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Thermodynamic stability of PdO surfaces

Jutta Rogal, Karsten Reuter, and Matthias Scheffler
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

~Received 9 October 2003; published 27 February 2004!

As a first step towards understanding the morphology of PdO crystals we performed a systematic full-
potential density-functional theory study of all possible (131) terminations of the low-index surfaces of
tetragonal PdO. Applying the concept offirst-principles atomistic thermodynamicswe analyze the composi-
tion, structure and stability of these PdO orientations in equilibrium with an arbitrary oxygen environment.
Within the studied subset of (131) geometries the polar PdO-terminated PdO~100! orientation turns out to be
surprisingly stable over the whole range of experimentally accessible gas phase conditions. Setting up a
constrainedWulff constructionwithin the compiled data set, this PdO~100!-PdO facet correspondingly domi-
nates the obtained polyhedron by far. The real PdO crystallite shape will however likely be affected by surface
reconstructions, which are not covered by the present study.
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I. INTRODUCTION

Metal oxides are compounds of widespread technolog
interest, and one field of application is catalysis, where t
can act as the active material or the~often not that passive!
support.1,2 To obtain a microscopic understanding of t
function of these compounds in such applications it is n
essary to know their surface atomic structure, which is a
influenced by temperature and partial pressures in the e
ronment. This can be particularly important for oxygen co
taining environments, where the stability of different surfa
terminations of varying stoichiometry may well be antic
pated as a function of oxygen in the surrounding gas ph
Considering the technological importance of oxides the s
city of such atomic-level information even for well-ordere
single-crystal surfaces is surprising. The little that is kno
stems almost exclusively from ultrahigh vacuum expe
ments, and is furthermore largely concentrated on some
cific oxides like the vanadium oxides, rutile (TiO2) or corun-
dum (Al2O3).1,2 For other oxides often not even the low
energy surface orientations are firmly established, and
also applies for the case of palladium oxide~PdO!.

Although PdO is renowned for its high activity in th
catalytic combustion of methane,3–6 and the involvement of
oxidic structures in high-pressure CO oxidation reactio
at Pd surfaces is now being discussed,7,8 virtually no infor-
mation about the electronic and geometric structure of P
surfaces is presently available, either from experim
or from theory. As a first step we therefore investiga
the surface structure and composition of all low-ind
surfaces of tetragonal PdO in equilibrium with an arbitra
oxygen environment using the concept offirst-principles ato-
mistic thermodynamics9–12 based on density-functiona
theory~DFT! calculations~Sec. II!. Lacking any experimen-
tal data on surface reconstructions we first focus on all p
sible (131) terminations and set up a constrained Wu
construction for this limited set for the whole range of e
perimentally accessible gas phase conditions~Secs. III B and
III C !. This provides a first data base against which fut
models of reconstructed surfaces may be compared, in
ticular by how much they would have to reduce the surfa
0163-1829/2004/69~7!/075421~8!/$22.50 69 0754
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free energy in order to have corresponding facets contrib
significantly to the real PdO crystal shape. In addition, re
tively high surface free energies and work functions obtain
for (131) terminations might point at likely candidates fo
surface reconstructions. Interestingly, within the studied s
set of (131) geometries, one termination@PdO~100!-PdO#
turns out to be much more stable than all others, and co
spondingly dominates our constrained Wulff polyhedron
far. And this although it represents a so-called polar termi
tion, which are traditionally dismissed on electrosta
grounds13,14 ~Sec. III D!.

II. THEORY

A. Atomistic thermodynamics

In order to describe the thermodynamic stability of Pd
surfaces in an oxygen environment we use DFT total-ene
calculations as input to atomistic thermodynam
considerations,9–12,15,16 which treat the effect of the sur
rounding gas phase via the contact with a corresponding
ervoir. In equilibrium with such a reservoir the most stab
surface structure in the constant temperature and pres
(T,p) ensemble minimizes the surface free energy, which
defined as

g~T,$pi%!5
1

A FG2(
i

Nim i~T,pi !G . ~1!

