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Surface adatom modifiers that act as promoters or poisons on transition metal catalysts can have
a large influence on adsorption kinetics along with their influence on adsorption energetics.
Accounting for this effect requires recognition of the role of a new kind of intrinsic precursor the modifier precursor state. A mathematical description of the adsorption kinetics of molecules
on chemically modified or bimetallic surfaces incorporating this state has been derived based on
Kisliuk's statistical model [Po Kisliuk, J. Phys. Chem. Solids 3, 95 (1957)]. The resulting
equation can be used to explain satisfactorily data on CO adsorption kinetics on chemically
modified (Cl-, P-, S-, H-, 0-, and K-precovered) Pte 111) surfaces. This concept should have
broad implications for many systems in heterogeneous catalysis, such as bimetallic and alloy
surfaces and coadsorbed layers, and for the multicomponent surfaces that are involved in
materials growth and processing.

I. INTRODUCTION

Because of its importance as the first elementary reaction step in heterogeneous catalysis, the kinetics of adsorption have been studied extensively and many excellent reviews are available. 1-4 Nevertheless, most studies have been
limited to adsorption on simple surfaces comprised of a
single component, e.g., clean Pt (111 ). Since most metal
heterogeneous catalysts are in fact bimetallic or alloy catalysts, and since dramatic alterations in the catalyst chemistry occur by addition of chemical modifiers (as promoters or poisons) to the metal surfaces, there has been a
steady drive toward fundamental studies of such systems.
Data from recent investigations on bimetallic and chemically modified surfaces have been reviewed. 5- 7 One finds
that a complete mathematical description of adsorption
kinetics on these surfaces is still lacking. Usually, for the
case of nondissociative adsorption and no adsorption onto
the modifier, the influence of the second component or
surface modifier on the adsorbate sticking coefficient has
been taken into account using the following equation:
(1)
where S and S M are the sticking coefficients on the clean
surface and on the surface precovered with a modifier (second component), respectively, eM is the modifier coverage,
and m is the parameter describing how many sites are
blocked by one adatom of the modifier. In this paper, we
will show that this equation can be used only under the
assumption of a Langmuir isotherm and therefore gives an
incorrect description of the sticking coefficient in most
cases. We will extend a previous treatment of precursor
mediated adsorption kinetics 8 to include chemically modified surfaces and derive an equation describing the coverage and temperature dependence of the sticking coefficient.
For brevity, we will limit this paper to consider only molecular chemisorption on two-component surfaces. However, our approach can also be adapted for dissociative
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chemisorption and multicomponent surfaces and should
have broad application in a variety of gas-surface reactions.
II. THEORY

Impinging on the surface, a molecule can be elastically
or inelastically scattered. If the molecule loses enough of its
kinetic energy to the surface via excitation of surface phonons or electronic transitions, or through relaxation via
vibrational and rotational energy transfer within the molecule, the molecule can become trapped on the surface.
The loss of kinetic energy perpendicular to the surface is
the determining factor for trapping. l -4 The translational
energy component parallel to the surface does not need to
be lost necessarily for the molecule to become trapped. In
this case, a mobile trapped species occurs on the surface.
The molecule can be trapped either directly into a chemisorbed state or into a weakly bound (physisorbed) precursor state. Once becoming trapped into the precursor state,
the molecule can then desorb, chemisorb, or diffuse to a
second site (in the case of a mobile precursor). Two different precursor states are usually distinguished-intrinsic
and extrinsic. An intrinsic precursor exists above an unoccupied site and is usually indicated by a strong dependence
of the initial sticking coefficient on the surface temperature.
An extrinsic precursor exists above an occupied site and
was originally introduced to explain the coverage independence of the sticking coefficient at small adsorbate coverages. Another experimental indication of the role of an
extrinsic precursor is a cosine scattering distribution in
molecular beam experiments which are used to calculate
the trapping coefficient. However, as pointed out recently
by Harris and Luntz, 9 in cases of strong chemisorption,
care must be taken about interpreting a cosine scattering
distribution since translational to rotational and normal to
parallel energy conversions can also cause a substantial
energy scrambling in the interaction between the molecule
and surface.
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FIG. 1. Three different precursor states on a chemically modified surface.

