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Site selectivity in chemisorption of C on Pd(211)
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Results ofab initio electronic structure calculations of C on(R#l), a vicinal of Pd111), show a hierarchy
of adsorption sites with adsorption energy ranging from —-8.21 to -5.460e38 ML coveraggand scaling
almost linearly with the effective coordination at the site. In the most preferred site, C atoms sit almost under
the Pd step atoms and influence drastically multilayer relaxations and surface regist(2 tf) Pthe adsorp-
tion energy at this site is —=9.10 eV for 0.17 ML coverage. The local densities of electronic states indicate strong
hybridization between @ states and neighboring Rilstates leading to the formation of strong covalent
C—Pd bonds. The depletion of the electronic density of states of the Pd surface atoms at the Fermi level
suggests a poisoning effect of C which is found to be coverage dependent. We compare the changes in the
electronic structure of RA11) on C adsorption with those on S adsorption.
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[. INTRODUCTION tion of the density of states at the Fermi level which ex-

Elementary steps in heterogeneous catalvsis such as mignhded to a number of Rh neighbors. Theoreticallcalculations
lecular adsorgtion%nd dissocigtion proceed t);wough the reof¢” S on Pd100) (Ref. 10 also showed a reduction of the
ganization of chemical bonds between reactants and the sfénsity of states at the Fermi level resulting from a strong
face. At the same time, the surface either by itself, or in thdyPridization of thep states of S with thal states of Pd.
presence of adsorbed species, may undergo lattice relaiOre recent studies of Makkonet al.**for S adsorption on
ations which in turn affect surface chemical bonding. An& Set Of stepped Pd surfaces, which are vicinal {d P and
understanding of microscopic mechanisms of heterogeneolgd110. also show a depletion of the density of states of
catalysis thus requires careful consideration of both the elecf]e'?hbor'?r? Pdﬁa“:'"f‘s O.? S alds?rpttlon, gué for trljeset V'C'?ﬁl
tronic and the geometric structure of catalyst surfaces. Sinc E:fgggsg e oingtri/car:z ;50' cealsfo%(idl}/r; gtigr? Theepgfrf] ec?tnofog ad-e
fhe;/(::?;t%%r;%l\e/telzr:q[rfgc;g;srsmr?gslrk;felzueintcoeigocl:gtee rrt"hcslr(r)?:%t;c:@orption on multilayer relaxation and surface registry of the

il | and . L ch e h d surfaces was also found to be remarkable and led to site
geometrical, structural and compositional characteristics t a§F1pecific modification in the surface electronic structure. In

are expected to be important. Among these, the influence gf,¢ present work, we have investigated the effect of C ad-
step$=® and impuritie&'® on the electronic and geometric sorption on P@11), for several reasons. First, C is known to
structure of transition metal surfaces has been of great integxist as an impurity on surfacéd2® and its small size and
est. This is not surprising since steps are omnipresent, evefbundance makes it a challenge for experimentalists to free
under reasonably controlled conditions. Furthermore, in aheir surface of it. Assumptions have been made that it acts
number of laboratory experiments steps have been identifiegls a poisot®2°but some debate continues. Second, CO oxi-
as the reactive sites for processes such as moleculaiation is one of the most important processes in which the
dissociatioR®!! and other reaction®. The specific role of blocking of reactive cites by C may be an important issue.
step atoms in a chemical reaction may, however, be mor&hird, a comparative study of the effect of C and S on a
complexX® and may not always lead to enhanced reacti¥ity. stepped transition metal surface would provide a measure of
Similarly, it is not difficult to imagine the important role of the strength of the impurity—substrate bond and its impact
impurities in changing the local or extended electronic strucon the surface electronic structure. Finally, a systematic
ture of transition metal surfaces and thereby controlling thestudy of C adsorption on stepped surfaces is a step towards
outcome of a chemical reaction. In particular, adsorbed speainderstanding the role of undercoordinated sites in chemical
cies such as C, S, and N have been the subject of muadeactivity. Since the nonequivalent atoms on a vicinal sur-
discussion in the literature on chemisorption and chemicalace, in the presence of an adsorbate, account for a complex
reactivity. Several experimental studies have focussed on thend inhomogeneous system, these studies are expected to
poisoning effect of these adsorbateés? although open have implications also for the characteristics of nanoparticles
guestions remain about the impact of C on chemicalwhich contain a range of undercoordinated sites in complex
reactivity? From a theoretical stand point, the prior questionenvironments.

