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ABSTRACT
Scanning tunneling microscopy allows the direct observation of
reactions on surfaces on the atomic scale that otherwise must be
inferred from the statistical behavior of hundred of trillions of
molecules or atoms. Since the study of the details of reactions on
this length scale began, our conception of surface reactivity has
changed profoundly. In this Account we focus attention on our
real-time observations of reactions for a number of systems,
including the island growth of surface oxide on Cu(110), the
anisotropic and site-specific reactivity of this oxide with carbon
monoxide and ammonia, the collective motion of laterally interact-
ing O(a) and SO3(a), and the incorporation of metal atoms into
the structures of molecular intermediates formed in the reaction
of ammonia with O(a) on Ag(110). These nanoscale, time-resolved
movies capture the events as they occur, providing a dynamic
picture of the distribution of reactants and products on the surface,
thus providing a better understanding of the roles of reactant
distribution and site specificity in surface reactivity.

1. Introduction
The time-dependent behavior of chemical reactions has
captivated many scientists throughout history.1 In the
mid-19th century, Wilhelmy first measured quantitatively

the rate of hydrolysis of sucrose. Then Harcourt and Esson
carried out experiments with reactions between H2O2 and
HI and between KMnO4 and (COOH)2 and analyzed the
concentration (c) of reactants versus time (t). In his book
“EÄ tudes de dynamique chimique” published in 1884, van’t
Hoff generalized these analyses, using many results ob-
tained in his own laboratory for reactions, such as the
decomposition of arsine in the gas phase and the hydroly-
sis of ethyl acetate by caustic soda. He recognized the
significance of the reaction order, n, as in

where k is the rate constant independent of concentration.
By argument and curve-fitting, van’t Hoff arrived at an
empirical equation

where A and E are constants independent of the temper-
ature (T). Five years later Arrhenius gave E an interpreta-
tion as the energy barrier to reaction, and the equation
has thus come to be called the “Arrhenius equation”.1 As
a result of this interpretation, several other empirical
equations were discarded, although they all fit the experi-
mental data equally well. In the 20th century, theories
were proposed to interpret and predict the preexponential
factor (A) in the Arrhenius equation, notably collision
theory and transition state theory. The equations for
reaction rates and rate constant have been used success-
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fully to describe numerous types of reactions in homo-
geneous phases.

However, such simple analytical descriptions do not
necessarily apply to reactions in all phases. Arbitrary use
of the equations often generates concentration and/or
temperature-dependent values of E and A, which actually
invalidate their use. Various modifications of the equations
have thus been made, which inevitably introduce more
fitting parameters that are open to further interpretation.
Obviously, if two liquids are immiscible or, similarly, if
two adsorbates on a surface segregate into separate
phases, reaction may occur only at the phase boundaries.
A single overall concentration or coverage does not
adequately describe the concentration dependence of the
rate equation for such a system. Thus, reactions in
condensed phases can be accompanied by a complex
distribution of reactants that render assumptions carried
over from the usual description of homogeneous reactions
inappropriate.

The kinetics of reactions on an ordinary single-crystal
surface (∼0.25 cm2) is the result of the interplay of about
a hundred trillion (1014) molecules or atoms. Today, using
a scanning tunneling microscope (STM), one can directly
see the distribution of individual molecules or atoms on
the nanometer scale. Since the onset of our quest to image
surface reactions on this length scale, our concept of the
nature of surface reactivity has undergone a profound
change. The purpose of this article is to share some of
these shifts in paradigms with the larger chemistry com-
munity.

Resolution on the nanometer scale has been the
trademark of STM since its invention.2 Recent advances
in STM instrumentation have produced recording rates
up to 20 frames per second.3 A series of STM images of
the same surface area can be recorded to produce a movie
of events occurring on the atomic scale. In this Account
we focus on matters related to surface reactions, taking
single frames from five STM movies produced in our
laboratory at various recording rates. These include (1)
the island growth of a surface oxide resulting from O2

adsorption on Cu(110), (2) the anisotropic reactivity of
these islands with CO, (3) the site-specific reactivity of NH3

in reactions with adsorbed oxygen on Cu(110), (4) the
collective motion of O(a) and SO3(a) on Cu(110), and (5)
the incorporation of “extra” metal atoms into the unit cell
of a reaction intermediate in the reaction of NH3 with
adsorbed oxygen on Ag(110). The STM movies may be
directly viewed at our website.4 These nanoscale movies
captured the events as they occur, helping us to visualize
the dynamic reactant distributions.

