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Interaction of Cogq cluster with y-alumina surface:
a quantum chemical study
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The interaction of Cog cluster with partially dehydroxylated y-alumina surface was studied
by the DFT method. Hydrogen atoms of surface hydroxyl groups can be transferred to the
metal particle to form partially oxidized cobalt states. The energy characteristics of hydrogen
transfer were determined and changes in the electronic structure of supported Cog particles
were characterized.
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Fine metal particles supported by various oxide sup-
ports are an important class of heterogenenous catalytic
systems. They have found widespread applications in pro-
cessing of hydrocarbons and in the synthesis of hydrocar-
bons from CO and H,.!

The oxide surface serves not only as an inert support
for the active component but can also affect its dis-
persity, electronic structure, chemisorption, and catalytic
properties.23 The circle of phenomena related to the
metal—support interaction was termed as SMSI (Strong
Metal—Support Interaction). One of the key structural
features of the oxide support, which is responsible for the
SMSI character, is the presence of hydroxyl groups on the
oxide surface. A noticeable concentration of hydroxyl
groups on the in vacuo heat-treated alumina surface is
retained up to high temperatures (1000 K).4

Hydroxyl groups present on the oxide surface favor
stabilization and high dispersity of the metal component
and also affect the electronic structure of the supported
particles.5—8 Recently,’ direct experimental evidence of
the oxidation of supported rhodium nanoparticles by hy-
droxyl groups of alumina were obtained by photoelectron
spectroscopy. Therefore, it was interesting to establish
whether does this interaction manifest itself in the course
of formation of oxidized metal particles in the Co/Al,O04
system. Interest in partially oxidized forms of the metallic
component is due to a possible role of such forms in the
Fischer—Tropsch process.®s1® According to calculations
of the interaction between metal particles and hydroxyl
groups of the support, carried out for the Rhg—H-form of

faujasite system,!! metal particles are oxidized by acidic
hydroxyl groups of zeolite and hydroxyl protons are trans-
ferred to the metal surface (reverse spillover).

In this work, we chose the system comprising a
Cog particle immobilized on y-alumina surface as a
simple model for active sites of cobalt catalysts of the
Fischer—Tropsch synthesis. The main goal was to study
the formation of partially oxidized particles and the
mechanism of the interaction between cobalt particles
and the surface hydroxyl groups of alumina.

Calculation Procedure

Partially dehydroxylated alumina surface was described in
the cluster approach. The electronic structures of clusters were
calculated using the density functional theory (DFT) with the B3
exchange functional!? and the LYP!3 and VWN514 (R-B3LYP)
correlation functionals. In order to reduce the computing time,
we used the SBKJC pseudopotential'> and the corresponding
basis set augmented with polarization functions on all atoms. All
calculations were carried out using the GAMESS (US) program
package.16

In studying the model for active y-Al,O5 surfaces it was con-
cluded that the most catalytically active face is the (110) face.!”
Correspondingly, the cluster simulating the surface of partially
dehydroxylated alumina was assumed to have the structure of
1-Al,05.18 Since y-Al,0; has a defect spinel structure, the start-
ing structure was chosen to be that of ideal spinel MgAl,0,, with
the lattice constant corresponding to y-Al,O5 (a = 7.911 A) with
all Mg atoms replaced by Al atoms. To obtain a correct stoichio-
metry, certain Al atoms were removed leaving some cation posi-
tions vacant. Particular vacancy locations (i.e., octahedral or
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L H(25)

Fig. 1. Optimized structure of cluster simulating the surface
of 'Y—A1203.

tetrahedral positions) are still to be clarified.!%2% The model
cluster represented a fragment of the (110) surface comprising
four Al atoms bound to the surface O atoms.

