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Carbon-supported palladium catalysts. Molecular orbital study
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Abstract

Geometric and electronic structures of palladium clusters supported on activated carbon (Pdn/AC) are analyzed using semiempiric
quantum chemical modeling forn = 1–22. Qualitative reliability of the results is checked by DFT calculations forn = 1–6. Supported
Pd atoms and clusters are shown to be strongly bound to unsaturated and defect surface sites. In such positions, interaction of Pd
the support is much stronger than that with each other. That provides the driving force for atomic dispersity of Pd/AC catalysts. Geometry
of small clusters is determined by morphology of an adhesion position. Nanosized particles form compact three-dimensional
with close-packed triangular surfaces. AC support causes notable excitations in the electronic structure of metal atoms directly
the support, resulting in the direct nucleation offcc-like structures. These excitations are quickly extinguishing when moving far from
support surface.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Supported catalysts are typically made of transit
metal clusters with diameters less than 5 nm ancho
to the support surface. They experience strong influe
of the support, which has major implications on catal
stability and reactivity. This paper is devoted to the stu
of Pd catalysts interactions with activated carbon (A
Nanosized particles show unique physical and chem
properties [1–4]. As a rule, small transition metal clust
are characterized by unusual symmetries and contra
interatomic distances as compared to those of the bulk
by loss of metal properties [6] and by atypical magne
behavior [7]. However, available data on bare clusters h
given only minor contribution to our understanding
the structure and properties of supported catalysts s
interaction with the support influences the morpholo
and electronic structure of metal particles [8]. Numer
fundamental investigations on the morphology, nature,
reactivity of supported catalysts led to impressive prog
in understanding their chemistry at the atomic level (
recent reviews, see, e.g., [9–14]). Yet such question
bulk and surface structure of nanosized supported parti
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cluster size distribution, and its relationship to the atomic
dispersed metal phase and metal-induced changes in
support surface remain open. Because of the extremely s
size of supported particles, experimental identification
these characteristics is a very difficult task [9,11].

At this point quantum chemical calculations can
of large value. Modern density functional theory (DF
calculations are the methods of choice for such stud
however, these methods are still computationally deman
for treatment of a large transition metal system. The l
of accurate experimental information about the struct
aspects of the catalyst–support interface presents an
serious problem in the theoretical modeling of suppor
catalysts. Thus, a high-level quantum chemical study
the structure and reactivity of supported transition m
clusters is still at its early stage [15,16]. DFT methods w
applied for investigation of adhesion of the metal ato
and up to six-atomic clusters of Pd [17–25], Pt [26],
[22,23,25,27,28], Ag [21,22,27], Au [27], Ni [22,23,29,30
and Co [30] on TiO2 and MgO. Other supports (SiO2,
Al2O3) attracted significantly less attention [31–36].
the best of our knowledge, no published theoretical res
are available on the transition metal clusters supporte
activated carbon (AC). Probably, this is due to its extrem
complex surface chemistry.
eserved.

http://www.elsevier.com/locate/jcat


54 I. Efremenko, M. Sheintuch / Journal of Catalysis 214 (2003) 53–67

all
gh
n of
nvi-
use
res
nd
the
lti-
bles

ruc-
of

ard.

rfor-
s o

and

ous
rge

d-

eral
and

f the
the

etal

lla-
si-

zed

ges
the

such
ey
for

ned
nta

s an

of
e im
ach
ding
an-
wn
sed
ling

EH

n to
uc-
i-

nces
lves.
used
9].
ali-
uted
ple
hat
tive
di-
ns

FT
the

their
etic

ws.
the

a on
ent
ted.
g of
on 6

ex-
ore
the
za-
are
the
th
Activated carbon supports consist generally from sm
graphite crystallites with highly disordered, irregular, rou
and heterogeneous surface. The “zigzag” configuratio
edges of carbon layers is the most common in a wet e
ronment [37,38]. Pretreatment of activated carbons ca
reorganization of their porous [39] and surface structu
[40–42] and influences significantly the adsorptive a
chemical properties of the support [43]. Depending on
AC nature, pretreatment, and application history, a mu
tude of surface functional groups and surface ensem
are formed, so the determination of local AC surface st
ture and, specifically, of the active sites for anchoring
supported transition metal particles is not straightforw
Therefore, in spite of the wide application of Pd/AC cat-
alysts and numerous publications devoted to their pe
mance in catalytic processes, the fundamental studie
these catalysts are rather scarce [44,45].

This work presents the results of semiempirical EH (
some DFT) modeling of adsorption and growth of Pd1–22
particles in surface sites of activated carbon with vari
geometric and chemical natures modeled by relatively la
C35H11–C65H25 clusters. The following problems are a
dressed:

1. Relative stabilities of the regular zigzag and sev
defect surface positions for capping of a Pd atom
their coverage dependence;

2. Influence of the saturation of surface C-atoms and o
nature of surface groups (i.e., AC pretreatment) on
Pd–AC interactions;

3. Relationship between the atomically dispersed m
phase and agglomeration;

4. Geometric and electronic structures of very small pa
dium particles supported in different coordination po
tions on AC surface;

5. Support-induced directions for the growth of nanosi
palladium particles.

The main attention is paid to the support-induced chan
in the electronic structure of the metal particles and to
geometric structure of relatively large Pdn/AC (n > 10)
clusters with an average size of about 1 nm. Presently,
clusters are the most difficult for investigation since th
are too small for experimental observation and too large
modeling by high-level theoretical methods. The obtai
results are compared with the corresponding experime
and theoretical data on the supported and bare cluster
on bulk palladium surfaces.

