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We investigate the effect of ferroelectric polarization direction on the geometric properties of Pd deposited
on the positive and negative surfaces of LiNbO; (0001). We predict preferred geometries and diffusion
properties of small Pd clusters using density functional theory, and use these calculations as the basis for
kinetic Monte Carlo simulations of Pd deposition on a larger scale. Our results show that on the positive
surface, Pd atoms favor a clustered configuration, while on the negative surface, Pd atoms are adsorbed in a
more dispersed pattern due to suppression of diffusion and agglomeration. This suggests that the effect of
LiNbO; polarization direction on the catalytic activity of Pd [J. Phys. Chem. 88, 1148 (1984)] is due, at least
in part, to differences in adsorption geometry. Further investigations using these methods can aid the search

for catalysts whose activities switch reversibly with the polarization of their ferroelectric substrates.
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The spontaneous polarization of ferroelectric materials
has enabled their use in technological devices ranging from
sonar to random access memory. While most current ap-
plications of ferroelectrics result primarily from their bulk
properties, polarization can also impact the surface prop-
erties of these materials, including surface stoichiometry
[1-3], geometry [2,3], and electronic structure [1,3-5].
These polarization dependent differences in intrinsic sur-
face properties also affect their interactions with adsor-
bates, [6—13] as evidenced by differences in adsorption
energies [6—10] or the rates of surface catalyzed reactions
[11-13]. Polarization orientation can, in turn, affect the
chemical properties of the adsorbates themselves. For ex-
ample, Inoue et al. [11] showed that the activation barrier
for CO oxidation by Pd adsorbed on a LiNbOj; surface
changes by 30 kJ/mol, depending on polarization orienta-
tion. The notion that a ferroelectric substrate’s polarization
can affect the activity of a supported catalyst suggests the
intriguing possibility that the activity of a catalyst could be
modulated reversibly by switching the polarization of a
ferroelectric substrate.

Despite ample evidence showing that metals on oppo-
sitely poled ferroelectric surfaces have different catalytic
properties, the mechanism underlying these differences is
not well understood. The most prevalent explanation for
this phenomenon has been that the difference in charge
between the two surfaces alters the electronic properties of
the catalyst [4,11-13]. However, this explanation may be
incomplete, as metal adsorption geometries significantly
impact their catalytic properties [14]. Since ferroelectric
surfaces may have different geometries depending on the
sign of their polarization [1-3], it is plausible that the
geometries of metals adsorbed onto them also differ
[10,15]. Two recent studies of Pd adsorption on oppositely
poled LiNbO; (0001) surfaces present conflicting
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conclusions regarding the possible effect of polarization
on metal adsorption geometry. Yun et al. [15] showed that
large Pd clusters form on both the positive (¢*) and nega-
tive (¢™) surfaces of LiNbOs3, suggesting that polarization
has little impact on metal adsorption geometry. In contrast,
Zhao et al. [10] observed large Pd clusters only on the ¢
surface, and a more planar geometry on the ¢~ surface,
suggesting that polarization strongly affects metal adsorp-
tion geometry. In addition, only Zhao et al. observed a
difference in CO temperature programmed desorption be-
tween the two surfaces, suggesting that when polarization
affects the activity of adsorbed catalysts, it does so, at least
in part, by altering their geometries.

In view of the ambiguity of experimental investigations
concerning the relationship between polarization and metal
adsorption geometry, we address this question on a micro-
scopic level using theoretical methods. Here we investigate
the energetics and kinetics of Pd deposition on LiNbO;
(0001) surfaces using a combination of density functional
theory (DFT) calculations and kinetic Monte Carlo (KMC)
simulations. We first calculate the adsorption geometries of
clusters on the ¢* and ¢~ surfaces. We then model the
range of possible diffusion and agglomeration processes of
these clusters using the nudged elastic band (NEB) method
[16]. Finally, we use the activation barriers of these pro-
cesses as inputs for a KMC simulation of the deposition of
Pd on LiNbO; on a larger scale. To our knowledge, this is
the first theoretical study of metal adsorption kinetics on a
ferroelectric surface.

