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We employ density-functional-theory calculations to examine carbon adsorption and diffusion in Pd bulk,
and on Pd(111) and Pd(211) surfaces. Different possible subsurface and on-surface structures are explored and
the most stable structures are analyzed. We calculate various diffusion paths: lateral diffusion on a surface,
migration to a subsurface region, and within the first interlayer. Our calculations show in accordance with the
earlier theoretical results that on Pd(111) carbon prefers to adsorb on octahedral interstitial sites. On Pd(211)
the fourfold hollow site under the step is energetically the most favorable one and the second best sites are the
octahedral sites. The calculations indicate that migration into the first interlayer is more favorable than diffu-
sion on the Pd(111) surface and migration into the second interlayer is already highly activated with barrier
height close to those obtained in bulk. Nearly nonactivated diffusion paths into the first interlayer are found at
the step edge of bare Pd(211) but carbon is found to diffuse easily from the first interlayer to the fourfold
hollow site on Pd(211) thus leading to the decoration of step edges with carbon. Preadsorbed carbon increases
the surface-subsurface diffusion barrier but it remains smaller than the corresponding value on bare Pd(111). At
higher carbon concentration the mixed surface-subsurface structures are the most stable ones and carbon atoms

tend to sit as far away from each other as possible.
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I. INTRODUCTION

Increasing amount of evidence indicates that the near-
surface modifications of a Pd-based catalyst with various car-
bonaceous deposits play a central role in several catalytic
reactions.!~* The carbon residues originate from various pos-
sible side reactions. The modifications can lead to the deac-
tivation and poisoning of the catalyst and substantial finan-
cial loss® but they have also been found to increase the
catalytic performance.!® The recent results of Teschner et
al.' show that the formation of a PdC phase during alkyne
hydrogenation is a general process and does not depend on
the alkyne used. The results indicate that subsurface species
determine the surface chemistry: unselective hydrogenation
takes place on hydrogen-saturated B-hydride, whereas selec-
tive hydrogenation requires subsurface C to block subsurface
H from participating to hydrogenation reaction and to
modify the chemical properties of the catalyst. The density-
functional-theory (DFT) calculations revealed that on a Pd
with the selvedge PdC phase, the accumulation of H into the
subsurface region is thermodynamically disfavored and the
adsorption on the surface is weakened.” In ethene oxidation
on Pd(111) the promotional effect of subsurface C is indirect.
At high enough temperature the dissolved carbon diffuses
back to the surface reducing oxygen adsorption that is essen-
tial to high activity.® In selective ethyne hydrogenation to
ethene from ethyne/ethene mixture some of ethyne mol-
ecules decompose and decomposition products, carbon at-
oms, migrate into a Pd lattice.>* The formation of PdC phase
is also seen when Pd(111) interacts with C,H,, CO, and
C,H, molecules at elevated temperatures.’ Also on Pd(110)
various organic molecules have been found to lead to C
deposition at high temperatures and UHV conditions.'® Rose
et al."! applied scanning tunnel microscope measurements to
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study the properties of the impurity species on the subsurface
region of Pd(111). One of the species was most likely iden-
tified to be carbon and the lateral diffusion barrier of subsur-
face species was determined to be 0.72 eV. Experimentally
derived barrier for a surface to subsurface diffusion is 1.1 eV
at high carbon coverage.'?

The early x-ray diffraction studies revealed the formation
of Pd-C phase when Pd is heated in the atmosphere of
ethylene.’ The carbon content was reported to be ~13 at. %
with carbon atoms residing in octahedral sites. In recent ex-
periments on alkyne hydrogenation over Pd the subsurface
carbon content is estimated to be around 40%.'3 The DFT
calculations of Gracia et al.'* on Pd(111) confirm the octa-
hedral site as the best subsurface site with the adsorption
energy of —7.15 eV. The calculations give a barrier of 0.74
eV for C diffusion from an octahedral site to a tetrahedral
site in a very good agreement with the measured value. The
calculated barriers for surface-subsurface diffusion and from
the first interlayer spacing to the second one are 0.31 and
1.80 eV, respectively. The high diffusion barrier from the first
to the second interlayer is suggested to follow from the fact
that no in-plane relaxations are possible. Combining DFT
calculations with cluster models (with the size of 79 or 116
Pd atoms) Yudanov et al.'> found that C adsorption on a
subsurface octahedral site is slightly more exothermic com-
pared to the on-surface adsorption. The diffusion barrier for
migration to subsurface was found to be 0.81 eV. Recently,
DFT calculations were done for a carbon adsorption on a
Pd, 4 cluster:'® the subsurface adsorption is exothermic by
0.5 eV compared to surface adsorption and the adsorption
energy of a carbon atom is found to depend on the distance
from the cluster edge. The best adsorption energies for sub-
surface carbon are —7.60 and —7.35 eV for octahedral and
tetrahedral sites, respectively. The results indicate that at the
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cluster edge the stability of tetrahedral site is more enhanced
than that of the octahedral site and that a surface-subsurface
diffusion barrier is nearly zero.

In our earlier work we have shown that C,H, decompo-
sition takes place more efficiently and decomposition prod-
ucts bind stronger onto the stepped than onto the flat Pd
surface.!” This raises the question of the role of the steps in
the adsorption and the diffusion of carbon on the surface and
selvedge of Pd. Here the systematic study of carbon adsorp-
tion and initial corporation on flat and stepped Pd is pre-
sented. As the diffusion to a subsurface region is found to
take place easily several structures with different on-surface-
subsurface site combinations are addressed. We analyze the
studied structures and discuss why some geometries are
more stable than the others.

