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Abstract

Calculations for C chemisorption on a finely divided nickel catalyst modeled by Nis, Ni, and Ni, clusters were carried
out by using the MINDO /SR semiempirical method. Vertical adsorption on several sites in the border and in the center of
these clusters were evaluated. The adsorption energy depends not only on the type of site but also on the cluster size, due to
large changes in the coordination of the atoms forming the adsorption site. Results obtained optimizing the adsorbate
geometry on the surface clearly indicate that thermodynamically favored chemisorptions occur mainly on border sites. Sites
formed of atoms equally coordinated show smaller differences in adsorption energies than those with different saturation.
Relaxation of the cluster and high C coverage favored chemisorption on four-fold center sites and induced carbon
penetration into the bulk. Chemisorption of carbon produces a decrease of the magnetic moment of the metal surface. The
introduction of the diatomic binding energy (DBE) allows us to interpret adsorption processes in terms of the energetic
changes of the involved bonds. Thus, some adsorption sites with small adsorption energy (AE) would be strongly active sites
because of high DBE values. A model for carbon diffusion into the Ni bulk is presented.
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1. Introduction of filamentary carbon, carbonaceous films, and
graphitic coke [4]. The whole process can be
Nickel dispersed on different supports is used seen as sequential reactions; for example,
as catalyst for hydrocarbon synthesis in which methane decomposes as [4]:
chemisorbed C is one intermediate. For exam- CH,+A, —»CH A, - C-A,

ple, the Fischer-Tropsch reaction [1-3] pro-

ceeds via reduction of CO to C, which is main- — C-A,, > Cwhisker

tained adsorbed on the catalyst surface for sub- where A | and A are adsorption sites for the
sequent hydrogenations to methyne, methylene, chemisorption of intermediates species previous
and methyl species. At high temperatures, hy- to dissolution of C into the nickel crystal to a
drocarbons can decompose with the formation bulk site (Ab),

Kaminsky et al. [5], using static secondary
ion mass spectroscopy (SIMS), have shown the
* Corresponding author. presence of C (both carbidic and graphitic) and
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the formation of methyl, methylene, and
methyne in the reaction between CO and H,
over a single crystal Ni(111) surface. He et al.
[6] reported the formation of CH , species (n =
0, 1, 2, 3) on a Ni(100) surface by hydrogena-
tion of carbidic carbon. On the other hand,
Garcia-Fierro et al. [7] found in the benzene
hydrogenation on Ni—USY zeolite catalyst that
the hydrogenation reaction is proportional to the
concentration of Ni® centres, and different type
of carbonaceous materials (no whiskers) were
formed.

In general, commercial catalysts are dis-
persed over the surface of other solids (the
support) in which metal aggregates of different
shapes and sizes with different crystal faces
would be exposed to the reactant species. Ag-
gregates of very small size (of a few A in
diameter [8]) are usually highly effective cata-
lysts, because of their large surface accessible to
reactants. The structure of these particles resem-
bles molecular species more than bulk metals,
and can be modeled as clusters. Very little
theoretical work related to the properties of
these little clusters has been performed.

The object of this work is to calculate, using
the MINDO/SR method, the interaction of C
atoms with different adsorption sites on Ni clus-
ters (Ni,, and Ni,) that model a small grain of a
highly dispersed catalyst. We pretend to answer
questions such as: which are the most active
sites for C adsorption on small nickel aggre-
gates? Which factors must be considered in the
calculational procedure for modelling C
chemisorption on Ni clusters? The answer to

these questions is very important because prop-
erties of an intermediate (C chemisorption on
Ni) is fundamental in mechanisms related with
petrochemical reactions such as: methanation,
hydrocarbon synthesis, carbon formation, etc.

2. Computational details and surface model

All calculations were done using the semiem-
pirical program MINDO/SR [9] parameterized
for Ni-C systems. The theoretical values of
C-Ni bond energy and equilibrium bond length
(45 kcal/mol and 1.904 A, respectively) ob-
tained by Schiile et al. [10], using CASSCF and
CCI calculations for CH;Ni, were employed to
calculate the parameters ac_y; = 1.71424 and
Be_ni = 0.76375. The C-Ni dissociation ener-
gies, optimizing the C—-Ni and C-H bond dis-
tances, were evaluated for the NiCH , (n = 0-3)
species. The results presented in Table 1 show a
very reasonable agreement with respect to those
values calculated from Reference [10], shown in
parentheses.