HereG is the Gibbs free energy of the solid with the surfa
of areaA, to which in a supercell calculation with symmetr
slabs both the top and bottom surface contribute equa
m i(T,pi) is the chemical potential of the various speciei
present in the system, i.e., in this casei 5Pd and O.Ni gives
the number of atoms of thei th component in the solid. Fo
not too low temperatures and sufficiently large particles b
PdO may further be assumed as a second thermodyn
reservoir with which the surface is equilibrated. This co
strains the chemical potentials of O and Pd to the Gibbs
energy of bulk PdO,gPdO

bulk ~where the smallg denotes the
Gibbs free energy per formula unit!, and allows one to elimi-
natemPd from Eq. ~1!. The remaining quantities to be dete
©2004 The American Physical Society21-1
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mined for the calculation of the surface free energy are t
the chemical potential of the oxygen gas phase, as well as
difference in Gibbs free energies of slab and bulk PdO.

The computation of the prior is straight-forward, asmO is
completely fixed by the surrounding gas phase reserv
which may well be approximated as an ideal gas. Ideal
laws then relate the chemical potential to temperature
pressure,15,17 and we will convert the dependence of the s
face free energy onmO(T,p) in all figures also into the more
intuitive pressure scales atT5300 and 600 K. The secon
input tog(T,p), i.e., the Gibbs free energy difference of th
bulk phase and the slab, receives contributions from chan
in the vibrational and configurational degrees of freedom
the surface, as well as from thepV term and as leading con
tribution from the difference in total energies. From a dime
sional analysis, thepV term may well be neglected.15 The
configurational contribution for a system like PdO can fu
ther be estimated as below 5 meV/Å2,16 again negligible for
a study that aims at a first, rather coarse comparison of
ferent (131) surface terminations (1 meV/Å2

50.016 J/m2).
The vibrational contribution can be obtained from fir

principles using the computed phonon density of sta
~DOS! at the surface and in the bulk; cf., e.g., Ref. 18. A
ternatively, the Einstein approximation to the phonon DO
can be employed to get an order of magnitude estima15

Allowing a 50% variation of the characteristic frequency19 of
each atom type at the surface, the vibrational contribution
the surface free energy at all considered PdO terminat
stays in this model always within a range of abo
10–20 meV/Å2 for all temperatures up toT5600 K. Al-
though this is certainly not a small contribution in gene
anymore, we will nevertheless neglect it in this particu
study. Being interested in a coarse, first screening of the
bility of various PdO terminations, it will become appare
below that even a 10–20-meV/Å2 contribution will not af-
fect the physical conclusions drawn. If in other studies
higher accuracy is required, the vibrational term may eit
be taken into account by e.g., simplified treatments of
most relevant vibrational modes,20 or eventually by a full
DFT calculation of the phonon DOS. Here, we will neglec
however, and may with all other approximations discusse
this section then replace the difference of bulk and s
Gibbs free energies entering into the computation ofg(T,p)
simply by the corresponding difference of total energies.

B. DFT basis set and convergence

The DFT total energies that are thus needed are obta
using a mixture of the full-potential augmented plane wa
1 local orbitals (APW1 lo) and the linear augmented plan
wave~LAPW! method together with the generalized gradie
approximation ~GGA! for the exchange-correlatio
functional21 as implemented in theWIEN2K code.22–24 To
simulate the different PdO surfaces we use supercells
taining symmetric slabs with 7–11 layers and a 12–15
vacuum between subsequent slabs. The outermost 2–4 la
are fully relaxed for all surfaces. For all orientations we ha
also performed test calculations with thicker slabs and re
07542
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ing more layers, without obtaining any significant changes
the chosen setup (<3 meV/Å2 in the surface energy!.

