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The overall rate of chemisorption of CO on polycrystalline platinum, as determined in
temperature-programmed desorption (TPD) experiments, could not be modeled using simple
rate laws, but rather was modeled as the sum of the rates of formation of the several distinet
species noted in TPD spectra. The rate of formation of each species was determined by de-
convoluting TPD spectra corresponding to varying adsorption exposure times, and was modeled
using a variant of the Hinshelwood rate law which allowed for site creation. By curve-fitting
the experimental rate, an overall model for the chemisorption was proposed. The results are
interpreted to indicate that the adsorbed molecules are sufficiently mobile during desorption
heating to fill ordered states of minimum energy, and that the chemisorption into these states
is noncompetitive and determined solely by the nature of surface. The surface order and species
population ratios deduced from the kineties are in good agreement with surface order and
populations deduced in prior low-energy electron diffraction (LELD) studies of the CO- Pt

system.

1. INTRODUCTION

Potentially rate-limiting processes in
heterogeneous catalysis include chemisorp-
tion, desorption, surface ditfusion, and
surface transformation for each of possibly
several coexisting discrete adsorbed species.
We report here on a first study of the chemi-
sorption dynamics in a well-known system,
carbon monoxide on polyerystalline plati-
num. We have attempted to identify the
discrete species chemisorbing, and the
surface populations, rates of formation, and
mode of surface bonding for each of these
species. This has resulted in a mechanistic
model for the chemisorption of carbon
monoxide on platinum which, though cer-
tainly not unequivocal, correctly desecribes
the data recorded here and is consistent

with arrangements and densities of ad-
species determined in prior work.

An understanding of chemisorption on
Pt is of interest because of the wide use of
Pt as an industrial eatalyst. Pt is a good
choice for fundamental studies beecause of
the high purity (99.999 4+ %) in which it
is available and because it can be cleaned
to the near-atomically clean state by in sttu
thermal and chemical means (1-10). Fur-
thermore, the Pt substrate has been studied
in recent years by a variety of techniques,
including low-energy electron diffraction
(LEED) (2-15), Auger electron spectros-
copy (AES) (3-7, 11, 16-19), field emission
microscopy (FEM) (1, 20), and molecular
beam reflection (6, 9, 10). As a result, Pt is
a relatively well-characterized material as
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to surface geometry and cleaniness in the
“atomically clean’ state.

Carbon monoxide is diatomic and non-
dissociating, promising simpler chemi-
sorption behavior (and easier modeling)
than more complex adsorbate molecules.
The chemisorption of CO on Pt is known
to be simpler than that of CO on many
other transition metals. For example, there
is quite general agreement that the CO-Pt
bond is linear through the carbon atom, as
deduced from infrared (21-27) and other
(4, &) studies, as opposed to the bridged or
lying-down mode invoked in addition to
the linear mode for other CO-metal
adsorptions (28).

Several studies of the CO-Pt system have
been accomplished recently. The structure
and energetics of the CO adlayer on Pt have
been inferred in LEED studies (4, 4, 11,
14, 29-31, 49), in reflection-absorption In-
frared spectroscopy (27), and in a recent uv
photoemission study (19). Regimes of sur-
face mobility of CO over various single
crystal faces of Pt have been determined
in FEM work (20). A few studies reporting
on chemisorption dynamics within the
CO-Pt system have appeared, although for
the most part overall adsorption (as
opposed to discrete species adsorption) and
desorption kinetics have been investigated
(16, 27, 32-36), with reports of high initial
sticking coefficients (27, 33-35, 49), ap-
proximate first-order pressure dependence
of adsorption rates (34, 35), and first-order
population dependence of desorption rate
(34). Finally, temperature-programmed de-
sorption has been utilized to varying extent
in a number of studies (13,14, 19,27,
36-38, 49).

2. METHODS

The temperature-programmed desorp-
tion (TPD) technique is potentially capable
of generating data on many aspects of

DONNELLY, MODELL, AND BADDOUR

chemisorption dynamies. There are a num-
ber of problems that have limited the
usefulness of TPD in studies in catalysis,
however. We have attempted in the work
we report here to avoid these shortcomings
wherever possible by modification of experi-
mental procedure and analytical methods
which we have described elsewhere (39).

Briefly, the technique applied here was
as follows. The substrate sample was heated
to high temperature to remove adsorbed
species, and was cooled only after achieving
the ultrahigh vacuum level background
pressures [9 X 10~ Torr, (1 Torr = 133.3
nm~?)7], in order to maintain substrate
cleanliness. The substrate was then exposed
to a step of the adsorbate gas at pressure
P, for the adsorption exposure time {,.

The material balance on the gas phase
within the TPD chamber could be solved
to yield the instantaneous total rate of
desorption from the substrate at all times
during the desorption heating period (39).
The locus of instantaneous total rate of
desorption versus substrate temperature is
then termed the desorption spectrum. We
mention in passing that the solution for the
desorption spectrum was possible only after
quantifying the interaction of the gas phase
with the so-called “wall phase” under the
transient conditions during a desorption.
Independent experimentation was required
to model this phenomenon, as we discuss
elsewhere (40).