The catalytic surface of a Ni grain (a tiny
crystal) was modeled by Ni,, (8 atoms in the
first layer and 6 in the second) and Ni (4 atoms
in the first layer and 1 in the second) simulate
an exposed (100) face, see Fig. 1.

In order to study the adsorption process, at
the optimal C—surface distances, the following
properties were evaluated: adsorption energy
(AE), total diatomic energy (TDE(Ni-C)), total
diatomic binding energy (TDBE(Ni-C)), equi-
librium bond distance (R, (Ni—C)), the average

Table 1
Calculated values of C—Ni dissociation energies (DE) and equilibrium bond distances (ch) of CH,, molecules using MINDO /SR method
Molecule Multiplicity DE R (Ni-C) R (C-H)
(kcal /mol) A A
CH;Ni 2 46.1 (45.0) 1.901 (1.904) 1.129 (1.098)
CH,Ni 3 71.1(68.7) 1.879(1.882) 1.118
CHNi 4 94.3 1.851 1.104
CNi 3 76.4 1.823 1.104

Values in parentheses correspond to data from Ref. [10].
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Fig. 1. Nickel grain modelled by a Ni, cluster in which studied
adsorption sites are labeled.

value of Mulliken Ni—-C bond orders
(MBO(Ni-C)), Charge (C), and activation en-
ergy of the cluster (ATDBE_..)

The adsorption energy was obtained as the
difference between the final and the initial state
energies (AE = E[C-Ni_ ]—{E[C]+ E[Ni,])
of the reaction:

C+ Ni,, » C-Ni,

Adsorption strength can be analyzed in terms
of diatomic binding energies (DBE(A—-B)) be-
tween atoms A and B [11}:

DBE(A-B) = 5,5 + f,(A-B) As,

+ f5(A-B)dey (1)
with
fa(A-B) = &3/ Z €AC (2)
(C#A)
Agy =5, & (3)

This definition obeys the condition that the total
binding energy (TBE) can be expressed as the
sum of binding diatomic energies between all
atoms,

TBE= ), ) &, + 2 As,

A B>A A
=) ) DBE(A - B)=TDBE (4)
A B>A

where &2, £,, and &, terms correspond to the
energy of atom A, and monoatomic and di-
atomic energies [12], respectively.

The cluster energy change due to the

chemisorption of C is calculated by the follow-
ing expression,

ATDBE = TDBE*(Ni,,) — TDBE(Ni,,)
(5)

where TDBE"(Ni_) and TDBE(Ni,) are the

diatomic binding energy sums of all Ni atoms in

the Ni_ cluster with an adsorbed C atom and
without it, respectively.

cluster

3. Results and discussion

3.1. Vertical adsorption on the cluster surface

Calculations performed for a perpendicular
adsorption of C on the cluster surface gave an
optimal multiplicity of 15, leading to a reduc-
tion of the surface magnetism, because the opti-
mal calculated multiplicity for the Ni,, cluster
was 17. This result is in agreement with experi-
mental findings [13], where interactions of hy-
drocarbons on small Ni grains produce a reduc-
tion of their magnetic moments. An exception
was found on the four-center site that presents
more stability for a multiplicity of 17.

Potential energy curves (PEC) of C adsorp-
tion on the Ni,, cluster for each one of the six
sites shown in Fig. 1 are presented in Fig. 2. All
PECs exhibit a minimum of energy, which is an
indication of attractive interactions. The hori-
zontal dashed line corresponds to the binding
energy of the Ni,, cluster plus the carbon atom
located at infinite distance. Therefore, PECs
above this line represent adsorptions that are not
energetically favored. In this case, there are
only three PECs whose minima lay below this
line, corresponding to interactions on OCIII,
OCII and TCII sites. Note that exothermic ad-
sorptions take place solely on border sites. This
is an indication that the degree of saturation of
the Ni atoms that form the adsorption site plays
also an important role in the adsorbate—surface
interaction. The adsorption on four- (FC), one-
(OCI), and two-center sites (TCI) are energeti-
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Fig. 2. Potential energy curves for adsorption of a C atom on
different Ni,, surface sites.

cally unfavorable because those sites include the
highest coordinated surface nickel atoms. Thus,
the most stable adsorption occurs on the less
coordinated nickel atom (OCIII, Ni(8)). Note
that our model of surface is closer to a tiny
catalyst grain than to an extended well-defined
(100) surface.