Between validity of computational model and level
theoretical approach, the former issue seems to be mor
portant for poorly investigated systems. The initial appro
to such systems should provide a qualitative understan
of the most important features and basis for following qu
titative calculations. Literature analysis [46,47] and our o
experience [48,49] show that extended Hückel (EH) ba
methods remain the best semiempirical tool for hand
s

f

l
d

-

Fig. 1. Relationship between binding energies obtained by DFT and
methods for the Pdn (n = 2–13), Pdn+, and Pdn− (n = 2–6) clusters.

large transition metal systems. Such methods are know
provide trustworthy qualitative trends and electronic str
tures from the molecular orbital point of view [50] but ne
ther absolute energetic values nor optimized bond dista
calculated by EH-based methods are reliable themse
The computational approach applied here was also
for modeling of bare palladium clusters [48] and ions [4
Later, DFT calculations [51] confirmed the obtained qu
tative trends. Comparison of the binding energies comp
for Pdn clusters and ions with both methods shows sim
linear relationships between the two (Fig. 1). We feel t
this justifies the use of EH methods for predicting qualita
trends in large Pdn/AC systems. Besides, qualitative cre
bility of the present results is validated by DFT calculatio
of Pd1–6 interactions with small C10H6 cluster, modeling the
simplest adsorption site on the AC surface. The detailed D
results will be presented elsewhere. We compare here
two methods and show a simple linear relation between
predictions. For large palladium clusters, the EH energ
values can be corrected to estimate DFT values.

The remainder of the paper is organized as follo
Computational methods and models are described in
next section. In Sections 3 and 4, the computational dat
atomic palladium adsorption and cluster growth in differ
coordination positions on an AC surface are presen
Implication of the obtained results into the understandin
the Pd–AC interactions is discussed in Section 5. Secti
gives our conclusions.

2. Computational methods and models

Semiempirical calculations are performed using the
tended Hückel technique [52] modified by the core–c
repulsion term. The method is essentially similar to
ASED MO (atom superposition and electron delocali
tion molecular orbital) approach [53]. The differences
that (i) as in the “classical” extended Hückel theory,
unmodified “weighted” Wolfsberg–Helmholz formula wi
the distance-independent Hückel constantK = 1.75 [54],
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Fig. 2. Model clusters used for representation of active adsorption site
the surface of activated carbon. In the notations,AC1 , AC3, andACd stand
for the unsaturated clusters modeling the regular one- and three-layer z
edges and the defect site on the AC surface, respectively;AC1,H, AC3,H,
andACd,H stand for the same clusters in which the marked carbon at
are saturated with hydrogen; in theAC1,H_3c andACd,H_3c clusters the
hydrogen atoms are removed from the circle-star marked positions.

(ii) the standard Hückel parameters [55], and (iii) the
pulsive term as formulated by Calzaferri et al. [56] are e
ployed in the applied scheme. DFT calculations have b
carried out using Gaussian98 package [57] at the B3L
level of theory [58,59]. The relativistic effective core pote
tial basis set of double-ζ quality LANL2DZ was employed
for Pd [60] and C [61] atoms; H atoms were described in
cc-pVDZ basis set [62]. Both EH and DFT calculations w
performed for the lowest multiplet state.

To represent structural irregularities holding dangl
bonds as well as the regular basal graphite plane, in
EH calculations, the surface of activated carbon was m
eled by the one-layer C37H11 (AC1) and three-layer C65H25
(AC3) clusters (Figs. 2a and 2b). Surface defects were
tained by removing carbon atoms from theAC1 model
cluster (Figs. 2c and 2d). The clusters were assume
keep a fixed graphite structure with nearest neighboring C
bond lengths of 1.42 Å and interlayer distances of 3.35
Saturation of dangling bonds on the AC surface was achi
by termination of the carbon atoms marked with stars
H atoms or by OH groups with C–H, C–O, and O–
bond lengths of 1.0, 1.43, and 1.0 Å, respectively. T
H-terminated clusters from Figs. 2a, 2b and 2d are note
AC1,H, AC3,H, andACd,H, respectively. In the DFT calcu
lations a small C10H6 cluster (Fig. 2e) modeling the zigza
edge on the AC surface with full geometry optimization w
applied. For comparison purposes, the same cluster with
frozen geometry was used in several parallel EH calc
tions.

The Pdn–AC binding energy (BE) is determined as

(1)BE = E(Sup) + n × E(Pd) − E(Pdn/Sup),

whereE(Pdn/Sup), E(Sup), andE(Pd) are the energies o
the adsorptive complex, the corresponding model clu
and a Pd atom, respectively. In several calculations,
H atom of a AC1,H model cluster and two H-atoms o
a ACd,H cluster were removed. The resulting clusters
noted asAC1,H_3c andACd,H_3c, respectively. In these case
the binding energy was calculated as

BE1 = (Sup) + n × E(Pd) − E(Pdn/Sup)

(2)− (m/2) × E(H2),

whereE(Sup) corresponds to the H-terminatedAC1,H or
ACd,H model clusters,m is the number of the remove
H atoms, andE(H2) = −33.771 eV is the energy o
a hydrogen molecule calculated by the same method.

3. Atomic palladium adsorption on the AC surface

As a first step, we consider the relative stabilities
different coordination positions on the regular and de
sites of the AC surface toward trapping of a single p
ladium atom and the nature of the Pd–AC interaction
various coverages. Fig. 3 shows schematically several c
lated structures of atomic Pd adsorption, the correspon
binding energies, and the optimized shortest Pd–C bond
tances.

