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Abstract

Geometric and electronic structures of palladium clusters supported on activated carpphQPdre analyzed using semiempirical
guantum chemical modeling for = 1-22. Qualitative reliability of the results is checked by DFT calculations:fer 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 atoms wit
the support is much stronger than that with each other. That provides the driving force for atomic dispersiy@fBthlysts. Geometry
of small clusters is determined by morphology of an adhesion position. Nanosized particles form compact three-dimensional structures
with close-packed triangular surfaces. AC support causes notable excitations in the electronic structure of metal atoms directly bound to
the support, resulting in the direct nucleationfad-like structures. These excitations are quickly extinguishing when moving far from the
support surface.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction cluster size distribution, and its relationship to the atomically
dispersed metal phase and metal-induced changes in the

Supported catalysts are typically made of transition support surface remain open. Because of the extremely small

metal clusters with diameters less than 5 nm anchoredsijze of supported particles, experimental identification of

to the support surface. They experience strong influencetnese characteristics is a very difficult task [9,11].

of the support, which has major implications on catalyst At this point quantum chemical calculations can be

stability and reactivity. This paper is devoted to the study large value. Modern density functional theory (DFT)

of Pd catalysts interactions with activated carbon (AC). calculations are the methods of choice for such studies;

Nan05|_zed particles show unique phy_s_lcal and chemical however, these methods are still computationally demanding
properties [1-4]. As a rule, small transition metal clusters "
. . OTor treatment of a large transition metal system. The lack
are characterized by unusual symmetries and contracte : . :
of accurate experimental information about the structural

interatomic distances as compared to those of the bulk [5], i
by loss of metal properties [6] and by atypical magnetic aspects of the catalyst—support interface presents another
serious problem in the theoretical modeling of supported

behavior [7]. However, available data on bare clusters have i .
given only minor contribution to our understanding of catalysts. Thus, a high-level quantum chemical study of

the structure and properties of supported catalysts sincethe structure and reactivity of supported transition metal
interaction with the support influences the morphology clusters is still atits early stage [15,16]. DFT methods were
and electronic structure of metal particles [8]. Numerous applied for investigation of adhesion of the metal atoms
fundamental investigations on the morphology, nature, andand up to six-atomic clusters of Pd [17-25], Pt [26], Cu
reactivity of supported catalysts led to impressive progress|[22,23,25,27,28], Ag [21,22,27], Au [27], Ni [22,23,29,30],
in understanding their chemistry at the atomic level (for and Co [30] on Ti@ and MgO. Other supports (SO
recent reviews, see, e.g., [9-14]). Yet such questions asAl,0s3) attracted significantly less attention [31-36]. To
bulk and surface structure of nanosized supported particles,the best of our knowledge, no published theoretical results

are available on the transition metal clusters supported on
~* Corresponding author. activated carbon (AC). Probably, this is due to its extremely
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Activated carbon supports consist generally from small

. . . . . . 90
graphite crystallites with highly dlsclfr(.jered,,, wregglar, rpugh _— B = 030BE g, + 1955
and heterogeneous surface. The “zigzag” configuration of g R2 =099 bd
edges of carbon layers is the most common in a wet envi- § 7° >
4

ronment [37,38]. Pretreatment of activated carbons causes.. ®° 1
reorganization of their porous [39] and surface structures 5 ° 1
[40-42] and influences significantly the adsorptive and @ 40 1
chemical properties of the support [43]. Depending on the £ 30 -
AC nature, pretreatment, and application history, a multi- § 20 -

BEgy = 0.14BEper + 10.23

ing energ

BEgy = 0.158E e - 0.36

tude of surface functional groups and surface ensemblesh 1o : R?=1.00

are formed, so the determination of local AC surface struc- 0 . . ; .

ture and, specifically, of the active sites for anchoring of 0 100 200 300 400 500
supported transition metal particles is not straightforward. DFT binding energy. kcal/mol

Therefore, in spite of the Wld? appllcatlon Of,l?-‘(ﬁ_cat- Fig. 1. Relationship between binding energies obtained by DFT and EH
alysts and numerous publications devoted to their perfor- methods for the Bd(n = 2-13), P+, and P@~ (n = 2-6) clusters.

mance in catalytic processes, the fundamental studies of

these. catalysts are rather scarce [44,45]._ N large transition metal systems. Such methods are known to
This work presents the results of semiempirical EH (and provide trustworthy qualitative trends and electronic struc-
some DFT) modeling of adsorption and growth of12d tures from the molecular orbital point of view [50] but nei-

particles in surface sites of activated carbon with various ther absolute energetic values nor optimized bond distances
geometric and chemical natures modeled by relatively large cgjculated by EH-based methods are reliable themselves.
CasH11—CesHas clusters. The following problems are ad- The computational approach applied here was also used
dressed: for modeling of bare palladium clusters [48] and ions [49].
Later, DFT calculations [51] confirmed the obtained quali-
1. Relative stabilities of the regular zigzag and several tatjve trends. Comparison of the binding energies computed
defect surface positions for capping of a Pd atom and for Pd, clusters and ions with both methods shows simple
their coverage dependence; linear relationships between the two (Fig. 1). We feel that
2. Influence of the saturation of surface C-atoms and of the thjs justifies the use of EH methods for predicting qualitative
nature of surface groups (i.e., AC pretreatment) on the trends in large Pg/AC systems. Besides, qualitative credi-

Pd—AC interactions; _ _ bility of the present results is validated by DFT calculations
3. Relationship between' the atomically dispersed metal of pg, ¢ interactions with small @Hsg cluster, modeling the
phase and agglomeration; simplest adsorption site on the AC surface. The detailed DFT

4. Geometric and electronic structures of very small palla- results will be presented elsewhere. We compare here the
dium particles supported in different coordination posi- two methods and show a simple linear relation between their

tions on AC surface; predictions. For large palladium clusters, the EH energetic
5. Support-induced directions for the growth of nanosized values can be corrected to estimate DFT values.
palladium particles. The remainder of the paper is organized as follows.