2. The Crystallization of a Two-Dimensional
Oxide: Oxygen Adsorption on Cu(110)5

It has been known for some time that the dissociative
adsorption of oxygen on Cu(110) at room temperature
produces a unit cell structure with lattice vectors different
from those of the clean surface, forming a p(2×1) phase.6

(The (2×1) notation denotes that the two-dimensional unit

cell that the adsorbed oxygen adopts has lattice vectors
that are 2 and 1 times the unit cell vectors of the clean
surface structure, having the same directions.) Overlayer
structures having periodicities differing from that of the
underlying host metal are common, but the process
leading to this particular structure on Cu(110), as disclosed
by STM, was quite unexpected.7-9 After the dissociation
of molecular oxygen on the Cu(110) surface, oxygen atoms
combine with mobile Cu atoms that are either released
from step edges or from the terraces themselves to form
added -Cu-O- rows along the [001] direction. The -Cu-
O- rows coalesce to form islands of p(2×1)-O structure
with gaps of clean surface between the islands.7-10 One
such STM image is shown in Figure 1 with a ball model
below. Only Cu atoms in the rows are imaged; oxygen
atoms are invisible under the particular imaging condi-
tions.8,9,11 The coverage of oxygen atoms in the p(2×1)-O
structure is 0.5 ML (monolayer, 1 ML ) 1 O/Cu).

To gain a more detailed picture of the island growth
process, we have followed the buildup of oxygen on Cu-
(110) from 0.0 to 0.5 ML.5 Figure 2 displays 12 selected

FIGURE 1. STM image (top) of the p(2×1)-O structure on Cu(110)
and a ball model (below) showing the added -Cu-O- rows.
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STM images recorded sequentially 155 s apart in an
ambient oxygen pressure of 2.5 × 10-9 Torr at a surface
temperature of 470 K. In the first image obtained after
oxygen exposure was commenced, three terraces at dif-
ferent heights can be distinguished. A bundle of several
steps running diagonally from the upper left to the lower
right separate the lowest- and mid-lying terraces (A and
B), while a monatomic step separates the mid- and
highest-lying terraces (B and C).

Overall, three stages of growth can be distinguished:
nucleation, growth, and coalescence. As seen in frame 1,
the initial growth proceeds from the bottom of the step
and proceeds over the terrace (arrow 1). Soon after the
first islands form, additional islands appear on the terraces
(frame 2). Two initially separated islands attract with each
other and become paired at the upper left corner of

terrace A in frames 2-4 (arrow 2). The nucleation of new
islands takes place only below 0.2 ML (frame 5, arrow 3).
On terrace C a thin band (arrow 4) appears adjacent to
an oxide island.

The islands grow in a correlated fashion, not completely
randomly. The growth of terrace C is seen in the first five
frames. The additional Cu atoms appear to be supplied
from the broad bundle of steps (step 2) separating terraces
A and B, which retracts continuously toward the lower
left corner of the image view, eventually eliminating the
middle terrace (B). The island growth along the [001]
direction occurs over the whole terrace width on the time
scale of the imaging of one frame. It is clear from the
splitting at the ends of the islands adjacent to the step
(arrow 5 in frames 6-12) that material transport to and

FIGURE 2. Selected frames of STM images recorded sequentially at a scan rate of 155 s per frame in an ambient oxygen pressure of 2.5
× 10-9 Torr at 470 K on Cu(110).
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from the end of the islands at the steps is intimately
involved in their growth.

When the spacing between neighboring islands reaches
about 20 Å, the islands start to coalesce simultaneously
on terrace A (frame 20). As shown in frames 20 and
24, on terrace A the remaining gaps appear to fill from
step 1 toward step 2, suggesting that -Cu-O- moieties
are produced at step 2 and diffuse to the end of the
gaps.

3. Anisotropic Reactivity: Oxidation of Carbon
Monoxide on Cu(110)12

The catalytic oxidation of CO to CO2 on the p(2×1)-
O-covered Cu(110) proceeds via the reaction between
coadsorbed CO and oxygen13-16

CO2 is so weakly bound to the surface that even at room
temperature it desorbs from the surface upon formation.
There are two types of oxygen accessible at an island
perimeter: oxygen atoms at the end of a -Cu-O- row
or island and oxygen atoms within a row on the side of
an island. An equilibrium population of interstitial oxygen
adatoms must also exist. Previously it was estimated that
the rate of removal of oxygen from the end of a row along
the [001] direction was only twice as likely as that along
the [110] directionsa rather small difference in reactiv-
ity.13,14 STM allows us to probe this difference directly.

