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Surface structure and stability of PdZn and PtZn alloys: Density-functional slab model studies
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Geometric parameters of binafy:1) PdZn and PtZn alloys with CuAl4, structure were calculated with
a density functional method. Based on the total energies, the alloys are predicted to feature equal formation
energies. Calculated surface energies of PdZn and PtZn alloys showiiipand (100 surfaces exposing
stoichiometric layers are more stable th@®1) and (110 surfaces comprising alternating PBt) and Zn
layers. The surface energy values of alloys lie between the surface energies of the individual components, but
they differ from their composition weighted averages. Compared with the pure metals, the \dleace
widths and the Pd or Pt partial densities of states at the Fermi level are dramatically reduced in PdZn and PtZn
alloys. The local valencd-band density of states of Pd and Pt in the alloys resemble that of metallic Cu,
suggesting that a similar catalytic performance of these systems can be related to this similarity in the local
electronic structures.
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[. INTRODUCTION especially for such complex solids as alloys. In this respect,
one increasingly relies on computational approaches that be-
Searching for new sources of hydrogen as an alternativeome more and more powerful. During the past decade sur-
energy carrier has become an important problem becaustce energies of metdfs™* and various alloys were
unlike more harmful conventional fuels,Han be used ef- calculated;>® but no data for PdZn and PtZn alloys are
ficiently with negligible emission of greenhouse gases andivailable.
air pollutants' One of the ways to produce hydrogen is cata- We carried out a comparative computational study on five
lytic steam reforming of methanol. For this reaction, Pd/ZnOsystems: PdZn and PtZd:1) alloys as well as Cu, Pd, and
catalysts have been suggested to replace the currently efit metals, which all are relevant to the catalytic steam re-
ployed supported Cu catalysts that sinter at elevatedorming of methanol. We applied a density functiori@lF)
temperaturé. The Pd/ZnO and Cu catalysts perform simi- method in combination with a slab model approach to ex-
larly to form H, and CQ from methanol, but their catalytic Plore the energetics, geometric and electronic structures of
activity differs notably from that of pure metallic Bd.The  the alloys. Analyzing in parallel the surfacand bulk prop-
high performance of Pd/ZnO catalysts was assigned to Pdzerties of the well-characterized Cu and Pd reference systems

alloys recently identified as PdZfi:1 Pd:Zn atomic ratijp  @llows one to better trace the most important similarities and
and Pd oZns 1;>° catalytic properties of alloys formed by Pt differences in the electronic and structural features of the

and Zn are similaf. materials under investigation. In the next section we outline
The electronic and geometrical structure of palladium andhe computational details and the procedure of surface en-
platinum alloys, mainly with transition metals @i®* con-  ergy calculations. The optimized bulk structural parameters
figurations as second component, was intensively studieff PdZn and PtZn alloys are considered in Sec. lll A. The
due to the industrial importance of Pd and®P@t variance, surface energies of various PdZn and PtZn surfaces are
Pdzn and PtZn alloys attracted notably less attenfidhFor ~ addressed in Sec. Il B. Section. Ill C is devoted to surface
Pdzn alloys, photoelectron spectroscopy showed that alloystructures of PdZn. The electronic structure features are
ing studied for PdZn films increases the binding energy of Pdliscussed in Sec. Il D. Our conclusions are presented in
levels!® No information about the relative stability of vari- Sec. IV.
ous surfaces of PdZn and PtZn alloys is available, but such
data are necessary for predicting favorable structural ar- Il. METHODOLOGY
rangements exhibited by surface atoms of these materials. In
the absence of even basic knowledge about the surface struc-
ture of PdZn and PtZn alloys, it is rather difficult to elucidate  The calculations were performed with the plane-wave
the reactivity of these prospective catalysts at the microbased Viennaab initio simulation packagévasp)’~2! em-
scopic level. Indeed, it is impossible to study the reactiorploying the PW91 generalized gradient approximation
mechanism on a solid catalyst at the atomic level without GGA).?? The choice of the GGA, despite an overestimation
having identified the surface sites of the material under inof the lattice constants and underestimation of the surface
vestigation. This knowledge relates directly to the issue oknergies at this levekee below, is justified by our primary
relative surface stability which in turn can be rationalizedinterest in the relative stability of various surfaces and, more
based on information about the surface energy. The latter isienportantly, by the need of our future calculations of the
property that determines the equilibrium shape of mesosenergetics of various chemisorption complexes on the metals
copic crystals and plays an important role in faceting andand alloys considered here. The interaction between atomic
roughing. Direct measurement of surface energies is difficultcores and electrons treated explicitly is described by the pro-