A more detailed description of the bonding
properties at minima of the potential energy
curves is presented in Table 2. Several features

Table 2

can be obtained from the analysis of these data:
(a) There is a direct correlation between the
adsorption energy (AE) of the same type of site
and TDE and MBO values of the Ni—-C bond.
That is, AE absolute values for one-center sites
decrease in the order OCIII > OCII > OCI, as
do both TDE absolute values and MBO values.
(b) An inverse trend occurs for the Req values,
i.e., a less stable adsorption corresponds to a
longer Ni-C equilibrium bond distance. (c)
Electronic charge transfer from the cluster to the
adsorbate takes place upon C chemisorption,
which is consistent with the fact that the elec-
tronegativity of the C atom is greater than the
Ni atom. (d) The TDBE(Ni—C) values indicate
that C adsorption in all sites is bonding, in
agreement with the fact that all PECs are attrac-
tive; however, AE values show a different be-
havior. This suggests that sites in which C
chemisorption is endothermic (AE > 0) can also
be active for catalytic reactions with C adsor-
bate. (e) Positive values of ATDBE_ ., were
obtained (see Eq. 5), which is an indication of
destabilization of the cluster upon C chemisorp-
tion.

The large difference between AE and
TDBE(Ni—C) can be explained by the positive
values of ATDBE_.,; i.e., the cluster is less
stable due to C chemisorption, as shown in the
last row values of Table 2. For example, in case
of C adsorption on FC site, the TDBE(Ni—C)
value is negative (—26.9 kcal /mol) while the
AE and ATDBE_ ., values are positive (45.9
and 72.8 kcal /mol, respectively). Note that AE

Properties of C adsorption at the equilibrium vertical C—-surface distance for cluster surface and at the minimum geometry on two-center

(TC*) and one-center (OC*)

System properties Sites

FC TCI TCI OCI ocClIl OClIll TC* oc*
AE (kcal /mol) 45.9 16.8 -1.5 38.4 -1.1 —24.2 —40.5 -46.9
TDE(Ni-C) (au) —0.652 —0.455 —0.530 -0.279 —0.426 —0.473 —0.638 -0.279
MBO(Ni-C) 0.56 0.80 0.89 0.93 1.23 1.33 0.93 1.33
TDBE(Ni-C) (kcal /mol) —269 -21.6 —-52.4 -73 —54.5 —50.5 —49.9 —64.9
Charge (C) (au) -0.21 -0.30 -0.15 -0.29 -0.23 -0.34 -0.21 -0.35
R (Ni-C) A 2.350 2.156 2.086 2.091 1.918 1.890 2.058 1.870
ATDBE g, (kcal /mol) 72.8 38.4 50.9 45.7 53.4 28.4 9.5 18.0
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= TDBE(Ni,,C) — TDBE(Ni,,) = ATDBE
+TDBE(C-Ni).

cluster

3.2. Adsorbate relaxation on the surface

The preceding calculations were carried out
with the constraint of allowing only vertical
movement of the adsorbate located at on-top,
bridge and four-center sites. Calculations opti-
mizing the C-surface distance without con-
strains were also performed. The results show
that adsorptions on perpendicular positions to
the surface are not the most stable ones. The
final location of the C atoms corresponds to
border sites (one- and two-centers) of the cluster
in which the adsorbate is tilted out from the
surface plane; see Fig. 3. FC, TCII and OCII
adsorptions evolve to a two center site labelled
as TC™ in Fig. 3. On the other hand, TCI, OCI,
and OCIII adsorptions change to OC * site, as is
also shown in Fig. 3. Adsorption energies in
these new sites become more negative (more
stable adsorption) than in the initial ones, reach-
ing values of about — 47 and — 40 kcal /mol for
OC™ and TC" sites, respectively. The equilib-
rium bond distances are shorter and the elec-
tronic charge transfers are greater than in the
case of perpendicular adsorption to the surface.
A considerable decrease of the cluster activation
(ATDBE,,,.,) is also observed; see the last two
columns in Table 2.