The parameters for the mixed APW1 lo and LAPW
(L/APW1 lo) basis set areRMT

Pd 51.8 bohr,RMT
O 51.3 bohr,

wave function expansion inside the muffin tins up tol max
wf

512, potential expansion up tol max
pot 56. The Brillouin zone

~BZ! integration is performed using Monkhorst-Pack gri
with six, eight, and 16k points in the irreducible part of the
BZ for the ~110!/~111!, ~100!/~010!/~101!/~011!, and ~001!
directions, respectively. The energy cutoff for the plane wa
representation in the interstitial region isEmax

wf 517 Ry for the
wave function andEmax

pot 5196 Ry for the potential. With
these basis sets the surface energies of the different
surfaces are converged within 1 –2 meV/Å2 regarding thek
points and 3 –4 meV/Å2 regardingEmax

wf . Errors introduced
by the fundamental approximation in the DFT approach, i
our use of a GGA as exchange-correlation functional, will
commented upon below.

III. RESULTS

Since there is virtually no atomically-resolved inform
tion about the structure and composition of crystalli
PdO surfaces available from the experimental side, we s
our theoretical investigation from a very basic point
view. That is, to get a first idea about the geometric a
electronic properties of different PdO surfaces we focus h
on a rather coarse comparison of the subset of all poss
(131) terminations of the low-index surfaces of tetr
gonal PdO.

A. Geometric bulk and surface structure

PdO crystallizes in a tetragonal structure within the sp
group D4h

9 .25 There are two formula units of PdO in th
tetragonal unit cell with Pd atoms at all corners and in
center, and O atoms at (0,1/2,1/4), (0,1/2,3/4), (1,1/2,1/
and (1,1/2,3/4), as shown in Fig. 1. All Pd atoms have
equivalent planar coordination to four oxygen atoms, and

FIG. 1. The tetragonal bulk unit cell of PdO. Small dark sphe
indicate oxygen atoms, large light ones Pd atoms.
1-2
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THERMODYNAMIC STABILITY OF PdO SURFACES PHYSICAL REVIEW B69, 075421 ~2004!
oxygen atoms are tetrahedrally surrounded by four Pd ato
Within our DFT-GGA approach the optimized lattice co
stants of the PdO unit cell are obtained asa53.051 Å and
c55.495 Å, which is in reasonably good agreement with
experimental lattice constants,aexp53.043 Å and cexp
55.336 Å.25

Due to the tetragonal structure of the PdO unit cell, th
are five inequivalent low-index orientations, each with 2
different (131) surface terminations. The PdO~100! surface
~parallel to theyz plane! is equivalent to the~010! surface
~parallel to thexz plane!. For this surface direction there ar
two different (131) surface terminations, one containin
only Pd atoms in the topmost layer~PdO~100!-Pd!, and the
other Pd as well as O atoms~PdO~100!-PdO!. Schematic
drawings of these and all following surface geometries
shown as insets in Fig. 2 below. The PdO~001! surface is
parallel to thexy plane, and there are again two (131) ter-
minations, one with only Pd atoms@PdO~001!-Pd# and one
with only O atoms@PdO~001!-O# in the topmost layer.

For the PdO~101! @equivalent to PdO~011!# surface there
exist three different terminations. One termination is s
ichiometrically cutting the stacking of O-Pd2-O trilayers
along the~101! direction just between consecutive trilaye
@PdO~101!#. The other two terminate either after the Pd lay
@the O-deficient PdO~101!-Pd# or have two O layers at the
top @the O-rich PdO~101!-O#. The remaining PdO~110! and
~111! directions are, on the other hand, characterized by
ternating layers of Pd and O atoms along the surface nor
exhibiting therefore either a completely Pd@PdO~110!-Pd,
respectively PdO~111!-Pd# or a completely O@PdO~110!-O,
respectively PdO~111!-O# terminated surface.

Looking at these 11 different (131) terminations we no-
tice that only one of them is stoichiometric. The other
exhibit either an excess of oxygen or palladium atoms,
belong thus to the class of so-calledpolar surfaces,13,14 the
stability issue of which will be discussed in more detail
Sec. III D.