A. Computational details
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jector augmentation wavéPAW) method usings, p, andd  calculating surface energies is based on the total energy dif-
waves inside all atomic spherg%** Standard values were ference of arN-layer sIabEQ and of the corresponding bulk
used as sphere radii to define the PAW space partitiotfing. E (Ref. 30

Brillouin-zone integration was done with Monkhorst-Pack

grids® using a generalized Gaussian smearing methAdok- y=(E§—NEg)/(2A), 1)

perimental atomic positions of Picc), Pt (fcc), Zn (hep), whereA is the surface area of the unit cell. The factor of 1/2

Cu (fce), PdZn (CuAu L1o), and PIZn(CuAu L1o) were 006 nts for the two surfaces of the slab model. In principle,
taken as starting parameters for the geometry optimizatioyhen N is sufficiently large, the calculated value fwill

PdZn and PtZn alloys exhibit a tetragonal CuB\li Struc-  conyerge to the “true” surface energy. To use Etj), two
ture 'w2h7ich is derived from an fcc structure by shortening the 5 culations are required: one fErJg' at a reasonably large
¢ axis. _ value ofN and the other foEg on the bulk. However, with
In the slab model calculations, a 400 eV energy cutoffihis method, care has to be taken to ensure consistency be-
(the same as for bulkand a (7<7X1) k-point grid were  tween slab and bulk calculations to prevent divergence of
adopted. Unit cells containing two atoms per layer were usegor large values oN.*
throughout. Each atomic layer parallel to tfid1) and(100 Surface energies can be determined in reliable fashion by
planes ofL1,-type MZn (M=Pd, Pj alloys is stoichio- performing a series of calculations on slabs of increased
metric. On the other hand, each of 1) and(110) planes thickness. Then, one derives the surface energy and the bulk
contains eitheM or Zn atoms, in alternating fashion. We energy of a system from a linear fit of the calculated total
refer to two neighboringd001) and (110 atomic planes of energy valuesEg with respect to the thicknesN of the
MZn alloys as one layer in our slab calculations; thus, arslab%-3!
N-layer slab model comprises\2(110 and(001) planes and
N (111) and(100) layers. The effect of surface relaxation was ES=2Ay+NEg. (2
examined by optimizing the top two layers on one side of
PdZn(111) slabs with four and seven layers, separated by a This fast converging procedure has been used
seven-layer vacuum spacing. The results were very similaguccessfully>*? but one has to determine the minimum
For example, both models predict equal vertical displacenumberN of layers from which on the enerdg? exhibits a
ments (0.11 A) of Pd atoms in the top layer and an energylinear behavior in the slab thickne$sin the systems under
gain of 33 meV. We also relaxed the first three layers of dnvestigation, the dependence is essentially linear already for
five-layer slab and found no significant difference from thevery thin slabs. For example, the PdZhl) surface energy
results of two-layer relaxation of a four-layer slab. Therefore derived from fitting ofE§ in various rangesN=1-7, 2-7,
all relaxation results discussed below correspond to four3—7, and 4—7, are 1.11, 1.14, 1.17, and 1.18 3,mespec-
layer slabs with the top two layers relaxed. tively, with standard deviations less than 0.04 J?rand cor-
Densities of state¢$DOS) were calculated with (1816  relation coefficients larger than 0.9999. These results mani-
X16) and (115X 1) k-point grids for bulk and seven- fest a nicely linear behavior (Efg onN. The surface energies
layer unrelaxed slabs, respectively. We employed the tetrahgfiven below correspond to energy fits for the rarge 3
dron method with Blohl correctiong® Local and partial —7. Note that for(001) and (110 surfaces of PdZn and
DOS were obtained by projecting the wave functions inside #tzn, the computed surface energy is actually an average for
sphere around each ion onto spherical harmonics. For PdZsurfaces terminated by Rdr PH and Zn atoms.
and PtZn, we chose the sphere radii of Pd, Pt, and Zn by First-principles studies of metal surfag&s®showed that
scaling the corresponding covalent radBuch that the sum  surface relaxation causes variations of 2—5% in the calcu-
of the corresponding sphere volumes equals the volume dhted surface energies. Our calculations for PRdZf) (see
the underlying unit cell. The resulting radii are 1.535 A for Sec. 11l ) reveal that the difference in surface energy due to
Pd in PdZn, 1.545 A for Pt in PtZn, 1.494 A for Zn in both relaxation is 4%. As the purpose of this work is to examine
alloys, and 1.418 A for Cu. In the pure metals Pd and Ptthe relative stability of various surfaces, all surface energies
spheres with the above radii formally account for about 98%presented in the following, unless explicitly indicated, were
of the theoretical bulk volume; complete space filling would calculated without accounting for surface relaxation.
require to increase the radii to 1.545Rd and 1.558 A(P1).
The results obtained with the two sets of radii were very
similar; for example, the center of thikband @-BC) of bulk
Pd changed only by 0.01 eV. Sphere overlap was found to A. Bulk structure of PdZn and PtZn alloys
have rather minor effects on features of DOS. For consis- petallic Cu, Pd, and Pt exhibit an fcc crystal structure
tency, we used the first set of radiesulting in~98% fill- \yith |attice parameters of 3.61, 3.89, and 3.92 A,