These results show that in studying adsorp-
tion on small clusters, lateral optimization is

Fig. 3. The most stable adsorption sites for the C adsorption on a
Ni,, cluster.

Fig. 4. (a) Nickel cluster Nis(4,1). (b) Carbon adsorption on FC
site at Nis cluster.

necessary in order to obtain the location of the
most active sites.

3.3. Metal coordination effects on adsorption
sites

The large difference between chemisorption
energy on different sites may be due to border
effects (i.e., coordinatively unsaturated sites) or
to the nickel cluster relaxation, or both. Calcula-
tions for a Nis(4,1) (Fig. 4a) and Ni;—C (Fig.
4b) with the optimal multiplicities of 7 and 3,
respectively, were performed in order to analyze
the above-mentioned effects.

Calculations for vertical and relaxed carbon
adsorption on the Nis cluster show marked
changes with respect to those of Ni,,, as shown
in Tables 3 and 2. It is remarkable the variation
of interaction energy values; for example, the
values of AE and TDBE(Ni-C) for adsorption
on FC change from +45.9 and —26.9 in the
Ni,, cluster to —51.0 and —68.1 kcal/mol in
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Table 3
Properties of C vertical adsorption at the equilibrium C-surface
distance for different sites of the Nig cluster

System Sites
properties FC oc TC TC* OC*

AE (kcal/mol) —51.0 —270 —179 -729 —408
TDE(Ni-C) (au) —0.999 —0.544 —0.687 —0.585 -0.544
MBO(Ni-C) 0.85 1.39 1.03 0.96 1.45
TDBE(Ni-C) —68.1 —47.8 -—328 —754 —65.0
(kcal /mol)

Charge (C) (aw) —-001 -020 -002 -0.15 -0.23
R (Ni-C) (A 2126  1.852  1.999 2.042 1834
ATDBE,, ., 19.7 20.8 14.9 2.5 24.2
(kcal/mol)

the Nis one, respectively. This may be ex-
plained by the fact that the FC site in Nig is
formed with atoms of much lower coordination
than in the Ni,, cluster. In the last cluster, a
very large destabilization of the cluster occurs
that is not the case in Nis.

In general, the following trends were found
for the calculated adsorption properties: (i) The
absolute values of AE, TDE(Ni-C), and
MBO(Ni-C) are higher in the smaller cluster.
(ii) Charge (C), R,(Ni—C), and ATDBE_.,
absolute values are smaller in the Ni;. (iii) All
of these trends agree with the fact that the C—Ni
interaction is stronger in the small cluster that in
the large one.

These results are not surprising because ex-
perimental findings with small metal clusters
reveal that strong changes in the chemical reac-
tivity occur as the cluster size is varied [14,15].
In addition, semiempirical and ab initio [16] and
DFT [16] calculations have shown that elec-
tronic structure and energetics of small clusters
are quite different with respect to the bulk;
noticeable changes in these properties are ob-
served with the size or the variation of the
number of atoms in the cluster [16—18].

The effect of increasing the coordination in
the atoms that form the FC adsorption site was
confirmed by calculating the Ni,(6,1) (atoms 1,
2, 3,5 6,7, and 10 in Fig. 1) and Ni,-C

clusters with optimal multiplicities of 9 and 5,
respectively. The AE value (—12.6 kcal /mol)
indicates a decrease of chemisorption energy of
about 38 kcal/mol, as compared to the Ni,
cluster (—51.0 kcal/mol). These results clearly
confirm that the increase of coordination in the
adsorption site atoms (two more nickel atoms
coordinated to the four-fold adsorption site)
yields a decrease in the adsorption energy.

One possible explanation for the large differ-
ence in adsorption energy on four-fold sites
between Nig and Ni,, can be given in terms of
charge density (Mulliken type) on the atoms
that build the adsorption site. The charge on the
atoms that form the Nig four-center site is
+0.005 au, contrary to the Ni,, case, where the
center atoms (atoms 1 and 5 in Fig. 1) have a
negative charge (—0.103 au), whereas the edge
atoms (atoms 3 and 6) are positively charged
(4+0.059 au). That is, the size and shape of
metallic clusters influence the electronic charge
distribution at the adsorption sites. Conse-
quently, the interaction energy adsorbate—
surface may change considerably.

