Entropy Effects in the Chemisorption of CO on (100} Pd,
Ni and Cu Single Crystal Surfaces

Experimental data for the chemisorption of CO on the (100) surface of Pd, Ni
and Cu are used to calculate the activation entropy of the adsorption—desorption
equilibrium within the framework of the absolute rate theory of chemisorption.
It is shown that the activation entropy (i.e., the pre-exponential of the rate co-
efficient for the elementary surface reaction) is quite anisotropic on the same crystal-
lographic orientation of these three different face-centered cubic metals even at a
constant surface coverage of CO. The activation entropy is also found to vary
widely on the Ni (100) surface as the CO coverage increases from 0.50 to 0.655.

When the absolute rate theory formu-
lation is used to predict the rates at which
various elementary gas-surface reactions
occur (e.g., adsorption, desorption or
heterogeneously catalyzed suriace reactions
obeying either Langmuir-Hinshelwood or
Rideal-Eley kinetics), there are generally
two uncertainties present. These uncertain-
ties are the following: (a) the activation

onorav of tha olamentarv cuirface reaction:
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and (b) the entropy of activation to the
surface reaction, i.e. the pre-exponential
factor of the reaction rate coefficient. In
view of the fact, a bond-energy bond-order
(BEBO) model has recently been formu-
lated which allows estimates to be made of
heats of adsorption and activation energies
to adsorption, aesmpuwu and surface re-
action (I-4) 1t is very important to be
able to make estimates of the activation
entropy. If reliable estimates of the en-
tropy of activation may be made, then the

combined use of absolute rate ﬂm:nrvv with
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the BEBO model allows a predwtwn of
the rates of elementary surface reactions
(4). As will be seen below, the activation
entropy is intimately connected with val-
ues of the partition functions of reactants
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and 1 state, and thus
can be used to glean valuable 1n51ght into
the microscopic details of the various sur-
face reactions.

The absolute rate theory will be applied
to the general case of the reversible ad-
sorption of an AB molecule on a surface
S. Then the results will be applied spe-
cifically to the elegant data of Tracy for
CO adsorption on the (100) surface of Pd,
Ni and Cu (6-7). The effects of surface
coverage will be examined for the Ni
(100) surface.
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MopeL DESCRIPTION

At equilibrium, for the reversible ad-

sorption of an AB molecule the rates of
adsorption and desorption are equal, i.e.,

Ra.AB = Rd,AB- (1)
Tainoe ahanluta rate thanry thasa ratag
Using absolute theory these rates
may be written explicity as follows (7, 4):
tvg ,AB

* P
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X exp(—E./kT) (2)

and
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+ kT
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X exp(—E/kT), (3)

where 7 is the symmetry number (unity
for a heteronuclear diatomic molecule);
{k¢) and (x¢) are the transmission co-
efficients for the adsorption and desorp-
tion reactions, respectively; (¢*/q¢). and
(g*/q)q are the ratios of the partition func-
tions state to the reactants for the adsorp-
tion and desorption reactions, respectively;
6sp is the fractional surface coverage of
the AB molecule; n; is the concentration
of surface sites; P,g in the gas phase equi-
librium pressure of AB; m,p is the mass
of the AB molecule; k and & are the Boltz-
mann and Planck constants, respectively;
T is the absolute temperature; and E, and
E,; are the activation energies to adsorp-
tion and desorption, respectively. In Eq.
(2), (¢°/q)a 1s the ratio of the product
of eight vibrational partition functions
to the product of two translational,
two rotational and four vibrational
partition functions, i.e., one vibrational
degree of freedom along the ‘“adsorption
coordinate” has been removed from the
transition state and one translational de-
gree of freedom has been removed from
the reactants. In Eq. (3), (¢*/q)q is the
ratio of the product of eight vibrational
partition functions (again with the one
along the “desorption coordinate” removed)
to the product of nine vibrational partition
functions. If the following definition is

made
__/Kd\ qta Ga
Q=\Kz/<q—+a><ad>’ @

then by combining Eqs. (1-4) the follow-
ing expression is obtained

Q= <1 - 9AB> Pag
- 0AB (21rmABkT)1/2

X exp (&’k}—F) 6)