In all DFT calculations, we studied five trilayer
thick LiNbO; slabs with /3 X v/3 surface supercells
(Supplemental Material Fig. S1 [17]). We passivated sur-
face charges with one Li atom per primitive supercell on
the ¢t surface, and one O and one Li atom on ¢, in
accordance with the findings of Levchenko and Rappe
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that this is the most thermodynamically stable surface
composition for LiNbO; [2]. Hereafter, we denote these
passivation atoms as Li’ and O’. DFT total energy calcu-
lations [18] were performed using the generalized gradient
approximation (GGA-PBE) [19] and implemented using
the QUANTUM ESPRESSO code [20]. Atoms were repre-
sented using norm-conserving nonlocal pseudopotentials
[21,22] generated using the OPIUM code [23].

Our DFT results for Pd adsorption show differences
in preferred binding geometries and diffusion barriers
between the ¢™ and ¢~ surfaces. On the ¢* surface, Pd
adsorption minimally changes the geometry of the LiNbO;
surface itself. As a result, the monomeric potential energy
surface [PES, Fig. 1(a)] essentially determines the geome-
tries of multiple Pd atoms adsorbed on this surface. In
particular, all Pd atoms that we predict to bind directly to
the ¢ surface prefer sites close to monomeric potential
energy minima. However, because the distances between
minima do not match well with optimal Pd-Pd bond
lengths, binding of large numbers of Pd atoms both to
the ¢* surface and to each other is unfavorable. For ex-
ample, adsorption geometries of three and four Pd atoms
both include one atom that bonds only to other Pd atoms
and does not interact directly with the surface [Fig. 1(a)].
Further, we found no metastable planar structure of four
atoms, suggesting that the Pd agglomeration barrier on the
c* surface is negligible.

Diffusion and agglomeration processes on the ¢* sur-
face are also impacted by the monomeric PES. In the
monomeric case, this relationship is direct, as the two
unique paths for monomer hopping [Fig. 2(a)] are the
only paths containing saddle points on the PES. Because
the diffusion processes of clusters of up to four atoms
on the ¢* surface are dominated by the movement of a
single atom, they have diffusion barriers similar to mono-
mer hopping [Table I], a fact that can also be explained by
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FIG. 1 (color online). (Color online) (a) Left Side: Monomeric
potential energy surface and minimum energy geometries of Pd;,
Pd,, Pd; and Pd, on c¢*. Contour spacing is 0.1 eV. Right side:
Minimum energy geometries of (b) Pd,, (c) Pd,, and (d) Pds on
c”. Triangles are original positions of Li’. The geometries for
Pd; and Pd, are similar to those of atoms 1-2-3 and 1-2-3-4
in (d).

the monomeric PES. For example, in dimer walking, a
process in which one atom in a dimer steps between two
potential minima and stays bonded to the other Pd, paths 2
and 3 have activation barriers similar to monomer hopping
paths 1 and 2, respectively [Fig. 2(b)]. Similarly, though
dimer sliding involves movement of both Pd atoms, one
stays adjacent to the same Nb atom and thus, its movement
contributes little to the activation barrier [Fig. 2(c)].
Finally, because tetramer rolling requires movement of
only one Pd atom out of a monomeric potential well, it
too has an activation barrier similar to that of monomer
hopping. The combination of low Pd diffusion barriers and
a negligible agglomeration barrier suggests that formation
of large Pd clusters is favorable on the ¢* surface.

In contrast to its behavior on the ¢* surface, Pd adsorp-
tion on the ¢~ surface substantially alters the geometry of
the surface itself. This is largely due to interactions with O’
atoms, which along with Li’ atoms terminate the ¢~ sur-
face for charge passivation [2]. The formation of Pd-O’
bonds makes adsorption onto the ¢~ surface much more
favorable than on ¢t (Supplemental Material, Table S1
[17]). However this also leads to complex adsorption ge-
ometries, as the O’ atom is free to tilt its bond to Nb
substantially in order to accommodate bonding to Pd.
Despite this geometric complexity, we find that the Pd
adsorption geometries on the ¢~ surface can be understood
in the context of maximizing the number of Pd-Pd and
Pd-O’ bonds formed. For example, this explains why the
2D planar (not shown) and 3D configurations of clusters of
four or five Pd atoms on the ¢~ surface, which have
identical numbers of Pd-Pd/Pd-O’ bonds, have binding
energies within 0.1 eV of one another.