Under steady state conditions the distribution of
reactants on the surface is quite dynamic. On a local scale,
significant fluctuations in island size and shape are
observed, as oxygen is continuously removed and replen-
ished at the boundaries of the oxide islands. The length
and width of islands change, and the addition and removal
of oxide strands at the perimeter of the islands create both
point and line defects. Shown in Figure 3 are STM images
selected from a time-lapse series taken 155 s apart for
the oxidation of CO under near steady-state condi-
tions with the surface at 400 K. Both CO and O2 are present
in the gas phase with a total pressure of about 2 × 10-4

Torr.
The imaged area is neatly marked by a kink in a step

separating two terraces (frame 1, upper left). The four
p(2×1)-O islands (dark gray) identified by arrows 1-4 in
frame 1 on the upper terrace are the focus of discussion
here. Similar behavior is seen on the other terraces. The
length of island 1 (arrow1), initially two -Cu-O- rows
in width, first increases (frames 1-2) and then decreases
(frames 3-10), eventually passing from view (frame 24).
An island nucleates near the step edge (frames 25-32,
arrow 5). It grows in both length and thickness; the forked
structure at the end of this island (frame 32, arrow 5) is a
clear indication of the deposition and erosion of material
from its tip. Arrow 2 marks the end of the left-most row
in a p(2×1)-O island consisting of three -Cu-O- rows
(frame 1). This row is reacted away initially (frame 2) but
is then regenerated (frame 3). The fluctuation of the

boundary of this island continues (frames 8-32, arrow 2).
These fluctuations are particularly evident in frames 27-
32. Similar behavior is exhibited for island 3 (arrow 3).
The jagged edges of this island (arrow 3), representing the
end of -Cu-O- rows, fluctuate in width and position
through all frames. Oxide strands appear and disappear
from the island boundary with time. This island doubles
in width over the course of the observation. Generally
similar behavior is observed for island 4.

The formation of the jagged edges at the island bound-
ary and their continual fluctuation suggest that preferen-
tial reaction and aggregation of oxygen occurs at the defect
sites along the island perimeter. The fluctuating lengths
of the -Cu-O- rows at the island perimeter indicate that
CO reacts with oxygen primarily along the row in the [001]
direction. The reaction anisotropy can be attributed to the
lesser stability of an oxygen atom at a row end or at a
kink site at the island edge than that within the row. The
evolution of island shape during reaction has been
compared to Monte Carlo simulations.12 It suggests that
the reaction probability at the end of an island is 500-
1000 times greater than that at the side.

4. Site-Specific Reactivity of Atomic Oxygen
Species: Ammonia on Cu(110)-p(2×1)-O17

The reactions between ammonia and oxygen on Cu(110)
have been investigated previously using high-resolution
electron energy loss spectroscopy (HREELS) 18,19 and X-ray
photoelectron spectroscopy (XPS).19 It was initially re-
ported that there was no reactivity between preadsorbed
oxygen in the fully covered p(2×1)-O structure. It was then
found that exposure of Cu(110) at 300 K to a gas mixture
of ammonia and oxygen results in the highly selective
oxydehydrogenation reaction to form imide, NH(a). The
differences in reactivity were hypothesized to reside in two
distinctly different oxygen species: an “inherently unre-
active” oxygen species analogous to preadsorbed p(2×1)-O
structure, and an oxygen transient similar to that pro-
duced in the co-exposure experiment.20 Though these
transient species are clearly quite reactive,21 our STM
observations of this system provide direct evidence that
the oxygen in the preadsorbed p(2×1)-O structure is also
reactive. Extensive reaction can be inhibited by the
accumulation of NH(a).

In our experiments the Cu(110) surface was initially
partly covered by p(2×1)-O islands with an overall oxygen
coverage of ∼0.3 ML. After exposure to ammonia at 300
K, the surface was heated to 410 K and cooled to 300 K at
an ambient ammonia pressure of ∼2 × 10-9 Torr. Under
these conditions the surface NH(a) is expected to be
stable, if reaction proceeds.18,19 The surface was then
imaged with STM at 300 K (Figure 4a). The thinner rows
along the [001] direction are -Cu-O- rows, and the
thicker rows along the [110] direction are attributed to
NH(a) species. The presence of NH(a) structures and the
appearance of p(2×1)-O islands with irregular edges
indicate that the preadsorbed oxygen islands are reactive
with ammonia. The reactions are initiated near the step

