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Complete neglect of differential overlap (CNDO) molecular orbital calculations using the method of Anno
and Sakai for the evaluation of the valence orbital ionization potential (VOIP) were performed with the aim

of studying the oxidation of carbon monoxide on nickel clusters.

A cluster surface was assumed to be

preadsorbed with oxygen and the variation of various bond energies with the approach of a carbon monoxide
molecule was studied for different models. Various possibilities for the reaction path are discussed in the light
of the theoretical findings and it is suggested that at a low coverage of oxygen the reaction may follow a
Langmuir- Hinshelwood path, whereas at a high coverage, an Eley-Rideal path might be more probable.

A catalytic reaction on a solid surface is not simple,
but comprises several reaction steps in which a
reaction cycle must be formed, starting from an initial
chemisorption process of reactants to a closing process
by desorbing final products from the surface. Under
such requirements for a catalytic reaction, the most
stable chemisorbed state among the several possible
states is not always the most effective one for
completing the catalytic reaction, since this kind of
chemisorbed state occasionally remains persistently
on the surface without desorbing into the gas phase.
The above-mentioned concept should be important
for studying, as a whole, a reaction mechanism on
heterogeneous catalysts. In order to do so, calcula-
tions of all the bond energies as well as the total
energies involved in the catalytic cycle are required.
In the present paper, we have attempted a new
approach to this problem through, as an example, an
oxidation reaction of carbon monoxide on a Ni
surface using the CNDO molecular-orbital method.

The oxidation of carbon monoxide over active
metal catalysts (e.g. Pt, Pd, Rh, Ru, and Ni) has been
investigated by numerous workers under well defined
conditions with single crystals!=1V as well as with
polycrystalline surfaces.2-1® The individual steps
which are possibly involved in the oxidation of carbon
monoxide can be given as follows:

CO == COyq 1)
O; — 2044 @)
Ouq + €Oy — CO, )
O.4 + CO(g) — CO, S
O,(g) + 2C0. — 2CO, ®)

A dissociative adsorption of oxygen is well established
above 100 K as can be concluded from isotopic
exchange experiments!? and also from the absence of
features in the UPS spectrum that could be assigned to
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adsorbed molecules;8:19 hence, the reaction steps
involving Oz.4 need not be taken into consideration.
Step (3) represents a Langmuir-Hinshelwood path,
which predicts a reaction between both the reactants
in a chemisorbed state. Steps (4) and (5) represent an
Eley-Rideal mechanism in which one of the reactants
is in its normal chemisorbed state(O.q) and the second
reacts either through a direct collision from the
gas phase or from a weakly held physisorbed or molec-
ular state. At present it is widely believed that
the oxidation of CO on noble metal surfaces (such
as Pd and Pt) follows a predominantly Langmuir-
Hinshelwood type machanism; evidence for this was
earlier obtained from nonstationary studies2:4:8 and
its dominance has been mainly proposed by recent
molecular-beam experiments.”-® However, in addi-
tion to these extreme possibilities a precursor
mechanism including an Eley-Rideal like path has
also been suggested by many authors.20-22

The formation of carbon dioxide through a cata-
lytic oxidation of carbon monoxide is of significant
practical importance, particularly in connection with
pollution problems. Thus, one must also consider the
fact that although recently a wide variety of theoretical
techniques such as EHT (extended Hiickel theory),23-29
CNDO,26-33 DV(discrete variational)-Xa-SCF,34-37
LCMTO(linear combination of muffin-tin orbital),38:39
Localized orbital approach-4) and ab initio42—49
have been applied for studying complex phenomenon
on solid surfaces, most of these were aimed at
obtaining a clear understanding of the chemisorption
process in which the chemical reaction could be well
described by the splitting of one bond and the
formation of other bonds. The changes in various
bond energies may, therefore, throw some interesting
light on the disruption(weakening) and formation of
various bonds; hence, the CNDO method as described
here might become a good technique for studying
simple reactions on metal surfaces, particularly since
the bond energy is explicitly defined within its
framework.
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Method of Calculation

Semiempirical methods like CNDO are flexible and
convenient because of their inherent parametrized
treatment; however, the involvement of many parame-
ters makes them somewhat tedious and of lesser
importance for systems containing transition metals.
In the present paper the local core matrix elements U’s
have been estimated from atomic data using the
following expressions:

Ui = —I(i) — (N—1)yss — My (i=s or p)
and
Udd = -—Ip(d) - (M—- l))’dd - Nysd'

Here, I, is the valence-state ionization potential, N
denotes the total number of electrons in the valence
“s” and “‘p” orbitals and M represents the number of
electrons in ‘“‘d” orbitals. The I,’s have been
calculated by using the method of Anno and Sakai,*>
where the valence orbital ionization potential (VOIP)
was calculated with the help of the quadratic
equation,

VOIP = 4, + A,Z + 4,2 0

Here, Z is the atomic number. 49 and A4; were
evaluated with the help of

4, = ay + a,\M + a,M? (8)
and
4, =by + b M. 9)

The values of ao, a1, az, bo, and b, were taken from
Ref. 45. The exchange integral Hj were calculated
with the help of the Wolfsberg-Helmholtz approxima-
tion:4®

Hyy = KSy (Hy+Hyy)/2. (10)

An electronic configuration of 3dM4s4p was assumed
for the ground state of the Ni atom. Veigele? orbital
exponents were used for Ni and Slater values were
used for C and O. Thus, in the present calculation

only K (=1.50) was empirically chosen. The total
energy was calculated from
El. = ]/2 3 Prs (Hrs+Frs) + AZ‘B ZAZBRAB' (I l)
r, s <

The bond energies between atoms A and B have
been evaluated by the following equation:

A B
EAB =33 (2Prsﬂrs—'l/2P¥syAB)

+ (ZaZpRii—PsaVas— PpsVia+ PasPsryan)-
(12)

In the above equations Py represents the density
matrix, Za and Zs represent the charge on nucleus A
and B, respectively, V' terms represent the potential
integrals, Ras represents the internuclear seperation,
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B is the resonance integral and yap represents
interelectronic repulsion between any electron on
atom A and any electron on atom B.

Results and Discussion

1. Reaction of Carbon Monoxide and Oxygen
Atom. The aim of this section is to at least show the
qualitative utility of the present method when it is
applied to study a simple chemical reaction. The
reaction of an oxygen atom with carbon monoxide has
been studied in detail with the frontier orbital concept
and is known to proceed as

O + :C=0 — 0-=C-0. (13)

This reaction should cause a strong stabilization in
the energy of the 30 orbital of CO. In fact, the
photoelectron spectra of CO and CO; show that the
first o orbital of COz ionizes at 18 eV, whereas the 30 of
CO ionizes at 14 eV,4® consequently, the 3¢ of CO is
stabilized by about 4eV. In the present calculations
the ionization potential for the first ¢ orbital of CO.
was found to be 17.9eV and the energy of the 3¢
orbital for CO came out to be 13.25 eV, which gives a
stabilization energy of about 4.6 eV. This is in fairly
good agreement with the experimental results.

The C-O, (““a” denotes the oxygen atom of CO)
bond length was assumed to have a fixed value of 1.15
or 1.19 A and the approaching oxygen atom O, was

-41.0

-41.2p

E.(1") /au

—414L -

Re_g. 7A
C-0p,

Fig. 1. Evaluation of total energy (E;) at Rg.o,=
1.15 A and bond energies (E¢-o) as a function of the
bond length, R¢.o at fixed bond lengthes of C-O,.
1: E,, 2"t Eg.q, 3': Eg.o, at Rgo,=1.15A and 4':
Ego, at Rg.o,=1.19 A,
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considered to exist along a linear path for calculating
the total energy E,, the bond energy of the C-Os, bond
(the new bond being formed, i.e. Eco,) and the bond
energy of the C-O, bond (i.e. Ec.o,).

Figure. 1 contains plots of Ei, Eco, and Ec.o.
against Rc.o, (the distance between C and Os,). The
total-energy curve 1’ shows a minimum at 1.18 A
whereas the bond-energy curve 2’ has a minimum at
1.13A. Both of these equilibrium distances are in
fairly good agreement with the experimental bond
length 1.16 A for CO..