is how to measure the poisoning or the promotion of chemi- In what follows we provide a comprehensive description
cal reactivity. In one of the first such studies, Feibelman anaf the geometric and electronic structure of C adsorbed on
Haman proposed that the electronic structure of(601) Pd211). Our study includes a detailed examination of local
was “poisoned” by the adsorption of S because of the depleproperties such as atomic relaxation, local densities of elec-
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been calculated using the Vienah initio simulation pack-
VY Y'Yv age(vAasp)?® which is based on the plane-wave pseudopoten-
tial (PWPB method?® The ultrasoft pseudopotentialg?
" 2 !4 ,,' ;
()

were used for C and Pd. We set cutoff energies for the plane-
\ 4 2D 4

wave expansion of 199 eV for the clean(P#l) and 287 eV

for C/Pd211) systems. A 1X5X1 Monkhorst-Pack
k-point mesh was used to sample the Brillouin zéhBur-

ing the lattice relaxation, all atoms were allowed to move
along thez axis (normal to the surfageand along the direc-
tion normal to the step within the surface playeaxis). For

the 0.17 ML coverage relaxation along the steps was also
allowed. The structures were relaxed until the forces acting
on each atom converged better than 0.02 eV/A.

A full analysis of the electronic structure, which includes
calculations of the local density of statdsDOS), valence
FIG. 1. Adsorption sites in R@11) considered in this paper. charge density and local charges of the systems, were per-
formed using a full-potential linear-augmented plane-wave

LAPW) method! as embodied in theviEN2k code° For
ieige calculation of the local properties of interest, the FLAPW

tronic states, and charge distribution at and near the preferr

adsorption sites. These characteristics are compared w :
method appears to be more appropriate as compared to the

those for S adsorption on F2ZLl) and those for clean one based on the plane-wave expansion for wave functions
Pd211) to observe trends in the behavior. The effect of the C P P '

coverage on the properties is also examined. Some details (F)\’felaxed structures qbtalned from calculations using tee
code were used as input for tkeeEN2k code which further

the computational technique are summarized in Sec. I, fol- fined th tries i f ionic _iterati In th
lowed by results and discussions in Sec. Ill, and conclusion chine € geometries In-a 1ew ionic fterations. in he
in Sec. IV. LAPW method,_ the LDOS ar_md Ipcal charges are calcglated
through integration over muffin-tigMT) spheres of radius
Rut. To analyze the effect of adsorbate on these specific
quantities the set dRy,t for Pd atoms should be chosen to be
the same for both the clean and the adsorbate covered

Calculations presented in this paper were performedd21l). Ideally Ryr should be as large as possible without
within the density functional theory with the generalized-causing the MT spheres to overlap. For bulk Pd atoms, a
gradient approximatioiGGA) for the exchange-correlation choice ofRyr=1.22 A was found to be optimal. However,
functional?* The Pd211) surface was modelled by an ortho- for the Pd atomgSC, CC, and BNNwith direct bonds to C,
rhombic supercell consisting of a 17 layer slab and 11 A ofRur=1.005 A provided more compatibility with the shorter
vacuum. The(211) surface of fcc metals consists of three C—Pd bond lengths. For C atonfayr=0.926 A was found
atomic chains forming111) terraces separated by mono- t0 be appropriate. In order to include a reasonably large num-
atomic steps of th¢100) orientation. Throughout the paper ber of plane wave$RK,,=7) with the reducedRyy’s for
we use the following notation for these chains: &&@ep the surface atoms, we used basis sets of 2937 and 3500
chain for step atoms, TGterrace chaipfor the chain run- LAPW’s for Pd211) and C/P@211), respectively. The cal-
ning through the middle of the terrace, G&rner chaipfor  culations were performed for theX73X 1 k-point mesh in
the chain located between TC and SC, and BbiNk nearest the Brillouin zone. Earlier calculations of S on Rd1)*
neighboy located just beneath SC. were performed using only the plane wave b&assinvasP).