3.1. Adsorption of a single palladium atom
on the AC surface

Adsorption centers on the carbon atoms with dang
bonds, especially on theg andh defect sites, cap Pd atom
with high exothermic effect. The basal plane of the A
support (Fig. 3a,a–c positions) demonstrates very lo
ability to trap Pd atoms and clusters. The large ene
difference betweend position, which is the most stable o
the regular zigzag edge, and the nearesta–c, e sites indicates
high activation barrier for surface diffusion of an adsorb
palladium atom. The interlayer insertion of a Pd atom (
shown in the figure) is endothermic for all possible positio
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Fig. 3. Atomic palladium adsorption in different surface positions of activated carbon, corresponding binding energies (BE, kcal/mol), and optimized shortes
Pd–C distances (Å) for (a) single Pd atom, (b) two-atom cluster and (c) increasing coverage on an unsaturated surface, and (d) single Pd atom and2 clusters
on saturated surfaces. At each “coverage,” values corresponding to the most stable arrangement are shadowed. For the saturated model clusters,rst values
correspond to R= H and values in parentheses correspond to R= OH.
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Two main kinds of interaction between carbon and pa
dium atoms are evident from the Mulliken population ana
sis (Table 1). The first one has obviously a donor–acce
nature: with respect to the stable 4d105s05p0 configuration,
the Pd 5s orbital accepts significant electron density from
nearest C atoms and Pd 4d orbitals donate a large electro
density in the opposite direction. This latter part of elect
density is distributed between surface carbon atoms no
volved in the bonding with palladium (those marked w
stars in Fig. 2a) and contributes to compensation of a
ficiency in the aromatic electronic structure of unsatura
rings. The best overlapping between Pd 4d orbitals and the
π system of the support is achieved in the two-coordina
d site. The electronic structure of the adsorbed pallad
atom in this position is extremely excited with notable do
tion from almost all 4d orbitals, resulting in the net Mullike
charge of+1.32.1 The second kind of interaction, providin
significantly lower energy gain, occurs for palladium a
sorption in the onefolde coordination position. In this cas
a considerable charge flow from the support to the ad
bate is accompanied by smaller back-donation, leadin
the total charge on the adsorbed Pd atom of−0.41. In this
position the Pd atom forms essentially aσ bond with the
nearest C atom and almost does not interact with the
matic π system. These two positions present two limit
cases of Pd–AC interactions. For other locations, the ex
tions in the atomic orbital occupations of adsorbed Pd at
are in between and depend largely on the geometric s
ture and chemical nature of a particular AC coordina

1 The Mulliken charges have to be analyzed with care due to the kn
limitations of the method; probably, they correctly represent the charge
under the formation of related bonds, but not the real atomic charges.
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Table 1
Mulliken analysis of the electronic structure of Pd atoms supporte
different coordination sites on the AC surface

Positiona AC1, ACd AC1,H, ACd,H

5s 5p 4d σb 5s 5p 4d σ

d 0.26 0.09 8.33 0.48 0.01 9.24
d2c 0.52 0.27 8.11 0.29 0.16 7.90

0.77 0.03 9.43 0.68 0 0.02 9.38 0.2
dd 0.28 0.01 9.06 0.17 0.11 8.85
dd ′ 0.33 0.04 8.96 0.04
d ′d ′ 0.44 0.02 9.15 0
e 0.62 0.05 9.75
ee′ 0.52 0.03 9.20 0.32 0.52 0.03 9.29 0.
h 0.54 0.09 9.37 0.39 0.15 9.12
hh′ 0.47 0.08 9.42 0.20 0.34 0.14 9.11 0.
e6 0.60 0.06 9.45

0.56 0.07 9.26 0.25

a AC1 and ACd stand here for the model clusters shown in Figs.
and 1d, respectively;AC1,H andACd,H refer to the same clusters with th
carbon atoms marked with stars saturated with H atoms; for the nota
of surface positions see Fig. 2.

b Reduced overlap population between two nearest Pd atoms.
c First line corresponds to the Pd atom directly bound to the AC surf

center. High adsorption energies for the defectg andh sites
are due to the formation of several Pd–C bonds and to
stabilization of theπ -electronic system of several neare
neighboring aromatic rings.

3.2. Coverage dependence of palladium adsorption on the
AC surface

The above two kinds of Pd–AC interactions show d
ferent behavior at increasing concentration of adsor
Pd atoms (Figs. 3b and 3c). For the primarily donor–acce
type of interaction, the Pd 4d to AC donation notably de
creases with simultaneous increase in the back-donatio
Pd 5s AO’s. That causes significant weakness in the me
AC bonding, even though the metal atoms are not boun
each other (dd ′ structure). Thus, for such interactions t
adsorption is stronger when the adsorbed atoms are p
as far from each other as possible (d ′d ′ structure). This is
the most stable arrangement of palladium atoms on the
ular zigzag edge of the AC surface at low concentration
contrast, the adsorption becomes much stronger when
palladium atoms occupy nearest onefold positions (ee′ case).
Correspondingly, donation from the palladium 4d orbitals to
the support is much more pronounced for this dimer than
the single palladium atom in thee position.

Due to the support-induced changes in the Pd electr
structure, the interatomic bond lengths in the suppo
Pd2 clusters are shorter than those in the gas-phase d
(2.53 Å), its anion (2.19 Å), and cation (2.22 Å) calculat
by the same method [49]. As was shown earlier [4
both an increase in the 5s AO occupation and decrease
the 4d electron density induce shortness and strengthe
of the Pd–Pd bond. The metal–support interactions in
d

r

Pd/AC catalyst provide these two effects simultaneou
As a result, the Pd–Pd bond occupations in supported2
clusters sitting in thed2, ee′, andhh′ positions are 0.676
0.322, and 0.204, respectively, in comparison with 0.
in a free Pd2 cluster, 0.385 in Pd2−, and 0.162 in Pd2+.
It should be emphasized that in all considered cases
interaction of palladium atoms with the support is
far stronger than Pd–Pd bonding and adsorbent-indu
stabilization of the support surface significantly contribu
to the resulting binding energy. For this reason, at
loadings, no cluster nucleation takes place; additional m
atoms are expected to occupy available positions on
AC surface.