ing) in DOS calculations of Pd and Pt as well. respectively’® Zn has an hcp structure with the lattice con-
stantsa=2.6649 A anct=4.9468 A2® Pd and Zn as well as
Pt and Zn are very miscible and form alloys in a large range
of compositiong’ different compositions have different
The surface energy is the surface excess free energy perstructures. An alloy with an atomic ratio of Pd to Zn close to
unit area of a particular crystal facet. A common method forl has the structure of CuAuL(y-type) with space group

Ill. RESULTS AND DISCUSSIONS

B. Calculation of surface energies
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P4/mmm(Fig. 1).2” In PdZn, Pd, and Zn layers alternate in
(001) and (110 directions whereas each crystal plane of
(100 and (111) orientations is stoichiometric. The experi-
mental lattice parameters of PdZn alloys at 44.5 at. % Zn and
55.2 at.% Zn area=4.13 A, c/a=0.81, anda=4.09 A,
c/a=0.82, respectivel§’ The interpolated values for 50
at. % Zn area=4.11 A andc/a=0.815. PtZn alloy with an
atomic ratio close to 1:1 also features a CuALl{ type
structure; the lattice parameters at 47.2 at.% Zn are
=4.03 A andc/a=0.8602"

Optimized bulk geometries of 1:1 PdZn and PtZn alloys
as well as for pure metals Cu, Pd, Pt, and Zn are shown in
Table I. It is well known that GGA overestimates the inter-
atomic distances, in particular folddand 5 transition met-
als, in line with our calculated lattice parameters for Pd and
Pt; agreement is better for Cu. For the alloys PdZn and PtZn
the computed values af andc are also slightly larger than
the experimental estimates, resulting in i@ ratio very
close to experimental value.

In Table Il we collected calculated interatomic and inter-
layer distances for four crystal planes of the two alloys and
we compared them to interlayer distances of Pd and Pt met-
als. The nearest-neighbor distance &+ c?)¥%2 and the
next-nearest-neighbor distanceai2'?. In the fcc structure
of Pd (Pt), the calculated lattice parameters ase-c
=3.95 A (3.99 A); for the tetragonal structure of PdzZn
(PtZn), the results ara=4.15 A (4.09 A), c=3.39 A (3.52
A); thec values of PdZn and PtZn are much shorter than the
lattice constants which, on the other hand, are only slightly
longer than the lattice constaatof the corresponding metal
Pd or Pt. As a consequence, each atom of the 1:1 alloys has
eight nearest-neighbor heteronuclear bonds and four next-
nearest-neighbor homonuclear bonds. Note that nearest-
neighbor and next-nearest neighbor distances of Pdzn differ
by 0.26 A while this difference for PtZn is notably smaller,
0.19 A.

The interlayer distanced;,, between neighboring crystal
planes in the alloys are as follows/2 (001), 2*?a/4 (110),

a/2 (100, and ac/(a?+2c?)'? (111). These expressions
help to understand the variation of the calculated vatijgs

in Table 1l. For example, as<<a in the tetragonal structure

of PdZn and Ptznd}%is larger thard2o* whereas in the fcc
structures of Pd and Pt they are equal. Compared to Pd and
Pt metals,d2®* and dli! values in the alloys are reduced
whereasd%° and d1i° values are increased.

In Table | we also list the calculated bu(kohesivé en-
ergiesEg with respect to the spin-polarized ground state en-
ergies of the constituting atoms. Interestingly, alloy forma-
tion from bulk metalsM and Zn is characterized by equal
energy values per paiMzZn, AE=2E\z,— (Ey+Ez)
=—1.15 eV. Here, negative values indicate that alloy for-
mation is energetically favorable, in agreement with the large
miscibility of Pd and Pt with Zn.

