated with visualization software VVESTA.

in nuclear reactot$ .Zirconium alloy is used for for nuclear 2. METHODS

fuel cladding and is exposed to hig_h-temperature coolant Wak8f/p calculations were performed for the,Evater system
(about 500700 K). As the corrosion onsets, a,Zkyer  yith Vienna Ab initio Simulation Packagess.** " The
forms and grows on the alloy and passivates Zr against igphulation cell contains 96 formula units of the monoclinic
corrosior” The cathodic reaction in this process is thephase zr@ with (111) surface orientation and 80 water
reduction of the protons released on the surface. The hydrogeilecules, as shownFigure 1 The (111) surface has been
atoms generated in the reduction reaction could eitheshown to be the surface orientation with the lowest éhergy.
recombine and form hydrogen gas ousdl through the  The middle layer of ZeQvas xed at the ideal bulk positions
oxide layer into the zirconium metal. The latter is a detriment&d represent the bulk material. Forty gomations with H
process called hydrogen pickup, leading to the embrittlemesitd OH ions sitting at derent distances toward the £rO

of the alloy** An atomistic understanding of the Zw@ater ~ surface are set as initial @urations. For the charged cell
interface is required for resolving the species responsible §gfculations, a neutralizing background is added, as imple-
the kinetics of oxidation and hydrogen pickup and potenti&ﬂemed invask To overcome the timescale limitation of

engineering toward better corrosion and hydrogen resistarfc/P Simulations, each cauration is rst equilibrated
for zirconium alloy. using classical MD, employingeaible simple point charge

We organize the analysis of the AIMD simulations into thre@qdel for waté? a’(}fﬂl a Lennarq-Jones potential forz_fro
. ) : using thesuLp codé®** for 10 ns in alNPT ensemble with a
parts. First, we present spatially resolved structural informat

L : ) e step of 0.1 fs anfl = 300 K. In the classical MD
for water and hydronium ion solvation shell. By analyzing ﬂ?fquilibration process, the positions of,Z@ms are xed,

atomic density prée, bond angle distribution, and radial 5nq only water molecules are allowed to move. The output
distribution functions, we arrive at a full picture of thestryctures are then moedl by adding or extracting oné H
interfacial water structure, which has a Close-packed hydrog@n—at di erent positions to obtain the initial @mrations for

bond network and distortedydronium solvation shell. AIMD calculations. They are further equilibrated in AIMD
Second, we quantify the hopping barrier for protons, both iamploying a velocity-rescaling thermostat for 1 ps, during
the interfacial zone and in the bulk-like region. We observewdich the velocities are rescaled every 10 steps. 1 ps run in an
reduction in the barrier by a factor of 2 at the interface, whicNVT ensemble is performed as the production phase for each
corresponds to a 10-fold increase in the proton hopping rate @ft the 40 congurations with a Noseloover thermostat. A
room temperature. This accelerated proton dynamics arigé®e step of 0.25 fs and a temperature of 330 K are used
from the strengthening of the hydrogen bond and weakeniﬁ@rough‘)“t _the AIMD simulation. In other words, a total of 40
of the intramolecular bond in the interfacial water layer. Thir%fo;?er(r)t?euscg?mgl;zug 9 'if] t?]?f%at;ergenerate all the structural
we examine the solvation free-energyepodthe hydronium e . '

ion as a function of its distance starting from the bulk-like We have limited this study to the room temperature. 330 K

region toward the ZeGsurface. An adsorption free energy of S selected to correct for the known over—bingifgg error of
0.20 eV is found for the hydronium ion and 0.15 eV for th density functional theory (DFT) on bulk watehe