CO(a) + O(a) f CO2(g) (3)
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edges. Some of the NH(a) rows intercept and terminate
-Cu-O- rows, suggesting that reaction along the oxide
row is inhibited by site-blocking. Such site blocking can
significantly limit the extent of reaction of ammonia with
the preadsorbed oxygen. Herein appears to rest the origin
of the significant difference between the reactivity of
preadsorbed oxygen and coadsorbed oxygen with am-
monia.20 This inhibiting effect is not seen in CO oxidation
on this surface because the product of the reaction does
not remain adsorbed. These inhibition effects and the
effects of steps on the reactions have been discussed in
detail elsewhere.22,23

The reaction of p(2×1)-O with ammonia proceeds
anisotropically, reaction along the oxide strands being
faster than reaction into the sides of the islands. However,
reaction can be initiated at the island boundary. The
boxed region with dashed lines in Figure 4a was moni-

tored in situ with STM at a scan rate of 205 s per frame
under an ambient pressure of NH3 of 2 × 10-9 Torr.
Selected frames are displayed in Figure 4. Frame 1 was
recorded 1 h 8 min 20 s after the dashed frame shown in
Figure 4. The two -Cu-O- rows marked by arrows 1 and
2 in Figure 4 have been shorten such that they lie within
the dashed frame. Their shortening continues (Figure 4,
frames 2-5) at an averaged rate of 4 atoms/min. These
two -Cu-O- rows are reacted away along the rows from
the ends such as a burning straw. A similar anisotropy
has been reported for oxidation reactions of CO on Rh-
(110)24 and Cu(110) (see above), methanol on Cu(110),25

and ammonia on Ni(110).26 In general the low-coordinated
oxygen is removed preferentially from the island. Whether
this is due to an inherently higher local reactivity or a
lower stability is not clearly understood.12

FIGURE 3. Selected frames of STM images recorded sequentially at a scan rate of 155 s per frame during the oxidation of CO on Cu(110)
under near steady-state conditions with the surface at 400 K.
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A short NH(a) segment moves back and forth along the
[110] axis like a worm (arrow 3), whereas other NH(a)
strands appear to be immobile. The short NH(a) segment
(arrow 3) breaks apart into two segments (frames 8 and
9), which reunite (frame 10). Although the growth of NH-
(a) segments was not observed within the small imaging
area, the growth was seen in other regions during reac-
tions.17 A short -Cu-O- segment appears between two
long NH(a) segment (frame 5, arrow 4); it may arise from
mobile Cu-O units on the surface. Reaction appears to
be initiated at the side of a -Cu-O- row (frame 4, arrow
5). The opening created in the row widens (frames 5-10,
arrows 5 and 6) at an averaged rate of 1 atom/min. The
reactivity of p(2×1)-O islands with ammonia is clearly
visible on an atomic scale.

5. Collective Motion of Surface Adsorbates:
Oxygen and Sulfite on Cu(110)
In the interstitial space between p(2×1)-O islands a -Cu-
O- row often appears as an irregular zigzag shape because
it has moved between two successive line-scans. Although
the mobility of a -Cu-O- row is obvious, it is not clear
how a row moves. In 1990, Ertl’s group 27 suggested
fragmented motion. Later in the same year, Besenbacher’s
group9 favored the collective motion of an entire row,
which was accepted the next year by Ertl’s group.28

However, two year later Besenbacher dismissed the notion
as “unlikely” and suggested that row motion proceeds as
a series of correlated jumps of individual atoms.29 Recently
we acquired an STM movie of the motion of oxygen and

FIGURE 4. The boxed region with dashed lines in panel a was monitored with STM at a scan rate of 205 s per
frame under an ambient pressure of NH3 of 2 × 10-9 Torr at 300 K on oxygen precovered Cu(110). Frames obtained
at selected times are displayed.

Observation of Surface Reactivity and Mobility Guo and Madix

476 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 36, NO. 7, 2003



sulfite rows on Cu(110).11 The -Cu-O- and SO3 rows seen
in the movie appeared to move by a reptilian mechanism.
However, detailed analysis of the images reveals evidence
for collective motion of an entire row.