Additional surface palladium atoms (Fig. 3c) furth
weaken the twofoldd positions while for the onefold
coordination the binding energy per Pd atom increases
becomes coverage-independent atn � 3. The energetically
preferential adsorption sites on the zigzag edges of
AC surface at monolayer coverage are onefolde positions
with the optimized Pd–C distances of 1.79–1.84 Å and
adsorption energy of 48.9 kcal/mol per metal atom. The
Pd atoms in such a chain are not equivalent: atoms, w
largely donate their 4d electron density, alternate with tho
showing slightly more pronounced electron reception. T
in turn leads to the charge oscillations in the range of±0.1
with positively charged atoms forming shorter Pd–C bon
The Pd–Pd bond lengths in such a chain are 2.5 Å w
bond occupation of 0.165. That is significantly higher th
the corresponding values for the bulk palladium (0.0
and its gas-phase dimer (0.087) calculated by the s
method.

3.3. Functional groups on the AC surface

Saturation of dangling surface bonds (Fig. 3d) suppre
the distant interactions of supported Pd atoms with the
matic π system. That leads to partial relaxation of t
palladium electronic structure and causes weakness o
Pd–AC interactions of the donor–acceptor kind. The we
ness is significant (∼25%) for d position and is feebly
marked for theee′ dimer. A diminutive strengthen of th
Pd–AC bonding accompanies partial saturation of sur
bonds for the checked defect sites. As a result, the de
sites became much more stable than all considered pos
on the zigzag edges. The nature of the surface group
or OH) has only a minor influence on the palladium adso
tion; however, for the most stable adsorption positions
Pd–AC interaction is 1.5–3.5 kcal/mol weaker in the pres
ence of hydroxyl group than in the presence of H atoms
the same time, the overlap populations between pallad
and carbon atoms are slightly larger in the former case.
total decrease of the adsorption energy in the presenc
hydroxyl groups is due to the adsorbent-induced supp
sion of theπ interaction between C and O atoms, which
responsible for the charge flow from the aromaticπ sys-
tem to oxygen and presents the important constituen
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efficient C–O bonding. This regularity demonstrates the
nificant contribution of the palladium-induced changes in
substrate electronic structure on the resulting adsorption
ergy.

4. Palladium clusters adsorbed on the AC surface

An increase of palladium loading above the monola
coverage leads to the cluster nucleation. In this sec
we discuss the geometric and electronic structures of s
(few atomic) and relatively large (∼20 atomic) palladium
clusters anchored in various coordination positions on
AC surface. First, we consider two nearest neighbo
C atoms on the regular zigzag edge of saturatedAC1,H

model clusters as the simplest adhesion position. The
results for Pd1–6/AC clusters are compared with tho
obtained by DFT calculations. To check how the suppo
particles influence the surface structure of activated car
we replaced one of the surface H atoms with pallad
and considered the adhesion of growing clusters in
corresponding three-center adsorption position. Finally,
effect of the morphology of adhesion position on the clu
growth is tested on the examples of three-layer model clu
and of the model defect site.

Fig. 4. Optimized structures and corresponding binding energies
kcal/mol) of Pdn/AC1,H (n = 3–6) clusters. For eachn, values corre-
sponding to the most stable arrangement are shadowed.
-

l

,

4.1. Pdn (n = 3–6) clusters in the two-center adsorption
position (EH and DFT results)

Adhesion of Pd3–6 clusters to the two-center coordin
tion site by Pd atoms sitting in the onefolde positions is
energetically much more favorable than that by one Pd a
in the twofoldd position (Fig. 4). As was shown earlier o
the example of small palladium cations [49], involvem
of spatially directed 4d electrons into the Pd–Pd bondin
favors the formation of planar configurations. Due to
large deficit in the 4d electron density and total positiv
charge of the first-layer Pd atoms adsorbed in the one
positions (see Table 2), formation of the planar configu
tions appears to be the most stable for the Pd4 and stable
enough for the Pd5 and Pd6. Excitations in the electroni
configuration of palladium atoms quickly extinguish wh
moving far from the support surface so that even the sec
layer Pd atoms have electronic structure very similar to
of the bulk. That results in the elongation of interme
lic bonds with increasing distance from the AC surfa
and in decreasing binding energy per Pd atom with c
ter growth. Nevertheless, for the most stable structures

Table 2
Mulliken analysis of the electronic structure and bond population
Pdn/AC1,H (n = 3–6) clusters

Clustera Layer 5s 5p 4d σii
b σij

c

3d I 0.37 0.13 9.08 0.25 0.11
II 0.04 0.03 9.74

4b I 0.39 0.14 9.00 0.24 0.10
II 0.08 0.06 9.81 0.06

4c I 0.22 0.09 9.42 0.14; 0.18

4d I 0.39 0.14 9.08 0.26 0.13
II 0.05 0.05 9.79 0.11

5c I 0.39 0.15 9.00 0.19 0.11; 0.10d

II 0.13 0.06 9.87 0 0.06
III 0.08 0.05 9.71

5d I 0.406 0.16 9.03 0.19 0.11; 0.10d

II 0.058 0.04 9.88 0 0.05
III 0.072 0.06 9.69

6c I 0.41 0.15 8.97 0.26 0.13
II 0.09 0.07 9.80 0.07; 0.11

6d I 0.39 0.14 9.08 0.25 0.14
II 0.07 0.08 9.72 0.12 0.09
III 0.05 0.04 9.90 0.09

Pd(111)e Surface 0.11 0.09 9.80 0.05 0.04f

Pd(100)e Surface 0.10 0.08 9.82 0.05 0.04f

Pd(110)e Surface 0.09 0.07 9.84 0.05 0.05f

a See Fig. 4.
b Reduced overlap population between two nearest Pd atoms from

same layer.
c The same for the given and upper-layer atoms.
d The same for the given and third-layer atoms.
e Calculated by the same method for the 43-, 46-, and 42-atomic m

clusters of the (111), (100), and (110) faces, respectively, with frozen
palladium geometry.