The concept of a precursor state was originally introduced by Langmuir lO and Lennard-Jones I I to explain a
coverage-independent sticking coefficient at small coverages. The presence of an extrinsic precursor is especially
necessary to explain the coverage independence; an intrinsic precursor cannot account for it. Two different approaches have been used to describe precursor-mediated
adsorption kinetics: (I) a statistical model by Kisliuk;8
and (2) a kinetic model by Becker and Hartman,I2 Ehrlich,13 and Gorte and Schmidt. 14 Under identical assumptions, both approaches give identical results. IS Therefore
we wi11limit the following discussion only to the statistical
model.
Precursor states generally have been thought to be
weakly bound, mobile, molecular states. The molecule is
trapped temporarily on the surface by long-range physisorption (van der Waals) forces. If an extrinsic precursor
exists on the clean surface (on top of an adsorbed molecule), it is certainly reasonable to assume that a modifier
precursor state might also exist on top of a modifier adatom.
Such a state might also exist on top of a second, "inert"
metal component in an alloy. This precursor is different
than both intrinsic and extrinsic precursors and its importance has not been discussed before to our knowledge. In
comparison to the intrinsic precursor, the modifier precursor cannot be converted to a chemisorbed molecule and has
therefore, in most cases, a longer lifetime than the intrinsic
precursor. Its contribution to the sticking coefficient is determined only by the ratio of the migration probability to
the desorption probability. The modifier precursor exists
on the surface even at zero coverage of the adsorbate and
certainly influences the initial sticking coefficient, while the
extrinsic precursor has no influence on the initial sticking
coefficient. In most cases, the desorption probability of the
modifier precursor should be lower than that for the extrinsic precursor due to a larger interaction with the modifier compared to the adsorbed molecule. The three different precursor states that we consider are illustrated in Fig.
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Pa-the probability that a physisorbed (trapped) molecule above an empty site becomes chemisorbed;
Pb-the probability that a physisorbed (trapped) molecule above an empty site desorbs;
Pc-the probability that a physisorbed (trapped) molecule above an empty site will diffuse to an adjacent site;
P;'-the probability that a physisorbed (trapped) molecule over a filled site occupied by the molecule desorbs;
P~-the probability that a physisorbed (trapped) molecule over a filled site occupied by the molecule will diffuse
to an adjacent site;
pt;-the probability that a physisorbed (trapped) molecule above a filled site occupied by a surface modifier
atom desorbs;
~-the probability that a physisorbed (trapped) molecule above a filled site occupied by a surface modifier
atom will diffuse to an adjacent site;
Pal-the probability of chemisorbing on the first site 16

(2)
Pbl-the probability of desorbing from the first site
(3)

Pel-the probability of diffusing to a second (adjacent)

site
Pel = I-Pal-Pbl
= I-Pa-Pb+()(Pa+Pb-P;) + ()M(Pa+Pb-pt;)· (4)

The probability of chemisorbing on a second site Pa2 ,
desorbing from the second site P b2 , and diffusing to a third
site Pe2 can be described similarly by the following equations:
Pa2 =PeI (1-()-()M)Pa,

(5)

Pb2 =PeI [1-()-()M)Pb+Pi,+()MPl:],

(6)

The measured sticking coefficient is a sum of the probabilities to become chemisorbed on all of the sites
S=Pal +Pa2 +Pa3 +'"
=Pa( I-()-()M) (1 + Pel +~I + ... )
Pa (1-()-8M )

I-Pel

1.

Assuming the existence of a modifier precursor, we
will derive an equation to describe the coverage and temperature dependence of the sticking coefficient based on the
formulation provided by the Kisliuk model. 8 The terms
used in our derivation are defined below and we have used
the same term as in the Kisliuk derivation whenever possible:

For 8=8M =O, the initial sticking coefficient on the
clean surface is given by
Pa

So= Pa+Pb '
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(9)
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The relative sticking coefficient S/So can be calculated
using the following equation:

individual
explicitly.

processes,

and

the

surface

temperature

( 10)

III. RESULTS AND DISCUSSION

where

A. CO adsorption kinetics on modified metal
surfaces

p'
P'.'
__b_
d K"
b
K ' = Pa+P
an
=
Pa+P
b
b.

