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Atomic and Macroscopic Reaction Rates of a
Surface-Catalyzed Reaction

J. Wintterlin,* S. Vélkening, T. V. W. Janssens, T. Zambelli,
G. Ertl

The catalytic oxidation of carbon monoxide (CO) on a platinum (111) surface was studied
by scanning tunneling microscopy. The adsorbed oxygen atoms and CO molecules were
imaged with atomic resolution, and their reactions to carbon dioxide (CO,) were mon-
itored as functions of time. The results allowed the formulation of a rate law that takes
the distribution of the reactants in separate domains into account. From temperature-
dependent measurements, the kinetic parameters were obtained. Their values agree well
with data from macroscopic measurements. In this way, a kinetic description of a
chemical reaction was achieved that is based solely on the statistics of the underlying

atomic processes.

Chemical kinetics—that is, the determina-
tion of rate equations as functions of mac-
roscopic parameters like temperature, pres-
sure, and concentrations— constitutes one
of the main sources of information about the
mechanisms of chemical reactions. An anal-
ysis of the kinetics is, however, connected
with a fundamental problem—mentioned
also in basic physical chemistry textbooks—
that a reaction mechanism, the sequence
of elementary steps by which a product is
formed, cannot be uniquely established by
kinetic measurements, because overlooked
intermediate steps or other complications
can never be ruled out (I1). The reverse
procedure, the derivation of the kinetics
from a microscopic mechanism, is unique,
allowing one to disprove possible micro-
scopic models. As a means for a positive
proof of a mechanism, reverse analysis has
not been an option so far simply because
the atomic scale was difficult to access
experimentally. Here we present results of
a study in which this reverse approach has
been successfully pursued for a heteroge-
neous chemical reaction, the oxidation of
CO molecules on a single-crystal Pt(111)
surface. By means of scanning tunneling
microscopy (STM), we resolved the reac-
tants, observed their statistical reactions
as functions of time, and derived a quan-
titative rate equation. The kinetic param-
eters thus obtained agree surprisingly well
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with those from previous macroscopic
measurements.

In several previous STM studies, quali-
tative mechanistic effects in chemical sur-
face reactions could be identified, including
site-specific reactivities, the formation of
islands of the reactants, and in particular,
effects of structural rearrangements of the
metal substrate (reconstructions) (2—4).
However, to our knowledge there have
been no studies to date in which quantita-
tive rate laws could be extracted from the
atomically resolved surface processes (5) so
that possible influences on the macroscopic
kinetics is still an open question.

The oxidation of CO on Pt(111) was
chosen here because it is a well-studied,
model-like catalytic reaction (6, 7) and is
relatively simple; it also represents the basis
for the catalytic removal of CO from ex-
haust gases by oxidation on Pt surfaces. The
reaction does not involve reconstructions
and has been demonstrated to follow the
so-called Langmuir-Hinshelwood mecha-
nism (8), which generally underlies hetero-
geneous catalysis and assumes that the
product is formed by reaction between the
adsorbed reactants. In the present case, the
reaction comprises the dissociative adsorp-
tion of oxygen (9), the molecular adsorp-

tion of CO (10), and the combination of

the two surface-adsorbed species to CO,
(8); the CO, molecules are immediately
released into the gas phase (7, 11). There
are, however, indications that the actual
mechanism involves more complex features
than this simple scheme: From temperature-

periments; for example, the protein engineering ex-
periments deal only with the effect of side-chain mu-
tations, whereas the contact analysis of the simula-
tions is based on main-chain interactions for sec-
ondary structure and on side-chain interactions for
tertiary structure (Fig. 1).

35. P. J. Kraulis, J. Appl. Crystallog. 24, 946 (1991).
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programmed desorption studies (12), it was
concluded that the reacting adsorbed O
atoms and CO molecules are not randomly
distributed, but that the reaction takes
place at the perimeters of oxygen islands.
That the reactants in a surface reaction
might be localized in separate domains is, in
fact, a long-discussed notion for catalytic
reactions in general, and effects on the ki-
netics have been predicted by simulations
(13).