Computational methods and models are described in the
The main attention is paid to the support-induced changesnext section. In Sections 3 and 4, the computational data on
in the electronic structure of the metal particles and to the atomic palladium adsorption and cluster growth in different
geometric structure of relatively large P®C (n > 10) coordination positions on an AC surface are presented.
clusters with an average size of about 1 nm. Presently, suchimplication of the obtained results into the understanding of
clusters are the most difficult for investigation since they the Pd—AC interactions is discussed in Section 5. Section 6
are too small for experimental observation and too large for gives our conclusions.
modeling by high-level theoretical methods. The obtained
results are compared with the corresponding experimental
and theoretical data on the supported and bare clusters an@. Computational methods and models
on bulk palladium surfaces.

Between validity of computational model and level of Semiempirical calculations are performed using the ex-
theoretical approach, the former issue seems to be more imtended Huickel technique [52] modified by the core—core
portant for poorly investigated systems. The initial approach repulsion term. The method is essentially similar to the
to such systems should provide a qualitative understandingASED MO (atom superposition and electron delocaliza-
of the most important features and basis for following quan- tion molecular orbital) approach [53]. The differences are
titative calculations. Literature analysis [46,47] and our own that (i) as in the “classical” extended Hiickel theory, the
experience [48,49] show that extended Hickel (EH) based unmodified “weighted” Wolfsberg—Helmholz formula with
methods remain the best semiempirical tool for handling the distance-independent Hiickel constant 1.75 [54],
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keep a fixed graphite structure with nearest neighboring C-C
bond lengths of 1.42 A and interlayer distances of 3.35 A.
Saturation of dangling bonds on the AC surface was achieved
by termination of the carbon atoms marked with stars by
H atoms or by OH groups with C-H, C-0O, and O-H
bond lengths of 1.0, 1.43, and 1.0 A, respectively. The
AC,/AC, ,/AC, ,y 5 H-terminated clusters from Figs. 2a, 2b and 2d are noted as
AC1n, AC3n, and ACyn, respectively. In the DFT calcu-
lations a small gHs cluster (Fig. 2e) modeling the zigzag
edge on the AC surface with full geometry optimization was
applied. For comparison purposes, the same cluster with the
frozen geometry was used in several parallel EH calcula-
bl ool tions.

AC,/ AC,, The Pd—AC binding energy (BE) is determined as

R BE = E(Sup +n x E(Pd) — E(Pd,/Sup, (1)

whereE (Pd,/Sup, E(Sup, andE (Pd) are the energies of
the adsorptive complex, the corresponding model cluster,
and a Pd atom, respectively. In several calculations, one
H atom of a AC1y model cluster and two H-atoms of

a ACyn cluster were removed. The resulting clusters are
noted asACyn 3c andACyp_sc, respectively. In these cases,
the binding energy was calculated as

BE1 = (Sup +n x E(Pd) — E(Pd,/Sup
—(m/2) x E(H2), ()

ACy/AC 1/ ACqn 3 where E(Sup corresponds to the H-terminatetdCyy or
e ACqy4n model clustersyn is the number of the removed
H atoms, andE(Hz) = —33771 eV is the energy of
a hydrogen molecule calculated by the same method.

2
-
»

CioHg

Fig. 2. Model clusters used for representation of active adsorption sites on
the surface of activated carbon. In the notatioh§y, AC3, andAC,; stand . . . .
for the unsaturated clusters modeling the regular one- and three-layer zigzag As a first sFep,. we cop§|der the relative stabilities of
edges and the defect site on the AC surface, respectivly;, AC3H, different coordination positions on the regular and defect
and ACqH stand for the same clusters in which the marked carbon atoms sites of the AC surface toward trapping of a single pal—
are saturated with hydrogen; in theCy  3c and ACqH_sc clusters the  |adjum atom and the nature of the Pd—AC interactions at
hydrogen atoms are removed from the circle-star marked positions. various coverages. Fig. 3 shows schematically several calcu-
lated structures of atomic Pd adsorption, the corresponding

(i) the standard Huckel parameters [55], and (iii) the re- pinding energies, and the optimized shortest Pd—C bond dis-
pulsive term as formulated by Calzaferri et al. [56] are em- tances.

ployed in the applied scheme. DFT calculations have been

carried out using Gaussian98 package [57] at the B3LYP 3.1. Adsorption of a single palladiumatom

level of theory [58,59]. The relativistic effective core poten- on the AC surface

tial basis set of double-quality LANL2DZ was employed

for Pd [60] and C [61] atoms; H atoms were described inthe  Adsorption centers on the carbon atoms with dangling

cc-pVDZ basis set [62]. Both EH and DFT calculations were bonds, especially on thg ands defect sites, cap Pd atoms

performed for the lowest multiplet state. with high exothermic effect. The basal plane of the AC
To represent structural irregularities holding dangling support (Fig. 3a,a—c positions) demonstrates very low

bonds as well as the regular basal graphite plane, in theability to trap Pd atoms and clusters. The large energy

EH calculations, the surface of activated carbon was mod- difference betweed position, which is the most stable on

3. Atomic palladium adsor ption on the AC surface

eled by the one-layer43H11 (AC3) and three-layer ggHzs the regular zigzag edge, and the neasiest ¢ sites indicates
(AC3) clusters (Figs. 2a and 2b). Surface defects were ob- high activation barrier for surface diffusion of an adsorbed
tained by removing carbon atoms from theC; model palladium atom. The interlayer insertion of a Pd atom (not

cluster (Figs. 2c and 2d). The clusters were assumed toshown in the figure) is endothermic for all possible positions.
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a b c d e f g h
BE 365 368 030 749 386 604 821 827
dpac 207 203 274 168 177 179 182 186