(11)

Equation (10) describes the coverage dependence of the
relative sticking coefficient on both the adsorbate and modifier surface concentration. The temperature dependence of
the sticking coefficient is involved in the various probabilities Pi as shown below.
Now we turn to two special cases. First, when the
modifier coverage is zero, i.e., OM=O, Eq. (10) reduces to
0

S(O)/So= ( 1+I_eK'

)-1 .

(12)

This equation is identical to the original Kisliuk equationS
which describes the adsorbate coverage dependence of the
relative sticking coefficient. Second, when the adsorbate
coverage is zero, Le., 0=0, Eq. (10) reduces to
(13 )

This equation describes the dependence of the adsorbate
initial sticking coefficient on the modifier concentration.
Using the same normalization factors as in Ref. 8 and
an Arrhenius form for the rate, the various probabilities Pi
can be described as follows:

I.~'=P'b+P;;=I,
p.=
J

P',=
J

P'.!=
J

(14)

exp (-E .fkT)

V·
J

J

I. ViexP (-E/kT)
v'· exp (-E'·lkT)
J

J

(15)

I. v; exp (-E;lkT)
V'~
J

exp

(-E'~/kT)
J

I. v;' exp (-E;'lkT)

If we insert Eq. (15) into Eq. (8) or Eq. (10), we will
have a closed equation describing the dependence of the
sticking coefficient on adsorbate coverage, modifier coverage, activation energies and pre-exponential factors of the

Most investigations of the influence of heteroatoms or
surface modifiers on adsorption kinetics have been carried
out for CO adsorption on transition metals, and so we will
limit our discussion here to this type of system. The initial
sticking coefficient of CO, ~o , on most transition metals is
very high (near unity). A CO-coverage-independent sticking coefficient up to a CO coverage of Oco=0.2-O.3 has
often been found. With a further increase in the CO coverage, the CO sticking coefficient o decreases gradually
to zero at saturation coverage. The initial sticking of CO on
transition metals often shows a very small or even no temperature dependence. 17- 20 The generally accepted description used to explain this finding is that CO adsorbs onto the
surface via direct adsorption into the chemisorbed state,
influenced only by the presence of an extrinsic precursor.
The influence of the extrinsic precursor state is indicated
by the coverage independence of the sticking coefficient.
The negligible effect of an intrinsic precursor state is consistent with the temperature independence of ~o and is
the limiting case of the general statement of Pa>Pb (Le.,
vae-E"IkT>vlfo'-EllkT)(Refs. 6, 11 and 21-23) as discussed in more detail below. An alternative explanation of
the temperature independence of the initial sticking coefficient would be that Ea=Eb' However, direct experimental
evidence for this has never been found. Also we point out
that Va is usually smaller than Vb because of the large entropy increase associated with desorption and thus Pa must
be smaller than Pb if Ea=Eb' Therefore, this rationale predicts the initial sticking coefficient to be smaller than 0.5
from Eq. (9), which is certainly not the case for CO adsorption on most transition metals.
The presence of surface modifiers often causes a strong
temperature dependence of the initial sticking coefficient
and a change in the coverage dependence of the sticking
coefficient. 6 The initial sticking coefficient shows a different
dependence on the modifier coverage depending on the surface temperature. The adsorption kinetics of CO on
K-modified Pt(111) (Ref. 20) and Pd(100) (Ref. 24) surfaces has been studied recently. In these experiments, the
dependence of ~ on the K-precoverage OK was determined either using direct kinetic or temperature programmed desorption (TPD) uptake methods. Results
from both of these studies are reproduced in Fig. 2. It can
be seen that ~ shows only a very small or no dependence
on OK up to OK =0.25-0.35 and then decreases gradually to
zero. These findings were correlated to a transition of
"ionic" K to "metallic" K (either through a site change or
change in electronic structure). In order to explain the
dependence of ~o on OK using the above argument, a
sharp transition from ionic to metallic K adatoms at a
particular OK must be assumed. This is quite plausible, but
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relates to the different modifier-coverage dependence of

1.0

~o at different temperatures. A strong decrease of ~

0

0

u

with increasing temperature on modified surfaces always
has been found.6.33.34 This decrease has been attributed previously to a reduced lifetime of the intrinsic precursor state
because of the electronegative modifier which prevents the
diffusion of CO and reduces the binding energy of CO on
the surface, 6 but this contradicts the direct adsorption
mechanisms of CO on Pt ( 111 ). These studies and all of the
systems discussed in this section point to a need to improve
our understanding of adsorption kinetics on modified surfaces.
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B. Temperature dependence of the Initial sticking
coefficient on clean and chemically modified
surfaces

K Coverages (ML)

FIG. 2. The initial sticking coefficient of CO on K-precovered PtC 111)
(Ref. 20) and Pd(100) (Ref. 24) surface at various K coverages, reproduced from Refs. 20 and 24. The solid curves are fits to the data using Eq.
( 19).