Despite the detailed knowledge of many
features of the CO and O reaction on
Pt(111), it is characteristic—and this holds
also for most complex chemical processes
such as catalytic reactions—that no mech-
anistic model exists that is fully consistent
with all features of the kinetics, as is reflect-
ed by, for example, the coverage depen-
dence of all of the reaction “constants”
involved in the CO, production rates (6,
7). Also, the reaction at island edges was
disputed on the basis of isotope mixing
studies (14), which concluded a homoge-
neous reaction probability. A recent study
on this subject (15) produced the unexpect-
ed result that oxygen atoms in the interior
of islands are more reactive than isolated
atoms.

Our investigations were performed in an
ultrahigh-vacuum chamber with the use of
a variable-temperature STM, which, along
with the cleaning of the Pt sample, was
described previously (16). The experiments
concentrated on the surface reaction step
CO,y + O,y = CO, (ad, adsorbed). In
order to monitor the progress of the reac-
tion as a function of time, we cooled the Pt
sample, reducing the reaction rate to fit the
speed of the STM equipment. According to
previous studies, the reaction starts well
below room temperature (11, 12). Experi-
ments were performed as “titration experi-
ments,” by first covering the sample with
submonolayers of oxygen atoms, which
were then reacted off by exposure to con-
stant CO pressures.

After preparation of the oxygen layer
[Fig. 1, time (t) = 0], the oxygen atoms,
which are imaged as dark dots [this is an
electronic effect that has been predicted
theoretically (17)], formed small islands, in
agreement with previous observations (16).
The periodic structure within the islands
corresponded to the known (2X2) structure
of chemisorbed oxygen atoms on Pt(111)
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(18). Despite the low temperatures, the ox-
ygen layer displayed considerable thermal
fluctuations [consistent with recent diffu-
sion measurements (16)], which manifested
themselves as atomic exchange processes at
the island perimeters; the dark streaks on
the bright empty areas between the islands
represent hopping events of atoms (19).
Adsorption of CO on this surface ini-
tially led to a lower mobility of the oxygen
atoms and a higher degree of order of the
(2X%2) structure (Fig. 1, t = 90 and 140 s).
The oxygen layer was apparently com-
pressed into larger islands, which was most
likely caused by the repulsive interaction
between the CO molecules on the bare
parts and the oxygen atoms (8). The total
size of the (2X2) area was still unchanged
at this time. The CO molecules that must
have been present on the areas in between
were not yet visible because of their large
mobility. [The altered appearance of the
(2% 2) structure as a hexagonal pattern of
bright spots may indicate that CO mole-
cules also adsorbed on sites between the
oxygen atoms in the (2X2) phase, as
found spectroscopically (20).] After 290 s,
the (2X2) fraction of the surface had
started to shrink, marking the progress of
the reaction. Simultaneously, and more
evidently after 600 s, an additional or-
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Fig. 1. Series of STM images, recorded during reaction of adsorbed
oxygen atoms with co-adsorbed CO molecules at 247 K, all from the same
area of a Pt(111) crystal. Before the experiment, a submonolayer of oxygen
atoms was prepared (by an exposure of 3 Langmuirs O, at 96 K, a short
annealing to 298 K, and cooling to 247 K), and CO was continuously
supplied from the gas phase (P, = 5 X 1078 mbar). At this pressure, the
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dered, streaky structure became visible on
the initially structureless areas. This pat-
tern represents the known c(4Xx2) CO
structure (21), in which the CO molecules
are closely packed and immobilized, there-
by becoming resolved by STM. The
c(4X2) phase can exist in three rotation-
al domains, two of which are visible in the
lower half of the 600-s image (22);
the upper one changed its orientation in
the following image (700 s). At this stage
(images at 600, 700, and 1100 s), the
c(4%2) areas continuously grew and the
(2X2) areas shrank, demonstrating the progress
of the reaction; as mentioned, CO, desorbs
directly upon formation and was not detected.
By 2020 s, the reaction was complete (23).

