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The modification of the electronic and chemical properties ¢118j surfaces by subsurfaced3
transition metals was studied using density-functional theory. In each case investigated, the Pt
surfaced-band was broadened and lowered in energy by interactions with the subsudfaeteds,
resulting in weaker dissociative adsorption energies of hydrogen and oxygen on these surfaces. The
magnitude of the decrease in adsorption energy was largest for the eattgrisition metals and
smallest for the late @ transition metals. In some cases, dissociative adsorption was calculated to
be endothermic. The surfaces investigated in this study had no lateral strain in them, demonstrating
that strain is not a necessary factor in the modification of bimetallic surface properties. The
implications of these findings are discussed in the context of catalyst design, particularly for fuel cell
electrocatalysts. €004 American Institute of Physic§DOI: 10.1063/1.1737365

I. INTRODUCTION mixing picture. The adsorbate orbitals are first broadened by
interactions with the broastelectron band, and then split by

Pt-group metals are among the most widely used catastrong interactions with the sharpdfband. These authors
lysts. They are also, however, among the most expensiviirther demonstrated that modification of the surface elec-
metals. Thus, there is a particular interest in modifying thetronic structure can result in a predictable modification of the
chemical properties of less expensive metals to mimic thgurface chemical properties, for example the adsorption
Pt-group metals, or alternatively, modifying the properties ofproperties of small molecules. Specifically, a correlation be-
Pt to achieve higher activity or selectivity in a catalytic re- tween the average energy of tbeband and the adsorption
action so that less metal would be required. For example, ignergy of many atoms and small molecules was established.
hydrogen fuel cell applications one needs an anode electro- There are two critical factors that contribute to the modi-
catalyst that is both CO-tolerant and efficient at splitting hy-fication of the electronic properties of a metal in a bimetallic
drogen. Likewise, the cathode electrocatalyst must be effisurface. First, the surface bond lengths are typically different
cient at splitting oxygen, but not poisoned by thethan those of the parent metals. This gives rise to strain ef-
O-containing products. Bimetallic catalysts represent one affects that modify the electronic structure of the metal through
proach to meeting these criteria, as the adsorption propertiethanges in orbital overldbAccording to these arguments,
of molecules can be tuned by the composition and structurghen the surface atoms are subjected to tensile strain, the
of the bimetallic SUffaCé.HOWGVQF, it is still difficult to d-orbital over|ap is decreased, resu]ting in a Sharpening of
know a priori how the chemical and electronic properties of the d-band and an upshift in its average enefthe d-band
a particular bimetallic surface will be modified relative to the centey. For simple adsorbates such as H, O, and CO, this
parent metals. These properties depend explicitly on the gegesults in a stronger adsorption energy when compared to
metric structure and chemical composition of the surfacegnhgse of the parent metal surface. On the other hand, when
considered. the surface atoms are under compressive straing-trbital

The adsorption properties of many atoms and small molyyerlaps are increased, resulting in a broadening of the
ecules on transition metals have been shown by Hammer anglpand and a lowering of its average energy. Correspond-
Ngrskov to depend primarily on the electronic structure Ofingly, the adsorption energies of simple adsorbates are ex-

the surfacé;® which in turn is determined its geometric pected to decrease compared to those of the parent metal
structure and chemical composition. In that work it wasgrface.

shown that the interactions between adsorbates and transition The second factor that contributes to the modification of

metal surfaces could be considered via a two level orbitalface properties in bimetallic systems is the electronic in-

