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G
erhard Ertl was awarded the 2007
Nobel Prize in Chemistry on Octo-
ber 10th;1 this was, coincidentally,

his birthday! The citations for this award in-
clude the following: “for groundbreaking
studies in surface chemistry”, “for his thor-
ough studies of fundamental molecular
processes at the gas�solid interface”, and
“for having laid the methodological founda-
tions for an entire field of research”.

This Nobel Prize was in recognition of
major contributions to the development of
the field of surface science, significant ad-
vances in which began around the mid-
1960s, about the time that Ertl began in
the field. His work has mainly focused on
the adsorption of simple molecules such as
CO and N2 on well-defined surfaces and the
relationship of the related surface struc-
tures/energetics to industrial-scale reac-
tions, including ammonia synthesis and the
removal of pollutants from car exhaust. Be-
fore going into this in detail, let us first de-
fine this field of surface science and briefly
describe its evolution.

DEFINITION AND DEVELOPMENT OF
SURFACE SCIENCE

In the context of this Nobel Prize, “sur-
face science” is defined as the field con-
cerned with the understanding of the na-
ture of surfaces (physical and electronic
structure) and of the interaction between
gas-phase molecules and surfaces. This is
rather a limited definition, since surfaces ex-
ist in a wide variety of environments; this
point will be expanded further below.

There are several phases to the develop-
ment of surface science, which we can arbi-
trarily define as follows:

(i) The Nobel Prize in Physics in 1937
was awarded to Davisson and Thomson
and was arguably the first awarded for an
achievement in surface science.2 The award

was nominally given for achievements in
the field of electron diffraction; Davisson
and his colleague Lester Germer were the
first to obtain diffraction pattern data from
a crystalline surface (in the 1920s),3 which
led to the publication of low-energy elec-
tron diffraction (LEED) patterns, a technique
that is now in routine operation in hun-
dreds (possibly thousands) of laboratories
around the world. Their sample was an acci-
dentally created, non-polycrystalline Ni on
a Ni foil, which was being treated in a rea-
sonably good vacuum system.

(ii) The development of ultra-high-
vacuum (UHV) conditions was an essential
step in the evolution of surface science. In
turn, the two essential developments nec-
essary to achieve UHV were (1) good pump-
ing systems and (2) the recognition of the
crucial importance of “bake-out” for re-
moval of residual water contamination. The
latter enabled pressures to be reduced
from a minimum of �10�8 mbar to the
10�10�10�11 mbar region, which is vital
for study of clean surfaces. If the surface un-
der study is a transition metal, then many
of the background molecules in the system
(e.g., H2, CO) adsorb on the surface with
high efficiency (the so-called “sticking prob-
ability” is �1). This in turn means that, since
the collision rate with each atom at the sur-
face is �1 s�1 at 10�6 mbar pressure, it is
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ABSTRACT The 2007 Nobel Prize in Chemistry was awarded to Gerhard Ertl for his seminal
work in the area of surface science, particularly at the gas–solid interface. Although Ertl began
his career at a time when the term “nanotechnology” was not yet known, his contributions to the
field have paved the way for many future scientists in this area and led to a deeper
understanding of catalysis and other surface-specific processes at the nanoscale. Here, we
summarize the scientific developments that guided early progress in surface science, and we
explore the major advancements in Ertl’s career, including his work on adsorption and oxidation
of small molecules on metal surfaces. Significant contributions of other key scientists to this
rich area are also presented.

N
A
N
O

FO
C
U
S

www.acsnano.org VOL. 1 ▪ NO. 4 ▪ 253–257 ▪ 2007 253



only under UHV conditions that the sur-
face can remain clean for a sufficient pe-
riod of time to enable proper study. In
this period (up until the early 1970s),
most work was carried out in equip-
ment built of Pyrex glass, and so glass-
blowers were an integral part of a re-
search laboratory in this field. Much
research in the 1950s was carried out
on films, but significant advances were
made in the understanding of crystalline
surfaces by the inventions and applica-
tion of the field emission microscope
(FEM) and field ion microscope (FIM) by
Erwin Müller in the 1930s, 1940s, and
1950s; this was the first true atomic-
resolution microscope in use.4,5 Work
using the FIM was extended to adatom
mobility studies by Gert Ehrlich and
Robert Gomer from the 1950s into the
1970s.6,7

(iii) From the mid-1960s, stainless
steel vacuum chambers began to domi-
nate the field, and the invention of the
knife-edge/copper gasket seal method
ensured its wide adoption. This also en-
abled the much wider range of instru-
mentation that developed throughout
the following period to be applied to
surface studies. This began with retard-
ing field analyzers, which enabled struc-
tural (LEED) and chemical (Auger elec-
tron spectroscopy) analyses of surfaces.
The work in this period was based upon
the use of very well-defined surfaces of
known surface morphology, usually
single crystals of metals with surfaces
of known orientation. This has contin-

ued to the present day,
though the range of materi-
als investigated has ex-
panded enormously.