The STM thus resolved both reactants
(the CO only for sufficiently high coverage)
and allowed us to monitor the reaction. The
reactants were not randomly distributed,
but were localized in separate domains, and
the reaction was not taking place randomly,
but was restricted to the boundaries be-
tween the oxygen-containing (2X2) and
the c(4X2) CO domains.

This qualitative conclusion is supported
by a quantitative analysis of the STM data:
The reaction rate was evaluated by determi-
nation of the (2X2)-covered fraction of a
given area as a function of time at constant

= o 7

CO pressure (Fig. 2). If normalized to the
length of the boundaries between CO and O
domains (squares in Fig. 2), this rate was
practically constant; the rate equation can
therefore be expressed as —dng/dt = kL,
where ng is the number of O atoms and L is
the length of the domain boundaries (24).
Within the mean-field approximation,
which assumes a random distribution of the
reactants, the rate should be proportional to
the product of the coverages ®, which was
not the case, as follows from normalization
with @@ (crosses in Fig. 2). This anal-
ysis therefore confirms conclusions from pre-
vious kinetic studies (12). The complete
160180 isotope mixing in the product CO,),
from which, in contrast, a homogeneous
reaction probability was concluded in an-
other study (14), was based on the assump-
tion of an immobile oxygen layer, whereas
the t = O frame (Fig. 1) demonstrates the
mobility of O atoms at temperatures as low
as 250 K. The isotope mixing is hence fully
consistent with the present findings (25).
Making use of the variable-temperature
capability of our STM setup, we attempted
to obtain kinetic parameters for the process
CO,y + O,y — CO, by recording and
analyzing data as for Fig. 2 over a (limited)
temperature range in which no qualitative
differences had been found. The resulting

290 s

impingement rate of CO molecules is about 1 monolayer per 100 s, where
the zero-coverage sticking coefficient on the empty and oxygen-covered
surface is about 0.7 (8); the times refer to the start of the CO exposure. The
structure at the upper left corner is an atomic step of the Pt surface. Image
sizes, 180 A by 170 A; tunneling voltage (with respect to the sample), +0.5
V; tunneling current, 0.8 nA.
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Arrhenius plot (Fig. 3) yields an activation
energy E* of 0.49 eV and a preexponential
factor of 3 X 10%! particles cm ™2 s~ 1. These
microscopically determined kinetic param-
eters can be compared with existing data
from macroscopic measurements. The acti-
vation energy for CO, formation upon ex-
posure of an O-saturated Pt(111) surface to
a molecular beam of CO was derived to be
E* = 0.51 eV (8), in excellent agreement
with the present finding. [Even the value of
0.7 eV derived from temperature-pro-
grammed desorption experiments for similar
conditions (12) is still in reasonable agree-
ment, keeping in mind the limited reliabil-
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Fig. 2. Reaction rates, determined from the
change of the size of the (2X2) area between
successive panels of the data of Fig. 1 (the series
actually contains more and larger images than
those shown in Fig. 1), normalized to (squares) the
length of the boundary between oxygen and CO
domains (the full line is a linear fit) and (crosses)
divided by O4(1 — ©), which is equal to 050
if ® = 1 implies maximum coverage of the respec-
tive phase (the broken line is only to guide the eye).
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Fig. 3. Arrhenius plot of reaction rates between
237 and 274 K (temperature range limited by the
recording speed of the STM), determined by eval-
uating the changes in the number of oxygen atoms
within given areas at fixed, intermediate lengths of
the domain boundaries. The CO pressure ensured
that even at the highest rates, the supply of CO
molecules from the gas phase was not limiting, as
confirmed by the observation of the c(4x2)CO
structure over the whole temperature range, indi-
cating high coverage conditions, and by the fact
that the rate was independent of the CO pressure
between 5 x 1078 and 5 X 107 mbar.
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ity of data from nonisothermal experi-
ments.] The preexponential factor, reported
in the quoted molecular beam study (8),
was evaluated on the assumption of a mean-
field rate equation; hence, the resulting
quantity is not directly comparable with the
one derived here (also, the units are differ-
ent). It can be converted, however, into an
equivalent quantity by assuming average O
and CO concentrations of about 10'* to
10" particles cm™? each. This calculation
leads to values of the order of 10%? to 10%
particles cm™2 s™! for the preexponential
factor, which is again in satisfactory agree-
ment with the microscopic result. That the
mean-field approximation could be applied
in (8), although not giving the correct cov-
erage dependence, is due to the fact that the
high-coverage data points entering the
analysis were each measured at equal cov-
erages, at which the boundary lengths must
have been about equal (26).