B. Surface geometry of PdZn allo
g y y FIG. 1. (a) CuAu L1,-type tetragonal structure of PdZn and

Calculated structural parameters of various surfaces of thetzn alloys. Light spheres: zn, dark spheres: Pd. Also shown are
alloy PdZn are collected in Table Ill. On the stoichiometric top views of the surface$111) (b), (100 (c), (110 (d), and
(111) and (100 surfaces, Pd atoms of the first layer {Pd (001 (e).
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TABLE I. Calculated and experimental parametarandc (A)
of a tetragonal or fcc lattice as well as their differendesandAc
(%). Also shown are calculated cohesive enerdigseV/atom).
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TABLE llI. Vertical atomic displacementAz, spacingsji“j" be-
tween metal centers! of theith and thejth layers, and relaxation
energy E, for various surfaces of Pdzn alloy. Distances in A,

energies in meV.

Material a Aa c Ac Es
Calc.  Exp. Calc.  Exp. Parameter (111) (100 (110 (110y" (001)™* (001)"
Cu 3.628 3.6147 0.4 -3.51 Az(Pd)® —0.107 —0.069 —0.088 0.064 —0.060 0.046
Pd 3.954 3.8907 1.6 -3.70 Az(znl) 0.066 0.047 0.086 —0.074 0.076 —0.028
Pt 3.985 3.9239 1.6 -5.57 Az(Pf) —0.005 —0.024 —0.011 0.023 —0.017 —0.008
Zn 2.682 26649 0.6 4.856 4.9468-1.8 —1.10 Az(Zn?) —0.031 0.007 0.028 —0.004 0.006 —0.007
Pdzn 4148 411 09 3385 335 10-298 dis 2115 2029 2856 2974 3.343 3.440
PtZn 4087 4.03 1.4 3517 3.47 1.4-391 dﬂ' 2313 2114 2992 2863 3.455 3.365
d5d 2211 2050 2922 2956 3.368 3.377
d%;‘ 2186 2.081 2961 2929 3.391 3.378
move inward(into the bulk while Zn' atoms relax outward dbdb 2217 2.074 2933 2933 3385 3.385
(to the surfacpwith respect to the computed bulk-terminated g 33 16 64 39 51 12

geometry. The vertical displacemeXt is larger for Pd than

for Zn* atoms: the values for thd11) surface are 0.11 A and 2Pd" (zn') and Pd (Zn? denote PdZn) atoms of the first and

0.07 A, respectively; the corresponding values of ¢h@0)
surface are 0.07 and 0.05 A. For tf#l1) and (100 sur-

second layers, respectivelixz refers to the atomic displacement
perpendicular to the surface. (1£8)[(001)°Y and (110"

faces, opposite displacements of the atoms cause a notabl€001)?"] represent slabs terminated with Pd and Zn, respectively.

surface corrugatiorg(zZnt)-z(Pd), 0.17 and 0.12 A, respec-

Positive Az values denote an outward displacement, toward the

tively. P and Zrf atoms are displaced notably less thad Pd vacuum, negativeé\z values denote an atom movement in the di-

and zrt; thus, the layer spacind’d between PHand Pd
atoms is reduced by 0.10 A for ti@11) and 0.05 A for the

rection of the bulk.
ded: dZn
34 34"

(100 surface. At variance, relaxation increases the spacing

between the outer two Zn layers by 0.10 A for ttl1)
surface and by 0.04 A for th€100) surface, mainly due to
outward displacement of Zn

PdZn(001) and(110 surfaces are terminated by either Pd

atoms (001§%and (1105%or Zn atoms (001" and (110¥".

The interlayer spacing.\i;f;JI anddg’éj are enlarged by 0.04 and
0.02 A, whereasd?) shrinks by 0.07 A andd%] remains
unchanged.

The data in Table Il show that Zn atoms shift upward and
Pd atoms move downward on the stoichiometfidl) and

The relaxation pattern of the two Pd-terminated surfaces anl o) surfaces. This can be rationalized with the smaller sur-

that of the two Zn-terminated surfaces is quite sim(lEable
lII). Thus, we only discuss the surfaces (1f@nd (110¥".

For (110¥¢ relaxation leads to an inward displacement of
both Pd, by 0.09 A, and P4 by 0.01 A, whereas outward

movements are calculated for Zrby 0.09 A, and zA, by
0.03 A. As on the surfaced11) and (100), the inward dis-
placement of PHis larger than that of Pd resulting in a

reduction ofd7d by 0.08 A; the outward relaxation of Zn

increasesiﬁ‘ by 0.06 A. In the Zn-terminatetl10) surface,

face energy of Zr(see next subsectipnThe slab thickness
expands because of the outward displacement &f When

the top layer is formed by only atoms of one element, as on
the surface$110) and(001), the surface atoms relax inward
and the slab becomes thinner.