The paper is organized as follows. We start with analyzing
and comparing the adsorption properties of atomic carbon on
Pd(111) and Pd(211) surfaces. This is followed by the dis-
cussion on carbon diffusion both parallel and perpendicular
to the surface at low coverage and at the presence of pread-
sorbed carbon. After that higher carbon concentration struc-
tures including both surface and subsurface species are pre-
sented and discussed. Finally we analyze and discuss the
electronic structure of the selected systems.

II. COMPUTATIONAL METHODS

DFT calculations were carried out with the DACAPO
code,'® where Kohn-Sham equations are solved self-
consistently using the revised Perdew-Burke-Ernzerhof
(RPBE) (Ref. 19) generalized gradient correction to describe
exchange and correlation effects. The plane-wave basis was
restricted by a kinetic-energy cutoff of 25 Ry and the core
electrons of the atoms were treated with Vanderbilt ultrasoft
pseudopotentials.’® For both the 111 and the 211 surfaces
three models were used: a (3 X 2) supercell and a slab thick-
ness of four or five layers (in the 111 lattice direction) and a
(3 X 3) supercell with four layers. The periodic images were
separated by 10 A of vacuum to minimize the interactions
between the successive metal slabs. The Brillouin zone was
sampled at 16 Monkhorst-Pack k points in the case of (3
X2) supercells and four Monkhorst-Pack k points for the
(3 X 3) supercells. The two lowest metal layers were fixed to
their ideal bulk positions (a=3.985 A) while all the other
atoms were relaxed until the residual force was below
0.05 eV/A. To check the convergence we calculated several
adsorption systems with cutoff energy of 400 eV and residual
force 0.01 eV/A and found out that the adsorption energies
change less than 0.02 eV. The bulk calculations were done
with a supercell of 32 atoms and 64 Monkhorst-Pack k
points. One Pd atom was fixed and the rest were relaxed.
Transition states for the diffusion paths and reactions were
determined by applying nudged elastic band method?' and
adaptive nudged elastic band method.?”> Note that at the tran-
sition state two or more Pd atomic shells are relaxed around
the carbon atom. For the found transition states when har-
monic frequencies were calculated only a single imaginary
frequency was obtained in each case and the visualization of
the frequency confirmed it to be along the reaction coordi-
nate.
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FIG. 1. (Color online) The relevant on-surface adsorption sites
of fec(211) slab (fce, hep, and Ffh) and subsurface sites in fcc
lattice (Oct, Tetl, and Tet2). Surface atoms of different terraces are
of different color. fcc and hcp sites are identical to the ones on
Pd(111). In subsurface structures the carbon is presented in gray and
the palladium atoms in ochre. Oct is an abbreviation for octahedral
and Tet is for tetrahedral.

Averaged adsorption energies for C are calculated relative
to C atom in gas phase infinitely far away from the surface.
The averaged adsorption energy of C in a supercell contain-
ing N C atoms is calculated according to

Etot - (Eslab + NEC(g))
N

Eads,C =

)

where E,,, is the total energy of the adsorbate, the slab, E;,;,
refers to the energy of the clean slab, and E, is the energy
of gas-phase C atom. The solution enthalpy is calculated
similarly with

E;p = (Epy + NE(g))
N

Eads,C = >
where E,,; is the energy of bulk Pd. For an exothermic
(endothermic) reaction adsorption energy is negative (posi-
tive).

The amount of subsurface C is presented in atomic per-
cents which we defined with equation

Nc
NCat.%: 100 at. %,
’ NPd,sur+NC

where N is the number of C atoms and Npg y,, is the number
of Pd surface atoms.

The relevant on-surface and subsurface adsorption sites
are presented in Fig. 1. At the fcc and hep sites the C atom is
bonded to three Pd atoms whereas on the fourfold hollow
(Ffh) site the C atom can bind to the four surface atoms or,
when in plane with the four surface atoms, to five atoms
including an atom deeper within the lattice. For subsurface C
there are two possible sites available: (i) the octahedral site,
denoted henceforth “Oct,” which has six neighbor Pd atoms,

075417-2



FIRST-PRINCIPLES CALCULATIONS OF THE INITIAL...

three below and three above, see Fig. 1, and (ii) the tetrahe-
dral site, which has four neighbors. As can be seen from Fig.
1 there are two types of tetrahedral site: one with three Pd
atoms above and one below (denoted “Tetl”) and the other
one has one Pd atom above and three below (denoted
“Tet2”).

III. RESULTS

In the following paragraphs we first discuss carbon solu-
tion and diffusion in bulk Pd. This is followed by the results
of carbon adsorption and diffusion on and below Pd (111)
and (211) surfaces at low coverage (#=1/6 ML). Various
high coverage (#=1/3-2/3 ML) models including both
surface and subsurface C are presented and discussed subse-
quently.