That the microscopically derived kinetic
parameters and those from “classic” macro-
scopic rates are almost identical is, in fact,
striking. Of course, agreement is to be ex-
pected when the correct atomic mechanism
has been established, which, in this case,
has been shown to require the knowledge of
the spatial distribution of the reacting par-
ticles. For the oxidation of CO, there had
been several indications that it is not cor-
rectly described by a uniform reaction prob-
ability: These signs include findings by elec-
tron diffraction that adsorbates during the
reaction were localized in separate domains
(27), and kinetic measurements showing a
square root dependence on the coverage
(28). However, as mentioned in the begin-
ning, the kinetics alone cannot unambigu-
ously prove a mechanism. Nevertheless,
macroscopic rates are often interpreted in
terms of atomic models, which is not
unique, as is illustrated by the contrasting
interpretation of previous (macroscopic)
experiments on the present, relatively sim-
ple reaction (12, 14, 15). In more compli-
cated cases, there is usually so little infor-
mation about the mechanism that the ki-
netics serves only as a phenomenological
method for a quantitative description of
reaction rates, often containing coverage-
dependent reaction constants, and the
modeling of industrial catalytic processes
[“microkinetic analysis” (29)] is still based
on the mean-field approximation. Predic-
tions about rates from microscopic mecha-
nisms that are more complex than the
mean-field approximation have been re-
stricted so far to simulations, mostly by
Monte Carlo methods [for example, (13)].
The present work quantitatively verifies the
macroscopic kinetics for a chemical reac-
tion on the basis of experimental informa-
tion on the atomic scale.
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Growth of SiO, at Room Temperature with the
Use of Catalyzed Sequential Half-Reactions

Jason W. Klaus, Ofer Sneh,* Steven M. Georgef

Films of silicon dioxide (SiO,) were deposited at room temperature by means of catalyzed
binary reaction sequence chemistry. The binary reaction SiCl, + 2H,0 — SiO, + 4HCI
was separated into SiCl, and H,O half-reactions, and the half-reactions were then
performed in an ABAB . . . sequence and catalyzed with pyridine. The pyridine catalyst
lowered the deposition temperature from >600 to 300 kelvin and reduced the reactant
flux required for complete reactions from ~10° to ~10% Langmuirs. Growth rates of ~2.1
angstroms per AB reaction cycle were obtained at room temperature for reactant pres-
sures of 15 millitorr and 60-second exposure times with 200 millitorr of pyridine. This
catalytic technique may be general and should facilitate the chemical vapor deposition

of other oxide and nitride materials.

The reduction of thin films to nanometer
dimensions for new technologies requires
exquisite control of film thickness, mor-
phology, crystallinity, and conformality (1).
Lower deposition temperatures are also re-
quired because interlayer diffusion may de-
stroy the properties of nanoscale devices.
Many of these requirements can be
achieved by growth controlled at single
atomic layers by means of binary reaction
sequence chemistry (2).

SiO, is the optimal dielectric material in
silicon microelectronic devices. Conformal
SiO, film deposition on trench capacitors
with high aspect ratios will be needed as
interface layers to extend dynamic random
access memory (DRAM) to the 1-gigabyte
regime (3). Future flat panel displays will
require uniform and precise SiO, film dep-
osition on extremely large substrates (4).
In addition, very thin SiO, films can be
used in multilayer and nanolaminate
structures to tailor mechanical, electrical,
and optical thin film properties (5). Low-
temperature SiO, deposition techniques
will also facilitate the use of SiO, as a
protective coating or insulator on poly-
meric or biological materials.