Figure 5 displays snapshots selected from a movie
recorded while the Cu(110)-O surface was exposed to SO2

at a pressure of 1 × 10-9 Torr. A frame-by-frame analysis
reveals interesting details of the collective row motion for
both the -Cu-O- rows (along the [001] direction) and
the SO3 rows (along the [110] direction). A boxed area in
frame 32 is expanded in frame 32b, which shows a zigzag
appearance of a short -Cu-O- row captured by the STM
tip scanned top-to-bottom leftward, as indicated by the
arrows in the upper right-hand corner. As a guide to the

eye, white lines are drawn on top of the rows with spacing
of either one or two lattice units in the [110] direction.
The row appears to shift up and down along the scan
direction. The zigzag appearance disappears once the
-Cu-O- row attaches to a p(2×1)-O island (frame 33).
The same row remains immobile while the STM scan
direction changes from vertical to horizontal in frame 44.
It appears zigzaged again in frame 45 when the area is
scanned vertically, as shown more clearly in the expanded
view in frame 45b. Again the zigzag shifts are along the
scan direction, as the STM tip scans downward right to
left.

Panels a and b of Figure 5 show schematic illustrations
of images resulting from vertical and horizontal scanning,

FIGURE 5. Selected frames of an STM movie recorded at 300 K while the Cu(110) surface (covered with 0.24 ML
of oxygen) was exposed to SO2 at a pressure of 1 × 10-9 Torr. The scan rate was about 4 s per frame with a total
of 257 frames. (a and b) Schematic illustrations of images resulting from vertical and horizontal scanning,
respectively, while a -Cu-O- row is moving. (c) Fragmented motion or individual motion irrespective of scanning
directions.

Observation of Surface Reactivity and Mobility Guo and Madix

VOL. 36, NO. 7, 2003 / ACCOUNTS OF CHEMICAL RESEARCH 477



respectively, while an entire -Cu-O- row is moving back-
and-forth along the [110] direction (small white arrows).
The motion gives rise to the zigzag appearance along the
scanning direction as observed. The combination of both
horizontally and vertically scanned STM images provides
strong evidence for the collective motion of an entire
-Cu-O- row. In contrast, fragmented motion or indi-
vidual motion would appear zigzag along the [110] di-
rection irrespective of scanning directions, as illustrated
in Figure 5c. No such STM image was observed in any of
over 250 frames. Similarly, frames 174-176 illustrate the
collective motion of a SO3 row. Many other examples of
this type are seen in the STM movie.

Theoretically, collective motion of interacting particles
occurs in the presence of interactions, no matter how
weak this interaction may be.30 Collective motion occurs
in nature on a wide range of time and length scale from
bacteria to birds. In addition, the collective motion of the
-Cu-O- rows on Cu(110) is not surprising if one thinks
the -Cu-O- row as one entity or a pseudo-molecule.31

Similar motion of the -Ag-O- rows has also been
observed on Ag(110) surface.32

6. Molecular Intermediates Incorporate Metal
Atoms: Ammonia on Ag(110)-p(2 × 1)-O33

On the Ag(110) surface, dioxygen reacts with the surface
to form added -Ag-O- rows extending along the [001]
direction,32 much like those observed on Cu(110) (cf.
Figure 1, bottom). Silver atoms are also incorporated into
this overlayer structure. The saturated monolayer forms
the p(2×1)-O structure much like that of the Cu(110)-
p(2×1)-O surface. As we found previously by temperature
programmed reaction spectroscopy (TPRS) and high-
resolution electron energy loss spectroscopy (HREELS),34

reaction of ammonia with Ag(110)-p(2 × 1)-O at 300 K
produces adsorbed OH(a) and NH(a), which, in turn,
produce H2O(g), NO(g), and N2(g) when the surface is
heated to higher temperatures. STM reveals a most
unexpected sequence of events accompanying these reac-
tions.

During the exposure of the Ag(110)-p(2×1)-O surface
at 300 K to ammonia, a massive restructuring of the
surface occurs, in which the added silver atoms in the
oxide are released to form nanoscale islands, the entire
surface being covered by NH(a). An STM movie was made
of this process at a scan rate of 16 s/frame. Selected frames
are displayed in Figure 6. As indicated in frame 1, the gray
regions encircled by dashed lines are p(2×1)-O regions,
and the light gray stripes are due to NH(a) strings
produced from reaction with background NH3 near the
boundaries of the p(2×1)-O regions. The stars mark the
positions where silver islands (enclosed by dashed lines)
nucleate, as the reaction proceeds; the islands grow,
drawing silver atoms from the surrounding p(2×1)-O
regions. Generally speaking, these regions are initially
defined by bordering NH(a). In all cases the presence of
NH(a) was confirmed by higher resolution images (see
below).33