Relaxation of the top layer contributes the most to the
relaxation energy. Therefore, larger displacements ¢fd?d
Zn' atoms correspond to larger relaxation energies. For in-
stance, the changes in the interlayer distantgsindd?) of

Zn' is displaced inward by 0.07 A, which is accompanied byihe (111) surface, 0.10 A, are about twice as large as those of

an outward relaxation of Bdby 0.06 A, and P4 by 0.02 A.

TABLE II. Calculated interlayer distancek, for various crys-
tal planes and nearest-neighbor distarmtgs, anddy.z, for opti-
mized geometries of Pd, Pt, PdZn, and PtEnA).

Parameters Pd Pt Pdzn PtZn
ddot 1.977 1.993 1.693 1.759
dHo 1.398 1.409 1.467 1.455
dioo 1.977 1.993 2.074 2.044
dit 2.283 2.301 2.217 2.233
dy-zn ® 2.677 2.696
du-m 2.796 2.818 2.933 2.890
M =Pd, Pt.

b, —
dM-M - dZn-Zn .

the (100 surface; the corresponding relaxation energies,
though rather small, are 33 and 16 méVable Ill). The
finding that the Pd-terminated surfaqgd40 and(001) relax
somewhat more than Zn-terminated surfaces is in line with
the larger surface energy of Pd compared to Zn.

C. Relative stability of the alloy surfaces

In Table IV, we present calculated surface energies for
various surfaces of PdZn and PtZn alloys and for pure metals
together with pertinent experimental dafaFor the pure
metals considered, the calculated surface energies are nota-
bly lower than the experimental values. For instance, the
computed PAL11) surface energy 1.38 JTh is only about
two-thirds of the experimental value 2.05 Jfn®’ At the
experimental geometry, the difference between calculated
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TABLE IV. Calculated characteristics of pertinent surfaces ofdicted at 1.3 and 2.0, respectively. For metallic Pd and Cu,
various materials: surface ar8af a unit cell and surface energy our calculated surface energy anisotropy is in line with the
Experimental surface energies are listed where available. bond-cutting model yo1/ v11:=1.3 and yi10/ y11= 1.9
(Table IV). For Pdzn, we derived the following ratios of
surface energies: y100/ Y11= 1.1, 7Yoo1/v111.=1.9, and

Material Surface S (A) y (eV/atom™®) y (I M 2) yeyo (I M ?)

PdP (11) 13.11 0.53 1.30 v110! Y111= 2.0 (Table IV). Compared with Pd metal, the ra-
Pd° (11) 13.11 0.79 1.92 tio ygo1/v111 Of PdZn is about 45% larger. On the other
Pd (110 11.06 111 1.61 hand, the surface energy of tt00) surface of PdZn is only
Pd (100 15.63 0.75 1.53 sllghtly Iargoer than that 0(1_11) surface; thus,leQ/y111 of
Pd (111) 13.56 0.59 1.38 205 Pdzn is 15_A) smaller than in the case of metglllc Pd. .
Pt (111) 13.76 0.64 150 248 As mentloned before, each type of atoms in PdZn is sur-
rounded by eight nearest neighbors of the other atom type;
Cu (110 9.31 0.92 1.58
four homonuclear bonds, about 10% longer, extend to the
Cu (100 13.16 0.63 1.53 .
next-nearest neighbors. If both types of bodé and A-B
Cu (111 11.40 0.48 1.34 1.83 .
n (0001 6.23 0.14 0.35 0.99 would contribute equally to the surface energy, then one has
PdzZ 11 13; 14 0‘48 1'17 ' three broken bonds dfil11) surface, four at th€001) and
nd a1y ' ' ' (100 surfaces and six at th@10) surface, just as in materi-
Pdzn (11) 13.14 0.46 111 als with fcc structure. These values would translate into the
PdZn (100 14.04 0.54 1.23 ratios yoo1/v100~1 and ygoi/y111~1.3, in disagreement
PdZn (00D  8.60 0.89 1.65 with our calculated valueSyyoi/ y100= 1.6 and ygo1/ y111
Pdzn (110 9.93 0.98 1.57 =1.9. On the other hand, if the surface energy of PdZn alloy
Ptzn (111 13.25 0.55 1.34 is predominantly determined by the shortend presumably
PtZn (100 14.38 0.70 1.56 strongey Pd-Zn bonds, then the bond-cutting model yields
Ptzn  (001) 835 0.92 1.76 equal ratiosygo1/ Y106= Yoo1/ Y111=2. close to the explicitly
PtZn (110 10.17 115 1.82 calculated ratios of 1.6 and 1.9The number of broken