Two coverages of adsorbate corresponding roughly t&ince our intention in this paper is to compare the effects of
0.33 and 0.17 ML are considered. For the former case, thi€ adsorption with those of S, we have extended the FLAPW
implies the inclusion of one C atom per three Pd atg8@, calculations to S/R@11) system. TheRyr for S was taken
TC, or CO. For the latter case, the unit cell contains one Cto be 1.005 A and the basis set consisted of 2913 LAPW's.
atom per six Pd surface atoms. The two-dimensional unit
cells for both cases are shown in Fig. 1. For the 0.33 ML
coverage the unit cell has surface translation vectrs ll. RESULTS AND DISCUSSION
=ay/v2 andb=ay,\3, whereay, denotes the bulk lattice
parameter. For the case of the 0.17 ML coverage pthec-
tor is doubled. For the higher coverage, the calculations have In this section we first present the results for the adsorp-
been performed for six different adsorption sites with C atotion energies of C on R@11) whose hierarchy is indicative
placed on one side of the Pd slab at each of the positionsf a site selectivity. We also analyze the impact that the
shown in Fig. 1. For the system with 0.17 ML coverage, wechemisorption of C has on multilayer relaxation and in-plane
have calculated the geometric and electronic structure onlyegistry of the Pd atoms. This is followed by a detailed
for the most preferred adsorption sitbe site 1 in Fig. 1for ~ analysis of the electronic structure of the chemisorbed sys-
brevity. tem with particular emphasis on the distribution of

The surface relaxations and adsorption enerfigshave  electronic-charge density and local charges, the LDOS, and

Il. COMPUTATIONAL DETAILS

A. Adsorption energies and surface relaxation
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TABLE I. C and S adsorption energi€gV) at various sites on

Pd211).

Site Q0.33ML) C(0.17 ML) S(0.33 ML)  S(0.17 ML)
1 -8.21 -9.10 ~4.44 -5.39
2 -7.98 -4.30
3 -7.51 -4.31
4 -7.30 -4.36
5 -6.22 -3.73
6 -5.46 -3.33

PHYSICAL REVIEW B 70, 155410(2004)

the nature of the bonds between the C atoms and their near-
est neighbor Pd atoms. To compare the effect of C and S as
adsorbates on P211), some results for S have been taken
from Ref. 22, while the others have been calculated.

For C adsorption(0.33 ML coveragg on Pd211) six
adsorption sites with energy ranging from -8.21 to
—-5.46 eV are found. The approximate positions of these sites
are illustrated in Fig. 1 and the corresponding adsorption FIG. 3. (Color onling Geometric structures of o34/ Pd211)
energieqE,y are summarized in Table I. The most preferredanOI G.sd/ Pd21D).

site, labeled 1, is just below the step atoms and has an effegsg - the more bonds, the higher is the adsorption energy.
tive coordination of 5, as it binds Wlt_h two SC, t\_/vo CC, and For C/Pd211), E, scales almost linearly with the effective
one BNN. atoms. Very clo_se in adsorptlor_w €NEr9Y coordination at the site. In Table | and Fig. 2 we have also
(-7.98 eV is the S|te_2 in which the C atom sits _at the included the results for S adsorption from Ref. 22. The ad-
threefold hcp hollow site, at the step edge, and obtains Coogorption energy is found to be much higher for C than that
dination with four nearby Pd atoms. Next in hierarchy is thes, . 's tor the sites studied. Note that although the approxi-
site 3 on the threefold hcp hollqw site on Fhe t_errace.withmate location of the sites for C and S is the same, C pen-
Eag=—7.51 eV and the coordination 4. As with site 2, site 4 o515 much closer to the surface atoms than S. For the most
is at the top of the step, but at the three-fold fcc site andyeferreq site, the coordinates of the C and S atoms, mea-
hence has a coordination of 3. The bridge gl&beled 5 ¢ ,;eqin A from the nearest step atom, are found to-ie4,
between the step atoms also offéig=-6.22 eV and the  _; op _1 0gand(-1.39, —2.08, 0.18 A perspective for this
coordination 2, while the lowedi,, is at the site 6 whichis  4sorption site shown in Fig. 3 illustrates the difference in
on-top of the Pd step atom. For the most preferred(site o geometry for the C and S atoms on this surface. Carbon,
1), our calculations show an adsorption energy of =9.10 €\yeing smaller in size, goes deeper under the step than sulfur
for the lower C coverage0.17 ML). _does. The differences in the exact location of the C and S
In Fig. 2 we find a correlation between the adsorptiongioms is also reflected in the plBg, versus coordination in
energy Eyq and the number of adsorbate-substrate bondgig 2 in which the scaling with coordination for S adsorp-
formed for the six C adsorption sites. This is an expectedjon nolds only for the low coordination sites. In fact, in the
case of S, the adsorption energy for the sites 2, 3, and 4 is