A. Carbon in bulk Pd

We start by discussing carbon diffusion in bulk Pd. The
calculations are done with 3 at. % carbon concentration
which corresponds to 32 Pd atoms per one carbon atom. The
best adsorption site is the Oct site with the solution enthalpy
of —6.42 eV with respect to gas-phase carbon atom and the
Tet site is 0.92 eV less favorable. The diffusion barrier from
one Oct site to the next one is 1.40 eV, which compares very
well with measured value 1.32 eV (Ref. 23) and the calcu-
lated value 1.48 eV.>

The diffusion path goes through a Tet site, and at the
transition state the C atom lies in the center of a triangle
shared by the Oct and Tet sites and the Pd-C distance is
1.88 A. The Pd atoms forming the triangle are displaced by
0.25 A from their bulk positions radially away from the C
atom. The comparison of the barriers shows that in bulk Pd
the barrier is 0.4 eV smaller than in bulk Ni (4 at. % of C)
(Ref. 25) and 0.4 eV higher than in bulk Fe (3 at. % of C).2°

B. On-surface and subsurface carbon

On a Pd(111) surface C prefers to sit on a hcp site with the
adsorption energy of —6.13 eV at 0.17 ML coverage. The
average Pd-C distance is 1.92 A and the average relaxation
of the topmost Pd layer is 0.04 A outward. At the best ad-
sorption site, Ffh, on Pd(211) the Pd-C distance is 2.02 A.
Stolbov et al.?’ also found the Fth site to be the most stable
on Pd(211) with the adsorption energy of —9.1 eV using
PWOI functional. Our adsorption energy is —7.04 eV being
substantially smaller than that of Stolbov and co-workers.
Presumably, the difference rises from the computational
setup for a carbon atom (spin polarized/spin unpolarized)
and the different generalized gradient approximation (GGA)
functional. The Fth site binds carbon 0.9 eV more strongly
than the hep site on Pd(111), a slightly larger difference, 1.0
eV, is found between Ni(111) and Ni(211) surfaces.?> Ad-
sorption energies of C on different transition-metal surfaces
have been listed in Table I. It should be noted that most
results were calculated with PW91 functional, which gives
approximately 0.5 eV stronger binding than the RPBE
functional.!® The results indicate that Ni, Pd, and Pt are very
similar whereas within groups 9 and 11 there is considerable
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TABLE 1. Averaged adsorption energies of carbon on the hcp
site of fce(111) transition-metal surfaces from DFT calculations.

E s Coverage
Metal (eV) (ML) Functional
Co (Ref. 35) -9.36 0.25 PWOl1
Rh (Ref. 36) -7.18 0.10 PWO1
Ir (Ref. 37) -6.29 0.25 RPBE
Ni (Ref. 38) -6.00 0.25 RPBE
Pd (Ref. 14) -6.43 0.08 PWOI1
Pd (Ref. 39) -6.61 0.25 PWOI1
Pd (Ref. 40) —6.65 0.25 PWOI1
Pt (Ref. 41) ~6.18 0.25 RPBE
Pt (Ref. 41) -6.75 0.25 PWOI1
Cu (Ref. 40) -4.83 0.25 PWI1
Cu (Ref. 42) -4.51 0.25 PBE
Ag (Ref. 39) -3.55 0.25 PWI1

variation. The adsorption energies are close to the cohesive
energy of diamond which we calculated to be 7.27 eV [ex-
perimentally measured value is 7.37 eV (Ref. 28)].

Energetics and various subsurface adsorption sites for car-
bon in Pd(111) and Pd(211) surfaces are summarized in Fig.
2. In the first interstitial region of Pd(111) a carbon atom
prefers an Oct site with the adsorption energy of —6.86 eV
that is 0.73 eV more favorable than the best on-surface site,
hcp, and 0.44 eV more favorable than the Oct site in bulk Pd.
Tetl and Tet2 sites have adsorption energies —6.30 and
—6.21 eV, respectively, which are around 0.6 eV less than
found for the Oct site but more than 0.1 eV better than for
the on-surface sites. Gracia et al.'* reported adsorption ener-
gies —7.15, —6.74, and —6.63 eV for Oct, Tetl, and Tet2
sites, respectively. Again, our adsorption energies are larger
than those given in literature but once again the reason is the
different computational setup: we use a different unit cell and
GGA functional compared to Ref. 14. In the second inter-
layer the binding to an Oct site is 0.2 eV weaker compared to
the first interlayer. The corresponding value from Ref. 14 is
0.27 eV. The energy difference for the first and second inter-
layer Tet sites is ~0.4 eV. Note that adsorption energy on
the Oct site in the second interlayer is ~0.5 eV better than
that for the hcp site.

The average Pd-C distances are 2.06 (2.05), 1.92 (1.91),
and 1.94(1.92) A for Oct, Tetl, and Tet?2 sites, respectively,
in the first (second) interlayer and 1.92 A for hcp site. The
presence of C increases the distance between the surface Pd
layer and the first subsurface Pd layer. The increase of 0.07,
0.15, and 0.12 A compared to bare Pd(111) for Oct, Tetl,
and Tet2 sites, respectively, is seen. In the case of Oct (Tetl)
site the three surface atoms coordinated to C relax
0.16(0.33) A outward whereas the Pd atom located right
above the Tet2 site moves up by 0.63 A.

On Pd(211) the best adsorption site for C is the Ffh site
with the adsorption energy of —7.04 eV. On Pd(211) the
binding energy of C varies from one Oct (or Tet) site to
another depending on the location of the site from the step
edge. Different subsurface sites together with C adsorption
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FIG. 2. (Color online) Side views of Pd(111) and Pd(211) slabs.

Surface and subsurface sites are depicted with gray dots and corre-

sponding adsorption energies are given for C in electron volt. These pictures are projections of the Pd lattices and adsorption sites to a plane
perpendicular to the surface (and the steps). The actual lattice points and adsorption sites do not reside in a plane.

energies are given in Fig. 2. The second best site is the first
Oct site behind the step with adsorption energy —6.86 eV
and tetrahedral sites next to the step have adsorption energies
—6.31 and —6.34 eV. Further away from the step the binding
becomes weaker. In the second interlayer two Oct sites have
binding energies —6.71 and —6.74 eV. This is still more fa-
vorable than adsorption on the hcp or fcc sites. The adsorp-
tion energies of tetrahedral sites vary slightly from —5.87 to
—6.01 eV. Two carbon atoms at the step edge give average
adsorption energy of —6.41 eV indicating a strong repulsion
between carbons. At this step edge coverage adsorption is
more exothermic than at lower coverage on the terrace but
less exothermic than in the first and second interlayers.