Pd-Zn bonds per atom at thi&11), (100, (001), and (110
surfaces is 2, 2, 4 and 4, respectivelJhus, the model of
stronger Pd-Zn bonds allows a rationalization of the surface
energy anisotropy calculated for PdZn. Our calculated sur-
face tension values for PtZfTable IV) do not follow the
prediction of the bond-cutting model quite as closely as for
PdzZn: ’}/001/’)’100:1.3, and ’)/100/’}/111: 2.1. This f|nd|ng is
1.30 Jm 2 and experimental values is even larger. For thelikely due to the reduced difference in nearest-neighbor
same geometry, using a denser X11X 1) mesh and the (A-B) and next-nearest-neighbof{A) distances compared
tetrahedron method with Bbbl corrections for partial to PdZn(see Sec. Ill A
occupancie$® one obtains essentially the same value The results of Table IV show that the surface energy of
1.30 Jm?2. As already mentionedSec. Il B), relaxation the alloys considered lies between the surface energies of
slightly reduces(by 4%, Table 1Vj the calculated surface their components, but is not their composition-weighted av-
energy of PdZfl1l), in line with results for other metal erage. In other words, there does not seem to hold a linear
systems>~° GGA is well known to underestimate surface relationship between the surface energies of an alloy and its
energies® With the local density approximatiofLDA),>®  components. For example, the surface energy values of
we determined the surface energy of Pd) to 1.92 J m?, Pd111) and Zn0001) are 0.59 and 0.14 eV/atom, respec-
which is 50% larger than the GGA result and close to thetively. The value of Pdzfil1l) is 0.48 eV/atom, notably
experimental value. Thus, the calculated PW91 surface enelarger than the corresponding average 0.36 eV/atom. From
gies for PdZn alloy likely are also notably underestimated.another point of view we note that the surface energy of
Nevertheless, the relative magnitude of surface energies Bt(111) is computed by 8% larger than that of [
expected to be predicted correctly. For example, the orderingshereas the surface energy of PtZhl) is 13% larger than
of the calculated surface energies of th&1) surfaces of Cu, the value of PdZ(111) (Table IV).
Pd, and Pt agrees with experimdiiable IV). Furthermore, Pdzn and PtZn alloys are expected to exhibit certain
our predicted stability ordering of111), (100, and (110 analogies in the electronic structure and chemisorption prop-
surfaces for Cu and Pd is the same as in other calculatfons.erties to metallic Cu. Thus, we compare the surface energies
Now, we compare the surface tension of four surfaces obf Cu with that of PdZn and PtZn alloys. Based on the
1:1 Pdzn alloy. According to the “bond-cutting” mod&l, larger(by absolute valuebulk energy of PtZn than of PdZn
the surface energy anisotropy is proportional to the ratio of Table ), Pt-Zn bonds should be stronger than Pd-Zn
broken bonds at the surfaces under comparison. For matetbonds. Therefore, from the bond-cutting mddene expects
als of fcc structure, three bonds of each atom at(ttiel)  the energy of a PtZn surface to be larger than the energy of
surface are broken, four bonds at tt@®1) surface, and six the corresponding PdZn surface. Our calculated surface en-
bonds at the (110 surface. Thus, ratioSyg/y111  €rgies comply with this assumptionypzn11y Ypdzn(111)
(= Y100/ Y111 and yq10/ 111 Of surface energies are pre- =1.15 andypizn(100) Ypdzn(1005= 1.30. The surface energies

3Reference 38.

PGGA result at experimental geometry.

‘LDA result at experimental geometry.

9Based on one-sided relaxation of a four-layer slab; Egapplied
in modified form.
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TABLE V. Calculated energiesgc (in eV) of the centers of the TABLE VI. Calculated energiesgc (in eV) of the centers of the

Zn valences andd bands in various solids and films. metal(Cu, Pd, Pxvalences andd bands in various solids and films.