3.4. Effect of cluster optimization

Results with geometry optimization of the
Nis cluster show Ni-Ni enlargements of about
0.1 A in the first layer, and 0.05 A between the
Ni atom of the second layer and the top one.
This calculated hollow expansion is in the same
range as the experimental value (0.1-0.2 A)
[19-21]. Total geometry optimization in Nis
and in Nis—C clusters produces AE (—58.6
kcal /mol) and TDBE(Ni-C) ( — 85.4 kcal /mol)
absolute values, smaller than in the non-opti-
mized case. One may conclude that the effect of
coordination of the atoms that form the adsorp-
tion site is more important than that of the
cluster relaxation.

The above results can be interpreted as a
clear indication that in a highly dispersed nickel
catalyst, carbon adsorption is preferred on one-
center and two-center sites, located at the border
of tiny crystallites, rather than on four-center
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ones. Adsorption on four-center sites is favored
only in the case when the atoms that form the
adsorption site have no lateral coordination, such
as the Nig cluster. On the other hand, experi-
ments on a clean Ni(100) surface, using LEED
and SEXAFS spectroscopies [19-21], have
shown that carbon is adsorbed on four-fold
hollow sites causing a distortion on the surface.
This fact suggests that there is a strong differ-
ence between the adsorption properties of small
metal clusters and well-defined metal surfaces,
as has been established by Demuynck et al. [16],
Mijoule et al. [16] and Ueno et al. [16].

Several authors [22-25] have proposed that
the strongest chemisorptions on highly dis-
persed nickel catalyst occur on unsaturated sites
such as comners and edges. It is experimentally
known that in Ni/SiO, catalysts, the nickel
particles have an average diameter of 10-60 A
[23,26]. In these small clusters, corner and edge
atoms are a significant fraction of the total
surface atoms, while in larger clusters, atoms
located on planes of low indexes are the more
numerous, as has been calculated by Van Hard-
eveld and Hartog [27]. For example, Rao et al.
[22] have found that the cluster size strongly
determines the reactivity of Ni clusters towards
dissociation of H,S and CO. Similar results
were reported by these authors in the dissocia-
tion of O, on Ag clusters, showing that small
clusters present a greater activity than large
ones. Ponec et al. [25] reported that small metal
particles are less able to form multiple metal—-
carbon bonds (adsorptions in two- three- and
four-center) and are more resistant to formation
of carbonaceous layers.

3.5. Cooperative effects

Chemisorption at the four-center site after
adsorption at the edge sites was studied to see
the cooperative effect, as shown in Fig. 5a. It
was found, after optimization, that the cluster
with four C atoms at the edges has large Ni—Ni
relaxations of about 0.25 A. Interaction of a
fifth C atom at the hollow four-center site, see

Fig. 5. (@) NisC, cluster with the four C atoms chemisorbed at
edges. (b) Optimized structure of NisC cluster with a fifth C at
the FC site.

Fig. 5b, produces quite different adsorption
properties: (a) C- surface distance is only 0.15
A, instead of 1.460 A and 1.106 A for non- opti-
mized Ni ,C and NijsC clusters, respectively.
(b) A very strong C—surface bond (TDBE(C-
Ni) = — 145 kcal /mol) as compared with Ni, ,—
C (—27 kcal /mol) and Ni;—C (- 85 kcal /mol).
c) A higher value of AE: —67 kcal /mol, in-
stead of —59 and + 46 kcal /mol for Ni;C and
Ni, ,C, respectively.

The results of chemisorption energy agree
relatively well with ab initio CASSCF and mul-
tireference contracted CI (— 163 kcal /mol [28])
and semiempirical CNDO-CMP (—156.0
kcal /mol [28]) calculations. The vertical dis-
tance C-surface is in good correlatlon with
LCGTO-MPC-LSD calculations (0.19 A [28]).
Experimental values of binding energy and per-
pendicular bond distance C—surface are of about
—161.6 kcal/mol [4] and 0.1-0.2 A [19,20],
respectively.
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Fig. 6. Diffusion of carbon into the nickel grain. (a) One diffused
C atom. (b) Two diffused C atoms.