To analyze the differences between on-surface and sub-
surface adsorption of C we plot atom projected density of
states (DOS) in two cases: C on the hcp site on the Pd(111)
surface and C in the Oct site below the surface (Fig. 3). In
the figure the states are projected to the s and p orbitals of C
and to the d orbitals of two topmost Pd layers. In general, the
adsorption of C decreases the density of states at the Fermi
level and the decrease is slightly larger in the case of subsur-
face adsorption. The interaction between carbon and palla-
dium is similar both for on-surface and subsurface cases and
takes place mainly via hybridization of the C 2p and Pd 4d
states. In the case of subsurface C the bonding state is
~2 eV below the bottom edge of the Pd d band, whereas the
bonding orbital of the on-surface carbon is right below the
bottom of the d band. The DOS analysis indicates that the
interaction is polar covalent and between a subsurface C and
Pd it is stronger than between on-surface C and Pd. The
antibonding orbital is empty in both cases. This nicely agrees
with our adsorption energies that give 0.7 eV stronger ad-
sorption to the subsurface Oct site than to the on-surface hcp
site.

Charge-density difference plots, see Fig. 4, for carbon on
Oct, hcp, and Fth sites provide an additional insight into
bonding interactions between C and Pd atoms. The plots
clearly indicate that the coordination of a carbon atom varies
in these adsorption sites: in the subsurface Oct site carbon is
symmetrically coordinated to six nearest Pd atoms. In the
Ffh site the coordination number is 5 and on the hcp site it is
3. The changes in other Pd atoms than shown are negligible.
All the plots show the charge accumulation between the C

atom and Pd atoms supporting the covalent bonding. Each
Pd atom coordinated to the C atom experience charge redis-
tribution: depletion from the d,2 orbital and accumulation to
d,y, d;, and d, orbitals. The charging of C atoms is modest:
The Bader charges of the C atoms range from —0.34 to
—0.40¢e on the surface and from —0.64 to —0.68¢ below sur-
face. The negative charging of the C atoms is consistent with
them being more electronegative than the Pd atoms. Also the
near doubling of the charge below the surface is intuitive
since the coordination is also doubled.

The calculations show that even at low coverage carbon
adsorption in the bulk is more stable than on the Pd(111)
surface indicating a clear thermodynamic driving force for
migration of carbon into bulk Pd. The ranking of carbon
stabilities goes from step sites to surface sites via subsurface
and bulk sites and this might be important for the formation
of PdC phase. As in the case of Ni(111) (Ref. 25) increased
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Atom Projected Density of States (arb. units)

E-Ef (eV)

FIG. 3. (Color online) The atom projected density-of-states plots
of a clean Pd(111) surface, a Pd surface with 25 at. % C adsorbed
to on-surface sites and a Pd surface with 25 at. % C in subsurface
layer. For the Pd surfaces the d bands of the two topmost atomic
layers are plotted and for the C atoms the s and p bands. The dashed
orange and green lines are the DOS of Pd and C, respectively, of the
model with on-surface C. The blue solid line and the red dot and
dash line are the DOS of Pd and C, respectively, of the model with
subsurface C. The light blue area is the DOS of the clean Pd
surface.
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FIG. 4. (Color online) Charge-density difference figures of C
adsorbed to Oct, hep, and Ffh sites when viewed from the top (A to
C, respectively) and from the side (D to E, respectively). The red
(blue) color indicates the increase (decrease) in the electron density.
In the top views the contours i(0.01,0.015,0.02)ea63 of the elec-
tron density are presented. In the side views the contours *0.01,
+0.02, and tO.OlSea(_)3 are presented for D, E, and F, respectively.

stability of carbon in the subsurface site compared to the hcp
site on Pd(111) owes to higher coordination to Pd and an
outward relaxation of the topmost Pd(111) layer. The behav-
ior of C is somewhat unique since, for example, oxygen,
sulfur, and hydrogen prefer adsorption to on-surface
sites.??=3! For O and S it has been shown that with coverage
6=0.75 ML it becomes more favorable for part of the at-
oms to reside at subsurface sites than to occupy on-surface
sites only.

C. Diffusion

In the previous section, it was shown that adsorption to
subsurface sites is clearly more favorable with respect to
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FIG. 5. (Color online) A schematic representation of the studied
diffusion path ways from the (111) surface to the first and second
interlayers.

PHYSICAL REVIEW B 81, 075417 (2010)

FIG. 6. (Color online) Schematic representation of the studied
diffusion paths from on-surface sites to the first and second
interlayers.

on-surface adsorption even at low carbon coverage. So the
very first carbon could migrate into the lattice. Next, we
focus on the diffusion of carbon atoms on a surface, from
surface to interlayer sites, and between interlayer sites at
0.17 ML total coverage (corresponds 14 at. %). In few ex-
amples also higher carbon concentrations are shortly ad-
dressed. The Pd(211) models the step edge on a Pd nanopar-
ticle and they might affect the diffusion properties partly
because the steps bind carbon residues strongly. The sche-
matic drawings of the studied diffusion paths are presented
in Figs. 5 and 6 for the 111 and 211 surfaces, respectively.
The figures are accompanied with tables (Tables II and III)
where the type of the initial site and the final site, the diffu-
sion barrier, and the reaction energy calculated between the
initial and final states, AE, are given.