8 . " almost the same, and for the site 1 it is only slightly higher,
Y while the differences are larger for C adsorption.
7l i The presence of the C atoms that close to the Pd surface
atoms has drastic effects on the surface geometry. Both in-
S 6 L terlayer relaxations and in-plane registry are affected by C
o | 7 chemisorption. In Table I, we have summarized the calcu-
35/ lated percentage change in the interlayer spading, where
w layersi are defined with respect to tli211] planes, as usual.
n o © For comparison we have included in Table Il the case of C
o adsorption in the site 1C1) and in the site 2C2). The
sl © changes in the multilayer relaxation for cleanZl) and in

the presence of S in the site 1 from Ref. 22 are also displayed
in Table Il. The most noticeable change is the outward relax-
ation of the step atom for C adsorption near it. Since C
FIG. 2. Correlation between the ®old squaresand S(empty ~ penetrates into the Pd surface, the step atoms accommodate
circles adsorption energy and the number of the adsorbate-Péf by moving outwards. The TC and the CC atoms behave
bonds extracted from the calculations performed for the adsorptioninderstandably differently for C adsorption in the sites 1 and
sites shown in Fig. 1. 2. Since the TC atom does not form a strong bond with the

1 2 3 4 5
Number of bonds
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TABLE Il. Multilayer relaxation(%).
dijs1  C1/Pd211)  C2/Pd21)  Pd21l)  S1/Pd21)
d; o 22.6 30.8 -12.3 -13.2
dy s -14.9 27.5 -13.0 314
ds g 23.6 -16.8 17.4 -10.0
dys -4.3 12.0 -6.1 2.3
ds 6 3.2 3.6 -2.0 4.0
ds 7 2.8 -5.1 3.6 -2.2
dr g -5.7 4.0 -2.7 2.4
dg g 4.5 0.9 0.0 2.6
dg 10 0.5 -1.1 0.0

carbon atom in the site 1, its bond with the CC at(ufp,)
remains almost the same as that on clea®@Py. On the
other hand, C in the site 2 forms a strong bond with the TC

atom causing them t(.) move outwards just as the nt_aighboring FIG. 4. Valence electronic density calculated fqf g Pd211)
step atoms do, resulting ,'n astrong OUtwarq relaxgtlordhgf with the adsorption site 1 and plotted along the plahe normal to the
The effect of C adsorption on the relaxation @ is also g rface and including C and BNN sites.

very remarkable. In the site 1, the carbon atom pushes the
CC atom outwards to make room for itself, while in the site
2 it has to push it down for the same purpose, resulting in

