
In these STM images of a platinum catalyst, (A) shows the ter-

raced surface under ultrahigh vacuum. (B) As the cO pressure

increases, the amount of adsorbed cO also increases and causes

the terraces to widen. (c) When coverage is near 100% at pressures

of one torr, the terraces fracture into nanoclusters. (D) Enlarged

view shows the triangular shape of the nanoclusters, two of which

are marked by red lines.
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When it comes to metal cat-
alysts, platinum is the standard.
However, at about $2,000 an
ounce, the high cost of the raw
material presents major chal-
lenges for the future wide-scale
use of platinum in fuel cells.
Berkeley Lab research suggests
that one possible way to meet
these challenges is to think
small. Researchers from Berke-
ley Lab’s Materials Sciences Di-
vision have found that under
high pressure—comparable to
the pressures at which many in-
dustrial technologies operate—
platinum surfaces can change
their structure dramatically in
response to the presence of
high-coverage reactants. High-
pressure scanning tunneling mi-
croscopes (STM) and ambient-
pressure x-ray photoelectron
spectroscopy (AP-XPS) at ALS
Beamlines 9.3.2 and 11.0.2 al-
lowed researchers to study cat-
alysts’ structure and composi-
tion under realistic conditions.

Researchers have discov-
ered that the presence of high
densities of carbon monoxide
(CO) molecules can reversibly
alter the catalytic surfaces of
platinum single crystals, which
are thermodynamically stable
under vacuum or low-coverage
conditions. On the other hand,
platinum nanoclusters become
more stabilized as carbon
monoxide molecules are ad-
sorbed at high densities because
they provide a relief to the strong
lateral repulsion experienced in
flat areas of the metal surface.

In this study, single-crystal
platinum surfaces were exam-
ined under high pressure using
STM. They were structured as a
series of flat terraces about six
atoms wide separated by atomic
steps. Atomic steps and kinks
are common features in metal
catalysts and are considered to
be the active sites where cat-
alytic reactions occur. For that
reason, stepped single-crystal
surfaces are widely used as
models of real catalysts.

Industrial catalysts typically
operate under a wide range of

pressures and temperatures.
However, surface-science ex-
periments have traditionally
been performed under high-
vacuum conditions at low tem-
peratures. The ability to ob-
serve catalytic surfaces at the
atomic and molecular levels un-
der actual reaction conditions
is the only way large-scale sur-
face restructuring of platinum
crystals could be detected.

The platinum surfaces were
covered with carbon monoxide
gas, a reactant involved in many
important industrial catalytic
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processes, including the Fis-
cher-Tropsch process for mak-
ing liquid hydrocarbons, the ox-
idation process in automobile
catalytic converters, and the
degradation of platinum elec-
trodes in hydrogen fuel cells. As
the carbon monoxide coverage
of the platinum surfaces in-
creased, the terraces widened;
at one-torr pressure when the
coverage of CO approached
100%, they fractured into
nanometer-sized clusters due to



Improving Industrial catalysts
Catalysts—substances that speed up the rates of chemical
reactions without themselves being chemically changed—are
used to initiate virtually every industrial manufacturing
process that involves chemistry. Metal catalysts are the work-
horses, and platinum is one of the best. Industrial catalysts
typically operate under pressures ranging from millitorr to
atmospheres and at temperatures ranging from room to hun-
dreds of degrees Celsius.

Until now researchers have been unable to study catalytic
surfaces in detail because reaction conditions in the lab—
near-vacuum pressures and near-freezing temperatures to
achieve high coverage of adsorbates—do not produce results
that reflect real-world conditions. Observing catalytic sur-
faces under actual reaction conditions has shone light on new
possibilities for fuel cells and other products in which cata-
lysts are essential.The techniques developed here could also
be applied to discover the most favorable metal catalysts and
reactants, as well as optimal reaction conditions for different
combinations thereof. If other metal catalysts exhibit this nan-
oclustering effect, platinum could be replaced with less
expensive alternatives, lowering the cost of the final products.
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increased lateral repulsion be-
tween molecules. The flat ter-
races re-formed when carbon
monoxide gas was removed.
This large-scale surface restruc-
turing of stepped platinum
highlights the strong connection
between coverage of reactant
molecules and the atomic struc-
ture of the catalyst surface.

Using STM and AP-XPS, re-
searchers were able to deter-
mine the geometry and location
of the catalyst atoms when the
surfaces are covered with dense
layers of molecules, as occurs
during a chemical reaction.

Scientists imaged the atomic
structure and identified the
chemical state of catalyst atoms
and adsorbed reactant molecules
under industrial-type pressures
and temperatures. STM images
revealed the formation of nano-

particle clusters of platinum on
the platinum crystal surfaces,
and the AP-XPS spectra revealed
a change in carbon monoxide
electron binding energies.

The next steps will be to de-
termine whether other ad-
sorbed reactants, such as oxy-
gen or hydrogen, also result in
the creation of nanoclusters in
platinum. Exploring metals that
catalyze other important reac-
tions—such as palladium, silver,
copper, rhodium, iron, and
cobalt—might also help re-
searchers determine whether
nanoclusters can be induced to
form under high coverage of ad-
sorbed reactants. If this nan-
oclustering is a general phe-
nomenon, it could have major
consequences for high-pressure,
high-temperature catalytic re-
action conditions.