Also shown are the local densities of stabgsat the Fermi energy

€ge (states/eV.
S d
€BC Ne

Zn (bulk) -1.05 —6.65 S d s d
Pdzn (bulk) -1.90 —6.66
Ptzn (bulk) —2.07 —6.54 Pd (bulk) -2.02 -1.81 0.02 2.43
PdZn (100 -2.33 —6.63 Pt (bulk) —2.52 —2.45 0.02 2.16
Pdzn(111) —-2.16 —6.49 Cu (bulk) —1.45 —2.44 0.04 0.13
Ptzn (100 ~2132 —6.44 Pdzn (bulk) —1.46 -251 0.03 0.15
PtZn (111) —2.00 —6.35 PtZn (bulk) -2.01 —2.45 0.03 0.22

Pd (117 —1.38 —1.54 0.03 2.03

Pt (11D —2.68 —2.02 0.03 1.81
of PdZn(111) and Cy111) are equal, 0.48 eV/atom, and for cuy (100 ~1.26 ~2.13 0.05 0.10
the (110 surfaces they are rather similar, 0.92 eV/atom forcy (111 ~-1.35 —299 0.05 0.12
Cu(110 and 0.98 eV/atom for PdZh10). Calculations re- PdZn (100 ~0.93 —2.17 0.26 0.40
veal that the(111) surfaces of PdZn and PtZn are the mostpgzp (111 ~1.10 —204 0.08 021
stable onegTable IV); 'these fs.urf.aces will be exposed favor- p7,, (100 ~173 200 0.07 0.21
ably at thermodynamic equilibrium. From the close surfaces,,, (111) 182 _ 188 0.05 0.30

energy values of PdZm00) and PdZii111) one expects that
both types of surfaces are exposed and thus more likely to be
observed. In fact, XRD peaks of Pddil) and PdZi(100) .
provide indirect support for this conclusiéh. the Pd 4I-BC energy due to alloying* We calculated a
Finally, we note in passing that segregation of Zn on thdowering of 0.70 eV for Pd d-BC energy in PdZn alloy
surfaces of Pdzn alloy has been postuldfetased on the relative to bulk Pd. Thus, bothddand 5 states of Pd con-
notably larger surface energy of Pd compared to Zn. As wdribute significantly to the formation of intermetallic bonds
will demonstrate elsewhef@segregation of Zn on the Pdzn by alloying with Zn. Note that the bulk valenceBC ener-

alloy is not energetically favorable due to the large energydies of Cu and PdZn and PtzZn alloys are very similar:
required to break Pd-Zn bonds. —2.44, —2.51, and—2.45 eV, respectively. Due to the re-

duction of the coordination number of atoms on the alloy
surfaces, BC'’s energies of all bands are increased relative to

the corresponding bulk. For example, for PdZn this shift is
Finally, we discuss the electronic structure of the varioug).3—-0.6 eV/(Table VI).

surfaces and bulk of the materials under study. Surface DOS valenced states of transition metal atoms in the systems
were calculated for the first-layer atoms of the unrelaxedinder study are of particular importance for the surface re-
seven-layer slabs; the electronic structure of the second-layektivity, which is the ultimate target of our investigations of
(subsurfackatoms is already very similar to that of the cor- alloy catalysts. Thus, these states deserve closer inspection.
responding bulk. Band energies will be given relative to theThe valenced-band widths at half maximum of bulk Pd, Pt,
Fermi energies. Pdzn, and PtZn are 4.5, 4.8, 2.0, and 2.8 eV, respectively.
Table V summarizes the energiege of the band centers  The d-band width is inversely proportional to the third to
(BC’s) of Zn. Alloying notably shifts the center of Zns4 fifth power of the distance between the atoth& As the
band from —1.05eV in metallic Zn to —1.90 and nearest-neighboM-M distance in theMzZn (M=Pd, P}
—2.07 eV in bulk PdZn and PtZn, respectively. On the otheralloys is longer than in bulk Msee Sec. Ill A and Table)|
hand,egc values for Zn 3 are predicted for the alloys to be one expects a reduction of the valenided-band width in
close to those of bulk Zn. Thus, not unexpectedly, Z1 4 MZn alloys, in line with our calculated data. The local den-
electrons play a central role in alloy formation. Photoemis-sity of statesNg at the Fermi level for bulk Pd and Pt is 2.43
sion spectra show that in BgZn, g the binding energy of Zn  and 2.16 states/eV, respectivéfable VI). Due to the nar-
3d bands is lowered by 0.65 eVRef. 10 whereas in rower d-band width, these values dramatically decrease to
Pdy; ¢ZNng ¢ alloy film no significant shift of the Zn @ peak  0.15 (PdZn and 0.22(PtZn states/eV, very close to 0.13
relative to that of metal Zn was found, in line with our cal- states/eV for Cu. Comparing the loddl d-DOS profiles of
culated data. Going from bulk PdZn to i($11) and (100 Pdzn and PtZn, we note that they are more similar to the
surfaces, 4-BC’s of Zn tend to shift down while 8-BC’s  profile of Cu than to those of pure Pd and Pt metatkich
shift up. are similar to each other, Fig).ZThe latter two observations
As shown in Table VI, alloying increases the energy of theconcerning the close similarity in the electronic structure of
Pd 5 and Pt & BC's by 0.5—0.6 eV relative to the position the alloys and Cu are crucial for rationalizing why these
in bulk Pd (—2.02 eV) and Pt { 2.52 eV). This renders the different materials exhibit similar surface reactivity. On the
two s-BC values closer to CustBC energy (-1.45 eV). other hand, this result is in line with very simple arguments:
Calculations on PdV and PdRe alloys revealed a lowering off one mixesd!® atoms(Pd or P} with d%? atoms(Zn) one