The temperature dependence of SO(OM) is contained in
Eq. (13) and can be rewritten in the following form:
P
(
SO(OM)=Pa;'P
b

a gradual, continuous transition from a partially ionic to
metallic phase with increasing K coverage has often been
observed on Pt ( 111 ).5.26 An abrupt change in the chemical
nature of K has been found only on Ag(100).25.26
Results very similar to those shown in Fig. 2 have been
found also for C 2H 4 on Bi-precovered pte 111) (Ref. 27),
and for CO on Ni( 1(0) precovered with Bi (Ref. 28) and
with electronegative modifiers at low temperatures (~100
K). For example, the adsorption kinetics of CO on
S-modified Ni( 1(0)29 were studied using TPD uptake measurements at several sulfur precoverages. 8s . For 8s < 0.3,
the initial sticking coefficient of CO is independent of 8s
and is near unity. For 8s >0.3, ~ falls below unity. On 0(Refs. 20 and 30), H- (Ref. 20), Se-, and S- precovered
PtC 111) (Refs. 31-33) surfaces and Sn/Pt(111) surface
alloys34 ~o was found to be independent of modifier precoverage up to 8M =0.25 or even higher. In some cases,
these findings were previously attributed to island formation of the modifier. 6.2o Within this interpretation, there are
still modifier-free areas of the surface up to a certain critical modifier coverage and, therefore, the adsorptive properties of the clean surface are preserved. This explanation is
not very satisfying either. Even if the modifier forms islands, the probability of incident molecules impinging on
the modified surface increases with the modifier concentration. According to simple site blocking theory [see Eq. (1)]
the molecule impinging on the site of the modifier cannot
become chemisorbed. Therefore, we expect a linear decrease of the initial sticking coefficient in these cases too.
At higher temperature (300 K), the dependence of
~ on the modifier (C 1, P, or S) precoverage shows a
Langmuirian behavior and can be described well with Eq.
(1).35
The finding that the CO initial sticking coefficient on
modified surfaces is a strong function of the surface temperature in contrast to the temperature independence of
~ on the clean surface is very important. This certainly

0

1+1_~MK"

)-1

Va exp( -Ea1kT)
Va exp( -Ea1kT) +Vb exp( -E~kT)

x ( 1+ 1 ~~M K" ) -1.

(16)

For a clean surface, Eq. (16) reduces to
So

Va exp( -Ea1kT)
Va exp( -Ea1kT) +Vb exp( -E~kT)
1+(v~va)

exp [-(Eb-Ea)lkT]'

(17)

Using Eq. (17), the temperature independence of So can be
explained either by (1) the desorption activation energy
from the intrinsic precursor state is the same as to the
activation energy for conversion from the intrinsic precursor to the chemisorbed state (Ea=Eb); or (2) the rate
constant for the intrinsic precursor becoming chemisorbed
is much larger than the rate constant for the molecule
desorbing from the intrinsic precursor (va e-E"IkT
>Vb e-Ei/kT). From transition state theory, Vb must be
larger than Va because of the large entropy increase associated with desorption. Therefore, the second explanation
requires that Eb ~Ea' Within the context of the first explanation, we do have an intrinsic precursor, but the equivalence of the two activation energies prevents a temperature
dependence. In the second case, we don't have a real intrinsic precursor state. Because every molecule trapped in
an intrinsic precursor state immediately becomes chemisorbed, the sticking coefficient is only determined by the
trapping coefficient which often does not depend or only
depends slightly on the surface temperature. 4 Therefore, So
is temperature independent. Only an intermediate situation
between these two limiting cases can show a temperature
dependent initial sticking coefficient. For CO on most tran-

sition metals, the second explanation (Eb«Ea) is pre-
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ferred. 6,1l,21-23 This is due probably to the fact that CO
adsorbs very strongly on transition metals (except for Ag,
eu, and Au) with no appreciable energetic barrier.
As reviewed in Sec. III A, the presence of a surface
modifier causes a strong temperature dependence of the

initial sticking coefficient SO(()M) in contrast to the behavior of So on the clean surface. How can we understand this
change? Since So is temperature independent, K" is the
only temperature dependent term in Eq. (13). K" can be
expressed as follows:

Vb exp( -EblkT)

----------~----*,----~~~~~---------=~~

~
£..