B. Surface free energies

As mentioned above we want to analyze the stability
these different PdO surfaces when in contact with an oxy
gas phase characterized by a given O chemical poten
This mO(T,p) can experimentally~and assuming that ther
modynamic equilibrium applies! only be varied within cer-
tain boundaries. The lower boundary, which will be call
the O-poor limit, is defined by the decomposition of the o
ide into palladium metal and oxygen. A reasonable up
boundary formO, on the other hand~O-rich limit!, is given
by gas phase conditions that are so oxygen rich, that O c
densation will start on the sample at low enough tempe
tures. Appropriate and well-defined estimates for these lim
are given by15

DGf~T50 K,p50!,DmO~T,pO2
!,0, ~2!

where the O chemical potential is referenced with respec
the total energy of an oxygen molecule,DmO5mO

2(1/2)EO2

total, and DGf(T50 K,p50) is the low tempera-
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ture limit for the heat of formation of PdO. Within DFT-GGA
we compute20.88 eV for this quantity, which compare
well with the experimental value ofDGf

expt(T→0 K,p
51 atm)520.97 eV.26 To also consider the uncertainty i
these theoretically well-defined, but approximate limits f
DmO, we will always plot the dependence of the surface fr
energies also some tenths of an eV outside these bounda
From this it will become apparent below that the uncertai
in the boundaries does not affect at all our physical conc
sions drawn.

We proceed to show all surface free energy plots of
eleven discussed (131) terminations in Fig. 2. Termination
with an O excess~deficiency! show a negative~positive!
slope, i.e., they will become the more favorable~unfavor-
able! the more O-rich the surrounding gas phase is. Comp
ing the five plots shown in Fig. 2 the very high stability o
the PdO~100!-PdO termination is easily recognized. The on
other terminations that exhibit comparably low surface en
gies are the PdO~101!, and towards the O-rich limit the
PdO~110!-O and PdO~111!-O surfaces. All other considere
terminations are rather high in energy, in particular all tho
that feature Pd atoms in their outermost layer. Looking at
energy scale in the plots we also notice that this stabi
ordering will not be affected by the afore discuss
10–20 meV/Å2 uncertainty in our surface free energies.

As already indicated above this uncertainty in the surfa
energies does not yet include the error due to the choic
GGA as exchange-correlation functional. We have theref
also calculated the surface free energies of all conside
terminations within the local density approximatio
~LDA !.27 To set up the supercells for these LDA calculatio
we first optimized the lattice constants for PdO bulk, obta
ing aLDA52.990 Å andcLDA55.292 Å, i.e., values that are
as expected slightly smaller than the aforementioned exp
mental lattice constants. After a full relaxation of the 2–
outermost layers, the relative changes in the surface ge
etries with respect to these bulk values are found to be v
similar to the ones obtained within the GGA. The resulti
absolute surface free energies of the eleven termination
the oxygen-poor limit are listed in Table I~together with the
corresponding GGA values!. Although the absolute values o
the LDA surface energies are 30–50 meV/Å2 higher than
within the GGA, the relative differences between them a
within 10–30 meV/Å2. This is exemplified in Table I by also
indicating the relative energetic difference with respect to
PdO~100!-PdO termination, which is the lowest-energy su
face in both the LDA and the GGA. As only this energe
ordering among the considered (131) terminations enters
into the targeted constrained Wulff construction, and we fi
this ordering to be similar for calculations with two qui
different exchange-correlation functionals, we expect
DFT accuracy to be rather high for this system.