f Reduced overlap population between surface and second-laye
atoms.
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Fig. 5. DFT optimized structures and corresponding binding energies (BE, kcal/mol) of Pdn/C10H6 (n = 1–6) clusters.
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interaction energy of the Pdn–AC bonding, calculated with
respect to the stability of the corresponding Pdn clusters,
remains in the range of 97.6–98.9 kcal/mol. Relative sta-
bilities of the planar configurations decrease with increas
cluster size, and for Pd5 and Pd6 cluster three-dimensiona
5c and 6c structures become more stable than other
mers.

Fig. 5 presents optimized geometries and correspon
binding energies of the most stable Pd1–6/C10H6 clusters
obtained by the DFT method. The Mulliken orbital occ
pations of the single adsorbed Pd atom (4s1.984p5.994d7.49

5s0.365p0.145d1.626s0.276p0.002) confirm extremely high
AC-induced excitation in the palladium electronic struct
with large deficit in thed electron density and significan
occupation of the diffusives and p orbitals. That results
in close similarity in the shape of the Pdn/C10H6 and
Pdn/AC1,H clusters obtained by the two methods. Howev
incorporation of the diffusive orbitals into DFT calculatio
causes destabilization of the planar conformers growin
the plane of aromatic rings (structures3–6d/AC1,H in Fig. 4)
and promotes elongation of Pd–C and Pd–Pd bonds wit
multaneous increase of the adsorption energies. More
full optimization of the Pdn and C10H6 geometries per
formed in the DFT calculations in comparison with t
symmetry-constrained optimization of the metal clust
and frozen geometry of the support model applied in
EH calculations also contribute to the differences in
absolute energy values. Small size of the C10H6 cluster mod-
eling the support surface results in some overestimatio
the Pd–AC binding energy obtained by the DFT meth
(∼3–5 kcal/mol, as shown the EH energy differences b
tween Pdn adsorption on theAC1,H and C10H6 clusters)
and overrates the adsorbent-induced relaxation of the
port.

Our comparison confirms again that electronic structu
from EH calculations are very consistent with those fr
high-level methods. In contrast, EH methods are know
provide poor absolute values of bond lengths and ener
Thus, the EH optimized Pd–Pd and Pd–C bond lengths
,

-

.

underestimated in comparison with the corresponding D
values. As in the case of bare palladium clusters and i
in the Pdn/AC systems the EH and DFT binding energ
differ significantly, while qualitatively the size dependenc
are similar. The EH binding energies in the Pdn/AC (n =
2–6) system show the linear dependence on the corresp
ing DFT values similar to that presented in Fig. 1:

(3)EEH = 0.19EDFT + 66.32
(
R2 = 0.99

)
.

The former coefficient here represents mainly the D
correction to the Pd–Pd binding energy whereas the la
one is generally responsible for the interaction of the fi
layer palladium atoms with the support and with each ot
Therefore, at the qualitative level, the EH method provi
agreement with the DFT results reasonable enough fo
application for larger systems.

4.2. Directions for further cluster growth

Two energetically favorable directions for further grow
of the most stable Pd6 isomer (6c/AC1,H in Fig. 4) are
shown in Fig. 6a. The first one starts with incorporat
of two additional palladium atoms into the bottom lay
The resulting structure presents the most stable Pd8 isomer,
which further grows into the relatively stable9b–15b/AC1,H

conformers. However, starting from nine-atomic cluste
formation of the close-packed upper-layer arrangement
similar to the curvedfcc (111) face (9c/AC1,H) becomes
energetically more favorable. The structures11c–16a/AC1,H

present the preferential way for the growth of Pd particles
the two-center position of the AC surface.

Pd8–15 clusters growing in these two ways show ma
common features. All these clusters have a compact
structure with average Pd–Pd bond occupations far from
AC surface of 0.07–0.10, i.e., slightly higher than those
the bulk. With increasing coordination saturation of surfa
palladium atoms, their interaction with each other beco
close to that on the low-index bulk surfaces (see Table
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Fig. 6. The most likely directions for the growth of palladium particles in the two-center coordination position of the saturated regular zigzag edgemodeled
by theAC1,H cluster.
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The lowest layer Pd atoms form much stronger bonds.
surfaces of the clusters are close-packed with preferen
triangular arrangement of metal atoms. Formation of m
“open” surface assemblies is energetically unfavorable
nally, structural differences extend only to the lowest lay
Geometric and electronic configurations of surface lay
of the 18e/AC1,H and16a/AC1,H clusters are very simila
Both these clusters could serve as nucleation centers of
fcc structure.

In Fig. 6b, several possibilities for incorporation of a
ditional two and four palladium atoms into the16a clus-
ter are considered. Comparing the energetics of the18a–
18d/AC1,H structures, one can see that the additional at
continue to build the upper layer started by the topm
Pd atom in the16a/AC1,H structure with preferential direc
tion in the plane ofAC1,H cluster. The inclusion of two P
atoms into each of the two upper layers presents the
stable configuration of the supported Pd20/AC1,H cluster. Fi-
nally, structure22a/AC1,H shows the most stable 22-atom
cluster with an average diameter of 13 Å. Summarizing
t

above results, we suppose that minimization of the sur
energy presents the main factor determining growth of na
sized clusters.