The desorption spectrum is viewed as
the composite of the desorption spectra of
the several discrete adspecies, ¢, and thus
deconvolution of the composite spectrum
yields the desorption spectra for the various
adspecies. These single-species spectra are
interpreted in a model for single-species
desorption in order to relate the instan-
taneous desorption rate, rq,, to the desorp-
tion activation energy, K, the desorption
preexponential, »;, the desorption order for
species 7, and the linear heating rate, 8. The
Polanyi-Wigner model for desorption was
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assumed,

dﬂ,’
rap = — = yme FUlRT, (1

dt

in which n; = surface population of ad-
sorbed species ¢ and in which the parame-
ters are assumed constant. (Although, in
general, species may desorb according to
either first- or second-order kinetics, we
found that first-order desorption kinetics
accurately modeled the carbon monoxide
desorption from polycrystalline Pt.) The
relationships among desorption peak posi-
tion and shape and the energetic and
kinetic parameters are fully documented
elsewhere (39, 41-43) and will not be
developed here.

The populations, n;, within the various
adstates 7 are then determined as the
integral of Eq. (1), solved for the parame-
ters determined in deconvolution. By deter-
mining the various n; for experiments in
which adsorption exposure duration, t., is
varied at a single adsorption pressure, P,
and differentiating the n, data with respect
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to t,, rates of population of these individual
adstates can be obtained.

The apparatus in which these experi-
ments were performed and procedural
details are discussed elsewhere (39). The
substrate sample was a 5 N pure poly-
crystalline Pt filament of 0.0051-cm
diameter and 30-cm length. Research-grade
carbon monoxide and pretreatment gases
were used.

3. RESULTS
Deconvolution of Desorption Spectra

In Fig. 1 is shown a family of desorption
spectra corresponding to adsorption for
varying durations at the CO adsorption
pressure 1 X 10-% Torr. The number of
peaks required to deconvolute the desorp-
tion spectra and the location of each on the
temperature axis (i.e., the E4 value of each)
were determined in a parametric optimiza-
tion routine in which values of Eg,, v;, and
the surface population for 1, n;, were varied
independently. The deconvolution attempts
began with the lowest coverage spectrum

600
TEMPERATURE ( °K)

500 700

Fie. 1. Family of TPD spectra; adsorption exposure 20 to 3600 sec at 1 X 1078 Torr and 360 sec at

1 X 1077 Torr at 23°C; 8 = 15.6°K/sec (39).
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Fia. 2. Deconvolution of TPD specirum corresponding to adsorption exposure of 20 sec at 1 X 1078 Torr

at 23°C; g = 15.6°K/sec.

(corresponding to 49, of monolayer cover-
age) and continued sequentially with higher
coverage spectra, adding new species peaks
and moving and/or increasing in height
established species peaks as necessary to
obtain best fit with the fewest possible
species.

The lowest-coverage case, that for ad-
sorption for 20 sec at 1 X 10=% Torr (run
37), is illustrated in Fig. 2 along with the
proposed deconvolution for this spectrum.
The two theoretical peaks, the sum of the
peaks, and the difference between the
desorption spectrum and the sum are
shown. The low-temperature edge was
found to be fit essentially perfectly with
the theoretical single-species desorption
peak of K4 = 30.8 kecal/mol (1 kecal/mol
= 4186.8 J/mol) (to be later identified as
species 6). The high-temperature edge of
the spectrum showed gradual decay, neces-
sitating the introduction of a higher-energy
second species at T, = 554°K and K,y
= 32.6 kecal/mol (to be later identified as
species 7). The remainder of the tail to the
high-energy side was not deconvoluted.
The tail portion of the spectrum typically
amounted to 159, of the total surface
population and can be attributed to tem-
perature maldistribution in the substrate
or adsorption at defects and other high-

energy sites. It is noteworthy that the
adjacent adstate on the low-energy side of
the major peak (to be later identified as
species H) is not populated at this low
coverage. (The broad, low peak centered
about 425°K was found to be caused by
the desorption of, or the reaction to form
mass 44. This peak formed reproducibly
after subsequent 20-sec exposures, but was
not seen at longer exposures. Thus, poten-
tial carbon laydown was limited and
apparently reversible.)

As coverage increased after longer ad-
sorption exposure times, adstates were
found to be populated approximately con-
secutively in the direction of lower energy.
For the high-coverage (¢, = 1200 sec) run
the deconvolution procedure resulted in
the seven species illustrated in Fig. 3. The
smoothed shape of the desorption spectrum
and the sum curve can be seen to match
well. It is noteworthy, in addition, that the
desorption spectrum fine structure is itself
reproduced approximately in the sum curve.

The most obvious question concerning
the uniqueness of this deconvolution with
seven species is whether it can be accom-
plished with fewer species. We found that
deconvolution with only one less peak re-
sulted in significantly poorer fit of the
desorption spectrum (39). A second ques-
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F1a. 3. Deconvolution of TPD spectrum corresponding to adsorption exposure of 1200 sec at 1 X 1078

Torr at 23°C; 8 = 15.6°K/sec (39).

tion about the uniqueness of the proposed
deconvolution concerns the confidence with
which peak position (species E4) and peak
height (species population) can be specified
for each of the seven species identified. We
found that movement of a peak as few as
2 to 3°K along the temperature axis caused
notable deterioration of fit (39).