Broken bonds of the cluster were saturated with hydrogen
atoms placed at a distance of 0.96 A from the O atoms along the
lines of O—Al bonds in the crystal. To allow for the effect of
support, all terminal OH groups, except for the surface hydroxyl
groups, were fixed in the course of geometry optimization. The
optimized structure of the cluster (cluster 1) is shown in Fig. 1.
The cluster contains two bridging surface hydroxyl groups
(0(19)—H(27) and O(22)—H(28)), four terminal surface hy-
droxyl groups (O(17)—H(23), O(18)—H(24), O(20)—H(26),
and O(21)—H(25)), and six fixed hydroxyl groups (from
O(7)—H(1) to O(12)—H(6)). Under the catalyst preparation
conditions!® one can expect the formation of significantly

H(24)

1a

dehydroxylated y-Al,O5 surface. Such a surface can be simu-
lated by removing one (cluster 1a) or two (cluster 1b) water
molecules followed by geometry optimization for the clusters
thus obtained (Fig. 2). Partially dehydroxylated y-Al,O5 surface
was simulated by cluster 1b with two terminal hydroxyl groups
O(17)—H(21) and O(19)—H(22).

An important problem in model calculations of transition-
metal nanoclusters supported on oxide surfaces is the choice of
the multiplicity of the metal particles under study. When using
the total energy minimum criterion for free metal clusters, the
optimum multiplicity strongly depends on the size (number of
atoms) and shape of the cluster. For instance, the optimum
multiplicity for a free Cogq cluster is 15.21 According to model
calculations,?? the interactions of the metal nanocluster with
the adsorbate and support favor stabilization of low-spin states
as in, e.g., carbonyl complexes of cobalt clusters.2? One can
expect that treatment of a singlet Cog cluster provides a correct
description of the interaction between the cobalt particle and
the surface hydroxyl groups of alumina.

Results and Discussion

Preliminary calculations showed that the interaction
of the Cog cluster with partially dehydroxylated y-Al,O5
surface involves a thermodynamically favorable transfer
of protons of the surface hydroxyl groups of alumina to
the surface of the Cog particle, accompanied by the for-
mation of oxidized cobalt states.

The optimized geometric parameters of the clusters
simulating the key intermediates and transition states of
the interaction of the cobalt particle with partially de-
hydroxylated surface of alumina are shown in Fig. 3. In-
teraction between cluster 1b and Cog nanoparticle is char-
acterized by relatively high energy (3.95 eV) and results in
an adsorption complex 2. Adsorption involves four oxy-

1b

Fig. 2. Optimized structures of clusters simulating the surface of partially dehydroxylated y-Al,O5.



2266  Russ.Chem.Bull., Int.Ed., Vol. 54, No. 10, October, 2005 Mikhailov et al.

TS-2 TS-3 ©

Fig. 3. Optimized structures of intermediates and transition states of proton transfer from the surface hydroxyl groups of y-Al,O5 to
Cog particle. The interatomic distances are given in A.
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gen atoms (two bridging and two hydroxyl oxygens) lo-
cated at distances about 2.0 A from the nearest cobalt
atoms. As a result, the geometric parameters of the support
and cobalt cluster are changed, namely, the Co(1)—Co(2)
distance increased from 2.37 to 3.11 A and the Al(1)—O(4)
and Al(2)—O(3) distances from 1.95 to 2.39 A. Other
geometric parameters vary insignificantly.

Transfer of a hydroxyl proton to the surface of the
metal particle through a transition state TS-2 results in a
surface structure 3. In cluster 3, the Co(3)—O(1) distance
is decreased to 1.84 A, and an adsorbed hydrogen state is
formed at the Co(2)—Co(5) edge, with the 1.62 and 1.67 A
distances to cobalt atoms. Oxidized cobalt states are
formed on the oxide surface. The charge of the metal
particle in the structure with one transferred hydroxyl
proton is 0.30. Transfer of the second surface hydroxyl
proton involving the transition state TS-3 leads to a sur-
face cobalt cluster 4 with two adsorbed protons at the
Co(2)—Co(5) and Co(1)—Co(6) edges; in this structure
the charge of the metal particle increases to 0.45.