C. Constrained Wulff construction

With the results obtained for the surface free energies
the different (131) PdO terminations we set up a co
strained Wulff construction28 for a PdO single crystal. Since
this construction is constrained to reflect only the stud
1-3
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FIG. 2. Surface free energies for the five inequivalent low-index PdO surfaces. Solid lines indicate (131) terminations, and dashed line
larger unit cell reconstructions discussed in Sec. III D. The vertical dotted lines specify the range ofDmO considered in this study~see the
text!, while in the top twox axes the dependence on the O chemical potential has been converted into pressure scales atT5300 and 600 K.
The insets show the surface geometries of the corresponding (131) terminations~O small dark spheres, Pd large light spheres!.
075421-4
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THERMODYNAMIC STABILITY OF PdO SURFACES PHYSICAL REVIEW B69, 075421 ~2004!
(131) terminations, its intention is more to compare t
relative energies of different surface orientations, rather t
to really predict the equilibrium PdO crystallite shape~which
will most likely be affected by surface reconstructions
which we comment below!. Since the surface free energie
depend on the oxygen chemical potential, the obtained c
struction will vary with the conditions in the surrounding g
phase. We therefore present, in Fig. 3, the Wulff polyhe
for the two considered extremes, i.e., in the O-poor a
O-rich limits. Due to the tetragonal symmetry of PdO, t
polyhedra are symmetric with respect to thexy-plane indi-
cated in Fig. 1, and only the upper half of each polyhedro
shown correspondingly.

As one would already assume from the stability plots
Fig. 2, the low-energy PdO~100!-PdO surface forms the
largely dominating facet~rectangular, dark gray facets! at
both the O-poor and the O-rich limit ofDmO. The other
triangular, light gray facets are built by the stoichiomet
PdO~101! surface termination. All other investigated term
nations do not contribute at all to the present construct
since the corresponding planes lie outside of the polyhe
and do not cross them at any point. The polyhedra in Fig
are scaled in a way, that the absolute value of the area
longing to the PdO~101! termination is the same in th
O-poor and O-rich limit, since the surface free energy of t
termination is also constant with respect toDmO. In turn, the
remaining surface area built up by the O-rich PdO~100!-PdO
termination increases strongly in going from the O-poor
the O-rich limit. In the prior limit, this termination forms
already 72% of the whole area of the polyhedron, while
the latter limit this fraction has increased to even 94%.
would already be expected from the similar relative ene
differences, these Wulff construction properties are also

TABLE I. Surface free energies of all low-index PdO (131)
terminations at the oxygen-poor limit, as calculated within the G
or the LDA. All energies are in meV/Å2, and the numbers in brack
ets denote the energetic difference with respect to the lowest-en
PdO~100!-PdO termination.

Surface gO-poor gO-poor

termination GGA LDA

PdO~100!-PdO 33 ~0! 59 ~0!

PdO~100!-Pd 119 ~186! 170 ~1111!

PdO~001!-O 119 ~186! 162 ~1103!
PdO~001!-Pd 156 ~1123! 212 ~1153!

PdO~101! 57 ~124! 86 ~127!

PdO~101!-O 134 ~1101! 180 ~1121!
PdO~101!-Pd 128 ~195! 173 ~1114!

PdO~110!-O 86 ~153! 119 ~160!

PdO~110!-Pd 137 ~1104! 173 ~1114!

PdO~111!-O 72 ~139! 109 ~150!

PdO~111!-Pd 105 ~172! 143 ~184!
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most equally obtained within the LDA: again the PdO~100!-
PdO and PdO~101! terminations are the only ones contribu
ing to the polyhedron, and the PdO~100!-PdO facet covers
66% ~82%! of the surface area in the O-poor~ O-rich! limit.
Although such a comparison between two functionals for
no formal proof, we would therefore assume the obtain
shape to be quite accurate with respect to this DFT appr
mation.

This does, however, not comprise the major limitation
our study, given by the restriction to (131) terminations.
Surface reconstructions could considerably lower the surf
free energy of any of the PdO surfaces and correspondin
significantly influence the overall shape of the Wulff polyh
dron. Unfortunately, to the best of our knowledge no expe
mental information on such surface reconstructions is p
ently available for crystalline PdO. Without any suc
information, not even on the surface periodicity, the pha
space of possible reconstructions is simply too huge to
assertively screened by todays first-principles techniq
alone.29 Until such information becomes available from e
periments, the best we can do at the moment is to check
how much such surface reconstructions would have to lo
the surface free energy in order to give rise to signific
changes in the real PdO crystal shape compared to the
strained construction presented in this study. This chec
done for the three orientations presently not contributing
the exterior of the polyhedron, i.e., the~001!, ~110!, and
~111! facets, and since the surface reconstructions are of
known stoichiometry their effect could be different in th
O-poor and O-rich limits.