Increasing cluster size leads to a slight decrease o
electron density on palladium atoms directly bound to c
bon. Most likely, essential positive charge on these at
induces the high Pd3d binding energies in the Pd/AC
clusters of a mean diameter less than 1 nm obse
experimentally [63]. The electronic structure of the s
face Pd atoms shows only minor dependence on the
ter size. These atoms have the electronic configura
4d9.7–9.85s0.1–0.25p0.1 and maintain small (∼0.05–0.1) neg-
ative charge, which arises from slightly higher occupati
of Pd 5s,p orbitals as compared to those on the b
surfaces. This excess of electron density is due to the b
donation from the AC surface that allows for compensa
of high positive charge on the first-layer palladium ato
and determines total negligible charging effects in the Pn–
AC interaction observed experimentally [64].
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Fig. 7. Small palladium clusters adsorbed in the three-center coordination position of the saturated regular zigzag edge modeled by theAC1,H_3c cluster (a),
two preferential directions for their further growth (b), and the favorable way for the growth of palladium particles on the three-layer model cluster AC3,H (c)
(the lower line presents the top view).
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4.3. Palladium clusters on three C atoms of the zigzag edge

Small supported Pd clusters adsorbed in the three-ce
site of the one-layer model cluster (Fig. 7a) behave v
similar to those adsorbed on the two-center site. In
most stable ten-atomic cluster (10a/AC1,H_3c in Fig. 7b), the
third-layer atoms form much shorter and stronger bonds
the first- than with the second-layer atoms. Further gro
of this cluster leads to the formation of the14a/AC1,H_3c–
21a/AC1,H_3c configurations with relatively high surfac
area. Therefore, starting from 14-atomic clusters, forma
of the close-packed arrangements very similar to those
cussed above (cp., e.g., structures14b/AC1,H_3c in Fig. 7b
and 15c/AC1,H in Fig. 6a) becomes energetically mo
favorable. While two-layer14b/AC1,H_3c and three-laye
21b/AC1,H_3c configurations are not consistent with the p
ladium bulk structure, the preferential direction for the cl
ter growth presented by the17b/AC1,H_3c and20b/AC1,H_3c
r

clusters exhibits development of thefcc structure with trian-
gular (111) faces.

4.4. Palladium clusters on the three-layer model cluster

On the three-layer model cluster, palladium atoms
sorbed on the sequential graphite layers optimize their
teractions with the coordination sites and exhibit negligi
interaction with each other (7a/AC3,H in Fig. 7c). The bes
position for the next four atoms is between metal ato
adsorbed on different layers (9a–11a/AC3,H). These atoms
form extremely strong bonds with the central Pd atom. H
ever, further cluster growth (14a/AC3,H) leads to the struc
tural transformations in the first layer: the9a/AC3,H cluster
provides the connection to the support, and other atoms
pushed into the upper layers. The geometric and electr
structures of the upper-layer atoms in the16a/AC3,H cluster
are very similar to those of the10a/AC1,H_3c cluster. Thus,
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we suppose that further cluster growth will proceed in
analogous manner.

4.5. Palladium clusters on the model defect
of the AC surface

The model defect site on the AC surface provides
strongest interactions with a single palladium atom and w
palladium dimer and presents the most likely nuclea
center. The likely direction for the growth of palladiu
clusters in this adsorption position is shown in Fig.
The first four atoms are directly bound to the supp
Further cluster growth faces the steric restrictions due to
nearest neighboring hydrogen atoms. For that reason,
10-atomic clusters grow outward from the support surf
and hold “open” surfaces with low-coordinated metal ato
Starting from 11a/ACd,H, the development in the plan
of aromatic rings becomes possible and the clusters
again close-packed triangular surfaces. The geometric
electronic structures of the upper-layer metal atoms in
13a/ACd,H cluster are very close to those in the simi
clusters adsorbed on the regular zigzag edges.

Figure 8b presents the most stable configurations of s
palladium clusters growing on the same model defect
with two hydrogen atoms in the nearest neighboring to
defect site positions being removed. In general, the clu
growth follows the regularities described above and for
13a/ACd,H_3c cluster the geometric structure of the upp
layer is similar to the curvedfcc (111) plane. However, du
to the higher unsaturation of theACd,H_3c coordination site
the interatomic Pd–Pd distances are significantly contra
as compared to those in palladium clusters on the reg
zigzag edges.

Summarizing, the geometry of few-atomic clust
strongly depends on the morphology of the particular
adsorption site while larger clusters form bulkfcc-like struc-
tures with nearly spherical shape and close-packed trian
surfaces. Electronic structure of very small supported p
cles varies significantly with structure and chemical na
of the adsorption position but remains about the same
the outer atoms in relatively large three-layer clusters.

5. Discussion

Obtained results have some implications to the un
standing of the Pd–AC interaction and its effect on
catalytic reactivity of supported metal catalysts. In this s
tion, we link the computational data and the experime
observations.

5.1. Atomic phase Pd/AC catalysts

Carbon supports consist generally from small grap
crystallites. That results in high surface area prese
by basal graphite planes and numerous grain bound
r

s

and dislocations containing unsaturated carbon atoms
functional groups. Our calculations show that the ba
graphite plane is inactive toward palladium adsorption
contrast, Pdn/AC particles are strongly bound to vario
unsaturated surface sites. For this reason, HOPG and
graphite materials, which are usually used as carbon m
supports [10,65], seem to not be representative of trans
metal/AC catalysts.