"
"
Va exp( -EalkT) +Vb exp( -E';kT)
Vi exp( -Ei IkT)

LVi exp( -E;lkT)
(18)

First, let us look at the first term in Eq. (18). The
temperature dependence is determined by the difference in
activation energies for migration and desorption of the precursor on top of the modifier. The typical physisorption
energy of CO is between 7 kJ/mol [condensation energy of
CO (Ref. 36)] and 19 kJ/mol [on Ag (Ref. 37)] and the
migration activation energy of the precursor is about 30%
of its binding energy (equal to the physisorption energy).
Therefore, (E; -Eb) is a few kilojoules per mole and a
strong temperature dependence of the first term is expected
between 100-300 K (kT=0.83-2.5 kJ/mol). From Eq.
(18), it is seen that K" increases with increasing temperature.
The second term shows a complicated temperature dependence. Since Pa>Pb (Ea«Eb) for CO on transition
metals, most adsorbed molecules on the clean surface become chemisorbed as mentioned before, and the migration
probability from the clean surface must also be negligible.
In this case, the second term reduces to unity, independent
of temperature. The first term is therefore the only temperature dependent term. If the migration probability from
the clean surface is not negligible, the second term reduces
to 1+ (v.!v a) exp[ - (Ee-Ea)lkT] because of vae- EalkT
>vlft-Ei/kT for CO on transition metals. Since Eo«Eb and
EezO.3Eb' Ee-Eo must be larger than zero. Increasing
the surface temperature will again cause an increase of K".
In both cases, a strong temperature dependence of So(eM )
is expected on modified surfaces. A decrease of So(eM )
with increasing temperature is expected from Eq. (16) and
the above analysis of K" in Eq. (18), in good agreement
with experimental results in the literature as reviewed
briefly in Sec. III A. Physically, this means that since a
molecule in the modifier precursor state can only either
desorb or move to an empty site (where it is highly likely
to chemisorb at zero adsorbate coverage) and since the
activation energy for migration is always smaller than the
activation energy for desorption, an increase in the surface

temperature causes a much stronger increase in the desorption rate constant than that for migration out of the modifier precursor state. Therefore, a decrease of So(e M ) with
increasing temperature should be seen on modifierprecovered surfaces.

c. Dependence of the initial sticking coefficient on
the modifier concentration

The dependence of So(e M ) on the modifier concentration as described by Eq. (13) is very similar to the original
Kisliuk equation. 8 The only difference between these two
equations is that the adsorbate coverage e is replaced by
the modifier coverage eM' and the probability of desorption
from the extrinsic precursor on top of an adsorbate is replaced by the probability of desorption from the modifier
precursor on top of the modifier. Physically, this means
that the precursor on top of the modifier prevents a linear
decrease of so(eM ) with increasing modifier coverage, just
as in the case of a clean surface where the extrinsic precursor prevents a linear decrease of the sticking coefficient
with increasing adsorbate coverage. It is therefore no wonder that experiments have often observed a similar dependence of the initial sticking coefficient on the modifier coverage as observed for the sticking coefficient on the
adsorbate coverage.
The experimental results in Fig. 2 can be fit using Eq.
( 13). Since m is not equal to 1 for K on Pt (111) and
Pd(100), Eq. (13) must be rewritten to
So(eM)/So=

)-1
e
( 1+I:m~MK"

(19)

The results are given as the solid line in Fig. 2. The best fits
were obtained by m=4 and K" =0.095 for Pt(111) and
m=2 and K"=0.089 for Pd(100). The fitting parameter
K" should not be taken too seriously because many as-
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decrease of the initial sticking coefficient is observed for
CO on C-, P-, or S-precovered Pte 111) at 300 K. 35 In
contrast to the studies on KIPd(1oo), the adsorption kinetics of CO on K-modified Pt(111)2o were studied at 320
K. In this case, the influence of the modifier precursor is
less important than at lower temperatures and the size
change due to the ionic to metallic transition of K, as
discussed in our previous explanation of this data, could
still play an important role. However, the analysis presented herein certainly complicates this simple interpretation.