The inherent assumption in this analysis, that Pd-O’ and
Pd-Pd bonds have similar strengths, is justified by two
facts. First, the average energies of these bonds, defined
as adsorption energies divided by the number of Pd-Pd and
Pd-O’ bonds, in clusters of 1-5 Pd atoms are uniform
(1.03 £ 0.05 eV). Second, these average bond energy val-
ues are similar to bond strengths in free clusters of 2—5 Pd
atoms (1.06 = 0.08 eV). From here on, we denote Pd-Pd
and Pd-O’ bonds as Pd-X.

Just as Pd-X bonds are the primary contributors to the
favorable adsorption energy of Pd clusters on the ¢~
surface, breaking these bonds, particularly Pd-O’, is the
primary barrier to cluster diffusion and agglomeration.
Based on the argument above that Pd-X bonds have similar
energies, we would expect the activation barriers for pro-
cesses that require one Pd-O’ bond breaking to be approxi-
mately 1 eV. However, actual activation barriers are lower
[Table I], because other atoms can move to more favorable
positions in the process of transition state formation. This
is especially true when new Pd-X bonds are formed before
a Pd-X bond is fully broken. Consistent with our under-
standing of the effect of Pd-X bond breaking on the acti-
vation barriers of diffusion processes, we find that in-plane
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FIG. 2 (color online). (Color online) Schematic drawings of
kinetic events. Top: Diffusion events on c¢*. (a) Pd, hopping,
(b) Pd, walking, (c) Pd, sliding and (d) Pd, rolling. Bottom:
Diffusion events on ¢~ . (e) Pd; hopping, (f) Pd, rolling, (g) Pd,4
agglomeration, and (h) agglomeration at large cluster (path 1)
and in-plane motion (path 2). Large black circles and open blue
circles denote initial and final positions for events. after the
events. Blue dashed lines in (e) indicate that Pd; hops between
O’ bridge sites. In many cases, these events involve traversing
barriers and visiting metastable local minima.

movement at the boundary of a cluster has a high activation
barrier [path 2 in Fig. 2(h)], because it requires breaking of
two Pd-X bonds.

Despite the fact that the ¢ and ¢~ surfaces are oppo-
sitely poled, our electronic structure calculations show that
the Pd-LNO bonds formed on both surfaces have very
similar electronic and structural characteristics (Fig. S2

TABLE I. Diffusion activation barriers (in eV) of processes
drawn in Fig. 2 and described in the text. Barriers of reverse
processes are written below forward processes (¢*) or in paren-
theses (¢7).

Path 1 2 3 4 5 6
ct Pd, hopping 0.09 0.39
Pd, walking 026 0.12 0.38 0.24 0.38 0.17
032 002 041 0.24 0.38 0.17
Pd, sliding 035 036 0.30
032 033 027
Pd; walking 023 019 027 024 0.11 0.18

012 0.11 046 0.24 0.11 0.18
<0.01 0.21 0.06

040 0.14 0.13

Pd, dissociation 0.55

Pd, rolling

c” Pd, hopping 0.82 0.87 0.87 0.82
Pd, sliding 1.06
Pd; flipping (Li’ — Li) 1.30 (1.31)
Pd, rolling (Li’ — Li) 0.85 (0.70)
Pd, dissociation 0.77
Large cluster, in-plane 1.12
Large cluster, agglom. 0.74 (0.93)
Pd,, agglom. 0.59 (0.61)

[17]). This indicates that the Kkinetic differences between
the two surfaces are primarily geometric in origin, and
depend mainly on the number of Pd-O bonds formed,
rather than on electronic considerations such as the charge
of the polar surface.

Our DFT calculations show that diffusion barriers are
substantially lower on the ¢* surface (< 0.4 eV) than on
the ¢~ surface (= 0.8 eV). These activation energies, E,,
can be compared in a physically meaningful way when
converted to expected event-event time intervals, 7, using
Arrhenius kinetics [24], L = ve Ea/ksT  Assuming an at-
tempt frequency (v = 10'? sec™! [25]) the time scales of
diffusion events on the ¢* and ¢~ surfaces are on the order
of microseconds and minutes, respectively, at 300 K. We
can then infer that at a deposition rate of = 0.01-0.1 ML/s
[15], on average, each new monomer deposited on ¢* will
aggregate to an existing cluster before the next atom is
deposited. In contrast, we would expect many Pd atoms to
be deposited in the vicinity of a given Pd atom on ¢~
between diffusion events of that atom. Although we find
that cluster formation is thermodynamically favorable on
both surfaces (Table S1 [17]), we infer that the much larger
kinetic barrier to diffusion on ¢~ leads to Pd atom
agglomeration into large clusters on the ¢* surface and
wetting or tiny clusters on ¢~ .