teraction between the two metals. This effect, also termed the
dElectronic mail: jkitchin@udel.edu ligand effect® arises because the presence of other metals
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around a metal atom changes its electronic environment, givs an idealization of Pt-rich Pt-cBalloy surfaces intended to
ing rise to modifications of its electronic structure and con-illustrate the electronic interactions between the surface at-
sequently, its chemical properties. A critical question isoms and subsurface atoms in the absence of strain.
which of these two effects, strain or the ligand effect, is more  We did not consider the possibility that the formation of
important? More specifically, under what conditions doesa bulk alloy could change the lattice constant of the slab, but
strain dominate the modification of behavior of bimetallic the effect of this could be estimated from the principles of
surface properties, and under what conditions does the ligargtrairf and is discussed later. We also did not consider the
effect dominate? The purpose of the present paper is to idestability of these structures with respect to reconstructions or
tify conditions where the ligand effect can have a dominanin the presence of adsorbates. Oxygen is reported to induce
role in the modification of the chemical properties of a bi- Ni segregation in Ni—Pt alloy¥} and the oxidation of RTi
metallic surface. In this respect, it is complementary to thesurfaces at low oxygen pressures is also repdnethda
previous work that identified the importance of strain in theet al. have reported, however, that in many of the Pi—3
modification of the electronic and chemical properties of bi-systems they have investigated that the alloy particles are
metallic surfacesand seeks to further our understanding of covered by a thin skin of Pt, even under hof®, reaction
how to design these surfaces. There are also other importanbnditions and in the electrocatalytic reduction of.8&
phenomena that can affect the properties of bimetallic sur€learly, there are nontrivial issues to be understood on the
faces, such as ensemble effettmd bifunctional catalysis, effects of surface segregation under reaction conditions, but
in which the two metals function independently. These phethis topic is beyond the scope of this paper.
nomena were not considered in this work.

Rubanet al. studied the changes in the electronic struc-
ture of epitaxial monolayers of one metal on another metall- CALCULATION DETAILS

for the late transition metalsin that work, the changes in The Pt111) surfaces were modeled by a<2 unit cell
electronic structure were largely attributed to the strain in-yith four layers of metal atoms periodically repeated with
duced by epitaxy. However, it is difficult to separate the ef-4_g equivalent layers of vacuui>10 A) separating the
fect of strain from that of the I|gand effect in this Scenario,s|abs to represent the(El_l) Surface. The four atoms in the
because they both exist simultaneously. On the other handecond layer of the slab were substituted with one of tthe 3
the fact that these authors were able to account for thgansition metals betweeand including Ti and Ni. The first
changes so well using strain alone suggests that the liganghd second layers were allowed to relax to their lowest en-
effect may be weak in these systems. ergy configuration, whereas the third and fourth layers were
The cleanest way to single out the ligand effect is byfrozen at the bulk Pt—Pt distan¢®.84 A, as determined by
using an epitaxial subsurface layer in an otherwise unpem®FT for the RPBE exchange/correlation functional used in
turbed surface, so that the surface lattice constant is nahis work). The electronic structure was calculated with the
changed. In this scenario, the subsurface atoms will beacapo-2.7codel® which uses plane waves as the basis set,
strained, as they must adopt the lattice constant of the suknd ultra-soft Vanderbilt pseudopotentid@seated with the
face, but the surface will not be laterally strained. Thereforepw91 exchange/correlation functioné represent the core
any changes in the electronic or chemical properties of thelectrons. The mismatch between the exchange/correlation
surface may be considered as primarily due to the interacunctional used to create the pseudopotentials and the
tions with the subsurface metal atorftise ligand effegtand  exchange/correlation functional used in the calculations is
not to surface strain. Thus, in this study we examifd®)  not expected to affect the resultsin all of the calculations,
slabs, where the second layer of metal atoms has been ra-4x4x1 Monkhorst—Pack-point set was used. For the H
placed by one of the @transition metals. adsorption calculations a plane wave cut-off energy of 350
Some explanation of why this is a reasonable and releV was used, and for the O adsorption calculations a 450 eV
evant model is needed. Pt segregates to the surface in mapjane wave energy cutoff was used. The calculated adsorp-
Pt-bimetallic mixtures, and a Pt-rich surface is expected irtion energies on Pt changed by less than 0.05 eV with higher
all of the cases in the present stuffgr close-packed fcc cutoff energies. Maximum symmetry constraints were ap-
(111) surface$® Additionally, there are several reported plied in all cases. In previous work on Ni—Pt systems, it was
cases of Pt alloys where the first layer is Pt-rich, and thdound that including spin polarization in the calculations did
second layer is enriched in the other metal, most notablyiot affect the trends in adsorption energies obset¥ed.
Ni—Pt(111) alloys® Kitchin et al. recently reported experi- Therefore, spin polarization was not included in any of the
mental investigations of the effects of subsurface Ni on thecalculations in this work. A dipole correction scheme was
chemical properties of PI11) single crystals? In that study, used to ensure the slabs were electronically decoupled. The
thin films of Ni on P{111) were prepared by physical vapor d-band density of states was determined by projection of the
deposition of Ni onto the surface, followed by subsequenplane waves onto spherical harmonic orbitals, with the cut-
annealing to drive the Ni atoms into subsurface positionsoff radius at infinity. Thed-band center was calculated as the
This particular structure was found to have a weaker hydrofirst moment of the projected-band density of states on the
gen adsorption energy than either purgINi) or P{111) surface atoms referenced to the Fermi level, and the mean
surfaces. Several other investigations of Ri-afloys in fuel ~ squaredd-band width was calculated as the second moment.
cell applications have suggested that the alloy films used in  The structure of the surfaakelectron bands is a critical
these studies were covered by a Pt Skit>Thus, our model factor in the adsorption properties of many simple
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TABLE I. Electronic and geometric structure calculation results.