It is clear from Eqs. (4 and 5) that large
values for @ are a result of an entropy
effect favoring desorption whereas (rela-
tively) smaller values of @ favor the
adstate.
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It is possible to apply the formulation
given above to the experimental data of
Tracy (5-7) for CO adsorption on the
(100) surface of Pd, Ni and Cu. In ex-
plicity performing this caleulation, it is
possible to evaluate g, which appears in @,
ie.,

ga = @ .c0G 0T cOG Mo (6)

where ¢, is the square of the translational
partition function of gaseous CO, ¢?co is
the square of the CO rotational partition
function, and g, co and @2 y. are the vi-
brational partition function for CO and the
cube of the vibrational partition function
for an atom in the metal lattice. It is as-
sumed that the CO interacts with a single
surface metal atom which possesses three
degrees of vibrational freedom although
this is clearly not a restrictive assumption
(1); it is merely done for convenience. It
is easy to evaluate Eq. (6) since it is
known that

. 2rmkT
7 = h?
Sr2lkT
g2 = IR, @)
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and ¢ =]1—exp ~ T ’

where I is the moment of inertia of the CO
molecule, and v is a vibrational frequency.
For the metal lattice hv/k is taken to be
the surface Debye temperature, ie., 220 K
for Ni, 186 K for Cu and 140K for Pd
(8.

ResuLTs AND DiIscUssioN

Values for both @ and @Q/q. may be
calculated from Egs. (5 and 6) using the
experimental isosteres of Tracy for the
equilibrium (reversible) adsorption of CO
on (100) Pd, Ni and Cu (5-7). These
values are shown in Table 1 together with
the conditions for which they apply. Q was
defined in Eq. (4), and q, was defined in
Eq. (6). The appropriate expression for
gq is the following:

qa = (g5 .m)*(€5.00) (¢ Me—c0) (@0 Me—co0)t,  (8)
where the superseript s refers to stretching



ENTROPY EFFECTS IN THE CHEMISORPTION OF CO

175

TABLE 1
EnTrROPY ParameTERS FOR CO ApsorpTioN oN (100) Pd, Ni anp Cu
Surface
and CO Pd (100) Ni (100) Ni (100) Ni (100) Ni (100) Cu (100)
coverage® fco = 0.50 f8co = 0.50 9co = 0.61 fco = 0.64 fco = 0.635 8co = 0.50
Q, cm™2  1.22 X 105 2.75 X 10 9.78 X 1020 8.26 X 10 1.94 X 10% 1.92 X 10
Q/qq 2.23 X 1078 0.137 4.88 0.412 961 0.234

o T = 300 K except for Cu (100) where T = 155 K.

vibrations, and the superscript b refers to
bending vibrations. It might be expected
a priort that {xa/xe) (ga*/qs") ~ 1, ie,
the potential energy curve for the ad-
sorption—desorption ‘“reaction” is approx-
imately symmetric about the saddle point
in the curve where the transition state is
positioned, and the transition state for the
adsorption reaction is not unlike the one
for the desorption reaction. Since 1/gq is
clearly less than unity, it would be expected
that Q/q, is also less than unity [see Eq.
(4)]. The half-monolayer coverages for all
three metal surfaces have a Q/q, less than
unity as would be expected. The entropy
effect favors adsorption on Pd to a rather
greater extent than adsorption on Ni which
in turn is slightly favored over Cu. How-
ever, the results for the compressed struc-
tures of CO on Ni are interesting. There
is an oscillatory behavior of Q/q, which,
as expected, tends to discourage the high
coverage compressed adsorbate. However,
a CO coverage of 0.64 is more favorable
from an entropy point of view that a
coverage of 0.61. A precipitous change in
the entropy is noted upon slightly increas-
ing the CO coverage from 0.64 to 0.655.
For CO adsorption on Ni (100) at 8¢ =
0.61 and 0.655, it is clear that (xs/xka)
(qi*/qs*) > 1, le., the entropy term favors
desorption at the expense of adsorption as
pointed out above.

These results point up the care which
must be exercised in applying rate theory
to adsorption—desorption reactions. The
considerable differences in entropy contri-
butions to CO adsorption on the (100)
crystal plane of the fce metals Pd, Ni, and

Cu are demonstrated as well as the critical
dependence on CO coverage on Ni (100).
However, it should be emphasized that
these calculated results are not unreason-
able in view of typical known values of
the various partition functions, i.e., 1 <
Qv S 157 10 s qT $ 50; and 108 S Qz S 3
X 108, Using these values it is found that
108 < Q <5 X102 assuming (k) ~ (ka),
and 107° < Q/q, < 5 X 104 The entropy
effects in the absolute rate formulation
may be assessed further as other data of
reversible adsorption become available.
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