From the adsorption sites on the most common reg
zigzag edges of AC grains, the twofold position betw
nearest aromatic rings (labeledd in Fig. 3) is energetically
the most favorable at very low loading. In these positio
supported metal atoms tend to be situated as far from
other as possible and are easily available for catalytic
teractions. Adsorption in this position provides the b
interaction between Pd 4d orbitals and the aromaticπ sys-
tem and results in the strong excitation in the pallad
electronic structure with notable occupation of the 5s AO
and large deficit in the 4d electron density. That, in turn
should cause the specific chemical and physical properti
highly dispersed Pd/AC catalysts. With increasing conce
tration of supported palladium atoms, stability of the twof
positions decreases, and the metal atoms shift to the
fold e positions. Filling of the onefold surface sites on t
regular zigzag edges takes place up to the monolayer
erage. In such positions, adsorbed palladium atoms ac
high 5s AO occupation while excitations in the 4d electron
density are less pronounced than in the twofold sites.
ther increase of Pd loading leads to nucleation of suppo
clusters.

Surface defects are especially active toward cappin
palladium atoms with the stability of each particular s
face site being strongly dependent on its geometric struc
and chemical nature. Strong bonding of adsorbed pallad
atoms to defect sites, where several Pd–C bonds could f
confirms the suggestion of authors [44] about depositio
metal particles of high dispersion in narrow pores of the s
ports, which can render part of the metal surface inacces
to reactants of catalytic reaction. Highly stable adsorp
positions at boundaries of micro- and nanopores presen
most likely nucleation centers, on which supported pa
dium particles grow. Probably, it causes notable decrea
AC surface area at impregnation [66].

Interaction of palladium atoms with various unsatura
and defect sites on the AC surface is much stronger
that with each other. Consequently, while Pdn–AC binding
energy tends to increase with increasing cluster size,
adsorption energy per palladium atom decreases syste
ically. That provides the driving force for rising dispers
of Pd/AC catalysts at elevated reduction temperatures
served experimentally [44,45,67]. In contrast, at relativ
low temperatures, the high activation barrier for surface
fusion of a palladium atom favors the preservation of spa
adsorbed particles formed at the calcination step. On
other hand, highly activated diffusion and strong bonding
adsorbed particles to the support make their sintering e
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Fig. 8. Optimized structures and corresponding binding energies (kcal/mol) of Pdn/AC (n = 4–13) clusters bound to the defect site on theACd,H andACd,H_3c model clusters (the lower line in Fig. 8a presents
the side view).
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getically unfavorable. We suppose that the experimen
observed decrease in the Pd/AC dispersity at the reductio
temperature higher than 400 K [44] is due to palladiu
catalyzed alterations in the support surface structure ra
than to the diffusion-controlled agglomeration. This iss
will be discussed in a future communication of ours. Th
in agreement with the experimental observations [44], f
the thermodynamic point of view, the atomic palladium d
persion could be achieved at the proper reduction condit
Taking into account high surface area of common activa
carbon supports, one can expect that in real Pd/AC catalysts
a significant part of metal particles exists in the atomic
dispersed form.

Similar effects could underly the anomalous nuclea
of Pd, Ni, and Ag particles on amorphous carbon obse
in the vapor deposition experiments [2]. Trapping of me
atoms at the most stable sites does not lead to the cluste
cleation until the monolayer saturation is achieved. Fur
deposition of metal atoms causes their rapid coalescenc

5.2. Functional groups on the AC surface

Activated carbons derived from different sources or s
jected to various pretreatment procedures are characte
by different porous structure and surface composition.
consideration is restricted to the second subject. Satur
of dangling surface bonds causes destabilization of ads
tion positions on the regular zigzag edges but the natur
surface groups (H or OH) has only a minor effect. The
uration of dangling surface bonds is expected to decr
the dispersity of supported palladium particles by me
of a decreasing number of active sites on the AC sur
and limitation of their surface motion. Moreover, on sa
rated surfaces a much larger fraction of supported part
is expected to occupy out-of-the-way places in nanop
than that on unsaturated surfaces. Experimentally, this e
manifests itself in the profound influence of the origin
carbon support on the properties of the palladium cata
and in the absence of unambiguous correlation between
alyst properties and pretreatment of activated carbons
Owing to the long-range charge transfer along the arom
π system, palladium adsorption causes notable alteratio
surface bonds of the support, which significantly contrib
to the apparent adsorption energy.

5.3. Supported Pdn/AC clusters

Bulk and especially surface structure of supported tra
tion metal particles is extremely important for their cataly
performance. At present, interpreting experimental data
authors usually use models derived from the correspon
metal crystal structures and widely discuss crystal fac
kinks, and steps on cluster surfaces [2,8–10,12,13]. On
other hand, it is believed that interaction with a supp
causes remarkable changes in the electronic structure o
ported metal particles. To the best of our knowledge, in
r

.

-

d

-

t

-

-

present work we make the first attempt to address this q
tion from the theoretical point of view.

Our results show that the geometry of very small pa
dium clusters supported on the AC surface is determ
by the structure of a particular adsorption site. Howe
further cluster growth always leads to the formation
compact particles with nearly spherical shape and cl
packed triangular surface structure. More “open” surfa
are energetically unfavorable. In contrast to the bare
ladium clusters, showing the tendency to form icosahe
configurations, activated carbon support enhances direc
cleation of thefcc bulk structure. For relatively small cluste
(n < 10), the binding energy per palladium atoms shar
drops with increasing cluster size. That provides the driv
force for high dispersity of adsorbed palladium on AC s
face. For larger clusters, the binding energy per Pd a
becomes less sensitive to the cluster size; therefore, at f
able steric conditions large palladium particles could g
and coexist with relatively small supported clusters, as
observed experimentally [67]. Firm interaction between
tivated carbon and palladium particles and support-indu
strengthening of the Pd–Pd bonding underly such an im
tant technological characteristic as stability of the suppo
catalysts. These results are very consistent with the intu
representation of the morphology of supported cluster; h
ever, as will be seen from our future communications, th
not always in case.