We contend on this basis that the chemi-
sorption of carbon monoxide on poly-

TABLE 1

The Seven Desorption Surface States for CO
on Polycrystalline Platinum

Species Ege T,b

number (kecal /mol) (°K)
1 22.5 381
2 23.9 404
3 25.3 427
4 27.0 455
5 28.8 483
6 30.6 514
7 32.6 545

a For v = 101 gec™,
b8 = 15.6°K /sec.

crystalline Pt can be adequately character-
ized by the existence of seven distinct
desorption surface states, which are popu-
lated to differing extents as coverage
(adsorption time) increases. These adstates
are summarized in Table 1, numbered in
order of their increasing activation energies
to desorption. With one exception (peak 6
to a small extent at low coverage only),
adstates were found to be characterized by
fixed E4 over the entire coverage range of
their existence (from 4 to 1009, of mono-
layer coverage).

Kinetics

The overall surface population is deter-
mined by integrating the desorption spee-
trum over the entire desorption time.
Overall surface population is given as a
function of adsorption exposure time in
Fig. 4. (The nonzero value at {, = 0 corre-
sponds to adsorption at the background
pressure  during the substrate cooling
period.) The instantaneous rate of the



244 DONNELLY, MODELL, AND BADDOUR

3 T T T T T T T T T T

)

2 4800

o /,,.»———"—C

5 A

Q L R

b3 /”——‘

‘o 3200} :

X

Z o

o r / |

o

<

-

z 1600 [ /

O

o o]

2 / ]

o 1

i o) i L A H i lelr 1 < il — 'y
200 400 600 1200 2400 3600
ADSORPTION EXPOSURE TIME , ta (sec)
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change.)

overall chemisorption was determined by
differentiating the data in Fig. 4, with
respect to adsorption exposure time, with
the results shown in Fig. 5. As is apparent
from the complexity of the curve in Fig. 5,
the overall adsorption kinetics cannot be
modeled according to the well-known simple
theories : that of Hinshelwood, as a function

of the fraction of available sites,
ra = k(1 — 0), (2)

or that of Elovich, as a function of changing
activation energy to adsorption,

To = ae™ (3)

where k, a, and b are empirically determined
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constants. Thus, we examine the kinetics of  the single species J as

chemisorption into the discrete adstates, dn;

which in sum would then give overall Ty o= —, 4)

adsorption kinetics.
We define the rate of formation, rr,, of where n;is the population within adstate j
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Fii. 7. Rates of formation of species 6 and 7,
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as determined from deconvolution of TPD
spectra, and where the choice of ¢, in the
denominator allows comparison of relative

formation rates for all species. We must
stress that the rate of formation of j as
determined from TPD spectra is not neces-
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sarily equivalent to the rate of chemisorp-
tion into state j, 7., since transformation
between the state into which chemisorption
oceurs and the state from which desorption
occurs cannot necessarily be excluded.

The kinetics of formation of the various
single species for CO on Pt are determined
after deconvoluting the family of desorption
spectra illustrated in Fig. 1. This procedure
yields populations in the adstates as a
function of adsorption exposure time, data
which are given in Fig. 6. An indieation of
the accuracy of these measurements (~29
of saturation population) is seen in the
reproducibility illustrated for several of the
data points. The instantaneous rates of
formation of the individual species are then
determined by differentiating the popula-
tion curves in Fig. 6 according to Eq. (4).
The rates of formation of species 6 and 7
are given in Fig. 7, of species 5 in Fig. §,
and of species 1 through 4 in Fig. 9.

4. DISCUSSION
Modeling the Chemisorption

From Figs. 7, 8, and 9 it is scen that
only species 6 and 7, the most strongly
bound species, apparently form with non-
zero rates from the first moment of ex-
posure, whereas the more weakly bound
species begin to form only after longer
adsorption exposure. This behavior is ex-
plained in either of two ways:

(i) Each of the adstates found in a high-
coverage desorption spectrum corresponds
to a different type of site on the surface—
different lattice planes, dislocations, plane
edges, etc. Chemisorption into each of
these states occurs directly after even short
adsorption exposure, the various states
being filled according to sticking probability
statistics. During desorption heating, how-
ever, the more weakly bound species trans-
form (diffuse) to fill and subsequently
desorb from the stronger states.

(ii) The various energetic states seen in
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the desorption spectrum arise both from
different types of sites on the various ex-
posed lattice planes and from different
hybridization of the bonds on any one
exposed lattice plane. Different bonding
hydridization could be required, for
example, if a surfuce site became surrounded
by nearest-neighbor adsorbed species. None
of the more weakly hound chemisorbed
species form at short exposure, then, since
the weaker energetic states cannot exist
until an appreciable adsorbate population
in the stronger states is present.

Both kinds of behavior are plausible, and
neither can he discarded a priori. We
believe that the weight of evidence argues
for the latter as against the former possi-
hility, however.