relaxations which are distinctly different from those on clean Using the FLAPW method, we have calculated the charge
Pd211), for both adsorption sites. In contrast, S adsorptionyensities along certain planes which include the main bonds
in the site 1(see Fig. 3does not impact the relaxation of the foymed between the adsorbate and Pd atoms i Bl
step atoms, rather the effect is mostly on the relaxations o§jnce there is a significant difference between the charge
the TC and the CC atoms. These variations in the multilayefensity distribution for the C and S adsorption cases, we
relaxations of P@11) induced by the C and S atoms will be resent each in Figs. 4 and 5, respectively, to illustrate the
further reflected in the changes in the local electronic strucpoim_ Because of its small size, carbon is located below the
ture of Pd211), as seen below. , SC and TC layers, close to the BNN atom, forming a strong
In Table Ill, we have assembled the registry of the Pdcoyalent bond with the BNN atom seen in Fig. 4 as a charge
atoms in the surface layers. Hedg; represents the change gensity bridge. In contrast, S is located above the surface
of the Iocauop of the Pd atom in the layielalong the normal  ose to the TC atongsee Fig. 6 forming a weak covalent
to the step, in the surface plane. In our notation, the stepgng with the TC atom, and no noticeable bond with the
atoms lie along thex axis. Here again there is a remarkable gnN atom. A plot of the charge density along the plane
difference in the cases considered. With C in the site 1, th%ontaining the SC and CC atoms, and carbon at(its 6)
registry of both TC and CC atoms are affected in a shearingno\s that carbon also forms strong covalent bonds with
manner, while S appears to push the step atoms somewhgfase pd atoms. More detailed information about chemical
inwards. The most significant effect on surface registry apponding can be obtained from plots showing the difference
pears for C adsorpuon’g‘n the site 2 in which the step atoms;, ) petween the self-consistent charge density of the sys-
move inwards by 0.58 A. For brevity, we have not includedigm ang the sum of the densities of free atoms placed at the
in Tables 1l and Il the results for the other four adsorption ., responding sites. Such plots reflect the charge redistribu-
sites, which follow the same rationalization as the ones pregq caused by the chemical bonding. Shown in Figs. 7 and 8

B. Electronic structure

sented. is Sp(r) calculated for C/P@11) and S/P@11), respec-
tively, along the(010) plane which includes the centers of
TABLE lII. Surface registry(A). C(S), the TC and the BNN atoms. It is seen from the figures
that bulklike Pd atomglocated not too close to the surface
C1/Pd21)) C2/Pd21)) S1/Pd211) donate some electronic density to interstitial region to build
comparatively weak Pd-Pd covalent bonds. Both C and S
Ay, -0.07 -0.58 -0.13 accept a significant amount of the electronic charge from
Ay, 0.12 0.15 -0.06 neighboring Pd, making the-C-Pd and S—Pd bonds essen-
Ays -0.15 0.0 0.0 tially ionic. However, a distinct electronic-density bridge be-
Ay, -0.04 0.07 0.06 tween the C and the BNN atoms is also present in Fig. 7,
Ays 0.0 0.05 -0.03 r(_afle_c.ting strong G-Pd g:ovallent ponding. In contrast, no
Aye ~0.02 0.06 0.0 significant electron-density bridge is seen between S and the

TC atom in Fig. 8. Thus, the-S-Pd bonding in S/P@11)) is
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x(A)

FIG. 7. (Color onling Electronic density redistribution in
Coaa/Pd21]) with respect to the sum of densities of non-
interacting atoms. Solid red and dashed blue lines denote the posi-
tive and negative deviation, respectively.

mostly ionic with a small covalent contribution, whereas C
and the BNN atom form a mixed ionic-covalent bond. An
analysis of the charge density aad(r) plotted along other
planes indicates that the -€SC, C—CC, S—SC, and
S—CC covalent bridges are also formed, and again, the
C—Pd bridges in C/P@11) are much stronger than the

FIG. 5. The same as in Fig. 4, but plotted along the plane nors_ pq bonds in S/RA1Y)

mal to the surface and connecting the SC and CC sites. The nucleus

of the C atom is located slightly out of the plane.

FIG. 6. Valence electronic density calculated fer;gPd211)

While the above plots of the charge density distribution
have provided a good insight into the extent of the electronic
overlap between the different atoms and the nature of the
bonding between the adsorbate and Pd atoms, they do not

10

with the adsorption site 1 and plotted along the plane normal to the FIG. 8. (Color onlineg The same as in Fig. 7, but for

surface and including S and BNN sites.

So.39/ Pd211).
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FIG. 9. Local densities of C and Pd electronic states calculated
for Cyaa/Pd211) with the adsorption site 1solid line) and for
clean P@211) (dashed ling 0%

address the issue of reactivity of the surface. For this we turn
to the calculated local properties. Shown in Fig. 9 are LDOS FIG. 10. The same as in Fig. 9, but fog £/Pd211).