Ammonia was introduced to the gas phase at 4 × 10-9

Torr. “Mottled” patches indicative of NH(a) grow initially
at the boundaries of p(2×1)-O islands (frame 23). Simul-
taneously, silver islands of monatomic height (dashed
circles, labeled 1 and 2), covered by NH(a), nucleate at
the top of the fame at the edges of NH(a) patches. These
islands are clearly revealed by the shadows that extend
from right to left. As the reaction proceeds (frame 27),
island 1 expands into the area initially covered by p(2×1)-
O, while island 2 grows “downward” in the [001] direction
into another area of p(2×1)-O. Another nucleus (dash
circle, labeled 3 in frame 27) appears, but its growth is
hindered by surrounding NH(a) patches initially present,
which neither supply silver atoms, nor permit silver atoms
to migrate across them. The growth of islands 1 and 2
proceeds into the neighboring regions of p(2×1)-O (frames
30 to 40). The emerging boundary of the NH(a) patches
on the terrace appears to lead the front edge of the island
growth by a few hundred angstroms (e.g., dashed line,
frame 40), though the emerging reaction front is not
perfectly aligned in the [001] direction. Eventually, growth
of both islands 1 (frame 44) and 2 (frame 40) is arrested
by the surrounding NH(a). As the growth of these islands
is halted, new nuclei 4 (frame 40) and 5 (frame 44) appear,
and the island growth process continues (frames 45-47).
A zoomed-out view in frame 68 shows silver islands of
various sizes ranging from a few nanometers to tens of
nanometers. The silver islands are fairly randomly dis-
tributed over the entire surface. This result demonstrates
that topographic restructuring occurs everywhere in a
uniform manner. A zoomed-in view in Figure 6a on the
right shows that NH(a) strands cover everywhere on
terraces, including the top of silver islands.

The formation of the islands clearly indicates that there
is a net loss of silver atoms in the reaction of ammonia
with the added p(2×1)-O structure to form NH(a). These
silver atoms either nucleate into islands or migrate to step
edges. The highest island coverage reached in this reaction
was 16.4%. Additional high-resolution STM images show
that the NH(a) induces a (2×3) periodicity (Figure 6b).33

The details of these studies suggest that a structure forms
in which a (2×3) Ag-O unit cell initially containing six
top-layer Ag atoms incorporates two added Ag atoms, one
O atom, and two NH(a) species (Figure 6c). This structure
accounts for a net loss of Ag atoms from a (2×3) cell of
the oxygen overlayer, which contains three added Ag
atoms. Thus, the reaction releases 1/6 of the added Ag
atoms in the p(2×1)-O structure to create NH(a)-covered
Ag islands, which correspondingly cover 16.7% of the
surface area, in agreement with the STM observations.
Therefore, the following reaction is suggested to occur at
300 K:

2NH3(g) +
3O(a) + 3Ag(a)
(2×1) structure

f
2NH(a) + O(a) + 2Ag(a)

(2×3) structure
+

Ag(free)
islands

+ 2 H2O(g) (2)
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Many species incorporate metal atoms into their
surface structures. Adsorbed atomic oxygen is but one
example in which metal atoms are drawn from the surface
to stabilize an atomically adsorbed species. NH(a) repre-
sents an example of the incorporation of metal atoms by
a molecular fragment. To date we have found several other
molecular intermediates that incorporate metal atoms;
these include NO3(a),35 and SO3(a)36 on Ag(110), and SO3-
(a) on Cu(110).11 These processes have been reviewed
recently elsewhere.37

7. Summary
During adsorption and reactions, the catalytic metal
surfaces may undergo massive structural changes on the

nanometer scale due to the incorporation of metal atoms
in the structures of intermediate species. Defects may be
intimately involved in these processes. Adsorbates and
reaction intermediates can move on the surface in a
collective manner due to lateral interactions, requiring
more advanced treatments of diffusion processes on
surfaces. Amidst the restructuring and movement, reactive
sites may be created and destroyed in a dynamic interplay.
Without the direct, real-time observations made possible
by STM the complexity of these surface processes would
be difficult to imagine and impossible to confirm.

The support of the National Science Foundation, Division of
Chemistry, Electrochemistry and Surface Science Program is
gratefully acknowledged.

FIGURE 6. Selected frames of an STM movie recorded at 300 K during NH3 exposure of the Ag(110)-p(2×1)-O
surface at 300 K. The scan rate was 16 s per frame. (a) Zoomed-in STM image showing NH(a) strands. (b) High-
resolution STM image showing a (2×3) periodicity. (c) Structure model for Ag(110)-p(2×1)-O (left) and (2×3)-NH
(right).×
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