We conducted KMC simulations in order to characterize
this inferred difference in adsorption geometries. Onto a
10 nm X 10 nm surface, we randomly deposited Pd atoms
one by one at a selected deposition rate. We then allowed
Pd atoms and clusters to attempt a series of diffusion and
agglomeration processes, with probabilities based on our
calculated activation barriers, at a constant attempt
frequency of 102 sec™! [26] for all events (Full KMC
description in the Supplemental Material [17]).

Our KMC simulations confirm that Pd forms larger
clusters on the ¢t surface than on the ¢~ surface.
Correspondingly, we find that Pd covers a much smaller
area of the ¢* surface than of ¢~. We also find that the Pd
area is insensitive to deposition rate at room temperature
[Fig. 3(a)], as all processes are highly activated (for ¢*) or
suppressed (for ¢™) at this temperature. Changing the
deposition rate strongly affects the geometry only when
it is near the (7-dependent) diffusion time scale. Please see
the Supplemental Material (Fig. S4 [17]) for a graphical
representation of how temperature and deposition rate
translate to Pd morphology on the two LiNbO; termina-
tions, for a wide range of conditions.

The relatively large diffusion barriers on the ¢~ surface
(= 0.8 eV) were not sufficient to prevent agglomeration
completely, especially when our simulations were ex-
tended until slightly after deposition was complete.
However, we infer that the clusters on the ¢~ surface
remain much smaller than those on the c¢* surface
over a very long time scale (Supplemental Material,
Fig. S3 [17]).
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FIG. 3 (color online). (Color online) Proportion of surface
area covered by Pd for simulations at a range of (a) deposition
rates at 300 K and (b) temperatures with a deposition rate of
0.025 ML/s. KMC snapshots of 1.0 ML on (c) ¢* and (d) ¢~ at
300 K with a 0.025 ML/s deposition rate.

Overall, our results support the conclusion of Zhao et al.
that Pd cluster sizes are much larger on the ¢* surface than
on ¢~ [10]. However, Yun et al. also produced a thorough
data set supporting their conclusion that Pd forms large
clusters on both surfaces of LiNbO; [15]. One possible
explanation is that Yun and Zhao studied Pd adsorption
onto LiNbO; surfaces with substantially different compo-
sitions. This could be due to the presence of different
impurities, such as hydroxyl groups [27], which are known
to exist on some LiNbO; surfaces, or oxygen lattice
vacancies [3]. Our calculations predict that Pd binding is
weaker by 0.6 eV to a ¢~ surface terminated with OH
instead of OLi, suggesting that agglomeration would be
more favorable with some OH impurities present. Thus, it
is plausible that if there were OH impurities on the ¢~
surface studied by Yun et al., they may have influenced the
formation of larger Pd clusters.

In conclusion, we find that the different surface geome-
tries of oppositely poled LiNbO;5 (0001) surfaces lead to
substantially different Pd adsorption geometries. On the ¢~
surface, strong Pd bonding to O’, the extra surface oxygen
present for charge passivation, leads to larger diffusion and
agglomeration barriers. This leads in turn to less clustering
and a more dispersed geometry on this surface than on ¢™.
In contrast to the prevalent view that differences in catalyst
charging are responsible for differences in the catalytic
properties of metals adsorbed on polar ferroelectric sur-
faces, we conclude that the difference in adsorption ge-
ometry predicted here is sufficient to explain much of the
difference in catalytic activity that has been observed for
Pd deposited on oppositely poled LiNbO; surfaces [11].
Because formation of large Pd clusters is thermodynami-
cally favorable on both ¢t and ¢, it is unlikely that the

catalytic activity of Pd could be switched reversibly by
switching the polarization of the LiNbO; substrate.
However, the combination of theoretical methods used
here is well suited for the study of other metal-ferroelectric
surface combinations in search of systems with switchable
catalytic activity, and the present example serves as a
paradigm of polarization controlling catalytic cluster ge-
ometry and reactivity.
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