163 2.65 2.02
T B o0
dd  d2 dd' d'd’ e’ e"e" hh'
BE 88.3 1000 1013 1M7.7 992 728 1121
dpgc 190 163 1.74 1.90 177 178 1.89
220251241
C Loy
e3 ed e5 e6
BE 146.6 195.4 2442 293.3
dpac 1.76 1.79 179 179
d

d dd ee' g h hh'

BE 56.9(550) 566(585) 96.2(94.6) 88.3 (88.1) 888 (88.3) 120.4 116.9)
dpac 199 (1.99) 190 (211 182(1.82) 1.83 (1.83) 1.88(1.88) 219 (219

Fig. 3. Atomic palladium adsorption in different surface positions of activated carbon, corresponding binding energies (Bi6))keaid optimized shortest
Pd—C distances (A) for (a) single Pd atom, (b) two-atom cluster and (c) increasing coverage on an unsaturated surface, and (d) single Poatiistensd Pd
on saturated surfaces. At each “coverage,” values corresponding to the most stable arrangement are shadowed. For the saturated modetstivataes the fi
correspond to R= H and values in parentheses correspond te GH.

Two main kinds of interaction between carbon and palla- charge of+1.32.! The second kind of interaction, providing
dium atoms are evident from the Mulliken population analy- significantly lower energy gain, occurs for palladium ad-
sis (Table 1). The first one has obviously a donor—acceptorsorpt'oﬂ in the onefole@ coordination position. In this case,
nature: with respect to the stablé®55°5,° configuration, ~ @ considerable charge flow from the support to the adsor-
the Pd 5 orbital accepts significant electron density from the 02t€ iS accompanied by smaller back-donation, leading to

. the total charge on the adsorbed Pd atom-6f41. In this
nearest C atoms and Pd 4rbitals donate a large electron osition the Pd atom forms essentiallvabond with the
density in the opposite direction. This latter part of electron P bl

e " nearest C atom and almost does not interact with the aro-
density is distributed between surface carbon atoms not iN- matic 7 system. These two positions present two limiting

volved in the bonding with palladium (those marked with - cases of Pd-AC interactions. For other locations, the excita-
stars in Fig. 2a) and contributes to compensation of a de-tions in the atomic orbital occupations of adsorbed Pd atoms
ficiency in the aromatic electronic structure of unsaturated are in between and depend largely on the geometric struc-
rings. The best overlapping between Riletbitals and the  ture and chemical nature of a particular AC coordination
7 system of the support is achieved in the two-coordinated
d site. The electronic structure of the adsorbed palladium —; ) )

. . o . . The Mulliken charges have to be analyzed with care due to the known
atom in this position is eXtremew excited with notable dona- limitations of the method; probably, they correctly represent the charge flow
tion from almost all 4 orbitals, resulting in the net Mulliken  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 supported in
different coordination sites on the AC surface

Pd/AC catalyst provide these two effects simultaneously.
As a result, the Pd—Pd bond occupations in supported Pd
clusters sitting in thel2, ee’, andh’ positions are 0.676,

Positior? AC1, ACy AC1H, ACyH 0.322, and 0.204, respectively, in comparison with 0.087
5y 5p 4d ob 5 5p 4d o in a free Pd cluster, 0.385 in Pg, and 0.162 in Pgt.

d 026 0.09 8.33 048 001 924 It should be emphasized that in all considered cases the

d2t 052 027 811 0.29 016 7.90 interaction of palladium atoms with the support is by
077 003 943 068 0 002 938 027 fgr stronger than Pd—Pd bonding and adsorbent-induced

Zj, g'gg 8'8}1 Z'gg 0.04 017 011 885 stabilization of the support surface significantly contributes

Jd 044 002 915 0O to the resulting binding energy. For this reason, at low

e 062 005 975 loadings, no cluster nucleation takes place; additional metal

ee 052 003 920 032 052 003 929 031 atoms are expected to occupy available positions on the

h 0.54 0.09 9.37 0.39 0.15 9.12 AC surface'

/ g . .

gg g"g) g'gg g'z‘é 020 034 014 911 021 Additional surface palladium atoms (Fig. 3c) further

056 007 926 025 weaken the twofoldd positions while for the onefold

a — coordination the binding energy per Pd atom increases and
ACq and A_Cd stand here for the model clusters shown in Flgs. la becomes coverage-independent at 3. The energetically
and 1d, respectivelyACq 4 and ACq  refer to the same clusters with the : ] ) ]
carbon atoms marked with stars saturated with H atoms: for the notations Preferential adsorption sites on the zigzag edges of the
of surface positions see Fig. 2. AC surface at monolayer coverage are onefoldositions
b Reduced overlap population between two nearest Pd atoms. with the optimized Pd—C distances of 1.79-1.84 A and the
¢ First line corresponds to the Pd atom directly bound to the AC surface. adsorption energy of 48.9 koahol per metal atom. The
Pd atoms in such a chain are not equivalent: atoms, which
largely donate their d electron density, alternate with those
center. High adsorption energies for the defeend’ sites  showing slightly more pronounced electron reception. That
are due to the formation of several Pd—C bonds and to thejn turn leads to the charge oscillations in the range-6f1
stabilization of ther-electronic system of several nearest \yith positively charged atoms forming shorter Pd—C bonds.
neighboring aromatic rings. The Pd—Pd bond lengths in such a chain are 2.5 A with
bond occupation of 0.165. That is significantly higher than
the corresponding values for the bulk palladium (0.044)
and its gas-phase dimer (0.087) calculated by the same
method.