1. 111 surface

We start with the elementary diffusion steps and discuss
the overall diffusion pathway at the end of the section. The
surface diffusion barrier from the most stable adsorption site,
hep, to the second best site, fcc, is 0.77 eV and the process is
almost thermoneutral. The value is in good agreement with
0.68 eV barrier reported in Ref. 24. In the transition state the
C atom lies in the bridge site, i.e., coordinated to two Pd
atoms, with the Pd-C distance 1.87 A, which is 0.05 A

TABLE II. Energetics of various diffusion paths depicted in Fig.
5 on Pd(111).

No. Path Barrier AE
1 fcc— Oct 0.55 -0.76
2 hep— Tetl 0.50 -0.16
3 Tetl — Oct 0.26 -0.56
4 Oct— Tet2 0.81 0.63
5 Oct— Tetl 1.83 0.91
6 Tet2 — Oct 1.25 -0.45
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TABLE III. Diffusion barriers on Pd(2111) for reaction paths
given in Fig. 6.

No. Path Barrier AE
1 fcc— Oct 0.10 -0.57
2 hep— Oct 0.11 -0.59
3 hcp — Tetl 0.22 -0.02
4 Ffh— Tetl 0.94 0.73
5 Tetl — Oct 0 -0.55
6 Ffh— Tet2 0.77 0.70
7 Tet2 — Oct 0.43 -0.52
8 Oct— Oct 0.97 0.08
9 Ffh— Tetl 1.49 1.07
10 Tet2 — Oct 0.88 -0.35
11 Oct— Tetl 1.56 0.94
12 Oct— Oct 1.43 0.12

shorter than the Pd-C distance at the hep (fec) site.

The diffusion to the first interlayer region can take place
either from a fcc or from a hcp site. The barrier of 0.55 eV is
obtained for the direct carbon migration from the fcc site to
the Oct site, see pathway 1 in Fig. 5. At the transition state
the C atom is in the center of a triangle, equidistant from the
three Pd atoms it is coordinated to. The Pd atoms relax radi-
ally away from carbon so that the average Pd-C distance is
1.86 A and the first interlayer expands 1.9% compared to
the clean surface. The second possible diffusion path goes
from a hcp to an Oct site via a Tetl site, see pathways 2 and
3 in Fig. 5. The corresponding diffusion barriers are 0.50 and
0.26 eV, respectively. At the transition state for the path with
the higher barrier the C atom is 0.17 A above the plane
spanned by its three neighboring Pd atoms, the average Pd-C
distance is 1.85 A, and the Pd atom below the hcp site is
displaced toward the C atom by 0.17 A compared to a clean-
surface position. In Ref. 14 the following barriers are re-
ported 0.55 eV from a fcc to an Oct site and 0.31 eV from a
hep to a Oct site via a Tetl site at 0.08 ML coverage. The
transition state geometries are similar to those described
above. The fact that the fcc and hcp sites are isoenergetic and
that the diffusion barriers differ only little increases the prob-
ability to find subsurface carbon since diffusion to the first
interlayer is not limited to one possible channel.

When comparing on-surface diffusion and subsurface in-
corporation the results indicate that the latter process is more
favorable. However, this differs from Ni(111), where the on-
surface diffusion is more preferable according to DFT
calculations.”® These diffusion properties together with the
larger thermodynamic driving force toward subsurface ad-
sorption on Pd might be among the key factors that make Ni
a better catalyst for the formation of the carbon nanostruc-
tures. We note that on Pd, minor increase in temperature
enables the competition between on-surface diffusion and
subsurface incorporation at low coverage. At higher carbon
concentrations with carbon occupying both on-surface and
subsurface sites the diffusion barriers might differ more lead-
ing to a totally different picture. We addressed the role of the
preadsorbed carbon to the diffusion in the following case:
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one C atom resides at an Oct site and the second carbon
migrates from the next-nearest fcc to the first interlayer. The
presence of preadsorbed subsurface carbon increases the bar-
rier height to 0.70 eV, which is close to the diffusion barrier
on the bare Pd(111) surface. At the transition state the Pd
atom (to which both C atoms are initially coordinated) is
1.14 A higher than the rest of surface Pd atoms, the migrat-
ing C is coordinated to three Pd atoms (including the pro-
truding one) and has the average Pd-C distance 1.90 A.

The carbon can diffuse laterally in the first interlayer or
access the second interlayer. In the first case the path goes
from one Oct site to another via a Tetl (Tet2) site. The bar-
rier is 0.82 (0.81) eV and at the transition state the C atom is
in plane of a triangle shared by the Tetl (Tet2) and the Oct
sites. Average Pd-C distance at the transition state is
1.95(1.94) A and the first Pd layer expands 6.2 (5.2)% out-
ward. In Ref. 14 the diffusion barriers of 0.74 eV (via Tetl)
and 0.86 (via Tet2) are reported. In Ref. 24 the barrier of
0.94 eV is given but the diffusion path was not specified. The
barriers reported here and those in Ref. 14 differ from the
experimentally determined barrier by less than 0.1 eV.!! Ac-
cording to experiments C migration to the Pd(111) lattice is
not limited to the first interlayer as PdC phase is seen extend-
ing to deeper layers.!> The diffusion from the first to the
second interlayer can take place via two paths. One route
goes from an Oct site in the first interlayer to an Oct site in
the second interlayer via a Tet2 site (Fig. 5, paths 4 and 6)
with barrier 1.88 eV. The second route is from an Oct site in
the first interlayer to a Tetl site in the second interlayer. In
this case barrier is 1.83 eV. In Ref. 14 the corresponding
barriers are 2.32 and 1.93 eV. The difference between the
present and previously published results might arise from the
difference in computational setups.