The reaction path to form the CO; product (i.e. the
formation of a new bond C-Op) is clearly depicted by
curve 2’; however, curves 3’ or 4’ represent a
weakening of the C-O, bond due to the approaching
Ob. This is caused by a delocalization of p, electrons
of the approaching oxygen atom into the LUMO of
CO, resulting in a simultaneous strengthening of the
C-Oy bond. Itshould be mentioned here that even for
a different value of the C-O bond length (1.19 A), the
curves for the total energy E: and the bond energy Ec.o,
were found to be almost identical and showed very
little change. However, as expected, curve 4’ for Ec.o,
is slightly different but runs almost parallel to the
earlier curve 3’. This makes it clear that even if the
bond length in CO is held constant, the curves
representing the changes in various bond energies are
capable of showing a weakening of the C-O, bond as
well as the formation of a new bond between C and the
approaching O atom.

Studies on this simple reaction have shown both
qualitatively and quantitatively satisfactory results
and have also made it very clear that the bond energy
not only follows the pattern of the total energy of the
system, but is also capable of depicting the weakening
as well as the strengthening of various bonds.

In the next section the present method is applied to
the CO oxidation on two types of clusters of nickel
containing two and five atoms, respectively.
Throughout this paper a value of 2.50 A is used for the
Ni-Ni distance (the same as that in bulk Ni) and
1.15 A for the bond length of a CO molecule.

2. Oxidation of CO on Niz Cluster. For Nig, two
different positions were considered for the preadsorbed
O, namely: SYMMETRICAL and UNSYMMETRICAL.
As shown in Fig. 2, in the first case two different sites
were chosen for the coadsorption of CO (labeled as
ON TOP (Model 1) and ADJACENT VERTICAL
(Model 4)). However, in addition to the perpendicular
models a slightly angular (¢=30°) approach of CO
(labeled as ADJACENT BENT (Model 3)) was includ-
ed in the calculations. In the second case, the three
similar types were also considered (Models 2, 5, 6). CO
was supposed to be ON TOP (Model 2); an
ADJACENT VERTICAL (Model 5) and an angular
approach were also considered (¢=30°, Model 6). In
the models 5 and 6, CO was supposed to be on top of
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Model 6

Fig. 2. Models for Ni;-O,4 and Ni;-O-CO.
1: Symmetrical on top, 2: Unsymmetrical on top,
3: Symmetrical adjacent bent, 4: Symmetrical
abjacent vertical, 5: Unsymmetrical adjacent vertical
and 6: Unsymmetrical adjacent bent.
®: C, @: Ni and O: O atoms.

~1280}
1
. 6
S, -1285f 2
w
3.4
~1200}
00 11 13 15 17 18
Re-0gq /A

Fig. 3. Plots of E; vs. Rg-o,,
Notations of curves correspond to the numbers of
models in Fig. 2.

one Ni atom, which models arise from the conclusion
by Li and Tong by analysis of the LEED patterns of
CO adsorption on Ni(100) surface.49

A plot of the total energy of the system E: as a
function of Rc.o,, is given in Fig. 3; it can be said that
the total energy of the system remains almost the same
for all the models under study.

Figure 4 contains plots of Eco, as a function of
Rc.o, and a comparative study of the various curves
shows that for the bond formation between C and O.q
three favourable arrangements are:
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(1) O preadsorbed symmetrically and CO on top,

(2) O preadsorbed at an unsymmetrical site with CO
lying on top,

and

(3) O preadsorbed symmetrically and CO adsorbed at
an adjacent site in a bent form (¢=30°). An increase or

Ec.o . /au
C Oud

09 10 11 12 13
Re-05q /A

Fig. 4. Plots of Ec_o.d Vs. Rc-o.d.
Notations of curves correspond to the numbers of
models in Fig. 2.

09 10 11 12 13 14
Re-0gy /A

Fig. 5. Plots of Ey; o,, Vs. R0,
Notations of curves correspond to the numbers of
models in Fig. 2.
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decrease in this angle by 10—15° was found to have an
adverse effect on bond formation.

Figure 5 shows the plots of the total bond energies
between two Ni atoms and O.a: ZEni-o,, against Rco..
All of the curves shown here clearly indicate a
weakening of the Ni-O.4 bond, one of the require-
ments for the formation of a catalytic cycle. However,
evidently this weakening is a maximum when O is
symmetrically adsorbed and CO is adsorbed at an
adjacent site in a bent form; the next best choice seems
to be a symmetrical site for preadsorbed O with CO
lying on top of it.