3.2. Coverage dependence of palladium adsorption on the
AC surface

The above two kinds of Pd—AC interactions show dif-
ferent behavior at increasing concentration of adsorbed3.3. Functional groups on the AC surface
Pd atoms (Figs. 3b and 3c). For the primarily donor-acceptor
type of interaction, the Pd#4to AC donation notably de- Saturation of dangling surface bonds (Fig. 3d) suppresses
creases with simultaneous increase in the back-donation tothe distant interactions of supported Pd atoms with the aro-
Pd 5 AO's. That causes significant weakness in the metal— matic = system. That leads to partial relaxation of the
AC bonding, even though the metal atoms are not bound to palladium electronic structure and causes weakness of the
each otherdd’ structure). Thus, for such interactions the Pd-AC interactions of the donor—acceptor kind. The weak-
adsorption is stronger when the adsorbed atoms are placedhess is significant~25%) for 4 position and is feebly
as far from each other as possiblEd’ structure). Thisis  marked for theee’ dimer. A diminutive strengthen of the
the most stable arrangement of palladium atoms on the reg-Pd—AC bonding accompanies partial saturation of surface
ular zigzag edge of the AC surface at low concentration. In bonds for the checked defect sites. As a result, the defect
contrast, the adsorption becomes much stronger when twosites became much more stable than all considered positions

palladium atoms occupy nearest onefold positieas¢ase).
Correspondingly, donation from the palladiua drbitals to

on the zigzag edges. The nature of the surface group (H
or OH) has only a minor influence on the palladium adsorp-

the support is much more pronounced for this dimer than for tion; however, for the most stable adsorption positions the

the single palladium atom in theposition.

Pd-AC interaction is 1.5-3.5 kgahol weaker in the pres-

Due to the support-induced changes in the Pd electronicence of hydroxyl group than in the presence of H atoms. At
structure, the interatomic bond lengths in the supported the same time, the overlap populations between palladium
P&, clusters are shorter than those in the gas-phase dimemand carbon atoms are slightly larger in the former case. The
(2.53 A), its anion (2.19 A), and cation (2.22 A) calculated total decrease of the adsorption energy in the presence of
by the same method [49]. As was shown earlier [49], hydroxyl groups is due to the adsorbent-induced suppres-
both an increase in thes5A0 occupation and decrease in sion of ther interaction between C and O atoms, which is
the 4 electron density induce shortness and strengtheningresponsible for the charge flow from the aromaticsys-
of the Pd—Pd bond. The metal-support interactions in thetem to oxygen and presents the important constituent of
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efficient C—O bonding. This regularity demonstrates the sig- 4.1. Pd, (n = 3-6) clustersin the two-center adsorption
nificant contribution of the palladium-induced changes in the position (EH and DFT results)
substrate electronic structure on the resulting adsorption en-
ergy. Adhesion of Pg— clusters to the two-center coordina-
tion site by Pd atoms sitting in the onefoédpositions is
energetically much more favorable than that by one Pd atom
in the twofoldd position (Fig. 4). As was shown earlier on
the example of small palladium cations [49], involvement
) ) ) of spatially directed 4 electrons into the Pd—Pd bonding
An increase of palladium loading above the monolayer tayors the formation of planar configurations. Due to the
coverage leads to the cluster nucleation. In this section, jarge deficit in the 4 electron density and total positive
we discuss the geometric and electronic structures of Sma”charge of the first-layer Pd atoms adsorbed in the onefold
(few atomic) and relatively large~(20 atomic) palladium  positions (see Table 2), formation of the planar configura-
clusters anchored in various coordination positions on the tjgng appears to be the most stable for the Rdd stable
AC surface. First, we consider two nearest neighboring enough for the Pgand Pd. Excitations in the electronic
C atoms on the regular zigzag edge of saturatec configuration of palladium atoms quickly extinguish when
model clusters as the simplest adhesion position. The EHmoving far from the support surface so that even the second-
results for Pee/AC clusters are compared with those |ayer Pd atoms have electronic structure very similar to that
obtained by DFT calculations. To check how the supported of the bulk. That results in the elongation of intermetal-
particles influence the surface structure of activated carbon,jic bonds with increasing distance from the AC surface
we replaced one of the surface H atoms with palladium and in decreasing binding energy per Pd atom with clus-
and considered the adhesion of growing clusters in the ter growth. Nevertheless, for the most stable structures, the
corresponding three-center adsorption position. Finally, the
effect of the morphology of adhesion position on the cluster . »
growth is tested on the examples of three-layer model clustermuliken analysis of the electronic structure and bond population in

4, Palladium clusters adsorbed on the AC surface

and of the model defect site. Pd,/ACy  (n = 3-6) clusters
Clustef Layer 5 5p 4d o;;P 0;;°
3d | 037 0.3 9.8 0.25 0.11

I 0.04 0.03 974

2.33
.. 244k 234825 228 4 | 039 014 900 024 0.10
n= ' ‘ I 008 006 981 006
: 022 009 942 014018
2

4c |
3a/AC; 3b/AC; 4 3¢/AC, 4 3d/ACy
BE 701 68, 1018° 105.4 ad | 039 0.4 9.08 0.26 0.13
240 I 0.05 0.05 9.79 0.11
52 :
258 (i -~ 5c [ 0.39 015 9.00 0.19 0.11;0.40
n=4 223 . 2.26 I 0.13 0.06 9.87 0 0.06
/\X\ 1l 0.08 0.05 9.71
5d | 0.406 0.16 9.03 0.19 0.11;040
4a/ACy i 4b/ACy 44 4/AC 4 ’
BE 830" - 1104 1109" 1] 0.058 0.04 9.88 0 0.05
1l 0.072 0.06 9.69
6¢ | 041 0.15 8.97 0.26 0.13
=5 261 28 I 0.09 0.07 980 0.07;0.11
6d I 0.39 0.14 9.08 0.25 0.14
I 0.07 0.08 9.72 0.12 0.09
SWAC, SBAC, 4 5cIAC Il 0.05 0.04 9.90 0.09
BE 888 116.6 118.0 Pd(111)¢  Surface 0.11 0.09 9.80 0.05 ofo4
Pd(100®  Surface 0.10 0.08 9.82 0.05 ofo4
253 Pd(110® Surface 0.09 0.07 9.84 0.05 ofos
n=6 250 a See Fig. 4.
230 b Reduced overlap population between two nearest Pd atoms from the
' same layer.
5 __ € The same for the given and upper-layer atoms.
YAC; 1.H d [ ird- )
BE 578 0.8 The same for the given and third-layer atoms