Second d-band Mean-squared d-band Layer
layer center d-band width filling separation
identity (eV) eV? (electrons/atom A)

Ti —3.16 13.03 9.35 2.14
\Y —3.18 13.21 9.32 2.10
Cr —-3.12 12.84 9.30 2.04
Mn —3.00 12.14 9.29 2.01
Fe —-2.84 11.10 9.29 2.05
Co —2.74 10.47 9.30 2.04
Ni —2.60 9.70 9.31 2.04
Pt —2.44 9.11 9.26 2.34

adsorbated. In correlating adsorption properties with the Hammer and Ngrskov have shown that the interactions
d-band structure, it is convenient to use a single, charactebetween adsorbates and transition metal surfaces involve the
istic value that is representative of tdand. The density of entire d-band® Therefore, a more logical choice of param-
states at the Fermi leveb: , has been used in many studies eters is one that depends in a functional way on the entire
because the electrons at the Fermi level are the most enad-band, such as its average energy. The first moment of the
getically available electrons for chemical reaction. The valued-band is the average energy of the band, also called the
of pg, however, is only a single point in the distribution of d-band center. An alternative choice would be the mean-
states, and may reflect little of tliteband structure. Further- squared band width, or the second moment. As we will show
more, there has been only limited success in understandirigter, however, these two moments are highly correlated in
trends in catalysis usingr (Ref. 18, Chap. 2 In some these systems.

cases, however, there is a general correlation betweamd

thed-band properties, as will be shown later. Another choicg||. RESULTS AND DISCUSSION

of parameter for correlation has been the numbei-bbles, A Electronic structure

or unoccupiedd-states. The reasoning is that these empty -
orbitals are required to interact with the occupied states in  The results of our electronic structure calculations are
adsorbates. It will become apparent below why this paramlisted in Table | and are shown graphically in Fig. 1. In each
eter is unsuitable to explain the variations in dissociativebimetallic case, the surface éband is lower in energy and
adsorption energies of Hand G for the systems examined broader in width than the pure Pt slab. The magnitude of the
in this work. shift in the surfaced-band center relative to pure (P11)

24f - (b)
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FIG. 1. () Variations in the surface-band center of P111) slabs containing subsurfacel 3netals.(b) Calculated surface-band DOS for subsurface-
3d-metal-containing Pt slabs. The numberdsélectrons/surface atom is shown for each band.
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FIG. 2. (a) Correlation between the first and second moments ofithand density of state¢h) Correlation between the density of states at the Fermi level
and thed-band center for the total density of states aHdland density of states.

generally increases as the subsurface metal moves to the l¢fand width W), is proportional to the square of the first

in the periodic table, consistent with the trend in the magni-moment of the band, thé-band center €;),

tude of the matrix elemehfor these metals. This suggests

why strain was capable of explaining the trends shown by 1 1 2

Rubanet al,’ the ligand effect is weakest between the late W= —(—ed) (1-3fy+3f3), (]

transition metals, and most likely to be dominated by strain 310.5-fq

for these bimetallic combinations. Interactions between early

transition metals and late transition metals are seen to be thigheref is the fractional filling of thed-band, and is a con-

strongest, and these combinations were not considered in the@nt. The calculated surfadeband density of states are not

work. rectangular in shapesee Fig. 1b)], but the same constraints
The number ofd-electrons per surface Pt atom was cal- apply to them and this functional relationship still holds true,

culated by integrating the projected surfatband density of as shown in Fig. @), where\/w is seen to vary linearly with

states up to the Fermi level. In each case, we calculatedy with a negative slope as predicted by HG) for fqy

~9.3d-electrons/Pt atonjalso shown in Table | and Fig. =0.93.