Plots of ZEni—c vs. Rc-o., are given in Fig. 6. It can
be inferred from the nature of the various curves that
CO may be attacking from the gas phase when it lies
on top of either symmetrically or unsymmetrically
adsorbed O; in other cases it seems to be adsorbed
rather strongly.

In order to evaluate the possibility of a desorption of
COg, the total energy of all the Ni-O, and Ni-C
bonds has been plotted against Rc-o. (Fig.7) and the
nature of the curves suggests that the desorption of
COz should be easiest when O is symmetrically pre-
adsorbed and CO lies on top of it, followed by unsym-
metrical-on-top and symmetrical-adjacent-bent models.

3. Oxidation of CO on Nis Cluster. The Nis
cluster model contains four atoms in the first layer; the
fifth atom lies below in the second plane (Fig. 8). In
all the cases, oxygen was supposed to be preadsorbed
at a multi-center symmetrical site which lies on top of

-0t 1
2
-02f
z -03t 3
W
6
-04f
-o5} 4
5

08 10 11 12 13
Reog . /A

Fig. 6. Plots of Enj-¢c vs. Rc-0,4-
Notations of curves correspond to the numbers of

models in Fig. 2.
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o 6
+ -14f
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-18}
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1T 12 i3 14

R /A
C-Oqg

Fig. 7. Plots of EENI-C+EENI-O.¢ VS. Rc.o‘d.
Notations of curves correspond to the numbers of
models in Fig. 2.

Fig. 8. Models for Ni; cluster and Ni-O-CO.
7: On top, 8: on bridge, 9: on diagonal. Note that
two different site labeled S1 and S2 for the model 9
are distinguished for the adsorption site of CO.
@: surface Ni, O: second layer Ni, @: C and O: 0
atoms.

the fifth Ni atom. For CO, however, in addition to a
site on top of Q.4 (Model 7), two other sites were also
chosen:

(a) CO adsorbed at an adjacent BRIDGE site as
shown in Model 8. (b) CO adsorbed at a site on the
DIAGONAL (Model 9).. However, in this case in
order to study the effect of the preadsorbed O on the
adsorption of CO, two different sites were selected
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-250.0F
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-260.0

170 11 12 13

Re-0gg /A

Fig. 9. Plots of E; vs. Rg-q,,
Curves 7,8, S1, and S2 correspond to models 7,8,9-
S1 and 9-S2 in Fig. 8, respectively.

-1.0,
8 S1
?g -1.5r
& 8
S2
7
-2.0r

08 10 11 12 13
Re-0gq /A

Fig. 10. Plots of Ec.o“i VS. Rc-o‘d.
Notations of curves are the same to those in Fig. 9.

which are denoted as S1 and S2, respectively, in Model
9. Relying on our previous experience with Niz where
the bent approach was found to be more appropriate
for the formation as well as desorption of COz, we
decided to consider only the angular approach of CO
for adsorption (¢=30°).

Figure 9 shows plots of E; as a function of Rc-o.,
from which it becomes evident that the total energy
of the system dose not differ appreciably for different
models.

Figure 10 contains different curves for a plot of Ec-o,,
as a function of Rco, and a comparative study
suggests that an on-top site may be slightly more
favourable for the formation of COs.

Figure 11 represents a plot of ZEni-o, against Rco...
Although no clear-cut observation can be made since
in all the cases the Ni-O.4 bond shows a tendency of
becoming weaker with the approach of CO the
DIAGONAL-S2 site for CO adsorption may be
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Fig. 11. Plots of EENI-O“ VS. Rc-o.d.

Notations of curves are the same to those in Fig. 9.

08 08 10 11 12
Re 0y /A

Fig. 12. Plots of S Ey;-¢ Vs. Ro-0.,-
Notations of curves are the same to those in Fig. 9.

slightiy more favorable for such a weakening.