€ Calculated by the same method for the 43-, 46-, and 42-atomic model
clusters of the (111), (100), and (110) faces, respectively, with frozen bulk
Fig. 4. Optimized structures and corresponding binding energies (BE, palladium geometry.
kcal/mol) of Pd,/ACyH (n = 3-6) clusters. For each, values corre- f Reduced overlap population between surface and second-layer Pd
sponding to the most stable arrangement are shadowed. atoms.
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59

2.70

308.3

2311

Fig. 5. DFT optimized structures and corresponding binding energies (BEnkalof Pd, /C1gHg (2 = 1-6) clusters.

interaction energy of the RAC bonding, calculated with
respect to the stability of the corresponding, Rdusters,
remains in the range of 97.6-98.9 k@albl. Relative sta-

underestimated in comparison with the corresponding DFT
values. As in the case of bare palladium clusters and ions,
in the Pg /AC systems the EH and DFT binding energies

bilities of the planar configurations decrease with increasing differ significantly, while qualitatively the size dependences

cluster size, and for Rdand Pd cluster three-dimensional

5¢ and & structures become more stable than other iso-

mers.

Fig. 5 presents optimized geometries and corresponding

binding energies of the most stable1Rg CioHg clusters
obtained by the DFT method. The Mulliken orbital occu-
pations of the single adsorbed Pd atom(@4p>99447-49
550-365,,0.145,71.6250.275,0.002)  confirm extremely high
AC-induced excitation in the palladium electronic structure
with large deficit in thed electron density and significant
occupation of the diffusive and p orbitals. That results
in close similarity in the shape of the PCi0Hs and
Pd,/AC1n clusters obtained by the two methods. However,
incorporation of the diffusive orbitals into DFT calculations

causes destabilization of the planar conformers growing in

the plane of aromatic rings (structu@sd/AC1 4 in Fig. 4)

and promotes elongation of Pd—C and Pd—Pd bonds with si-

are similar. The EH binding energies in the,PAC (n =
2-6) system show the linear dependence on the correspond-
ing DFT values similar to that presented in Fig. 1:

Een=0.19Eprr +66.32 (R%=0.99). (3)

The former coefficient here represents mainly the DFT
correction to the Pd—Pd binding energy whereas the latter
one is generally responsible for the interaction of the first-
layer palladium atoms with the support and with each other.
Therefore, at the qualitative level, the EH method provides
agreement with the DFT results reasonable enough for its
application for larger systems.

4.2. Directionsfor further cluster growth

Two energetically favorable directions for further growth

multaneous increase of the adsorption energies. Moreover0f the most stable Rdisomer 6c/AC1y in Fig. 4) are

full optimization of the Pd and GoHgs geometries per-
formed in the DFT calculations in comparison with the

shown in Fig. 6a. The first one starts with incorporation
of two additional palladium atoms into the bottom layer.

symmetry-constrained optimization of the metal clusters The resulting structure presents the most stablgistiner,
and frozen geometry of the support model applied in the Which further grows into the relatively stale-15b/AC1 4
EH calculations also contribute to the differences in the conformers. However, starting from nine-atomic clusters,

absolute energy values. Small size of thelds cluster mod-

formation of the close-packed upper-layer arrangement very

eling the support surface results in some overestimation of similar to the curvedcc (111) face 9c/ACy ) becomes
the Pd—AC binding energy obtained by the DFT method energetically more favorable. The structutée-16a/AC1 1

(~3-5 kcaJymol, as shown the EH energy differences be-
tween P¢ adsorption on theAC1y and GoHs clusters)

and overrates the adsorbent-induced relaxation of the sup-

port.

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

Pds 15 clusters growing in these two ways show many
common features. All these clusters have a compact bulk

Our comparison confirms again that electronic structures structure with average Pd—Pd bond occupations far from the

from EH calculations are very consistent with those from

AC surface of 0.07-0.10, i.e., slightly higher than those in

high-level methods. In contrast, EH methods are known to the bulk. With increasing coordination saturation of surface
provide poor absolute values of bond lengths and energies.palladium atoms, their interaction with each other becomes
Thus, the EH optimized Pd—Pd and Pd—C bond lengths areclose to that on the low-index bulk surfaces (see Table 2).
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11b/AC1 H 150/AC1 H 18e/ACq1 H
158.7 182.9 207.9

7¢/ACTH
BE  126.9

156/ACHH 16a/ACT H
191.1 197.4

18¢/AC 1
BE 2004 208.6 204.4

20b/ACq 1 20c/ACq 4
2225 222.4

Fig. 6. The most likely directions for the growth of palladium particles in the two-center coordination position of the saturated regular zigragleldde
by the ACq y cluster.

The lowest layer Pd atoms form much stronger bonds. The above results, we suppose that minimization of the surface
surfaces of the clusters are close-packed with preferentiallyenergy presents the main factor determining growth of nano-
triangular arrangement of metal atoms. Formation of more sijzed clusters.
“‘open” surface assemblies is energetically unfavorable. Fi-  |ncreasing cluster size leads to a slight decrease of the
na.”y, structural differences extend Only to the lowest |ayel’S. electron density on pa”adium atoms direct|y bound to car-
Geometric and electronic configurations of surface layers o Most likely, essential positive charge on these atoms
of the 18€/AC1’H and 163/AC1’H clusters are very similar. induces the hlgh F?Q blndlng energies in the EAC
Both these clusters could serve as nucleation centers of bUIkcIusters of a mean diameter less than 1 nm observed
fce structure.