There is considerable evidence (4, 16, 35,
44~46) that well-annealed high-purity Pt
exists predominantly as large single crystal-
like lattice planes of low index. Then if the
former explanation applied, the trans-
formation of more weakly hound adsorbed
species into more strongly bound species
during the course of the TPD would require
long-range diffusion across these large sur-
face planes, a relatively slow process. At
the moderate heating rates utilized in our
work, such long-range diffusion would be
detected at short adsorption times by the
presence of at least small amounts of weaker
species which desorbed before they were
able to transform. The absence of such
species at short adsorption times is un-
equivocal. Thus, the second explanation for
the absence of the more weakly bound
species at the initial adsorption exposure
appears to be the more likely. This is a
postulate which can be tested by curve-
fitting the rate of formation data for
individual species with theoretical models
which require the appropriate nearest-
neighbor sites to be filled. We now construct
such a model.

A general model of the chemisorption
must, according to the view espoused in
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(ii) above, allow certain energetic states
characteristic of the initially bare surface
to be filled with maximum rate initially
and to subsequently become saturated, and
must allow certain other energetic states to
be created as surface population increases,
themselves to subsequently become satur-
ated. A modified Hinshelwood-type ex-
pression would model chemisorption into
the type of energetic site filled with
maximum rate initially.

nj
— = k;(ne — n);", (5)
dt,

where k; = formation rate constant for
species j; mp = total number of sites of
type J at saturation; n = number of filled
sites of type j; and p = number of ad-
jacent empty sites needed for formation
of species j; and where £, is used in the
differentiation so as to fit the r;; values of
Eq. (4). Equation (5) permits energetic
state 7 to become saturated before satura-
tion coverage of the surface occurs. An
additional modification of a Hinshelwood-
type expression would model chemisorption
into the created-type energetic site,

dn;
o ki(n)i® (ne — n),7, (6)

where j refers to the species chemisorbed
on the created site; I refers to the p’
adjacent chemisorbed species (z +k 4 ---)
which created the site; J refers to the
species (7 + 1+ ---) which compete for
the p adjacent sites needed for formation
of species j; n; = total number of sites of
type J at saturation; and k; = a formation
rate constant. The right-hand side of
Eq. (6) is seen to be proportional to the
probability that an empty site will be a
j-type (created) site. We should note that
no gas-phase pressure dependence or
precursor-state concentration dependence
is included in either of Eqs. (5) or (6). Rate
of formation curves successfully fit by these
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expressions must therefore have constant
“driving force” for population of a site
(i.e., the pressure dependence is included
in the rate constant, k;).

We treat first the species which formed
with maximum rate at ¢, = 0. A first-order
(p = 1) rate expression of the form of
Eq. (3) successfully fit the instantaneous
rates of formation of species 6 and 7 from
the point ¢, = 0 sec, and of species 5 from
the point just past the maximum formation
rate at ¢, = 40 sec. This is illustrated for
species 5, 6, and 7 in Fig. 10. (The failure
of curve B to intersect the origin is attri-
buted to a slight ambiguity in peak
assignation due to the tail portion of the
spectrum.)

A special note on the attempts to fit
species 5 kinetics of formation is in order.
Based upon the deconvolution results,
species 5 apparently forms at zero rate
initially. However, we were unable to treat
species 5 as a created energetic state with
plausible expressions of the form of Eq. (6).
An alternative explanation of the species 5
behavior is that this species represents
adsorption on the Pt(100) lattice plane,
which for clean surfaces or very low cover-
age is known to exist as a reconstructed
pseudo-(111) plane (4, 5, 47, 48). We did
note a small shift in apparent species 6
position, which might then be ascribed to
the changing contribution to this peak of
molecules which reside on and desorb from
a pseudo-(111) plane at low coverage, but
which for greater coverage reside on and
desorb from the true-(100) plane. In this
way species 6 was tentatively identified
with the true-(111) plane. Finally, species 7
was identified with one of the remaining
low-index planes, the (110) or a similar
plane.

The species 1 through 4, which form at
zero rate initially, can be assumed to require
sites to be created before they can form.
It is plausible, then, that species 5, 6, and 7
are responsible for the creation of some of



MODELING CHEMISORPTION KINETICS

249

T 1 T T T 71
o

at e

—~ = /
o)

n 7 1
g 2 F oO —
O - 9 ¢ A
w
5 0 I I N L1
>
- T T T T I I T 1
1
9 ™ o
St .

b= o —
v
L i o
L
o - —
v

4 I~ / ]
5

B T
z ) i
c 2
= B
< L 4
=
x 0 1| 41 I T
O
L
L LI T T T 7 T T
O

4L— o |
L
ST -
o

i ]

- c_

o & 1 I SN R B

o] 2 4 6 8 10

(ng-n) x 1072

Fra. 10. Test of first-order formation rate: (A) species 5; (B) species 6; (C) species 7.

the sites for species 1 through 4 according
to the model of Eq. (6). The more weakly
bound species j may be identified as de-
pending upon the presence of the more
strongly bound species ¢ (or I =i+k+---)
for creation of its site by trial and error
application of Eq. (6), using experimentally
determined populations for the various
species ¢ (or [ = ¢+ &k + -.-) and for the
species j of interest, and using reasonable
values of p’ and p. The trial theoretical

curve calculated from Eq. (6) is then scaled
to the maximum experimental formation
rate value for species j to allow comparison
of the curve shapes.