Self-terminating surface reactions ap-
plied in a binary reaction sequence can be
used to achieve atomic layer control of thin
film growth (2, 6-9). Recent work on SiO,
atomic layer—controlled growth has focused

Department of Chemistry and Biochemistry, University of
Colorado, Boulder, CO 80309, USA.

*Present address: Lucent Technologies-Bell Laborato-
ries, Optoelectronics Center, Breinigsville, PA 18031,
USA.

To whom correspondence should be addressed.

1934

on dividing the SiCl, + 2H,0 — SiO, +
4HCI reaction into two half-reactions (6):

(A) Si-OH* + SiCl,

— SiO-Si-Cly* + HCI (1)

(B) Si-CI* + H,0O — Si-OH* + HCI
(2)
where the asterisks designate the surface
species. The SiCl, and H,O half-reactions
are performed in an ABAB ... binary se-
quence to grow SiO,.

In each half-reaction, a gas-phase pre-
cursor reacts with a surface functional
group. The surface reaction continues until
all of the initial surface functional groups
have reacted and have been replaced with
the new functional group. Successive appli-
cation of the A and B half-reactions has
produced atomic layer—controlled SiO,
deposition (9). Atomic force microscope
(AFM) images revealed that the SiO, films
deposited on Si(100) were highly conformal
and extremely smooth (9). The only draw-
back was the high temperatures (>600 K)
and large reactant exposures [>10° Lang-
muirs (1 L = 107 torr s)] required for the
surface half-reactions to reach completion.

We now show that high reaction tem-
peratures and large precursor fluxes can be
avoided by catalyzing the surface reactions.
We chose the organic base pyridine
(CsHiN) as the catalyst because pyridine
interacts strongly with the surface function-
al groups and reactants present during both
the SiCl, and H,O half-reactions of the
binary reaction sequence (10). Pyridine is
also a very stable molecule, and this stabil-
ity minimized incorporation of N or C into

the deposited SiO, film.

We observed no uncatalyzed SiO, film
growth on our Si(100) wafer at 300 K after
five AB cycles for reactant exposures as
large as 10'° L during the A and B half-
reactions (11). In contrast, the addition of
a small amount of pyridine initiated im-
mediate SiO, film growth. The effect of
pyridine was quantified by measuring SiO,
film deposition as a function of pyridine
partial pressure using fixed reactant expo-
sures of 15 mtorr for 15 s. Pyridine accel-
erated the half-reactions with increasing
pyridine partial pressures up to 2.0 torr.
Pressures greater than 2.0 torr resulted in
no further measurable enhancement of the
reaction efficiency.

The dependence of the half-reactions on
the A and B reactant exposure time (reac-
tant pressure, 15 mtorr) was examined by
measuring the SiO, film thickness deposit-
ed by five AB cycles at 290 K (Fig. 1). The
pyridine partial pressure was fixed at 200
mtorr to allow shorter pumping times be-
tween the reaction cycles. The SiCl, expo-
sure times were equal to the H,O exposure
times. A typical AB cycle occurred with the
following sequence: Expose pyridine (200
mtorr); dose SiCl, (15 mtorr) for variable
reaction times; evacuate (10~* torr); expose
pyridine (200 mtorr); dose H,O (15 mtorr)
for variable reaction times; evacuate (1074
torr).

The half-reactions are self-limiting; once
a half-reaction goes to completion, addi-
tional reactant produces no additional film
growth. To determine which half-reaction
is slower, we studied the SiO, film growth
versus H,O exposure time with a fixed
SiCl, exposure time. The SiCl, and H,O
pressures wete equal. The SiO, growth rate
did not decrease until the H,O exposure
time was one-fourth that of the SiCl, ex-
posure time, which indicates that the SiCl,

Film thickness (A)

5 AB cycles
15 mtorr reactant

25 k , 200 mtorr pyridine
\ T=290K
n=143+0.03
0.0 ! ! 1 I
0 25 50 75 100

Reactant exposure time (s)

Fig. 1. Ellipsometric measurements of SiO, film
thickness deposited by five AB cycles at 290 K for
various reactant exposure times at reactant pres-
sures of 15 mtorr with 200 mtorr of pyridine.
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