; X ‘?emperature-dependent behavior of the water/oxide interface
hydroxide ion at the surface at room temperature. Thg 550 a valuable problem that needs to be further explored.
comprehensive analysis and quaation of the structural, The simulation cell size is 13.8 A3.6 Ax 27.2 A with a
kinetic, and thermodynamic properties in a spatially resolv@ghter Im thickness of 13 A. AIMD calculations are performed
fashion allow us to establish a clear link between thes§ sampling the reciprocal space at the gamma point only
properties and provide a mechanistic understanding of thging the generalized geadi approximation with the
proton interaction with the ZgQurface. Perdew Burke Ernzerhof functionat’* An energy cuto
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of 400 eV is used. Dispersion corrections are applied using {tiégure 3, and radial distribution functionsiqure . In
Grimme D3 method with Beck#onson dampirfg:® other words, it is based purely on the outcome geometry of the
Despite the fact that zirconium is a heavy element, it doddMD run. The schematic plot FFigure 7summarizes the
not contain unpaired electrons that generally require to be most prominent features we obtained from these analyses.
treated with DFT tJ.*” Our previous studies have shown that For the postprocessing of the MD trajectories, an ion
DFT already gives correct description of the defect energetigsognition algorithm is used to automatically detect and
in ZrO,,>**® and as such, the Hubbatderm is not included  dynamically track the hydronium iojOand the hydroxide
in this work. ion OH . Details of the tracking scheme can be found in
For the purpose of comparison, the same simulations ag&ction S1 of theupporting Information
also performed for bulk water of 256 water molecules with no
ZrO, surface with a density of 0.98 gickor the bulk water 3. RESULTS AND DISCUSSION
calculation, one coguration is used for neutraf, Eind OH In this section, we present the spatially resolved structure and
calculations, respectively. the kinetic and thermodynamic properties of water at the ZrO
To demonstrate the interfaciaket on the water structure surface. First, we analyze the structural information provided
and dynamics, spatially resolved analysis is performed with AIMD simulations by looking at the atom densitylgmo
gridding in the direction perpendicular to the surface. ABond angles, and pair correlation functions. In summary, we
schematically shownFigure 1three regions, left (L), middle found strong dissociative adsorption of water molecules, with
(M), and right (R), are selected, with the left and right regionsheir hydrogen () attached to surface oxygen)(@nd
being close to the surface and the middle region away from tivater oxygen (§) attached to surface zirconiumJZOur
surface. In thedirection, the zero position is referenced to theBader charge analysis shows that the sli@ace donates
highest oxygen from the Zr€dirface in the initial frame in the electronic charge to the interfacial water layer, which makes the
production run. Each region is 2 A in thickness. For all theurface hydroxyl hydrogen a worse hydrogen-bond donor and
structural and dynamical properties studied in this work, wiBe surface oxygen a better hydrogen-bond acceptor. This
examine the derences between the three regions tointerface eect gives rise to QOH,, bond lengths ranging
demonstrate the ect of disrupting the water structure with between 1.1 and 1.4 A, which fall in the gap between the
the ZrQ, surface. It is to be noted that due to the symmetry ofntramolecular OH bond (<1.0 A) and intermolecular
the simulation cell, the left and right layers are equivalent ahdidrogen bond (1.8 A in bulk water). The increased
represent the same interfacial region. The middle layer, as Pggative charge of water oxygen also leads to a shortening of
show in theResults and Discussisection, retains the hydrogen bonds and increases the compactness of the surface
properties of bulk water. hydrogen-bond network. In the meantime, the intramolecular
The spatially resolved radial distribution functions ar@w Hw bonds are weakened. This structural change is also
de ned such that for each pair of atoms, type A and type @)anifested in the solvation shell of surface hydronium ions,
gus(r) in some region G counts the distribution of all type BWhere we observe symmetry breaking of the three hydrogen
atoms within a distancerandr + dr away from atom A, with atoms within the hydronium ion due to surface adsorption.
A limited to region G. Whers small, both A and B atoms in Seconc_j, we take a closer look at the proton exchgnge regct!on
the pair are in region G with a high probability. Wissarge, dynamics. The results show that the proton hopping barrier is
the B atom is most likely outside region G. In these analys&gduced by half at the interface, which is clearly linked to the
we focus on the radial distribution function variation in a shoghortened hydrogen bond and the formation of surface
range in order to see theeet of the surface. ydroxyl groups. Finally, we present the solvation free-energy