ERTL’S WORK
In the context of the

above developments in sur-
face science, Ertl recog-
nized the importance of
this approach and set out
to develop and exploit the
new technology in the mid-
1960s. He began his work
in surface science at the
Technical University in Mu-
nich, and his first papers
concerned the kinetics of
adsorption on Ge single
crystals and the early use

of LEED for Cu oxide structure
determination.8,9 He went on to be a
Professor at the University of Hannover
(1968 –1973) and Ludwig Maximilians
University, Munich (1973–1986), before
joining the Fritz Haber Institute of the
Max Planck Society in Berlin as Director
of Physical Chemistry, succeeding Heinz
Gerischer. The following describes the
two main bodies of work for which Ertl
was cited, though he has been, and still
is, involved in a number of other devel-
opments in surface science and surface
reactivity.

Nitrogen Adsorption on Iron and Its
Relationship to Ammonia Synthesis. Ertl fo-
cused significant efforts into the study
of the adsorption of simple molecules
on Fe single crystals, and especially on
those of relevance to ammonia synthe-
sis (N2, H2, NH3); his first publication in
this field was in 1976; the work pro-
ceeded into the 1980s and was carried
out in Munich.10–16 He ad-
sorbed N2 on Fe and used
Auger electron spectros-
copy to determine the ad-
sorption rate and extract
energy barriers for the reac-
tion.10 As a result, a com-
plete energy scheme for the

reaction was described (Fig-

ure 1),16 which showed the

pathway for ammonia syn-

thesis at the surface. Subse-

quently, others carried out

molecular modeling of the

synthetic reaction pathway using Ertl’s

scheme as input, an important aspect of

which was a net zero activation barrier

to dissociative nitrogen chemisorption.

Nørskov and co-workers reported that

calculations based on the potential

scheme accurately predict industrial

ammonia synthesis rates,17–19 though

this was challenged and explored by

myself and co-workers;20–23 an impor-

tant aspect of the reaction is that disso-

ciative nitrogen chemisorption presents

a significant activation barrier that is

rate-determining. Nevertheless, most of

this pathway was correctly described by

Ertl; he established the positive role of

alkali promoters in the reaction24,25 and

identified the strong dependence of ni-

trogen dissociation on surface structure,

with open surfaces being the most ac-

tive (Figure 2).26 Somorjai and co-

workers at the University of California

at Berkeley also found a similar struc-

ture dependence for the ammonia syn-

thesis rate itself at high pressure (Figure

2).27

It seems very appropriate that Ertl

went on to the Fritz Haber Institute,

named after the founder of industrial

ammonia synthesis and winner of the

Nobel Prize in Chemistry for that work

in 1918.28

CO Oxidation on Platinum Group Metals.

One of the most significant pieces of

work in this field was by Engel and Ertl,

who carried out molecular beam studies

on CO oxidation on Pd(111).29–37 An im-

portant aspect of this reaction is the

fact that there is light-off of the reac-

tion at a particular temperature, giving

a relatively sharp rise in rate, followed

by a maximum, which then declines at

Figure 1. Potential energy profile for ammonia synthe-
sis on iron catalysts from surface science data. Reprinted
with permission from ref 16. Copyright 1983 American
Institute of Physics.

Figure 2. Adapted plot of the relative rates for nitrogen
dissociation15 and ammonia synthesis at high pressure,

16

showing the structure dependence for low Miller index
surfaces.
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higher temperatures (Figure 3). Ertl

showed clearly that this effect was due

to poisoning of the surface sites by ad-

sorbed CO, so that product creation be-

gins once significant desorption of CO

occurs, and once both adsorbed CO and

adsorbed O atoms are present on the

surface, a Langmuir–Hinshelwood-type

reaction (Nobel Prizes in Chemistry in

193238 and 1956,39 respectively) is the

dominating process. He extended the

work to a number of different surface

planes and different metals. However,

it quickly became clear to Ertl and his

colleagues that the reaction was even

more complicated than initially imag-

ined. The reaction exhibits “spatio-

temporal” variations in rate.40 Simple

oscillations and, also, more chaotic oscil-

lations in the reaction rate could be

identified. Most startlingly, he used the

technique of photoelectron– electron

microscopy (PEEM, invented by Brüche

in the 1930s,41 but much improved at

the Fritz Haber Institute itself) to dis-
play this spatio-temporal variation visu-
ally (Figure 4). This demonstrated the
beauty and complexity of nature at the
molecular and atomic levels and
showed that reactions could take place
in waves propagating on the surface, a
two-dimensional analogue to the Be-
lousov–Zhabotinsky reaction.42 De-
pending upon the exact conditions, the
length of these waves could be in the
nanoscale range.