2. 211 surface

As steps are found to break a C-C bond in C,H, more
easily than terrace sites,'” one can expect to have CH, radi-
cals and carbon atoms near step edges, and thus the carbon
diffusion into a subsurface region near the step edge might
be a relevant process. All the studied diffusion paths are
summarized in Fig. 6 and their energetics in Table III. Cal-
culations show that carbon enters quite easily to the Oct site
from hcp and fec sites at the step edge (see Fig. 1). The
diffusion barriers are around 0.1 eV. The presence of pread-
sorbed C in the Fth site increases the diffusion barrier to 0.29
eV from the fcc to the Oct site. A large decrease in barrier
height compared to Pd(111) is due to the lower coordination
of metal atoms and thus the higher flexibility of step edge
atoms. The step edge atoms are slightly displaced over the
lower terrace and thus give room for the C to enter the lat-
tice. The results indicate that C diffuses into the subsurface
region of Pd near the steps regardless of the temperature. As
the Ffh site is the most stable site on Pd(211), one may ask
how easily it is accessible from the Oct site. The diffusion
toward the step edge can proceed either via a Tetl or Tet2
site. The corresponding barriers are 0.76 and 0.95 eV, respec-
tively, see the reverse of the reaction pathways 5+4 and 7
+6 in Fig. 6. The Ffh site can also be reached directly from
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FIG. 7. (Color online) Top views of the most stable model systems with (1) all C atoms at subsurface positions for 25, 31, 36, and
40 at. % of C (A, B, C, and F, respectively), (2) both on-surface and subsurface carbon 25, 31, 36, and 40 at. % of C (A, D, E, and I,
respectively), and (3) different distributions of C between on-surface and subsurface layers at 40 at. % of C (F-L). The light yellow spheres
are Pd atoms, the blue ones are subsurface C, and the orange ones are on-surface C. The black rhombus depicts the supercell.

the hcp site via a Tetl site, pathway 3 and reverse pathway 4
in Fig. 6. In this case the barrier is 0.22 eV.

To study diffusion from the first to the second interlayer
we chose two starting points—the Oct site next to the step
and the Ffh site. From both sites there are two pathways to
the second interlayer (pathways 6+ 10, 9, 11, and 12 in Fig.
6) and in all cases the barrier is close to 1.5 eV, which is
~0.4 eV lower than found on Pd(111). The transition states
resemble those of the 111 surface but the average Pd-C dis-
tances are ~0.05 A longer than on a 111 surface, which
reflects higher elasticity of lattice near the step leading to the
lower migration barrier to the second interlayer.

D. Higher carbon concentrations

In order to gain insight to the stability of structures with
higher concentration of carbon, we performed calculations
on Pd(111) surface with various adsorption structures and the
best ones are shown here. Based on experiments the concen-
tration of carbon atoms in the selvedge is estimated to be
around 40 at. % and carbon atoms are not restricted to the
first interlayer.!> However, no experimental results exist to
provide the details of the structure and thus it is not known if
any ordered phases are formed.

We use a (3X3) surface cell and systematically study
many possible atomic configurations at 25, 31, 36, and
40 at. % of carbon, which correspond three to six carbon
atoms in the (3X3) unit cell. We note that with a larger/
smaller unit cell the formation of different surface-
subsurface structures is possible. Although experimentally
carbon atoms have been observed to penetrate into deeper
interlayers, we focus on structures containing carbon atoms
on surface and in the first interlayer.

We start with geometries involving 25 at. % of carbon.
As in the case of 14 at. % of carbon in the (3 X 2) unit cell,
carbon prefers to sit in an Oct site. With the increasing num-
ber of surface atoms and the decreasing number of subsur-
face atoms, the average adsorption energy changes linearly
from -6.73 to —6.01 eV, see Fig. 8. The best adsorption
structure is shown in Fig. 7(A). At 31 at. % (corresponds
0,,,=0.44 ML) the structure with all carbon atoms on sub-
surface sites is better than having all carbon atoms on the
surface but the pure subsurface structure is not the energeti-
cally most favorable one. The best structure has three carbon

atoms at subsurface sites and one on the surface, Fig. 7(D).
The subsurface atoms sit on Oct sites and the on-surface
atom on a fcc site.

For 36 at. % (corresponding 6,,=0.56 ML) two struc-
tures are shown. In Fig. 7(C) all carbon atoms reside on
subsurface sites and Fig. 7(E) gives the best adsorption struc-
ture for 36 at. % concentration with three atoms in subsur-
face and two atoms at on-surface sites. Note that the energy
difference to pure subsurface adsorption and to the mixed
adsorption with four subsurface carbons and one on-surface
carbon is minor, only 0.05 and 0.03 eV, respectively. Some-
what larger energy difference, 0.18 eV, is found to the mixed
structure of two subsurface and three on-surface carbons.