The preferred locations of water molecules are analyz?ﬁo les of the hydronium ion and the hydroxide ion as a
from density prdes Figure 3, O H bond orientation unction of their distances to the surface and discuss the

structural origins of these des based on the electrostatic
interaction between the ions and the background charge

0.07 P e oscillations of interfacial water.
0.06 . PN N ,." LU A 3.1. Structure of Interfacial Water. We start with the
~ SN AN T (A thermally equilibrated liquid water structure from classical MD
L 005 / NS N/ ’," u using empirical forceld. During the AIMD equilibration, we
= : 4 oW observe a preferred dissociative adsorption occurring at the
& 0.04 A\ N\ Y interface, which has also been reported previously for a water
5 - s S A S B | h facé’ In Fi lot thexy planar-
goo3f s \ s N i e N ' m on the ZrQ surfacé.’ In Figure 2we plot thexy planar
€ / Voo e Vol \ averaged atom density of hydrogen and oxygen on the water
50.02 N/ vl side. The density prie clearly exhibits heterogeneity inzthe
0.0l g A direction, within 3 A of the ZgOsurface. Within the
' * 0 e immediate 1 A thick water layer, the densities of oxygen and
0.00 H hydrogen are approximately the same. In the next 2 A layer, we
0 > 2 P 3 10 12 see alternating oxygen-rich layers and hydrogen-rich layers,
z (A) where the maxima of oxygen density meets the minima of

hydrogen and vice versa. This alternating feature fully

Figure 2 Planar-averaged atomic density of oxygen and hydrogen aglﬁappears_ beyond 5 A away fro_m th% Zl:ﬁa_ce, and we
function of the distanagfrom the ZrQiwater interface. The points ~ S€€ arelatively constant density right in the middle region, with
represent the histogram generated from the original data, and tHe density of hydrogen being 2 times that of oxygen.

dashed lines ardted with spline interpolation. The origin zof To further understand the local structure of adsorbed water
coordinate corresponds to the top surface oxygen layes.of ZrO molecules, inFigure 3 we show the joint probability
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Figure 3.Joint probability distribution, P, of H,, bond angles with respect to the Zsrface normal plotted in log scale. Here,&hd H,
refer to the two nearest-neighbor hydrogen atoms tswaggien. Consider the vecgr =ry, o, Wheray, andrg represent unit vectors in

the direction of the position vectors for the corresponding hydrogen and oxygen ions. The coorditgs(fOd4ch point in the shown
for; , wherergy,n represents the scalar product of the two vectollgsgnebresents

distributions are calculated with the expre@sior fon]
OH;j

the vector length. The case ;3H0 represents an,OH,, pair lying parallel to the Zg®urface, and QH +1 represents an ® pair lying
perpendicular to the ZgQurface. L, M, and, R region notations are describegiia 1

(@, (b) rate of surface water molecules, hydroxylating 20% of twofold-
4 coordinated surface oxygens (detailed analy&isporting

$5 5 InformationSection S2). Therst-layer hydrogen forms an

@ ©2 O, H, intramolecular bond parallel to the surface. The water

o . oxygen atom sits closer to surface zirconium (2.0 A) compared
1 2 3 4 5 1 2 3 4 5 to surface oxygen (2.8 A). This @, bond length is

5 @ comparable to the surface @ bond (1.9 2.2 A). Bader
5 4 charge analysis(details inSupporting InformatioSection

g éN‘:z S3) shows that hydrogen atoms attached to surface oxygens
1 W /\f have less positive charge, compared to bulk water hydrogen.
0 0 Oxygen from water attached to the surface zirconium atoms,
2ot v 2 % % °  on the other hand, shows a more negative charge in

comparison to bulk water oxygen. The nettes that the
F|gure 4Rad|a| d|Str|bUt|On funC-tiOnS of interfacial water molecule?roz Surface donates electrons to Surface Water, thus’ a net
in region L with surface zirconium atoms (Zr) and oxygen atomﬁegative charge is formed in thet interfacial layer and a net
©J. positive charge is formed on the ZsQrface.