OTHER KEY FIGURES IN THE FIELD
AND IMPORTANT NEW CONCEPTS

No major subject like this develops
through one person alone, and a num-
ber of others have contributed signifi-
cantly. Here we highlight the work of
two other surface scientists, though a
number of others could also be cited, in
terms of their contributions to new con-
cepts in surface science. Several impor-
tant ideas were developed in the middle
period of surface science, especially in
the 1970s and 1980s. These include the
following:

Structure Sensitivity of Reactivity. Besides
the work of Ertl on Fe described above,
Somorjai used single crystals of different
orientations to show that structure
strongly affects selectivity of hydrocar-
bon reactions,43 while David King (then
of the University of Liverpool, now at
the University of Cambridge and the UK

Chief Scientific Ad-
viser) showed that
nitrogen dissocia-
tion on W surfaces
was greatly en-
hanced by the pres-
ence of steps
there.44,45 In fact,
the general descrip-
tion of this reactivity
pattern is that sur-
face coordination
dictates activity; the
lower the average
surface coordina-

tion, the higher the

reactivity of the sur-

face. Surface reactiv-

ity is actually some-

what more complex

than that, but this

general description remains a useful
starting point for understanding the
trends.

The Role of Precursor States. King showed
how significant the role of weakly held
molecular states can be for dictating re-
activity at surfaces, because they can
diffuse over long distances in the
weakly held state before reaction, thus
effectively “seeking out” active sites for
adsorption on an otherwise unreactive
surface.47,48 This is now recognized as a
general form of behavior in adsorption
and surface reactions.

Surface Reconstruction. Somorjai, King,
and others revealed the fact that not all
clean surfaces simply present the bulk
termination at the surface, but that
many rearrange their surface atoms in
an attempt to present a lower-energy
interface.49An example of this is the re-
construction of the Pt(100) surface,
which presents a hexagonal overlayer
that has nearly close-packed atoms,
while a number of (110) face-centered
cubic metal surfaces reconstruct to give
a “missing row” conformation. Re-
searchers now recognize that such re-
constructions occur widely and that
even bulk-terminated surfaces often re-
construct in the presence of gas mol-
ecules, while reconstructed clean sur-
faces can revert to the bulk termination
in the presence of gas.

In these respects, the Nobel Commit-
tee lost an opportunity to recognize the
contributions of others to the field of sur-
face science.

THE NEW ERA OF SURFACE
SCIENCE

Necessarily, the Nobel Prize recog-
nizes past achievements, and surface
science is advancing quickly into new
realms of endeavor. These include sur-
face science at the liquid–solid interface
(especially surface electrochemistry,
something with which Ertl has been
heavily involved in recent years). If, how-
ever, we focus on the gas–solid inter-
face, developments are proceeding
apace and include the following:

Nanoparticles and Model Catalysts. Al-
though single-crystal metals can be
good models of some catalyst surfaces,
many catalysts comprise very small
nanoparticles, and their reactivities may

Figure 4. Spatio-temporal variations in the reaction of CO on Pt.
Reprinted with permission from ref 40. Copyright 1993 American
Institute of Physics.

Figure 3. Schematic diagram of light-off as
seen for CO oxidation on platinum group
metals.
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be different from that of the bulk metal.
Thus, critical developments in this field
have occurred in the past couple of de-
cades and have become a significant
area of work in the field. Since catalytic
reactivity usually involves a metal oxide
interface, much work has been devoted
to the surface structure and reactivity
of oxides; fabricating nanoparticles on
such oxides and measuring their reac-
tivity has now become the cornerstone
of much of this work.

In Situ Studies�Out of UHV, into the
Ambient. With the advent of many new
techniques that are capable of provid-
ing surface information without the ne-
cessity of UHV (e.g., scanning probe mi-
croscopies, vibrational spectroscopies),
there is an increasing body of work fo-
cusing on the structures of surfaces un-
der ambient or even high-pressure con-
ditions. Somorjai, Goodman, and others
have been instrumental in developing
this area of surface science.

Nonetheless, the foundations laid
by Ertl and the other significant con-
tributors to surface science from the
mid-1960s and on are fundamental to
our understanding of surface phenom-
ena under new conditions, with new
materials, and often for very complex
surface species and reactions. Further,
essential work still needs to be done
and is continuing to be done on the
“simple” systems of which surface scien-
tists have established first principles.

Additionally, the field of surface sci-
ence has laid the foundation for nano-
science by developing techniques, by
provoking thought, and by pointing to
the key roles played by nanoscale phe-
nomena in important surface processes.
It must be remembered that, as we en-
ter ever deeper into the nanoworld, so
the properties of the surface layer be-
come ever more significant, as the sur-
face to bulk ration becomes very high.
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