Figure 12 shows plots of %Eni-c against Rc.o,,; these
curves show some interesting features regarding the
adsorption of CO on Ni preadsorbed with O. A
comparison of curves S1 and S2 shows that as CO
moves closer to the preadsorbed O, the strength of
Ni-C bond decreases considerably. The effect of pre-
adsorbed electronegative atoms on the adsorption
of CO and H: has been studied by Kiskinova5® using
thermal desorption, LEED and AES. It was found
that the presence of electronegative atoms causes a
reduction in the adsorption rate, the adsorption bond
strength and the capacity of the Ni surface for CO and
H; adsorption. The same conclusion was reached by
Madix5? for the case of iron. Our theoretical results
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Fig. 13. Plots of EEN1'0.¢+ ZENI'C VS. RC'OM‘
Notations of curves are the same to those in Fig. 9.

are in agreement with these results, clearly indicating
a predominant role for the preadsorbed O.

Figure 13 contains plots of the sum of 3Enic and
S.Eni-o. against Rc-o,.. On the basis of these curves it is
suggested that ON BRIDGE and ON DIAGONAL-S1
which are comparatively far from the O.s may not be
suitable for the desorption of CO2, which is otherwise
known to desorb immediately from the surface at
usual catalytic temperatures (>100°C52). The
remaining two possibilities (namely ON TOP and
ON DIAGONAL-S2) are, perhaps, good adsorption
sites as far as the desorption of COz is concerned. In
order to evaluate the effect of neighbouring O.q atoms,
it was considered appropriate to include four such
nearest-neighbour O.q atoms in one calculation set for
both on-top and on-diagonal sites. It was also found
that the various bond energies remain almost
unaffected, probably due to the large distance.

On the basis of the qualitative studies presented in
this paper it is suggested that the reaction of CO and
O:2 on nickel might consist of the following stages:

(1) Preadsorption of Ni with Oxygen: Engel et
al.?® have observed that the chemisorbed oxygen is
the primary surface species formed by an interaction
of Oz with the surface of platinum metals and that this
species generally exihibits a higher reactivity towards
CO. They further suggest that as long as the actual
concentration of oxygen under a steady-state condi-
tion is low it may be safely concluded that if the
temperature is not extremely high the chemisorbed
atomic oxygen is the only species that enters into the
catalytic oxidation of CO. Our studies of Ni clusters
suggest that the symmetrical site is more suitable both
for the formation and desorption of COg; this is in
agreement with the findings based upon LEED
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studies.

(2) Oxidation of Carbon Monoxide at Low
Coverage of Oxygen: It has been concluded by
Engel5? that if both kinds of particles (i.e. CO and O)
are present on the surface, the CO can be regarded as
moving within an essentially fixed matrix of Oaq
atoms. On the basis of the present studies regarding
both Niz and Nis, it is suggested that at a low coverage
of oxygen, CO might be adsorbed at an adjacent site
and that in the transition state this adsorbed mobile
species assumes a bent configuration which has been
found to be more favorable for the formation (as well
as desorption) of CO2z. The possibility of an angular
form of adsorbed CO in the transition state has also
been suggested by Anderson3 while describing the
mechanism of CO oxidation on Pt. Obviously, the
oxidation of CO at low coverage of oxygen can be
assumed to follow the Langmuir-Hinshelwood path.

(3) Oxidation of Carbon Monoxide at High
Coverage of Oxygen: Behm et al.5® have noted that
for a reaction of preadsorbed oxygen during exposure
to CO on Pt(100) at 355K and at pressures upto
1X10—4Pa the CO coverage is negligibly small as long
as 60>0.05. With respect to the relative rates of
adsorption, reaction and desorption, this means that
the latter two processes must be at least as fast as CO
adsorption. It has also been found that the lifetime of
a chemisorbed CO adjacent to a chemisorbed O on Pt
is =10~4s. It has reaction probability of unity for each
chemisorbed CO; however, at a high coverage of O.q or
in the case of CO.4 exposed to Oz, the CO.q is held by a
matrix of surrounding oxygen atoms and such islands
of the two species can coexist on the surface for
hundreds of seconds with very little reaction
probability for CO: formation. The theoretical results
on Niz and Nis in the present paper suggest that under
such conditions there is a high probability of a
reaction between adsorbed oxygen and CO from the
gas phase follwing an Eley-Rideal type mechanism
including a “‘precursor state.”
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