Proton transfer is an exothermic process (AE; =
—18 kcal mol~!, AE, = —12 kcal mol~!) with activation
energies E,; = 25 kcal mol~! and E,, = 28 kcal mol~!,
respectively (Fig. 4). The interaction of the Cog4 cluster
with partially dehydroxylated surface of alumina involves
transfer of protons of the surface hydroxyl groups to the
metal particle, followed by the formation of oxidized co-
balt states.

Further migration (spillover) of hydrogen across the
surface of the metal particle followed by desorption to the
gas phase can lead to structure 5, thus resulting in the
formation of mixed alumina—cobalt oxide fragments. In
such structures, the charge of the Cog particle increases to
a value of 0.57.

It was of interest to establish to which extent the ener-
gies of reactions and the activation barriers depend on,

AE/kcal mol~!
30 ¢ TS-2
20 +

10

—10 +

=20 }

—-30 }+

Reaction coordinate

Fig. 4. Cross-section of potential energy surface for proton trans-
fer from the surface hydroxyl groups of y-Al,05 to Cog particle.

Table 1. Energy characteristics of proton transfer from the
surface hydroxyl groups to the metal particle in the
Co,/(A1,03),+6H,0 and Cog/(Al,03)5+ 5H,O systems obtained
from B3LYP/SBKIC calculations

System AE E,
kcal mol~!
CO4/2A1203'6H20 —-19 29
Coy/2A1,05-6H,0* =21 28
Cog/2A1,05+-6H,0 —18 25
Cog/3A1,05-5H,0 —15 24

* Obtained from B3LYP/SBKJC** calculations.

e.g., the size of the support cluster, metal particle size,
and extension of the basis set. The energy characteristics
of proton transfer for a system with a large support cluster
(Cog/(Al,03)3+5H,0) and for a system containing a
smaller cobalt particle (Co,/(Al,03),+ 6H,0) are listed in
Table 1. According to calculations, changes in the sizes of
both the metal particle and the support cluster have al-
most no effect on the energy characteristics of the pro-
cess. Moreover, augmentation of the basis set with polar-
ization functions on all atoms when calculating the sec-
ond system, also causes no marked changes. Thus, the
cluster chosen in this work seems to be sufficient for pre-
dictive description of the processes involving proton trans-
fer from the surface hydroxyl groups to the cobalt particle
followed by the formation of Co—O bonds.

The cluster structures 2—S5 are strongly polarized. This
follows from the results of atomic charge calculations for
various cluster structures (Table 2). This is consistent with
the published data.!! Charge redistribution in the course
of interaction between the Cog cluster and alumina sur-
face is significant only for the surface hydroxyl group and

Table 2. Mulliken total atomic charges in clusters 2—5

Atom Charge, g/e

(cluster) 2 3 4 5
O(1) —0.68 —0.60 —0.58 —0.61
0(2) —0.69 —0.69 —0.56 —0.55
0(3) -0.97 —1.02 —1.06 —1.03
04) —0.98 —1.06 —1.09 —1.08
H(1) 0.35 0.06 0.06 —
H(Q2) 0.35 0.35 0.08 —
Co(1) 0.37 0.62 —0.03 0.82
Co(2) 0.36 0.16 0.08 0.71
Co(3) 0.13 0.15 0.43 —0.31
Co(4) 0.15 0.00 0.39 —0.38
Co(5) —0.48 —0.35 —0.25 —0.12
Co(6) —0.46 —0.34 —0.31 —0.15
(Cog) 0.07 0.30% 0.45% 0.57