o . The change in surface water charge is accompanied by a
distribution of the cosines of angles between the tW@pange in hoth water and hydronium ion structures, as we
{Rga?fcfcslj&?{aga HI’\INOI‘bI”r?;f(]jS 'Ilrk:ee?j(i:shtrivt\)/ﬁ:i((a)rn n?g'?‘gﬁaﬁmd detail next. InFigure 5we take a close look at the radial
resolved in regions L, M énd Rras above FoIIow?ng th)(le d|s§r|but|on functions ofllnterfaual water, companng.the thrge

o : regions (L, M, and R) with bulk results (red dashed line). It is

distribution plot, in the middle laydfidure B), the bond . . ! ;
angle distribution tends to be isotropic with respect to thgbwous that the middle region retains the structure of bulk

surface normal, as expected in bulk water. However, Iookingir;fﬁter’ both in the peak positions and peak heights. Interfacial

; : . , ted by regions L and R, exhibits the following
the left and right regions, which are close to the surface, we er, as represen )
a preferred orientation, with ong ®l,, bond parallel to the eatures which dir from that of bulk water: (1) the second

— ; k distance, which reggets an intermolecular
surface (cos] = +1) and the other perpendicular to the $oH P€a 1ce, rectic
surface (cos] = 0), with hydrogen pointing away from the hydrogen bond, is shortened by about 0.2 A. This indicates

surface. This preference explains the local density feat@esStrengthened hydrogen bond of interfacial water. The
shown inFigure 2 In the immediate vicinity of the surface, Interfacial water oxygens become better hydrogen-bond
there exists a layer with B pairs lying parallel to the surface, acceptors due to their bonding Wlt_h surface zirconium which
leading to comparable O and H atom densities. The othéPakes water oxygen more negatively charged. (2) For bulk
hydrogen atom, which points away from the surfacévater, no OH pair exists in the range gfi= 1.1 1.4 A,
contributes to the second layer which is hydrogen-rich. ~ Which is a clear separation between the wakdientra-
Figure 4shows the radial distribution function of the surfacénolecular OH bond and intermolecular hydrogen bond.
atoms of ZrQ@ relative to interfacial water in region L. By However, we observe B bond lengths within this range in
comparing therst peak positions of the radial distribution regions L and R. This is a result of the dissociative water
functions of oxygen and hydrogen, we can conclude thadsorption. (3) Therstg,o peak and the secogg, peak are
hydrogen atoms are attached to surface oxygew#hOa also shifted to lower values by 0.15 and 0.2 A, respectively.
sharp peak at 1 A (Figure 4). This peak represents surface This observation is a consequence of the shorter hydrogen
hydroxylation, and we observe a 50% dissociative adsorptimnds at the interface, which draw water molecules mstthe
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—L — R and the excess hydrogen is denoted bizdt the hydronium
M ---- bulk ion in bulk, the three protons are equivalent tstaorder
approximation, and all form hydrogen bonds with oti@er H
molecule$? Due to the positive charge ofH, the rst peak
O*O distance (2.5 A) is shorter than the OO distance in pure
water (2.8 A). IrFigure @, we see that thisst OtO peak is
suppressed and slightly lengthened by 0.1 A in L and R
regions, which reverses the trend in the interfacial OO radial
distribution (rst peak shortened).
By looking atn+y andgy«o in Figure 6,c, we observe that
for hydronium ion in bulk water* @i ers from O in that it is
not a proton acceptor and cannot form hydrogen bond with
surrounding hydrogen atoms. The second OH pegk at
1.4 2.2 A, 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 §0* bond with @ with a bond length of 0.9
1.5 A. However, at the interface (L and R regions), as shown in
Figure B, the peak at 1.5 A reappears, now representing the
bond between ©and H in the hydronium ion at the
3 - interface. This is also eeted in they.o plot (Figure 6),
(C)“!' where we see that thest sharp MO peak at 1.3 A in bulk
Il water disappears for regions L and R. Overall, this indicates the
. ‘ broken symmetry of*Hand the two other hydrogen ions of
S 2\ the hydronium ion in the L and R regions. Because of the
1 | ,?\ ,/‘\--_ bonding between *Hand surface oxygen, @Qhe G H*
A interaction is sigriéantly weakened*Hk driven further away
'\ ) from O (Figure 6,c), and subsequently, driven away from
0> 3 7 5 the other hydrogen atoms within the hydronium fogu(e
r (R) 6d). Another way to look at the lengthen&d &* distance is
that, H forms a hydroxyl group with surface oxygen, breaking
Eigure 5.Radia|_ distribgtion _functions_ fo_r bulk water (red dashedipe hydronium ion into a water molecule ang &i®ydroxyl
line) and water interfacing with Zr@olid lines). group.