D. Electronic structure

075417-6



SURFACE STRUCTURE AND STABILITY OF PdZn AND.. .. PHYSICAL REVIEW B8, 075417 (2003

N(E),(states/eV) a adsorption energy values are in agreement with the experi-
6 mental result that the maximum desorption temperature of
CO on Pd gZnyg 4film is ~220 K whereas on pure PHL1) a
maximum temperature of-460 K is observed, implying a
decrease of 0.7 eV in the adsorption enéfyy.

IV. CONCLUSIONS

We carried out a density functional study on the 1:1 alloys
Pdzn and PtzZn as well as on the metals Pd, Pt, and Cu,
applying a band structure method to bulk materials and slab
models. We optimized the lattice parameters of the alloys
assuming the experimentally found structure of CUAlL:
From the calculated cohesive energies it follows that PdZn
and PtZn alloy formation is exothermic; both processes are
accompanied by an essentially equal energy gain. (Th&
surfaces of PdZn and PtZn alloys were calculated to have the
smallest surface energies; the energie$l60 surfaces are
only slightly larger. Thereforg111) surfaces and likely also
(100 surfaces will play an important role in the surface
chemistry of PdZn and PtZn alloys. The anisotropy of PdZn
surface energy correlates well with the number of Pd-Zn
bonds broken through the surface formation.

To unravel similarities in the performance of the PdZn
C and Cu catalysts we compared characteristic features of the

electronic structure of the most stable surfaces RPHED
and Cuy111), that exhibit essentially equally low calculated
4 surface energies. The local valend®OS profile of Pd in
Pdzn is found to resemble that of metal Gtig. 2). Further-
more, the PdZn alloy formation is accompanied by a signifi-
21 cantly reduced width, by 2.5 eV, of the valendeband as
measured by the full width at half maximum. Also, Pd in
Pdzn exhibits a notably lower density of states at the Fermi
s 6 4 2 0 2 4 6 level, by 2.28 states/eV, compared to elemental Pd. The re-
sulting parameters, band wid#2.0 eV and the local DOS at
E-EgfeV) the Fermi energy 0.15 states/eV, are quite close to the cor-

FIG. 2. Local density of states of pertinent metals and all@gs: :_esrl)on;j_lr?g va}[_ue(zjs_ of Cu, 12 ev ?(nd (}'13 Stt‘."’lteS/l.e\./' retsr|]3ec-
Pd 4d band of bulk Pddashedland Pdzr(solid); (b) Pt 5d-band of - €W~ NES€ Tindings provide a key for rationaiizing the
bulk Pt (dashedl and PtZn(solid): (c) Cu 3d-band of bulk Cu. similar surface reactivity of PdZn and Cq. Analogous argu-

ments are applicable to PtZn alloy materials, which we pre-
obtains an alloy with electron configuration of the “average” dict to manifest an electronic structure very much reminis-
atomd'%?, which is the electron configuration of Cu atoms, ¢ent of that for PdZn alloy.

The abovementioned trends in the surface reactivity can
be illustrated with the adsorption strength of probe CO mol-
ecules. According to our periodic slab PW91 calculations for
a CO coverage 1/% the most stable surface PdZnl) Zhao-Xu Chen gratefully acknowledges a fellowship of
binds single CO molecules much weaker, 1.0 eV, tharthe Alexander von Humboldt foundation. This work was sup-
Pd111), 1.9 eV, the former value is close to the CO adsorp-ported by Deutsche Forschungsgemeinschaft and Fonds der
tion energy computed on the (lil]) surface, 0.9 eV. These Chemischen Industrie.
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