Assuming that species 3, 6, and 7 chemi-
sorbed independently onto different exposed
lattice planes, rate of formation curves for
species 1 through 4 were fit with appropriate
expressions of the form of Eq. (6), using
populations of species 3, 6, and 7 to deter-
mine site creation probabilities. A typical
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good fit is illustrated in Fig. 11 for species 4
using I =5, J=4 p =2 p=2in
Eq. (6). A typical poor fit is also given in
Fig. 11 for the very similar case I = 5,

J =49 =2 p=1 Al formation rates
were fit in this manner, resulting in more
than a single good fit only in the cases of
species 3 and 4. A summary of the success-

TABLE 2
Successful Curve Fits of Iixperimental Rates of Formation, % = k;(n)? (ng — n)y?
Reference Species Site creation Sites available Assumed lattice
J ——— plane
[ P J p

(hkl) 2
(a) 7 — — 7 1 (110) ~4
®) 6 — — 6 1 (111) 6
(¢) 5 (100)-rearrangement; 5 1 (100) 4
(d) 4 5 2 4 2 (100) 4
(e) 4 6 4 4 2 (111 6
) 4 7 4 4 2 (110) ~4
(g) 3 6 4 3 1 (111) 6
(h) 3 7 4 3 1 (110) ~4
) 2 54 4 4 2 1 (100) 4
€} 2 6 6 2 1e (111) 6
(k) 1 64+ 3 6 1 14 (111) 6
3] 1 5+ 4 4 1 14 (100) 4
(m) 1 7 4 1 14 (1) ~4

cz2p+p—1=
® This possibility excluded on the basis of the indicated coordination exceeding the actual.

¢ Fair fit only.

indicated coordination.

4 No successful fits found; these are fair to poor only.
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ful curve fits of the experimental rates of
formation is given in Table 2.

An interesting feature of the chemisorp-
tion which arises from the foregoing forma-
tion rate analysis concerns the significance
of the sites-available dependence of the
formation rate. A significantly better fit of
the formation rate curve for any species J
resulted when dependence of the formation
rate on the sites available for species j only
was assumed (i.e., when J = j). This was
the case for the formation rates for all seven
species identified. Briefly the significance
of such a finding is: (i) that the formation
of the various distinet species is noncom-
petitive, so that the maximum number of
the various kinds of sites available is fixed
by the nature of the substrate surface; and
(ii) that the adsorbed species are sufficiently
mobile under the thermally excited condi-
tions of TPD to fill these sites as they are
created.

Model Discrimination

Based upon the results listed in Table 2,
the plausible models describing the overall
chemisorption are now considered. The
mechanisms which proved successful in
predicting the correct shapes of the rate of
formation curves were combined in such a
way as to be consistent with:

(i) the assumption based on extensive
literature cited above that three low-index
lattice planes predominated on the sub-
strate, the (111) with coordination 6, the
(100) with coordination 4, and the (110) or
similar plane with coordination ‘“approxi-
mately’ 4;

(ii) the postulate, discussed briefly
above, that species 6 resided on the (111)
plane, species 5 on the (100) plane, and
species 7 on the third plane;

(iii) the assumption that the four less
stable species, 1, 2, 3, and 4, also existed on
the (111), the (100), and some third lattice
planes, the sites for their formation being
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created by the presence on the plane of one
of the more stable species;

(iv) the requirement that some plausible
reason for the distinctness of species be
evident, on the basis of possible geometric
ordering of the various species populations
on the lattice planes.

On this last point, we take o moment here
to emphasize that the coordination, z, of a
surface atom on a particular lattice plane
places on the exponent values the restric-
tion z > p’ 4+ p — 1, since at saturation
each set of p j-type sites which is filled must
have adjacent to it a set of p’ i-type sites
which is filled. This fixes at least one limit
for the ratio between saturation popula-
tions of 7 and ;. For example, on a lattice
plane with coordination number 4, with
p’' =4 = no. of filled i-type adjacent sites
required to form a j-type site, and p = 1
= no. of adjacent empty sites required for
formation of species j, the ratio (n,/n,)wu
2 1. The ratio would exceed unity if a
filled i-type site had adjacent filled i-type
sites.

In Table 3 are listed three plausible
models for the overall chemisorption, repre-
senting different assignments of the various
species to the three lattice planes via the
mechanisms listed in Table 2. On the hasis
of item (iv) above, suggested ideal popula~
tion ratios at saturation for each species
on a particular plane are given, along with
the resulting ideal fractional coverage at
saturation. Actual population ratios at
saturation are given for comparison. In
addition, the number of chemisorption sites
for each plane is given, along with the total
number of sites and total surface area based
thereon. The numbers of sites are caleulated
from ideal planar fractional coverages and
experimental planar populations, as indi-
cated in the notes to Table 3.

A criterion of some utility in discriminat-
ing among the plausible models was the
predicted initial sticking probabilities, s,
for the overall chemisorption. The s, values
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are based on the numbers of the various
planar kinds of sites, as illustrated in Table
3, and on the theoretical site densities for
the (111), (100), and (110) planes. As
shown in Table 3, so,,....; = 1.34, 1.34, and
1.55 for Models I, II, and III, respectively,
based on the areas for chemisorption
caleulated from the total sites available.
(Based on the geometric surface area of
the filament, sq,.,.,, = 1.14.) Errors in
pumping speed and absolute pressure deter-
minations could account for sq,,,,,,; ranging
from approximately 0.6 to 1.4. Then on
this basis Models I and II are slightly
favored over Model 1I1.