At highest studied carbon concentration six carbon atoms,
corresponding 40 at. %, are distributed between surface and
subsurface sites. Figures 7(F)-7(L) show a set of structures
with 40 at. % of carbon and different distributions between
on-surface and subsurface sites. The notable feature is that
the best structure, Fig. 7(I), has both surface and subsurface
carbons forming a (V3 X V3)R30 structure. This mixture has
three carbons at on-surface and subsurface sites. The binding
energy of the structure in Fig. 7(I) exceeds slightly those
cases where more carbon is in the subsurface region, see
Figs. 7(F)-7(H). Structures in Figs. 7(H) and 7(J) are mirror
images: in structure H (J) four (two) carbons are in the sub-
surface and two (four) in the surface region and atoms are
distributed identically in both cases. The average adsorption
energies differ by 0.33 eV structure H being energetically
more favorable with larger number of subsurface carbon at-
oms. Structures G and K form also a pair with 5(1)/1(5)
subsurface/surface mixture. However, the situation is slightly
different since the structures are not mirror images. Structure
K has one carbon on a hcp site and the rest surface atoms in
fcc sites which improves the optimization of C-C distances.
In structure G all subsurface carbons are in Oct sites since
tetrahedral sites are energetically considerably less favorable.

The adsorption of carbon induces the expansion of the Pd
lattice in the [111] direction and its extent depends on the C
concentration and distribution between the subsurface and
surface sites. Table IV summarizes the relative shifts in the
first and second interlayer displacements compared to the
clean Pd(111) surface. As expected, the expansion is most
pronounced for the first interlayer with subsurface carbon
reaching almost 13% at the highest concentration. The inter-
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TABLE IV. The expansion of the first and second interlayers of Pd(111) containing C compared to the
clean surface. The values are given for systems with only subsurface C, only on-surface C, and the energeti-

cally best structures.

Expansion in [111] direction (%)

Concentration of C Subsurface On surface Best
(at. %) First Second First Second First Second
25 6.4 2.5 1.6 0.5 6.4 2.5
31 9.0 32 32 0.7 7.6 2.7
36 11.7 3.7 3.6 0.7 8.6 2.7
40 12.9 4.0 34 0.5 9.3 2.7

layer expansion of the mixed structures decreases monotoni-
cally as the fraction of C at on-surface sites increases.
Figure 8 summarizes the best adsorption energies for each
carbon concentration and distribution. Clearly with increas-
ing coverage the adsorption becomes weaker and at all stud-
ied coverages subsurface adsorption is more favorable than
on-surface adsorption. The two major decisive factors that
determine adsorption energy are the position of a carbon
atom: either on surface or subsurface and the C-C distance.
With higher carbon concentrations than 25 at. % it becomes
more favorable to have carbon atoms distributed between
surface and subsurface sites. The investigation of the C-C
distance for given structures in Fig. 8 reveals that the best
adsorption energies are found for structures in which carbon
atoms are distributed as evenly as possible. The energetic
preference is partly determined by electronic repulsion but
probably also the competition for d electrons of Pd atoms
pushes carbon atoms apart. Among systems that share the
highest C-C distance those configurations with (y3
X \"§)R30 subsurface structure and the rest of the carbon
atoms at on-surface sites are energetically the best ones. At
low concentrations hcp sites are slightly preferred to fcc

—— 14 at.% C 2x3
—&— 25at.% C
3lat.% C
——36at.% C
—¥— 40 at.% C
() (V3xV3)R30

Adsorption energy of C (eV)

0 0.2 0.4 0.6 0.8 1
Fraction of C on the surface

FIG. 8. (Color online) Averaged adsorption energies of C on 111
surfaces containing C both on and below surface. The energies are
given as a function of C atoms on surface divided by the total
number of C atoms [Nc s/ (N¢ ;+Nc 4)]. Some points in the plot are
accompanied with a letter and the structures of those systems are
presented in Fig. 7. The circled points represent energy minimums
of the different C concentrations.

sites. However, at higher concentrations the site shift takes
place and fcc site becomes more favorable because carbon
atoms residing in Oct sites destabilize all hcp sites in the
vicinity: the carbon-carbon distance becomes too short and
electrostatic repulsion pushes atoms away from hcp sites.
Finally we plotted the work functions of Pd(111) slabs
with different C concentrations and different distributions of
C between on-surface and subsurface sites (see Fig. 9) with
aim to investigate the changes in surface reactivity compared
to bare Pd(111). The subsurface C introduces minor, less
than 0.26 eV, negative work-function change compared to
the clean Pd surface. Only modest dependence on the carbon
concentration is seen. With increasing surface coverage and
decreasing subsurface content of carbon the work-function
change shifts from negative to positive. When all carbon
atoms are on the surface the work-function change is at most
0.68 eV for highest C coverage. The behavior of work func-
tion is similar to the one calculated for oxygen on and below
Pd(111) (Ref. 29) surface but in our case the changes are

67| —— 25 at.%
—— 31 at.%
sgd|—* 36at%

—— 40 at.%

5.6

5.4

5.2 Clean surface

Work function (eV)

]

1

}

}

]

:
0 1 2 3 4 5 6 00
N(C,s)/N(C,ss)

FIG. 9. (Color online) The work functions of Pd(111) surfaces
containing different amounts of C are plotted against the distribu-
tion between subsurface and on-surface sites. On the x axis the zero
value corresponds to all atoms being located at the subsurface layer
and the infinity corresponds to all atoms being on the surface. Work
function of the clean surface is presented with the dashed horizontal
line.
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FIG. 10. (Color online) The energetics of diffusion from an hcp
site to the second interlayer on 111 (red, solid line) and 211 surface
(orange, dashed line) presented with potential-energy surfaces. Each
diffusion step is accompanied with an illustration of the transition
state structure and a number referring to the paths in Figs. 5 and 6.
In the structures the black (white) spheres are carbon (palladium)
atoms and only relevant atoms are shown.

much more minor presumably due to the lower electronega-
tivity of carbon compared to oxygen. As the higher work
function generally implies lower chemical reactivity, we may
conclude that C atoms adsorbed on the metal leads to a more
inert surface. The d-band center of the carbon containing Pd
surface moves down compared to clean surface which further
supports the assumption that the C adsorption leads to lower
activity. The d-band center of the two uppermost Pd layers in
a clean slab is —2.1 eV below the Fermi level. The corre-
sponding value for the slab containing 40 at. % carbon in
the most stable configuration is —3.5 eV. Comparison be-
tween the d-band centers of the unmixed structures indicates
that the largest contribution to the drop in the d-band center
comes from the carbons located on the surface.