calculated for C on R@1)) in the adsorption site 1. The

density of Cp states is found to be split forming the bonding the C and S atomsare listed in Table 1V. One can see that
(B) and antibonding(A) subbands with the SC, CC, and for the 0.33 ML coverage the presence of the adsorbate leads
BNN atoms. Since the antibonding states are not occupietb dramatic decrease N(Eg) for all surface atoms, and the
when C adsorbs on P2i11) and the splitting between bond- effect is especially strong for C/P2IL1). For the 0.17 ML

ing and antibonding subbands is large-8 e\), strong co- coverage the effect is smaller, however, it is still substantial:
valent bonds are expected between carbon and its neighbor-

ing Pd atoms: SC, CC, and BNN. Similar plot of the LDOS 21 pC
for the S atom(see Fig. 19shows that it forms bonding and 14
antibonding subbands with the SC, TC, and CC atoms and : A
does not form such bonds with the BNN atom. This differ- 0 '
ence between LDOS of C/P2il]) and S/P¢{211) reflects 2 N sc
the difference in their charge density distribution discussed = ,//“\-
£ \

above. £ 04— — P

To examine the effect of coverage, we present in Figs. 11 > ] , Te1
and 12 the LDOS calculated for 0.17 ML coverage of C and % 27 M
S on P@211) [Cy,/Pd21D) and S ../Pd211)], respec- g1 / L
; ; ; e %o .
tively. On comparing these plots with those shown in Figs. 9 o 1 TC2
and 10, we find that as the coverage decreases the effect of Z 2- M
the adsorbates on the LDOS of the neighboring surface at- : _j L
oms becomes weaker. This is not surprising since at 0.17 ML 01— . :
coverage each SC or CC atom has one neighboring adsorbate 5] e cc
atoms, while at 0.33 ML it has two such atoms. However, ] m/)“"v\.
even at the lower coverage the band splitting caused by the 0 N
adsorbate is still substantial for the SC and CC atoms, espe- 8 -4 0 4
cially in the case of C adsorption. E-E,(eV)

The formation of the bonding and anti-bonding subbands
causes a significant reduction of the density of electronic FIG. 11. Local densities of C and Pd electronic states calculated
states at the Fermi levéN(Eg)]. The values of locaN(Ef) for Cy17/Pd211) with the adsorption site 1solid line) and for
for surface Pd atoms in P2iL1) (clean and in the presence of clean P¢211) (dashed ling

155410-6
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2] S TABLE IV. Local densities of electronic states at the Fermi level
(eV atom (Ref. 1) calculated for the Pd surface atoms in(Z1l),
C/Pd211), and S/P®11). Two numbers shown for TC and BNN
0 A for the low coverage systems correspond to nonequivalent atoms.
1 1, sc
2+ l,,f‘\\ sc TC cc BNN
= 1
<§° N L Cosd/Pd21) 020 053 025 033
%2_' A TC1 Co17/Pd211) 055  158..77 074  0.921.95
?; ] J / Pd211) 221 230 219 237
Bo , . ~ Sosd/PA211) 072  0.67 087 173
% 1 M TC2 So.17/ PA211) 114 159162 125  2.092.15
ANV.A W
e — " P local electronic structure and in the multilayer relaxation and
24 M. surface registry patterns are found to be dramatic and site
] /‘\/ 4 selective. In the most preferable adsorption site the C atoms
0 k-M are found to occupy positions almost under the step atoms
4 0 4 thus forming strong bonds with five Pd atoms, including one
E-EL(eV) in the bulk materiatBNN). From the hybridization of the C

p and Pdd states and estimates of the local charge density
distributions the G—Pd bonds are found to be covalent,
while S atoms similarly adsorbed lead te-SPd bonds that
C adsorption reduceN(Eg) at the neighboring SC and CC are mostly ionic. Both C and S atoms lead to a depletion of
atoms by 3-4 times. the local electronic density of states near the Fermi level,
If we recall that in experiments S poisons reactions on Pdindicating a poisoning effect. It would be interesting to have
our results for S adsorption support the proposition that @&xperimental data on two main aspects of the issues dis-
depletion of electronic states aroufit may cause a de- cussed here: the effect of C adsorption on multilayer relax-
crease in surface reactivity. Even at a lower coverage, eacktion and on the chemical reactivity of @d1). We hope our
adsorbate has four Pd neighbors in the surf@® SC and  results here will motivate such experimental observations.
two CC atom3® whoseN(Eg) is substantially reduced.

FIG. 12. The same as in Fig. 11, but fog S/Pd211).
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