Further discrimination among the various
models can be accomplished via the caleula-
tion of the sticking probability per available
site, s, throughout the course of the chemi-
sorption. This is defined for each lattice
plane as

Zanir (£a)
Skt =

= , 7
ZPa[n[ - ( )

1 (ta) Jowwty/ Prniny

to the particular lattice
rate of adsorption on

where (hkl) refers
plane; r,,,,(t.) =
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the lattice plane at time £, (molecules/sec),
according to the particular model; Z
= impingement rate (molecules/sec-cm?-
Torr); P = gas-phase adsorption pressure
(Torr); [n: — n(ta) Jiueny = number of non-
filled sites in the lattice plane (ecm™?),
according to the particular model (i.e., the
difference between the total sites assumed
on the plane and the sum of the populations
of all species on the plane). One adsorbed
molecule is assumed to fill one site.

These calculated sticking probabilities
per available site, s, are plotted for the
various models in Fig. 12 for the (110)
lattice plane and in Fig. 13 for the (111)
lattice plane. Then a model which leads to
the caleulated sgiry exceeding unity by
greater than the experimental error would
be held in disfavor. A sccond discerning
feature is the course of the sy curve as a
function of planar population. For ideal
chemisorption of a single species in the
Hinshelwood picture (i.e., no adsorbate—
adsorbate interactions, no change in E, or
Eq with coverage, cte.), supn would be ex-
peeted to equal unity throughout the course
of the adsorption. Nonideal coffeets (ad-

SITE

STICKING PROBABILITY PER AVAILABLE

model

12.8

100 200

ADSORPTION

EXPOSURE TIME

300

400

tg (sec)

F1a. 12. Sticking probability per available site on the postulated (110) plane.
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Fie. 13. Sticking probability per available site on the postulated (111) plane.

sorbate—adsorbate interactions) should in-
crease in importance monotonically with
increasing population. Hence, reasonable
models for the chemisorption on a parti-
cular plane would be expected to result in
an approximately monotonic decrease of
Srn, if any; any increase would be at
most small and would coincide with the
completion of a particular phase.

The calculated sticking probabilities per
available site presented in Figs. 12 and 13
argue against Model III on the basis of
both the shape of the curves and the high
values. Figure 12 indicates that sgie ex-
hibits both a minimum and a maximum,

Species 7

Species !
(if adsorbed )

Fic. 14. Structure of the adsorbate for the (110)
plane, species 7 (and 1).

with an initial value of approximately 1.9
and a value at the maximum of approxi-
mately 2.9. Similar behavior is seen in

TABLE 4

Constant-Pressure Rate of Formation Expressions
for the Individual Species®

Expression Postulated
lattice
plane

rr = ke(nt — n)1Peo (110)
16 = ks(nt — n)sPco (111)
b = ks(ng — n)sPeo (100)
re = ky(ns)(ng — n)2Poo (100)
rz = ky(ne)*(nt — n)sPeo (1i1)
ry = ko(ns + no)t(ng — n)2Peo (100)
ry = ky(ns + n3)5(ng — n)1Pco (1)

or or

= ky(ni)t(ng — n)1Pco (110)

© The dependence on the first order of pressure is
approximately correct, based on equivalent-exposure
results over narrow ranges of pressure.

b Species 5 forms at zero rate initially, because the
Pt-(100) substrate resides in a pseudo-(111) arrange-
ment until appreciably covered by adsorbate; this
can be expressed here as a value for n; which changes
with time up to approximately 40-sec adsorption
exposure at 1 X 10~8 Torr CO.
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Fig. 13 for s(11y, according to Model I11, in
which both initial and maximum values are
approximately 2.9. [The high initial values
on these two figures exceed those attribut-
able to experimental error and are believed
to be due to the contribution of species 5
initially, i.e., while the (100) plane still
exists as a reconstructed pseudo-(111).]
The results for the (110) plane in Fig. 12
show that the curve for Model I decreases
monotonically, while that for Model II
shows a minimum and maximum. The $ 1,
curves in Fig. 13 show approximate mono-
tonic decreases with adsorption exposure,
for both Models I and II. The s 90, values
which are not shown here, were found to be
reasonable for all models. Strong indications
for or against either Model I and II are not
found on the basis of these criteria, there-
fore. However, either of the Models I or I1
is quite strongly favored in comparison
with Model III, and Model 1 may be
slightly favored over Model II.

The rate of formation expressions for the
individual species were thus determined to
be those listed in Table 4.