gy

FIG. 3. ConstrainedWulff construction at the oxygen-poor~left!
and oxygen-rich limits~right!. The construction is constrained t
the studied (131) terminations and reflects therefore only the re
tive energies of different PdO orientations, rather than the real P
crystal shape, which will most likely be affected by surface reco
structions. The polyhedra are symmetric with respect to thexy-
plane, and only the upper half is shown correspondingly.
1-5
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Table II lists the corresponding values for each facet,
how much the surface free energy would have to be lowe
by a reconstruction~with respect to the lowest-energy (
31) termination presently considered in our constrain
Wulff construction!, such that the facet just touches the c
rent polyhedron. Additionally given is the correspondi
value, required to have the reconstruction really contrib
significantly to the total Wulff shape, which we consider
be the case when the facet covers approximately 10% of
total surface area. From the compiled data in Table I
seems that rather massive reconstructions would be ne
sary ~both in the O-poor and O-rich limits! to have appre-
ciable ~001! and ~110! facets in the PdO equilibrium crysta
shape. A much smaller energy reduction would on the ot
hand be required to have a~111! facet contribute.

D. Stability of PdO surfaces

As already mentioned above only one of the 11 poss
(131) terminations, namely, the PdO~101!, is stoichio-
metric, whereas all others are so-called polar surfaces, w
are not expected to be stable on electrostatic grounds13,14

For the three different surface terminations in the~101! di-
rection this ionic model certainly complies with our resul
since the stoichiometric PdO~101! termination turns out
much more stable than the polar PdO~101!-O and
PdO~101!-Pd terminations. For the other orientations it is
the other hand not possible at all to truncate the tetrago
PdO structure in a (131) cell and achieve charge neutralit
and one might wonder whether this is the reason why, e
the considered~001! and ~110! (131) terminations exhibit
such high surface energies? As the most obvious gues
therefore performed fully relaxed calculations in larger u
cells, where we simply removed half the O atoms in the
layer in order to achieve stoichiometric terminations.
shown in Fig. 4 there are two possibilities for both the~001!
and the~110! orientation to remove these oxygen atoms,
ther all along a row or in a checkerboard pattern. The co

TABLE II. Minimum energy by which surface reconstruction
at the various facets would have to lower the surface free energ
order for the facets to touch the presently obtained constra
Wulff polyhedron~touching!. Additionally, the corresponding low
ering required for the facet to cover approximately 10% of the to
surface area of the polyhedron is listed~10% area!. All energies in
meV/Å2 ~and percent changes! are given with respect to the lowes
energy (131) termination of the corresponding orientation.

Orientation Touching 10% area

Oxygen-poor:
~001! 254(245%) 267(256%)
~110! 240(247%) 244(251%)
~111! 27(210%) 216(222%)

Oxygen-rich:
~001! 27(210%) 242(258%)
~110! 239(280%) 241(284%)
~111! 21(22%) 220(237%)
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sponding surface free energies are drawn as dashed lin
Fig. 2, and are not at all lower than the corresponding po
(131) O-rich terminations. These results are therefore
variance with the suggestion made by Ciuparuet al., that
such a simple removal of O atoms should lead to cha
compensated and thus stable PdO~001! and PdO~110!
surfaces.5

Apparently, charge neutrality is not the dominant featu
determining the energetic stability of PdO surfaces, as is a
directly reflected in the very low surface free energy of t
polar PdO~100!-PdO termination. This points at the most o
vious shortcoming of the electrostatic model, namely the
sumption that all atoms of one species are identical and
the same charge state, irrespective of whether they are a
surface or in the bulk. As we had shown before,15,30 struc-
tural and electronic relaxation at the surface allows for
preciable deviations from this picture, such that other fact
~like an appropriate excess stoichiometry at O-rich con
tions! might well overrule the polarity issue.