1(b)]. Thus, thed-band filling does not appear to change Since the height of the rectangle must decrease as the

substantially by the formation of the bimetallic structure.bands broaden to maintain a constant total number of states

Correspondingly, the number of unoccupikdtates does not (constant areathe rectangular band model predicts that the

change either. Thus, correlations between the number afensity of states at the Fermi level should decrease as the

d-holes and chemical properties of these systems are not ekand gets wider. Figure(B) shows that the density of states

pected. at the Fermi level generally decreases with decreasing energy
Conservation of the-band filling is significant, because of thed-band center, for both thé&-band and the total density

it means that if the band widens, it must move down inof states, as predicted by the rectangular band model. Careful

energy in order to maintain the constahband occupancy. inspection of Fig. lb) reveals that the decrease in the density

Conversely, if the band becomes narrower, it must move upf states at the Fermi level arises from the combination of a

in energy to conserve thd-band filling. Thus, the band state crossing the Fermi level and the diminution of that

width and band center are related. This can be shown anatate. Therefore, unlike trieband center, which is a function

lytically, by assuming a simple, rectangular form of theof all the states in thal-band, the density of states at the

d-band. By assuming that thieband filling is a constanfas  Fermi level may depend sensitively on the behavior of a

observed in our DFT calculationsnd using the constraint localized state near the Fermi level. However, bonding inter-

that the total number of states is conserved, one can easibctions between thd-band and an adsorbate depend on the

show that the second moment of the band, the mean squaredture of the entirel-band, not just the behavior of a single
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FIG. 3. Relationship between the surfatband width of Pt with subsurface d-band center (¢V)

metal X and the matrix element between Pt—X. . L . .
FIG. 4. Trends in dissociative adsorption energies foraHd GQ on P{111)

slabs containing subsurfacel 3netals.

state. Consequently, the density of states at the Fermi level is
not generally expected to be a useful indicator of chemical _ ) o ) _
reactivity. which predicts a linear variation in alloy lattice constant with
The electronic properties of the surface Pt atoms in thesE°MPOsition, this means that the lattice constant of the alloy
calculations are modified without the introduction of lateralWill b€ smaller than that of Pt. According to the strain argu-
surface strain. The modification is due primarily to the elec-Ments discussed earlier, this indicates that diteand will
tronic interactions between the Pt surface atoms and the sel<€ly be even wider and lower in energy than shown here in
ond layer 21 metal atoms. Within a tight-binding formalism, this work. Thus, assuming that the alloys would still have an
the d-band width is proportional to the matrix elements pe-fcc-like structure, the estimates above could be viewed as an

tween thed-orbitals® For an alloy consisting of metal 1 and UPPer bound on the alloy results. The real alloys are certain

metal 2, these can be estimated by to be much more complicated than these simple models
though. Some of the @ metals have bcc crystal structures,
w2 h2(r(Pr2)32 others have hcp structures, and the variations in lattice con-
Vidm= Taam 5 (2 stant with composition are usually not liné3% change in