As a concise presentation for all structuegdt® of the
solvation shell closer to each other, forming a tight hydrogeRrO, surface on interfacial water presented in this section, we
bond network. summarize the atomic structure and bond length information

Knowing the interfacial water structureFigure 6we schematically iRigure 7 We observe that due to the surface
further analyze the solvation shell of the hydronium@h H zr O, and Q H,, bonding, geometrically, an adsorbed water
The oxygen bonded with excess hydrogen is denoted by Gnolecule is attened by the surface, with ong B,, bond

— L — M — R - bulk (a)

Figure 7.Schematic plot for atomic cgarations and bond lengths

for (a) water molecule and a hydronium ion at the Zu@ace, (b)

water molecule in bulk water, and (c) hydronium ion in bulk water.
Figure 6.Spatially resolved radial distribution functions of hydroniunHydrogen bonds are presented by black dashed lines. Black solid lines
ion: (@) O* O, (b) O* H, (c) H* O, and (d) ¥ H. O* represent intramolecular bonds. In (a), we sed bnd length
represents the oxygen atom that is bonded with the extra proton. Hhetween 1.1 and 1.4 A on the surface, which can be either a weak
represents the hydrogen atom that is furthest mu©of the three intramolecular bond or a strong hydrogen bond and as such is
hydrogen atoms inB". represented by a blue solid line.

r(R)
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Figure 8.Calculated free-energy landscapes of the proton hopping process between two watg@xygbotk@ater and (bd) in L, M,

and R regions at the Zf@ater interface. For each region, the zero point of free energy is referenced to the minimum value within the region
White-colored regions represent garations that have zero probability.

lying parallel to the surface. This bonding orientatiorhydronium ion. The distinct interfacial water structure changes
preference at the interface also leads to alternating hydrogés-dynamics drastically, as will be discus&etiion 3.2

rich and oxygen-rich layers deep into water. Meanwhile, Zr 3.2. Proton Dynamics at the ZrQ/Water Interface. In

0,, bonding increases the negative charge ofswatggen, this section, we quantitatively demonstrate the sudatere
shortening the hydrogen bond length between oxygen in wagioton-transfer dynamics by calculating the free-energy
molecules and the neighboring hydrogen donors. Surfal@#dscapes of proton hopping between two water oxygen
dissociative adsorption gives rise §jo Hy, bond lengths ~ atoms at dierent distances toward the Zr€urface. By
between 1.1 and 1.4 A, which belong to the blurred transitidéentifying the two nearest-neighbor water oxygen atoms O
zone between a weak intramolecular covalent bond andafd Q for one hydrogen atom H, we canrgethe proton
strong intermolecular hydrogen bond. Thjs H, bond hopping reaction coordinate Ry, 1y Ro, n, WhereR,,

length is forbidden in bulk watéiiqure &) but arises as an  and R,  are the distances between &d G to H,

intermediate state in the surface hydrogen hopping procesgespectively.= 0 represents that the hydrogen atom is equally
In the case of the hydronium ion, adsorption at the waterfhared by the two oxygen atoms, that is, in the middle of the
zirconia interface breaks the symmetry of the three hydroggpoton hopping process. We construct a two-dimensional free-
atoms. H is strongly bonded to surface oxygen, and thus thenergy landscape of the proton hopping reaction by calculating
bond length of © H* is observably longer than the bonds G = kT log P(Ry o, ), where P is the probability
between ®and the other two hydrogen atoms. In cases whergistribution of the comuration of the @ H O, triplet with

the O H* distance is large enough, we can say that thgespect to and oxygenoxygen distand®, o. The resultant
hydronium ion has broken into a water molecule and a surfaftee-energy maps can provide both the energetics and atomic
hydroxyl group. However, due to the increased negative chatg® gurations of the proton hopping process.