In Fig. 6b, several possibilities for incorporation of ad-
ditional two and four palladium atoms into tH&a clus-

experimentally [63]. The electronic structure of the sur-
face Pd atoms shows only minor dependence on the clus-

) . . ter size. These atoms have the electronic configuration
ter are considered. Comparing the energetics of1fe- 4¢P7-985,01025,,01 and maintain smalk¢ 0.05-0.1) neg-
18d/AC1 4 structures, one can see that the additional atoms ™ P i ; e ' )
continue to build the upper layer started by the topmost ative charge, which arises from slightly higher occupations

Pd atom in thel6a/ACyy structure with preferential direc-  ©f Pd 5. p orbitals as compared to those on the bulk
tion in the plane ofACy cluster. The inclusion of two Pd surfaces. This excess of electron density is due to the back-
atoms into each of the two upper layers presents the mostdonation from the AC surface that allows for compensation
stable configuration of the supportedbBt C1 4 cluster. Fi- of high positive charge on the first-layer palladium atoms
nally, structure22a/ACy 4 shows the most stable 22-atomic  and determines total negligible charging effects in thg-Pd
cluster with an average diameter of 13 A. Summarizing the AC interaction observed experimentally [64].
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BE, 136.4

. | | 2. & r T
14a/AC1 H 3¢ 20a/AC1.H 3¢ 21a/AC1H 3¢
BE, 187.2 231.0 263.7 270.8 278.1

I 17B/AC1H 3¢ 200/ACIH 3¢ 21BACIH 3
BE, 1854 233.1 254.2 273.6 280.2

7a/AC3 H 9a/AC3H 10a/AC3H 11a/AC3H 14a/AC3H 16a/AC3 H
BE 3484 353.0 383.6 388.9 419.5 4344

Fig. 7. Small palladium clusters adsorbed in the three-center coordination position of the saturated regular zigzag edge modaléd jystheluster (a),
two preferential directions for their further growth (b), and the favorable way for the growth of palladium particles on the three-layer madekyste)
(the lower line presents the top view).

4.3. Palladium clusters on three C atoms of the zigzag edge clusters exhibits development of tfee structure with trian-
gular (111) faces.

Small supported Pd clusters adsorbed in the three-center
site of the one-layer model cluster (Fig. 7a) behave very 4-4. Palladiumclusters on the three-layer model cluster
similar to those adsorbed on the two-center site. In the
most stable ten-atomic clusteiOg/AC1H_sc in Fig. 7b), the On the three-layer model cluster, palladium atoms ad-
third-layer atoms form much shorter and stronger bonds with sorbed on the sequential graphite layers optimize their in-
the first- than with the second-layer atoms. Further growth teractions with the coordination sites and exhibit negligible
of this cluster leads to the formation of tida/AC1_sc— interaction with each othei7&/ACsy in Fig. 7c). The best
21a/AC14 3 configurations with relatively high surface position for the next four atoms is between metal atoms
area. Therefore, starting from 14-atomic clusters, formation adsorbed on different layer8g-11a/ACsy). These atoms
of the close-packed arrangements very similar to those dis-form extremely strong bonds with the central Pd atom. How-
cussed above (cp., e.g., structuldb/ACqH 3¢ in Fig. 7b ever, further cluster growttlda/ACs ) leads to the struc-
and 15¢c/ACyn in Fig. 6a) becomes energetically more tural transformations in the first layer: t8a/ACz cluster
favorable. While two-layerl4b/ACy4 3. and three-layer  provides the connection to the support, and other atoms are
21b/AC1H_3c configurations are not consistent with the pal- pushed into the upper layers. The geometric and electronic
ladium bulk structure, the preferential direction for the clus- structures of the upper-layer atoms in ttéa/ACs cluster
ter growth presented by ti&b/AC1 4 3c and20b/AC1 4 3¢ are very similar to those of thi0a/AC1 y_sc Cluster. Thus,
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we suppose that further cluster growth will proceed in an and dislocations containing unsaturated carbon atoms and

analogous manner. functional groups. Our calculations show that the basal
graphite plane is inactive toward palladium adsorption. In

4.5, Palladium clusters on the model defect contrast, Pg/AC particles are strongly bound to various