Size dependencies of the binding energies for Pdn adsorp-
tions on the considered AC surface sites are well appr
mated by the linear relationship BE= a ∗n+b (Fig. 9a). For
the similar coordination positions (regular zigzag edge or
fect site), the regression slopea increases with increasin
surface unsaturation. The interceptb increases with strength
ening the interaction between the first-layer Pd atoms
the support. With the adopted expressions for the calcula
of BE and BE1 (Eqs. (1) and (2)), it means that palladiu
displacement of hydrogen atoms in the nearest neighbo
to the coordination site positions is energetically favora
and the energy gain of such substitution increases with
creasing size of Pdn cluster. Taking into account the exce
of hydrogen, high temperature, and possible catalytic e
of adsorbed palladium particles, one can expect that p
dium substitution of surface hydrogen readily proceed
real systems. Fig. 9b demonstrates that the average Pdn–AC
interaction energy could be well approximated by the lin
dependence on the number of Pd–C bonds formed, w
in turn depends on the number of coordination positi
available for Pd adsorption on AC surface. The linear r
tionships presented in Figs. 9a and 9b allow one to estim
the Pdn–AC interaction energy for the given coordinati
position and cluster size. Using Eq. (3), one can estim
the DFT interaction energy for Pdn adsorption on the regu
lar zigzag edge of the AC surface. Unfortunately, we can
estimate the relationship between EH and DFT energie
other coordination sites due to the computational difficult
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s
Fig. 9. Size dependence of the binding energy for Pdn adsorption in different coordination positions on the AC surface (a) and Pdn–AC interaction energy a
a function of the number of occupied surface sites (b).
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Although metals are characterized by easy charge tr
fer, we found that Pd–AC interaction has a very local nat
with respect to supported particles and is strongly d
calized along the aromaticπ system. Consequently, whi
electronic structure of the palladium atoms directly bou
to the support surface is extremely excited, these altera
sharply diminish with height above the support. The el
tronic configuration of the upper-layer palladium atoms
very close to that of bulk surfaces with only slightly hig
5s orbital occupations. Hence, in contrast to the atom
phase Pd/AC, supported nanosized particles should exh
chemical behavior very similar to that of the bulk.

Therefore, growth of AC-supported palladium partic
at the catalyst reduction stage could be seen as foll
Palladium deposition starts from the filling of unsatura
surface positions up to the monolayer coverage follow
by the formation of few-atomic clusters with geometry d
termined by the morphology and chemical nature of
adsorption site. Such clusters are located preferential
defect sites and nanopores with high concentration of
saturated carbon atoms. Electronic structure of Pd atom
such clusters is extremely excited. These clusters grow
compact three-dimensional particles of about 1 nm in
ameter. Surface atoms in such particles form close-pa
triangular arrangements and have electronic configura
very similar to that of bulk. These particles serve as nu
ation centers for the bulkfcc structure. Structure16a/AC1,H

in Fig. 6a presents such simplest nucleus. Constructio
each next layer begins from the deposition of Pd ato
above the upper-layerfcc sites followed by filling threefold
positions at the cluster sides and is completed by Pd su
tution of the nearest neighboring H atoms on the AC surf
with formation of new Pd–C bonds. Supported partic
growing by such a mechanism will have close to semisph
cal shape with minimal surface energy and effective Pdn–AC
interaction.

6. Conclusions

Geometric and electronic structures of palladium ca
lysts supported on activated carbon (AC) are analyzed u
semiempirical quantum chemical modeling in compari
with DFT calculations and with published experimen
data. The issues raised in the Introduction could be sum
rized as follows:

1. In contrast to the basal graphite plane, unsaturated
face carbon atoms are found to form very strong bo
with Pd atoms. The experimentally observed prefer
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tial palladium adsorption in narrow pores is attribu
to a high concentration of unsaturated surface bond
these adsorption positions. At very low loading, pa
dium atoms on AC surface are positively charged du
the extremely effective delocalized donor–acceptor
teraction with theπ system of the support. Increasin
loading causes alterations in the Pd–AC bonding acc
panied by diminishing deficit in Pd 4d electron density
and corresponding net charge.

2. Pretreatment of the AC surface decreases the numb
surface sites available for adsorption of metal partic
and causes pronounced stabilization of adsorption
sitions in micro- and nanopores as against coordina
sites on zigzag edges of AC grain boundaries. Sat
tion of dangling surface bonds significantly contribu
to the energetics of Pd–AC interactions. The natur
surface groups has only a minor influence on the Pd–
bonding.

3. Interactions of Pd atoms with AC surface sites are by
stronger than with each other. That provides the driv
force for atomic dispersity of Pd/AC catalysts. Togethe
with a high activation barrier for Pd surface diffusio
that manifests itself experimentally in increasing Pd d
persion with increasing catalyst reduction temperat
Cluster formation becomes thermodynamically pre
ential after the saturation of monolayer coverage. Tak
into account high surface area of the usual AC supp
we suppose that a large part of supported palladium
ists in the atomically dispersed form.

4. Geometry of very small supported clusters essent
depends on the morphology of a particular coordina
site. As opposed to the gas-phase clusters, the sup
induced changes in the Pd electronic structure resu
the direct nucleation of thefcc structure. With increasin
cluster size, the Pdn–AC bonding strengthens.

5. Further cluster growth leads to the formation of comp
three-dimensional particles with close-packed prefe
tially triangular surfaces. While electronic structure
the palladium atoms directly bound to the support is
tremely excited, these alterations sharply diminish w
height above the support so that the electronic config
tion of the surface atoms in nanosized palladium clus
is very close to that of the low-index bulk surfaces. F
that reason, we speculate that nanosized palladium
ticles supported on the AC surface behave very sim
to the close-packed bulk palladium surfaces.
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