of O* at the interface, the interfacial hydronium ion overall Comparison of proton hopping free-energy landscapes in
forms stronger intramolecular bonds compared to the bullegions L, M, and R and in bulk water is showigime 8We
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observe that the energy map in the middle region is botstrongly bonded with surface oxygen. This allows for the
qualitatively and quantitatively very similar to that in bullsurface-assisted hopping mechanism presehtgdrin9 as
water. The free-energy minimum is located withiRihe the dissociatively adsorbed hydrogen hops between surface
range of 2.72.8 A, which is consistent with thst g, peak, oxygen and water oxygen.
as shown irrigure B. We can also say that for the proton 3.3. Thermodynamics of Hydronium and Hydroxyl
exchange reaction to happen in bulk water, the distanten Adsorption at the ZrO,/Water Interface. In this
between Qand G should be below 2.6 A. The minimum section, we investigate the thermodynamics of hydronium ion
energy path yields a hopping barrier of about 150 meV in busiad hydroxide ion adsorption at the /ZAn@ter interface by
as well as in region M, which is consistent with previousampling their probability distribution P as a functian of
studies>® Following the same free-energy formatién= kgT log

Now, we look at regions L and R, which are santly P(z), we can obtain the relative adsorption free-enerdgspro
in uenced by the interfaceset. The saddle point of the free- at di erent positions toward the Zr€urface for both ions, as
energy landscape 0,Ry o 2.4 2.5 A) is notably lowered shown inFigure 10Both curves display symmetric features as
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 CeG-supported Pt clustérdiVe also observe that there is
a large area in the middle of the energy map.e5 0.25 A,
Ro o > 2.6 A), 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 Qand the weakened intramoleculgr i, bond.
This is also commed inFigure 9 where we show the same

Figure 10.(a) Adsorption-relative free-energy lao of HO* 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 chargd.@70 for Q and +0.635 for H) multiplied

by atom density. (b) Adsorption free-energylerof OH ion
(yellow dotted line) and the averaged cosine of the abgleeen

the O H bond and the Zr@surface normal (brown dotted line) as a
function ofz. is dened bycos = I:Z:‘I’;I’ wheren is the surface
normal pointing in the direction of increasindecause of this

de nition of surface normal, there is asymmetry irctise pro le

. ._between the left and right interfaces.
Figure 9. Calculated free-energy landscape of proton hopping 9

between surface oxygen)(@nhd water oxygen (O).

required by the equivalence of the two surfaces in the
simulation cell, which is an evidence ofigmt sampling. We
free-energy landscape of proton hopping between surfameserve that the hydronium ion peoexhibits a minimum,
oxygen Qand oxygen in water. Here, the shape of thdollowed by a maximum within 3 A in the vicinity of the
probability distribution is closer to that in bulk, where the O surface, followed by another energy minimum at about 5 A.
O distance has to be under 2.6 A for the exchange reactionS$amilar behavior has been shown previously for metal ions
happen. This surface oxygen-assisted hopping process allwsoaching a calcite surfack. mainly results from the
for more exible O O con guration and also shows a low electrostatic interaction between the positively charged ion and
barrier of about 80 meV. the water structure forming the solvation shell.r§henergy