Implications

A feature worth some discussion is the
distinctness of the adsorbed species before
TPD heating begins. We must emphasize
that nowhere in the preceding analysis have
the individual species on a given lattice
plane been required to be distinct before
desorption heating begins. Thus, the mole-
cules chemisorbed at saturation on the
(100) lattice plane, for example, may all
reside in identical energetic states at the
adsorption temperature. When the sub-
strate temperature is raised, however, de-
sorption occurs from the distinet energetic
states 2, 4, and 5, in that order, as deter-
mined above. In this case the state from
which species 2 (the least stable species)
desorbs may closely approximate the
energetic state in which all species reside at
saturation. However, as the energetic state
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2 depopulates by desorption, the molecules
remaining may transform to more stable
bound species. This could be a result of the
weakening of adsorbate-adsorbate inter-
actions or of the realization of different
hybridization in the CO-It bonds. Such
effects would tend to geometrically order
the desorption of species 2 so that every
nth molecule, for example, along a given
direction on the plane would desorb before
any intermediate molecule desorbs. Thus,
o lattice plane partially depopulated by
desorption of a single species would exhibit
a periodic arrangement of empty and filled
sites, in order that adsorption energy be
minimized. In fact, periodic arrangements
of this kind have been frequently seen in
low-energy electron diffraction studies, as
is deseribed for the CO-Pt system below.
It is interesting to note that the best fit’
identified in the above developments for
the formation rate for species 2 was based
on a site creation term (ns + n4)* This is
consistent with the postulate that species 4
and 5 are geometrically (and perhaps
energetically) identical during the period
of desorption of species 2.

The relation between this tendency of
the adsorbed molecules to order and the
mechanism governing the observed rate of
formation of a particular species may be
clarified by examining on the molecular
scale a chemisorption of less than saturation
population on a particular lattice plane.
If the adsorbate is immobile at the adsorp-
tion temperature, then adsorbed molecules
will begin to order only upon initiation of
TPD heating. Assume for purposes of
illustration that the (100) surface is popu-
lated to an extent greater than that corre-
sponding to the sum of the saturation
populations of the two most stable species,
5 and 4, but less than the total saturation
population for all three species, including
the least stable species 2. Rearrangement
upon heating then yields a relatively com-
plete phase characteristic of species 5 plus
species 4 adsorption, with the excess mole-
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cules not accommodated in this phase
located at the type 2 sites thereby created.
It is this latter step which determines the
site dependence of the rate of formation
(during TPD) for species 2, and thereby
fixes the values I, J, p’, and p in Eq. (6).
For surface populations too small to allow
completion of the ordered phase character-
istic of species 5 plus species 4, it is the site
dependence of species 4 which is deter-
mined by the TPD experiments in the
same manner,

The last topic to be considered is the
(ideal) geometric ordering of the coexisting
distinct species on the various lattice plane
surfaces. The ability to rationalize rate of
formation dependencies and saturation
populations on this basis was required of
any model of the overall chemisorption.
The postulated ordering of absorbed species
will be illustrated for Models I and II and
compared with the suggested ordering for
the CO-Pt system as deduced from low-
energy electron diffraction studies.

The (110) lattice plane, which has not
been extensively studied by low-energy
electron diffraction, is pictured at satura-
tion population in Fig. 14. The species 7
molecules are shown adsorbed at every
substrate atom lying along a ‘ridge”
(Models I and II). If there is a second
species on the (110) plane, it is postulated
to be the weak species 1, which fills every
other location in the ‘“valley” (Model 1I).

DONNELLY, MODELL, AND BADDOUR

The ideal saturation population ratios are
seen to be those indicated in Table 3 and
are in excellent agreement with the corre-
sponding experimental ratios. The adsorp-
tion of species 1, if it occurs, is seen to be
single-site adsorption (p = 1), and is
assumed to require the presence of the four
surrounding type 7 species (I = 7, p’ = 4)
for ereation of its site. Thus, mechanism
(m) in Table 2 is rationalized.

The adsorption on the (111) plane is
more complex, as shown in Fig. 15 for the
saturation populations. Species 6 fills one-
half the sites at saturation, and exists in
either of the patterns shown. Further
adsorption then occurs on the type 3 sites
created by the four adjacent type 6 species,
until alternate empty sites are filled (i.e.,
until one-quarter of the surface atoms are
covered by type 3 molecules). Adsorption
on the remaining one-quarter of the sites
may be precluded (Model IT) by the tight
packing required for further adsorption
[separation of 0.28 nm as compared to
0.41 nm for solid CO (4) . If there is further
adsorption, it is expected to be the weakly
bound speeies 1, which would fill the re-
maining one-quarter of the sites (Model T).
A ¢4 X 2 LEED pattern obtained for ad-
sorption of CO on a Pt(111) single crystal
was attributed to adsorption in the arrange-
ment characterized here by the saturation
population of speecies 6 plus species 3 (4).
(See Fig. 16.) A c4 X 2 pattern has also

ALTERNATIVE STRUCTURES
F1a. 15. Structure of the adsorbate for the (111) plane, species 6 and 3 (and 1).
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been reported recently by Ertl et al. (49).
Note that the absence of an adsorbed mole-
cule at the postulated type 1 site in these
LEED results does not strongly favor
Model I1 over Model I, since the electron
beam would have removed a species as
weakly adsorbed as species 1. The postu-
lated arrangement of adsorbed species is
seen to correctly predict the experimental
saturation population ratios of species 6 and
3. For Model I, species 1 adsorption is then
considered incomplete at the arbitrarily
defined ‘‘saturation” population (3600 sec
at 1 X 10~8 Torr). As seen in Fig. 5, species
1 population is still increasing at 3600-sec
adsorption exposure time.