of the AC surface unsaturated surface sites. For this reason, HOPG and other

graphite materials, which are usually used as carbon model
The model defect site on the AC surface provides the supports [10,65], seem to not be representative of transition
strongest interactions with a single palladium atom and with metal/AC catalysts.
palladium dimer and presents the most likely nucleation  From the adsorption sites on the most common regular
center. The likely direction for the growth of palladium zigzag edges of AC grains, the twofold position between
clusters in this adsorption position is shown in Fig. 8a. nearest aromatic rings (labelédn Fig. 3) is energetically
The first four atoms are directly bound to the support. the most favorable at very low loading. In these positions,
Further cluster growth faces the steric restrictions due to the supported metal atoms tend to be situated as far from each
nearest neighboring hydrogen atoms. For that reason, up toother as possible and are easily available for catalytic in-
10-atomic clusters grow outward from the support surface teractions. Adsorption in this position provides the best
and hold “open” surfaces with low-coordinated metal atoms. interaction between Pdd4orbitals and the aromatic sys-
Starting from1la/ACqn, the development in the plane tem and results in the strong excitation in the palladium
of aromatic rings becomes possible and the clusters formelectronic structure with notable occupation of the/&AD
again close-packed triangular surfaces. The geometric andand large deficit in the & electron density. That, in turn,
electronic structures of the upper-layer metal atoms in the should cause the specific chemical and physical properties of
13a/ACqn cluster are very close to those in the similar highly dispersed PEAC catalysts. With increasing concen-
clusters adsorbed on the regular zigzag edges. tration of supported palladium atoms, stability of the twofold
Figure 8b presents the most stable configurations of small positions decreases, and the metal atoms shift to the one-
palladium clusters growing on the same model defect site fold e positions. Filling of the onefold surface sites on the
with two hydrogen atoms in the nearest neighboring to the regular zigzag edges takes place up to the monolayer cov-
defect site positions being removed. In general, the clustererage. In such positions, adsorbed palladium atoms acquire
growth follows the regularities described above and for the high 5 AO occupation while excitations in the/4electron
13a/ACyn_sc cluster the geometric structure of the upper density are less pronounced than in the twofold sites. Fur-
layer is similar to the curveftc (111) plane. However, due ther increase of Pd loading leads to nucleation of supported
to the higher unsaturation of theCq_3c coordination site, clusters.
the interatomic Pd—Pd distances are significantly contracted Surface defects are especially active toward capping of
as compared to those in palladium clusters on the regularpalladium atoms with the stability of each particular sur-
zigzag edges. face site being strongly dependent on its geometric structure
Summarizing, the geometry of few-atomic clusters and chemical nature. Strong bonding of adsorbed palladium
strongly depends on the morphology of the particular AC atoms to defect sites, where several Pd—C bonds could form,
adsorption site while larger clusters form bifitk-like struc- confirms the suggestion of authors [44] about deposition of
tures with nearly spherical shape and close-packed triangulametal particles of high dispersion in narrow pores of the sup-
surfaces. Electronic structure of very small supported parti- ports, which can render part of the metal surface inaccessible
cles varies significantly with structure and chemical nature to reactants of catalytic reaction. Highly stable adsorption
of the adsorption position but remains about the same for positions at boundaries of micro- and nanopores present the
the outer atoms in relatively large three-layer clusters. most likely nucleation centers, on which supported palla-
dium particles grow. Probably, it causes notable decrease of
AC surface area at impregnation [66].
5. Discussion Interaction of palladium atoms with various unsaturated
and defect sites on the AC surface is much stronger than
Obtained results have some implications to the under- that with each other. Consequently, while,PAC binding
standing of the Pd-AC interaction and its effect on the energy tends to increase with increasing cluster size, the
catalytic reactivity of supported metal catalysts. In this sec- adsorption energy per palladium atom decreases systemat-
tion, we link the computational data and the experimental ically. That provides the driving force for rising dispersity

observations. of Pd/AC catalysts at elevated reduction temperatures ob-
served experimentally [44,45,67]. In contrast, at relatively
5.1. Atomic phase Pd/AC catalysts low temperatures, the high activation barrier for surface dif-

fusion of a palladium atom favors the preservation of spatial

Carbon supports consist generally from small graphite adsorbed particles formed at the calcination step. On the
crystallites. That results in high surface area presentedother hand, highly activated diffusion and strong bonding of
by basal graphite planes and numerous grain boundariesadsorbed particles to the support make their sintering ener-



4a/ACyy  5aACyy  6a/ACyy 7a/ACy 1y 10a/ACyy  11a/ACyy  13a/ACqy

BE 1421 150.1 1551 161.1 181.0 186.1 106.2
b 284,177 2232 2.54
2.33- I
S

4a/ACypy 3¢ 5a/AC4y 3¢ 6a/ACy 1 3¢ 8a/AC, | 30
BE, 173.1 184.1 205.4 218.9

Fig. 8. Optimized structures and corresponding binding energies/ (ko8| of Pd, /AC (n = 4-13) clusters bound to the defect site on#€y 4 and ACy H_zc model clusters (the lower line in Fig. 8a presents
the side view).
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getically unfavorable. We suppose that the experimentally present work we make the first attempt to address this ques-
observed decrease in the /A€ dispersity at the reduction  tion from the theoretical point of view.
temperature higher than 400 K [44] is due to palladium-  Our results show that the geometry of very small palla-
catalyzed alterations in the support surface structure ratherdium clusters supported on the AC surface is determined
than to the diffusion-controlled agglomeration. This issue by the structure of a particular adsorption site. However,
will be discussed in a future communication of ours. Thus, further cluster growth always leads to the formation of
in agreement with the experimental observations [44], from compact particles with nearly spherical shape and close-
the thermodynamic point of view, the atomic palladium dis- packed triangular surface structure. More “open” surfaces
persion could be achieved at the proper reduction conditions.are energetically unfavorable. In contrast to the bare pal-
Taking into account high surface area of common activated |adium clusters, showing the tendency to form icosahedral
carbon supports, one can expect that in regiA@icatalysts  configurations, activated carbon support enhances direct nu-
a significant part of metal particles exists in the atomically cleation of thefcc bulk structure. For relatively small clusters
dispersed form. (n < 10), the binding energy per palladium atoms sharply
Similar effects could underly the anomalous nucleation grops with increasing cluster size. That provides the driving
of Pd, Ni, and Ag particles on amorphous carbon observedfoyce for high dispersity of adsorbed palladium on AC sur-
in the vapor deposition experiments [2]. Trapping of metal tace. For larger clusters, the binding energy per Pd atom
atoms at the most stable sites does not lead to the clusters nupecomes less sensitive to the cluster size; therefore, at favor-
cleat|o_n_ until the monolayer saturatlo_n is gch|eved. Further 4ple steric conditions large palladium particles could grow
deposition of metal atoms causes their rapid coalescence. 5,4 coexist with relatively small supported clusters, as was
observed experimentally [67]. Firm interaction between ac-
tivated carbon and palladium particles and support-induced
, ) , strengthening of the Pd—Pd bonding underly such an impor-
Activated carbons derived from different sources or sub- ¢ tgchnologgical characteristic as gétability)(l)f the suppofted