From the above analysis, we can conclude that protaninimum originates from the distorted solvation shell of the
hopping takes place about 10 times faster in the interfactajdronium ion close to the surface. In the interfacial zone
zone, and this arises from the structuegitef the interface  where the hydrogen network is more compact, the distinction
described inSection 3.1First, interfacial water structure between the covalent,CH,, bond and hydrogen bond is
features a more close-packed hydrogen-bond network duebtarred and the barrier for oxygen to obtain an excess proton is
the increased strength of the intermolecular hydrogen bond flowered. The second energy minimum originates from the
interfacial water at the expense of the intramolecukdr O electrostatic potential built up by the alternating hydrogen-rich
bond. Thus, hydrogen from a proton donor is more likely t¢positively charged) and oxygen-rich (negatively charged)
hop toward the oxygen to which it is hydrogen-bonded. Thiwater layers, as the charge densityeproFigure 18 shows.
leads to the lowered hopping barrier in regions L and ®ue to the alternating nature of the densityigpose to the
representing interfacial water. Second, we have shown thatface, G(H;O") pro le also displays multiple minima and
hydrogen in therst layer in the vicinity of the Zr8urface is  maxima. In other words, next to a negative charge minimum, a
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positive charge maximum arises. The location of this positive ASSOCIATED CONTENT
maximum favors the presence of the hydronium ion, which Supporting Information
manifests itself as reduction in the relative free energy ¢f,e Supporting Information is available free of charge at
adsorption. L . . https://pubs.acs.org/doi/10.1021/acs.jpcc.1cQ2064

For hydroxide ions, we observe a relatively wide free-energ)P ) - ] )
well within 5 A of the surface. The widening of the free-energy ~ Automatic recognition algorithm of hydronium and
well indicates that the point charge model for hydronium ion  hydroxyl ions; surface hydroxylation and water dissoci-
(or proton) and metal ions does not apply to hydroxide ions. ~ ation; and Bader charge analysis for surface oxygen and
Due to its diatomic structure, its electrostatic interaction with ~ hydrogen atoms$>OF)
the background water molecule solvent is more complex. By
analyzing the CH bond direction irfFigure 1B, we see that AUTHOR INFORMATION
in the range of 14 A, next to the zirconia surface, there is aCorresponding Author
tendency of OH to point away from the surface. This
correlates with the width of the adsorption free-energy well
shown in the sameure.

We observe that there exists a thermodynamic well of 0.2 eV

for hydronium ions to be trapped withir21A from the Zr@ Science and Engineering, Massachusetts Institute of
surface, which coincides with the length scale of the Stern layer Technology, Cambridge, Massachusetts 02139, United

of the electric double-layer thedtyCombining the Statesp orcid.org/0000-0002-2688-5666
thermodynamic prée with the density information, we can Email:byildiz@mit.edu

conclude that the Stern layer crowded with excess proton is

expected at the Zp@vater interface. Such quanétion Authors

allows for further numerical modeling of hydrogen evolution Jing Yang Laboratory for Electrochemical Interfaces,

reaction at the surface and hydrogen entering zirconium oxide. Department of Materials Science and Engineering,
Massachusetts Institute of Technology, Cambridge,

4. CONCLUSIONS Massachusetts 02139, United States.org/0000-
0003-1855-0708

In this paper, we quantitatively assessed the structural, kinetiqyostafa Youssef Laboratory for Electrochemical Interfaces,
and thermodynamic ects of the Zr@surface on water \aa Department of Materials Science and Engineering,

initio MD calculations. The spatially resolved analysis clearly passachusetts Institute of Technology, Cambridge,

reveals links between the hydrogen-bond network, proton \jassachusetts 02139, United States; Department of Nuclear
hopping dynamics, and adsorption thermodynamics. We have gcience and Engineering, Massachusetts Institute of

shown that interfacial water has a more close-packed Technology, Cambridge, Massachusetts 02139, United States
hydrogen-bond network compared to bulk water and displays Department of Mechanical Engineering, The American

an ordered structure with alternating hydrogen-rich and University in Cairo, New Cairo 11835, Egyptjd.org/
oxygen-rich layers within 5 A from the surface. This is due (000-0001-8966-4169

to both covalent and hydrogen bonding between’swater . L . )
hydrogen and oxygen on the zirconia surfaper{@also due ~ COMPlete contact information is available at:
to iono-covalent bonding between vsteygen (Q) and Zr. https://pubs.acs.org/10.1021/acs.jpcc.1¢c02064
This close-packing is accompanied by shortened and stronger

hydrogen bonds and longer and weaker covalent bonds am(%i . -

the water species at the interface. This structural distortio authors declare no competingncial interest.
lowers the barrier of the proton exchange reaction by half and
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