An- analysis of the orbital populations of the
Ni atoms helps to understand the large differ-
ence between C chemisorption at the four-center
site in Ni,, and Nis. The orbital population
close to the x—y plane (d,, and d,._ ) de-
creases in an average of 0.39 au per Ni atom.
This is due to withdrawal of electronic charge
from Ni atoms to the C atoms at the cluster
edges. In addition, the chemisorption of C atoms
at edges relaxes the Ni—Ni cluster distance in
0.25 A. Both of these effects contribute to
decrease the repulsive interaction between the
full d,,, d,,, the partially filled d . and p,
orbitals of Ni atoms and the electronic density
of the C atom; allowing a chemisorption very
close to the surface and an electronic transfer
from the carbon to the surface.

Diffusion into the cluster was studied starting
with the fifth C atom located below the first
layer of Ni atoms, at —1.0 A. A stable final
state was found after optimization; correspond-

ing to a C—surface distance of —0.11 A and a
TDBE(C-Ni) of — 146 kcal/mol, as shown in
Fig. 6a. In this state, the Ni atom in the lowest
layer shifts from the axis of the pyramid toward
one of the edges; favoring in this way further
penetration of the C atom. To see this possible
effect, a NijCq cluster was evaluated, putting
f;our carbon at the edges and the two others at 1
A above and below the square surface. Opti-
mization results are shown in Fig. 6b. The two
C atoms diffuse through the cluster. The first
one going down 1.34 A below the surface and
getting out of the prism, and the second one
staying near the center of the cluster, 0.28 A
below the surface.

It seems clear that an initial adsorption at the
unsaturated sites (dislocation, steps, edges, -and
corners) produces important changes in the Ni
cluster, conducting to a very strong chemisorp-
tion of C atoms on the four-fold hollow sites,
which in turn affects the surrounding nickel
atoms, facilitating further chemisorption and so
on. The chemisorbed carbon atoms in this al-
tered Ni layer may overcome a diffusion barrier
and tightly interact with the second layer of Ni
atoms, initiating a phenomenon of migration of
C atoms into the cluster. These results are sup-
ported by experimental findings indicating that
carbon whisker formation is considerably less
on single crystals which contain no grain
boundaries [25].

4. General trends

The analysis of the results for different clus-
ters show the following trends:

1. Experimental results reviewed from the liter-
ature as well as these calculations suggest
that large metallic surfaces have different
adsorption properties that tiny crystals. The
latter are more efficient as catalysts because
of the greater surface area and the larger
number of edge sites with better adsorption
propertties.
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2. Calculations of vertical adsorption are not
sufficient to understand chemisorption ‘on
small clusters. The diffusion toward the bor-
der sites is an important phenomenon that
should not be overlooked. In addition, relax-
ation of the cluster due to chemisorption
should be studied.

3. Adsorption of carbon on small clusters takes
place mainly on border sites, where Ni atoms
have the least coordination. Chemisorption
on four-center site is energetically favored in
Nis clusters. Nevertheless, this kind of ad-
sorption is not found on greater clusters,
probably due to a larger destabilization of
the cluster because of a greater number of
coordination of the Ni atoms that form the
adsorption site. In general, it was found that
the cluster size has a strong effect in the
adsorption properties of each type of sites.

4, Carbon chemisorption on small clusters
shows large cooperative effects of pread-
sorbed atoms at the edges sites, promoting
further adsorption. Important changes are ob-
served, both, in the geometry of the cluster
(relaxation) and in its electronic density; fa-
cilitating the adsorption of new carbon atoms
and theirs diffusion into the cluster.

5. The different sign of AEs (AE>0) and
TDBE(Ni-C)s (TDBE(Ni-C) < 0) values
may be explained by destabilization of the
cluster (ATDBE_,..,) caused by chemisorp-
tion of C atoms. It suggests the presence of
active sites in which chemisorption is en-
dothermic.

6. The adsorption of C atoms produces a reduc-
tion in the magnetic moment of the whole
cluster.
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