* With the charges of the transferred protons of hydroxyl groups.
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the metal particle. Charge polarization in the initial metal DOS (rel. units)

particle (structure 2) is characterized by large positive : :

atomic changes of Co(1) and Co(2), nearest to the oxide ta

surface. Additionally, positive charges on the intermedi-
ate atoms Co(3) and Co(4) decrease and the electron
density is transferred to the Co(5) and Co(6) atoms in the
upper layer of the metal cluster. The Co(6) atom remains
almost neutral. An important feature of structure 3 with
transferred proton is the charge redistribution (decrease
in polarization) for the Co(2) and Co(5) atoms to which
the adsorbed H atom is coordinated (see Fig. 3); this is
accompanied by a marked increase in the positive charge
of Co(1). A complex pattern of changes in polarization
also manifests itself in the decrease in the absolute values
of the atomic charges of Co(4) and Co(6). Transfer of the
second proton (structure 4) causes a considerable de-
crease in the charge polarization on the Co(1) and Co(6)
atoms to which the second transferred proton is coordi-
nated; the adsorbed H atoms remain virtually neutral.
Transition to partially oxidized metal structure 5 leads to
an appreciable increase in the positive atomic charges of
Co(1) and Co(2) and negative atomic charges of Co(3)
and Co(4).

The assumption of strong metal—support interaction
with the formation of mixed oxide structures on the sur-
face is also confirmed by the results of analysis of the
densities of states and their changes due to immobiliza-
tion of the metal particle on the oxide surface (Fig. 5).
The interaction between the Cog cluster and the surface
hydroxyl groups of alumina results in the shift of the oxy-
gen 2p-levels by 0.8—1.5 eV toward higher binding ener-
gies and the appearance of cobalt d-lines on the right of
the oxygen 2p valence levels in the band gap. As a result
the band gap and ionization potential decrease by 4.24
and 3.02 eV, respectively (see Fig. 5a and Table 3, clusters
1b and 2). Proton transfer and subsequent formation of
Co—O bonds leads to a shift of the cobalt d-bands toward
higher binding energies, accompanied by an increase in
the ionization potential and broadening of the band by
0.58 and 0.37 eV, respectively (see Fig. 5 and Table 3,
clusters 2—4). A chemical reaction occurs, which in-

Table 3. Energy characteristics of clusters 1b—5

Cluster IE¢ ¢(LUMO) — e(HOMO)  E,.}
eV

1b 7.62 6.16 —

2 4.60 1.92 —

3 4.74 1.96 3.18

4 5.18 2.29 3.49

5 5.13 2.26 —

® JE (ionization potential) = —e(HOMO).
b Eres = 8((S*Cofl-[) - S(LUMO)‘

10
DOS (rel. units)

—6 =5 —4 =3 -2 -1 E/eV

Fig. 5. Density of states (DOS) calculated for clusters 1b, 2 (a)
and 3, 4 (b). Vertical lines denote the boundaries of the band gap
(HOMO and LUMO).

volves formation of oxidized cobalt particles and, corre-
spondingly, stabilization of the metal cluster on the oxide
surface. Similar changes were reported for catalysts on an
acid support.24 A study of the M—H resonance state ob-
served in the XAFS spectra after adsorption of hydrogen
revealed the reasons for changes in the electronic struc-
ture of supported metal particles.25:26 In studying the ad-
sorption of hydrogen on Pt particles supported on alu-
mina it was found that an increase in the support acidity
causes the Fermi level to shift toward higher binding en-
ergies and the energy difference (E,) between the M—H
antibonding state and the Fermi level to increase. Most
likely, this effect appears to be characteristic of other
transition-metal particles. In our case the support acidity
increases on going from structure 3 to 4. Correspond-
ingly, the Fermi level is shifted by 0.44 eV toward higher
binding energies. Positions of the Co—H antibonding
states for structures 3 and 4 are arrowed in Fig. 5, b. The
energy difference between the antibonding state Co—H
and the Fermi level (HOMO) is 0.31 eV larger for struc-
ture 4 than for structure 3 (see Table 3), being consistent
with the increase in the acidity of the support.

Thus, our DFT cluster calculations showed the possi-
bility of exothermic transfer of hydrogen atoms from the
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su

rface hydroxyl groups of y-alumina to the Cog particle,

which results in the formation of partially oxidized cobalt
states. The calculated changes in the d-states of cobalt
particles are in agreement with experimental data for sup-
ported platinum particles.24—26
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