In addition, rate of formation mecha-
nisms for the (111) plane may be rational-
ized on the basis of the postulated arrange-
ment of species. Species 3 adsorption is
single-site adsorption (p = 1), requiring
the presence of four adjacent type 6 species
(I =6, p' = 4) for creation of its site. This

F1e. 16. The Pt-(111)-CO surface structure (4).

rationalizes mechanism (g), Table 2. In
addition, if species 1 adsorbs on this plane,
it is seen to be single-site adsorption
(p = 1), requiring for the creation of its
site the presence of the six now-identical
adjacent species6and 3 (I = 6 4 3,p" = 6).
The rate of formation mechanism (k) in
Table 2 is thereby rationalized.

In fact it would be difficult to argue that
at least two distinet species would not
desorb from the ordered arrangement of
adsorbed molecules characteristic of species
6 plus species 3. The postulated species 3

Species 5
Species -4 Site

Species 5- Plus -
Species 4
Species 2

Fra. 17. Struciure of the adsorbate for the (100) plane: (A) species 5 only; (B) species 5, 4, and 2.



Fic. 18. (A) The Pt (100)— (a2 + 8) — CO surface
structure; (B) the Pt-(100)-(a; + a2 + 8) — CO
surface structure (4).

molecule desorbs from an environment of
two empty and four filled adjacent sites.
The postulated species 6 molecule desorbs
from an environment of four to six empty
adjacent sites. The question then arises as
to whether a single desorption activation
energy would apply in describing the
desorption of all remaining type 6 mole-
cules. With only species 6 remaining the
(111) surface would be depleted to one-half
or less of its saturation population. It is
postulated that this density of adsorbed
species would be sufficiently low to render
negligible the short-range adsorbate—
adsorbate interactions, thus allowing the
use of a single desorption energy.

An interesting independent indication of
this lack of adsorbate—adsorbate inter-
actions arises from an analysis of the stick-
ing probability per available site on the
(111) plane, as calculated from Eq. (7). As
can be seen in Fig. 13, the calculated
Model 1 or II sticking probability per
available site on the (111) plane remains
approximately constant at its initial high
value until species 6 has reached more than
809, of its saturation population (¢, = 200

DONNELLY, MODELL, AND BADDOUR

sec). Thus, the existence on the (111) sur-
face of both a type 3 and a type 6 adsorp-
tion state appears reasonable. It is not
possible to say with certainty whether a
type 1 state is present.

Finally, the chemisorption on the (100)
plane is examined. That this is the most
complex of the lattice plane adsorptions for
this system is confirmed both in this work
and in the LEED work ecited here. The
postulated arrangement of adsorbed mole-
cules characteristic of type § adsorption
at ifs saturation population is given in
Fig. 17A. The coverage is one-third, and
the pattern agrees with that deduced from
LEED patterns for the so-called a; species
of carbon monoxide on a Pt(100) single
erystal (4). (See Fig. 18A.) Type 4 adsorp-
tion is postulated to be a two-site adsorp-
tion, requiring the presence of two adjacent
type 5 molecules for creation of the type 4
site. The type 4 molecule might then reside
at locations such as those fulfilling this
description indicated in Fig. 17A. The
mechanism (d) for the formation of species
4 is, therefore, reasonable : two-site adsorp-
tion (p = 2), depending upon the presence
of two adjacent type 5 molecules (I = 5,
p o= 2),

The arrangement of adsorbed molecules
on the (100) surface at saturation is
postulated to be that shown in Fig. 17B.
The coverage # three-quarters, and again
the arrangement corresponds to that de-
duced from LEED patterns for a complete
carbon monoxide phase (a; plus az species)
on a Pt(100) single erystal (4). (See Fig.
18B). On the basis of the LEED patterns
shown in Figs. I8A and B, a rearrangement
of some adsorbed species must occur during
the formation of the complete a; plus as
phase by further adsorption on a complete
as phase. This rearrangement is postulated
to oceur here upon the formation of species
2 after the species 5 plus species 4 phase is
complete. A suggested location for the
species 2 molecule is given in Fig. 17B. 1t
will be noted that each empty site shown
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in Fig. 17B is associated with a filled type 4
site. This and the assumed saturation
coverage of three-quarters lead to the ideal
population ratios given for Models I and 11
in Table 3. The corresponding experimental
ratios are in fair agreement.

The visualization of the site dependence
for the formation of species 2 according to
mechanism (i) in Table 2 is difficult, since
the rearrangement known to occur on the
basis of the LEED patterns is thought to
occur simultaneously. The species 2 mole-
cule is bound to a single site (p = 1), and
during formation apparently requires the
presence of four adjacent identical species
(I=5+4,p =4). The species 4 and
species 5 molecules are not prohibited from
being identical at the saturation population
density, as emphasized earlier.

In concluding the discussion, we wish to
emphasize that the model deduced in this
work is by no means unequivocal, but does
correctly predict overall chemisorption
kinetics and kinetics of formation and of
desorption of individual species as deter-
mined by deconvolutions of TPD spectra.
Furthermore, surface arrangements of ad-
species deduced on geometric grounds from
kinetic mechanisms for individual species
formation are in excellent agreement with
those determined in prior LEED work.
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