Still, that there is a different~surface! dipole moment as-
sociated with the different terminations, is nicely reflected

in
d

l

FIG. 4. Unit cells for stoichiometric reconstructions of th
PdO~001!-O and PdO~110!-O terminations, achieved by simply re
moving the oxygen atoms marked with crosses. The two left figu
show configurations, where the oxygen atoms are taken out alo
row; the right ones those where the oxygen forms a checkerb
pattern.

TABLE III. Work functions for the different (131) PdO sur-
face terminations in eV.

O-terminated F ~eV! Pd-terminated F ~eV!

PdO~100!-Pd 4.0
PdO~001!-O 7.9 PdO~001!-Pd 4.8
PdO~101!-O 7.7 PdO~101!-Pd 4.5
PdO~110!-O 7.2 PdO~110!-Pd 4.4
PdO~111!-O 5.9 PdO~111!-Pd 4.7

PdO-terminated F ~eV! stoichiometric F ~eV!

PdO~100!-PdO 6.4 PdO~101! 5.4
1-6
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the corresponding work functions; cf. Table III. While th
work function of the stoichiometric PdO~101! termination is
with 5.4 eV in a medium range, the work functions of a
Pd-terminated surfaces are about 1.0–1.5 eV lower. The o
of the O-terminated surfaces are, on the other hand, a
1.0–2.5 eV higher, just as expected from the ion
model.13,14 Even the comparably low work function of th
O-terminated PdO~111!-O surface fits into this picture, a
there the layer distance to the topmost oxygen atoms is
0.51 Å significantly smaller than for the other orientation
and leads therefore to a smaller dipole moment.

Discarding the polarity as a major factor governing t
surface stability, we proceed to correlate the latter with
binding energy of surface oxygen atoms, as interestin
each most stable (131) termination of each orientation fea
tures oxygen atoms in the topmost layer; cf. Fig. 2. T
corresponding binding energies with respect to molecu
oxygen are shown in Fig. 5, with positive values indicati
that O2 dissociation would be exothermic. The various o
entations are sorted along thex axes with higher surface
energies to the right, revealing a clear correlation. Moreo

FIG. 5. Binding energies of the topmost oxygen atoms at
most stable (131) termination of the various PdO surfaces. T
various orientations are sorted along thex axes, with higher surface
free energies to the right. The binding energies are given with
spect to a free O2 molecule.
es
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there is also a clear correlation with the coordination of
surface atoms: The two most stable terminations, namely,
ones contributing to our constrained Wulff polyhedro
feature threefold coordinated surface O atoms and with;2.5
eV rather strong binding energies. This is followed by t
other three orientations, that do not contribute to the pres
Wulff shape, exhibiting only twofold coordinated oxygen a
oms and somewhat lower binding energies around 1.5
We therefore conclude that the stability of the studied sub
of (131) terminations seems primarily governed by t
openness of the surface orientation, i.e., whether its geom
ric structure offers highly-coordinated O binding sites.

IV. SUMMARY

In conclusion we have calculated the surface free ener
of all low-index (131) PdO terminations in equilibrium
with an oxygen environment using the concept ofatomistic
thermodynamics. The PdO~100!-PdO termination exhibits an
extraordinarily low surface energy over the entire range
experimentally accessible gas phase conditions. Corresp
ingly, this facet dominates the Wulff polyhedron constrain
to the studied (131) terminations by far, with only the
PdO~101! orientation also covering a smaller surface ar
The high stability of these two terminations is largely co
nected to their closed geometric structure, allowing a stro
oxygen binding in highly coordinated surface sites, while t
polarity of the nonstoichiometric PdO~100!-PdO termination
plays apparently only a minor role. The equilibrium shape
a real PdO crystal is likely to deviate from the presen
obtained constrained Wulff polyhedron due to surface rec
structions. Lacking experimental information on such reco
structions, only the minimum energy lowering required
have corresponding facets contribute to the overall cry
shape have been presented.
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