"C
00(

0.0 +----.=====;====r---=:=:;;:==~
1.0
0.4
0.6
0.8
0.2
0.0
Modifier Coverage (ML)

FIG. 3. The dependence of the initial sticking coefficient on the modifier
coverage as given by Eq. (13) for various K" values.

sumptions have been made. This agreement should only
demonstrate the validity of our equation to explain the
modifier coverage independence of the initial sticking coefficient at small modifier coverage.
The calculated dependence of SO(OM) on the modifier
coverage for several values of K" is shown in Fig. 3. The
initial sticking coefficient decreases linearly with increasing
modifier concentration for K" = 1, and for this condition,
Eq. (1) can be used to describe the dependence of SO(OM)
on the modifier coverage. In all other cases, where the
modifier precursor state plays a role, SO(OM) does not scale
linearly with the modifier coverage. When K" is smaller
than unity, the modifier holds the precursor on top of it
long enough for transfer to occur to an empty site to possibly become chemisorbed; the initial sticking coefficient
decreases much more slowly with increasing modifier coverage than one would expect from Eq. (1). When K" is
larger than unity, desorption from the modifier precursor is
very efficient and an additional desorption pathway for the
precursor on top of the empty site is also open, i.e., migration of the precursor from an empty site to a modifierprecovered site and then desorption. This causes a much
faster decrease with increasing modifier coverage than one
would expect from Eq. (1). (Physically, this process is not
very probable and therefore, no experimental result has
been observed for this case to our knowledge.)
Turning again to some of the existing experimental
results described in Sec. III A, we can now understand the
experimental findings. In all of the systems investigated, an
initial sticking coefficient independent of modifier coverage
is found at a modifier coverage of OM=0.25-O.5 at low
temperature. This is due to the great propensity of CO to
be trapped in the modifier-precursor state at the temperature used in most experiments (the extrinsic precursor, i.e.,
the precursor on top of adsorbed CO, has a similarly long
lifetime at these temperatures, which causes the CO
coverage-independence of
on the unmodified surface).
In going to higher temperature, K" increases, as discussed
before, and can eventually reach unity. In this case, a linear

sea

IV. SOME ADDITIONAL NOTES

Until now, we have assumed implicitly that the trapping coefficient is unity. However, a trapping coefficient
beiow unity has been observed often. 1-4 The trapping coefficient can also vary from the clean surface to a modified
surface because of the change of the surface atom effective
mass and the physisorption well depth. Therefore, a quantitative analysis of experimental results must incorporate
the various trapping coefficients in the above equations.
This can be done easily.
In the above discussion, we also neglected lateral interactions between the adsorbates, between adsorbates and
modifier adatoms, and between modifier adatoms. Similar
approaches as used for clean surfaces by Cassuto and
King 34 can be adapted to describe all of the lateral interactions on modifier precovered surfaces too.
The last note we want to make is that the desorption
kinetics on bimetallic and modifier-precovered surfaces
will certainly be influenced by the presence of the modifier
precursor state. This role has not been considered before
either. However, the incorporation of the effects of the
modifier precursor can be done analogously to that introduced for the precursor role on a clean surface. 38,39
V. CONCLUSION

The concept of a modifier precursor has been introduced. A molecule impinging on an inert (for chemisorption) modifier adatom or surface atom can be trapped in a
physisorption well above the modifier and influence the
adsorption kinetics considerably. Both experimental and
theoretical evidence for the presence of this third precursor
(in addition to intrinsic and extrinsic precursors) has been
presented. The equation derived by incorporating the effects of the modifier precursor has been used to explain the
experimentally observed dependence of adsorbate molecule
initial sticking coefficients on the modifier coverage and the
surface temperature. The concept of the modifier precursor
should not only be limited to adsorption kinetics and, e.g.,
a complete interpretation of desorption kinetics on modified surfaces must also consider the effect of the modifier
precursor.
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