the alloy crystal structure would have a corresponding

where 744y IS @ constant, set to unity for convenience, change in electronic and chemical properties, but this is be-
#2m=7.62eV R. r{) is a length characteristic of metal  yond the scope of this paper.
and can be found in the Solid State Table in Ref. 19. Finally. . - . .
d is the distance separating the metals, the interlayer separgi Hz and O, dissociative adsorption energies
tion found in Table I. These matrix elements are related to  In addition to characterizing the electronic structure of
the strength of the interactiotbonding between the two these slabs, we have also calculated the dissociative adsorp-
metals; in this work that is the strength of the interactiontion energies for K and G on each slab. The energetics of
between the surface Pt atoms and the subsurfacen@tal.  dissociative adsorption of these molecules and their subse-
The proportionality between the Pt—X matrix element andquent surface reactions play an important role at the surfaces
the root mean-square@ms) width of the surface Pt with of fuel cell electrocatalysts: If oxygen binds too strongly to
subsurface metal X is shown in Fig. 3. Clearly the surfacehe cathode, for example, it could poison the surface and
d-band width is proportional to the matrix element betweenreduce its activity. On the other hand, if it binds too weakly,
the surface Pt and subsurface metal, suggesting that thbe coverage of O adatoms may be too low for significant
change in band width is due to strong bonding between theeaction to take place or dissociation could become activated.
Pt and subsurfaced3metal. As discussed earlier, the band Dissociative adsorption energies were calculated as
then moves down in energy to conserve the number OREgqp ads 2Esiab— Emolecule WhereEgap aadS the energy of a
d-states. slab with an O or H atom on it at 0.25 monolayer coverage in

Finally, we consider the effect that the lattice constantthe threefold, fcc siteEg,, is the energy of a clean slab; and
could change due to formation of a Pte-alloy. The nearest Eecue iS the energy of an Hor O, molecule in the gas
neighbor distances for all thed3transition metals except Ti phase. Zero-point energies were not included in any of the
are smaller than that of Pt. In the context of Vegard’s law,calculations. As with the clean slabs, the top two layers and
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the adsorbate were allowed to relax to the lowest energyhe surface and more available active sites for oxygen disso-
configuration. The third and fourth layers were fixed at theciation.

bulk lattice parameter previously mentioned, 2.84 A. The

results are summarized in Fig. 4. There is a nearly lineary. CONCLUSIONS

trend in the adsorption energies versus the surthband

center; the adsorption energy decreases as-hend center In the present study we have shown how subsurfate 3

becomes more negative. The dissociative adsorption for bottrqans't'(_)n metal atoms modify th? electronic _and chemical
H, and O, becomes endothermic when the surfatband properties of a Pt surface by the ligand effect in the absence
2 of lateral strain. In each case, the Pt surfatband was

center shifts to sufficiently negative values. It is now obvious . . .
why the density of states at the Fermi level has sometimegr.oadened by_the Interactions W.'th the §ubsurfa¢i tal,
with the magnitude of the effect increasing as the subsurface

been successfully used in correlations with chemical proper: . )
SR y ) . prop 3d metal changed from Ni to Ti. The number dfelectrons
ties; in some cases, there is a strong correlation between the . .
. : réemained constant in each case, and consequently the aver-
d-band center and the density of states at the Fermi [seel
. i g age energy of the ban@the d-band center decreased to
Fig. 2b)]. However, it is also apparent in Fig(l2 that the o A i
o . o maintain a constard-band filling, in accordance with a rect-
correlation is not monotonic, and thus may be nontrivial to . .
. o angular band model. A simple model relating tdéand
use. Therefore, thd-band center with the more intuitive ad- . .

. ) width to the matrix element between the surface Pt and sub-
sorption model of Hammer and Ngrskov is a more useful : . )
o . - surface 8 metal was introduced to explain the change in
indicator of chemical reactivity. : .

These results have important implications for catal stWIdth' The decrease in the average energy of the surface
desian. particularly for rot%n exchanp e membrdREM) YSi4-band caused a corresponding decrease in the dissociative
fuel gce,llrt)alectrocazlal stsp On the PEMgfueI cell anode Oneadsorptlon energies of Hand Q, in some cases making

ySIS. ' dissociative adsorption endothermic. These results show the

des_lrf_s a Cat%lqy stctgatt :S both C? tole;ant and SCt'Vehat dis; portance of the ligand effect in the chemical properties of
sociating F. The olerance ot a surtace can be enhanCeg o io)jic surfaces containing both early and late transition

it th ducing it o thod f ducing th metals. This work further demonstrates that adsorption prop-
It, thus reducing Its coverage. Une method for reducing g ies of molecules on transition metal surfaces can be tuned

co adst:)rptlilon.energ%/ on ahsurfacel i? to Iowerld{bl:?nfd 29 by changes in the surfackband structure, either by strain-
center, by alloying with another metal, for example, Ret. 22,64 shifts or through the ligand effect.

The present work shows, however, that if the surfad=nd
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