IV. DISCUSSION AND SUMMARY

A one-dimensional potential-energy surface for pathways
from on-surface sites to second interlayer involving the low-
est overall barriers is presented in Fig. 10. The barriers are
associated with the illustrations of the corresponding transi-
tion states. In agreement with previous DFT calculations'*
the overall picture emerging from our calculations is that at
low coverage carbon adsorption in bulk is more exothermic
than on-surface adsorption suggesting thermodynamic driv-
ing force for subsurface migration. In fact the Oct sites in the
first interlayer are more stable than on-surface sites but less
stable than Ffh sites at the step edge and this might affect the
formation of a PdC phase. The C incorporation to the first
interlayer has the lowest barrier, the steps being particularly
effective in the process, whereas on both surfaces migration
to the second interlayer is highly activated.

The low diffusion barrier to the first interlayer together
with larger stability of Oct sites clearly indicate the occupa-
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tion of near-surface region of Pd with carbon atoms. How-
ever, the low barrier contradicts the proposition of Gabasch
et al.'"> who assume the migration barrier from the surface to
the subsurface region be the rate-limiting step for the C in-
corporation to bulk Pd and thus the barrier is larger than for
bulk-bulk diffusion. They note that from the experimental
viewpoint the rate of carbon incorporation to the subsurface
region must be the smallest one compared to any reaction
step starting from molecular ethene. Our results indicate that
the migration to the second interlayer is the rate-limiting step
in C migration into deeper layers. The activation barrier is
larger than that for bulk diffusion. It is also larger than any
barrier in ethylene decomposition process, where highest
barriers in processes (CH, CCH, and C, decomposition)
forming atomic carbons are around 1.5 eV.!73> We note that
in the measurements carbon coverage is high whereas our
calculations are mainly done at low coverage. The case study
shows that the presence of preadsorbed carbon increases the
diffusion barrier to the first interlayer. However, based on
present calculations it is not possible to say whether the dif-
fusion from the surface to the first interlayer will have higher
barrier than the diffusion from the first to the second inter-
layer at high carbon coverage. We also note that our barrier
for the rate-limiting step (if compared to C in the first inter-
layer) is 0.7 eV higher than the barrier derived from experi-
ments. Again including the coverage effects into calculations
might change the barrier dramatically yet in this particular
case the presence of carbons should decrease the calculated
barrier.

In agreement with the recent cluster calculations!'® we find
the diffusion into first interlayer nearly nonactivated over the
Pd(211) at low coverage. The small diffusion barrier and the
strong binding to Ffh sites at step edges suggest the decora-
tion and blocking on step sites with carbon. Consequently,
this will have an effect on all bond breaking reactions con-
taining carbon, such as ethylene decomposition,'” over the
edges of Pd nanoparticles. Preadsorbed carbon on the Pd step
increases the diffusion barrier to subsurface region but the
barrier is still smaller than that calculated on a Pd terrace.

Since the population of the first interlayer with C is rela-
tively easily activated we may assume that the process takes
place immediately after carbon atoms become available. This
incorporation may act as a first step in the formation of the
PdC phase, whose exact geometric arrangement has re-
mained unknown. The review over different C distributions
at the Pd(111) reveals that there is a tradeoff between the
C-C distance and the position of C atoms. Carbon atoms
favor subsurface sites in the first interlayer but as the C con-
centration increases it becomes beneficial to accommodate
also the surface sites. However, the evaluation of the struc-
ture and the formation of the realistic PAC phase structure
probably requires the use of Monte Carlo simulations333*
and is beyond the scope of this paper.

To summarize we presented density-functional-theory
study addressing carbon adsorption and diffusion in bulk Pd,
on flat and stepped Pd surfaces and the incorporation of car-
bon to the Pd surface. The results show that at low coverage
subsurface adsorption on an Oct site is more favorable than
adsorption on Pd(111) or solution to bulk. At stepped Pd
surface the best site is a Fth site under the step, which is
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better than any subsurface site. At higher carbon concentra-
tion various mixed structures were studied and the best struc-
tures are those with both subsurface and on-surface carbon
and a long C-C distance. Large decrease in barrier height on
the Pd step compared to the Pd terrace results from the lower
coordination of step atoms which facilitates the relaxation of
edge atoms. Thermodynamic driving force toward a Ffh site
together with relatively low diffusion barriers from subsur-
face sites to the Fth site ensure that at low coverage and high
reaction temperature carbon atoms from surface and subsur-
face sites end up to Fth sites under the Pd step. Diffusion
barrier increases fast when incorporating deeper in to bulk:
from the first to the second subsurface layer the barrier
heights are equal or higher than those in bulk diffusion. Our
calculations show that carbon migration into Pd is a compli-

PHYSICAL REVIEW B 81, 075417 (2010)

cated, coverage-dependent process, where the role of the low
coordinated Pd atoms is important at the onset of carbon
dissolution to Pd. Constructing a realistic PdC structure, in-
cluding carbon migration to many subsurface layers is a
challenging task and beyond present density-functional-
theory calculations.
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