Jected to various pretreatment procedures are Charac‘[er'zeéatalysts. These results are very consistent with the intuitive

Egn(llfgirgtl'to?]qrso?essfrt'rcligtdu ;g 31”: sseuégi%esczgi?sg;n 'r;)t'l:) rnrepresentation of the morphology of supported cluster; how-
ideration | ! SUbject. uratl ever, as will be seen from our future communications, this is
of dangling surface bonds causes destabilization of adsorp- .
not always in case.

tion positions on the regular zigzag edges but the nature of Size dependencies of the binding energies foratsorp-

surface groups (H or OH) has only a minor effect. The sat- .. . . .
) y . tions on the considered AC surface sites are well approxi-
uration of dangling surface bonds is expected to decrease

the dispersity of supported palladium particles by means tmhath F)Iythe Im;ar ;glat|on§th|p &Ea*nler'(Hg. 9&;). For q
of a decreasing number of active sites on the AC surface € similar coordination positions (regular zigzag edge or de-

and limitation of their surface motion. Moreover, on satu- fect site), the reg.ression ;Iopeinc;reases With increasing
rated surfaces a much larger fraction of supported particless'u,ncace un§aturat|pn. The mtercépnqeases with strength-

is expected to occupy out-of-the-way places in nanoporesen'ng the |nteract|on between the f|r§t-layer Pd atoms qnd
than that on unsaturated surfaces. Experimentally, this effectie Support. With the adopted expressions for the calculation
manifests itself in the profound influence of the origin of ©f BE and BR (Egs. (1) and (2)), it means that palladium
carbon support on the properties of the palladium catalysts disPlacement of hydrogen atoms in the nearest neighboring
and in the absence of unambiguous correlation between cat{0 thé coordination site positions is energetically favorable
alyst properties and pretreatment of activated carbons [45].2nd the energy gain of such substitution increases with in-
Owing to the long-range charge transfer along the aromatic €r€asing size of Bdcluster. Taking into account the excess
7 system, palladium adsorption causes notable alterations inOf hydrogen, high temperature, and possible catalytic effect
surface bonds of the support, which significantly contribute of adsorbed palladium particles, one can expect that palla-

5.2. Functional groups on the AC surface

to the apparent adsorption energy. dium substitution of surface hydrogen readily proceeds in
real systems. Fig. 9b demonstrates that the averageA®:l
5.3. Supported Pd, /AC clusters interaction energy could be well approximated by the linear

dependence on the number of Pd—C bonds formed, which

Bulk and especially surface structure of supported transi- in turn depends on the number of coordination positions
tion metal particles is extremely important for their catalytic available for Pd adsorption on AC surface. The linear rela-
performance. At present, interpreting experimental data, thetionships presented in Figs. 9a and 9b allow one to estimate
authors usually use models derived from the correspondingthe Pg¢—AC interaction energy for the given coordination
metal crystal structures and widely discuss crystal facets, position and cluster size. Using Eqg. (3), one can estimate
kinks, and steps on cluster surfaces [2,8-10,12,13]. On thethe DFT interaction energy for Rdadsorption on the regu-
other hand, it is believed that interaction with a support lar zigzag edge of the AC surface. Unfortunately, we cannot
causes remarkable changes in the electronic structure of supestimate the relationship between EH and DFT energies for
ported metal particles. To the best of our knowledge, in the other coordination sites due to the computational difficulties.
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Fig. 9. Size dependence of the binding energy for Bdsorption in different coordination positions on the AC surface (a) apeAd interaction energy as
a function of the number of occupied surface sites (b).

Although metals are characterized by easy charge trans-very similar to that of bulk. These particles serve as nucle-
fer, we found that Pd—AC interaction has a very local nature ation centers for the bulfcc structure. Structur&6a/ACy
with respect to supported particles and is strongly delo- in Fig. 6a presents such simplest nucleus. Construction of
calized along the aromatie system. Consequently, while each next layer begins from the deposition of Pd atoms
electronic structure of the palladium atoms directly bound above the upper-layécc sites followed by filling threefold
to the support surface is extremely excited, these alterationspositions at the cluster sides and is completed by Pd substi-
sharply diminish with height above the support. The elec- tution of the nearest neighboring H atoms on the AC surface
tronic configuration of the upper-layer palladium atoms is with formation of new Pd-C bonds. Supported particles
very close to that of bulk surfaces with only slightly high growing by such a mechanism will have close to semispheri-
5s orbital occupations. Hence, in contrast to the atomic- cal shape with minimal surface energy and effectiverALC
phase PdAC, supported nanosized particles should exhibit interaction.
chemical behavior very similar to that of the bulk.

Therefore, growth of AC-supported palladium particles
at the catalyst reduction stage could be seen as follows.6. Conclusions
Palladium deposition starts from the filling of unsaturated
surface positions up to the monolayer coverage followed Geometric and electronic structures of palladium cata-
by the formation of few-atomic clusters with geometry de- lysts supported on activated carbon (AC) are analyzed using
termined by the morphology and chemical nature of the semiempirical quantum chemical modeling in comparison
adsorption site. Such clusters are located preferentially inwith DFT calculations and with published experimental
defect sites and nanopores with high concentration of un- data. The issues raised in the Introduction could be summa-
saturated carbon atoms. Electronic structure of Pd atoms inrized as follows:
such clusters is extremely excited. These clusters grow into
compact three-dimensional particles of about 1 nm in di- 1. In contrast to the basal graphite plane, unsaturated sur-
ameter. Surface atoms in such particles form close-packed face carbon atoms are found to form very strong bonds
triangular arrangements and have electronic configuration  with Pd atoms. The experimentally observed preferen-
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