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Roughness as a motor for reaction
oscillations

Oscillatory chemical reactions are often
called ‘chemical clocks’ owing to their
periodic nature. A well-known system
that shows periodic oscillation of
reaction rate is the catalytic oxidation of
carbon monoxide over platinum and
palladium surfaces. We have identified
a new mechanism that makes this
chemical clock ‘tick’.

A catalyst is a substance that speeds up
a chemical reaction without being
consumed by the reaction. A notable
example is the catalyst in the exhaust of
a car, which facilitates the oxidation of
poisonous carbon monoxide gas with
oxygen to produce the less-harmful
carbon dioxide. The rate of conversion
of CO to CO2 can spontaneously
oscillate in time. A complex interplay of
the reactants, CO and O2, modifies the
surface structure of the catalyst and

thereby its catalytic activity. This causes
the rate to oscillate for reactions at low
pressures in ultrahigh vacuum systems,
as has been beautifully demonstrated
by Nobel laureate G. Ertl and co-
workers [1]. However, at atmospheric
pressures the structure of a catalyst
surface is much harder to study
because most analytical tools require
low-pressure vacuum conditions.

We have developed a novel setup at
beamline ID03 that allows the surface
structure of a single crystal Pd catalyst
inside a flow reactor to be studied
during the catalytic reaction by means
of surface X-ray diffraction (SXRD) at
atmospheric pressure [2]. With these
experiments, we show that, during the
rate oscillations, the Pd catalyst
spontaneously switches between a
metallic surface, with a low CO2
production rate, and an oxidised Pd
surface, which exhibits a much higher
rate, as shown in Figure 40. These
observations are in full agreement with
earlier studies of the catalytic activity of
ultrathin surface oxides.

Further experiments show that a
smooth metal surface oxidises more
easily, i.e. under the less-oxidising
conditions of a higher CO partial
pressure, than a rough metal surface.
The authors suggest that this is due to
the favourable adsorption of CO at the
steps of a rough metallic Pd surface,
which thermodynamically stabilises the
metal surface. Only when the level of
roughness is sufficiently low does the
surface becomes oxidised.

The newly discovered mechanism
responsible for the oscillatory
behaviour, depicted schematically in
Figure 41, was found by studying the
evolution of the roughness of the
metallic and oxidised surface during the
oscillations. In the oxide phase of an
oscillation cycle, the thin oxide layer
becomes gradually roughened by
reaction of CO with the oxygen atoms
from the oxide layer. This is shown by
the broadening of the diffraction peaks.
At a certain level of roughness, the oxide
layer becomes thermodynamically

Fig. 40: Top panel: Inverse full
width at half maximum

(FWHM) of the diffracted
intensity at a surface sensitive

(anti-Bragg) position as a
function of time. The inverse
FWHM is proportional to the

smoothness of the truncation
of the Pd(100) crystal. Bottom

panel: partial pressures of
CO and CO2 in the reactor.
The partial O2 pressure was

500 mbar. The sample
temperature was kept constant

at 447 K. The colours indicate
whether the SXRD intensities

identify the Pd(100) surface as
a metallic structure (light blue)

or as being covered by a thin
oxide film (light red).

Fig. 41: Metal-oxide stability diagram. Each cycle takes
the surface through stages (1) smooth oxide, (2) rough

oxide, (3) rough metal, and (4) smooth metal, after
which the next cycle starts again at (1). The phase

boundary is determined by the roughness and the CO
partial pressure.
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CO dissociation and transient carbon
storage by supported Pd nanoparticles during
CO/NO cycling

Heterogeneous catalysts provide the
central technology for abating
environmental pollution from industrial
processes. The preeminent example of
this is car exhaust catalysis where the
catalyst (Pt/Rh or Pd- nanoparticles
dispersed on an oxidic support) has to
balance three chemical conversions:
the reduction of toxic NOx to benign N2
and the oxidation of hydrocarbons and
toxic CO to CO2. A central issue is
maintaining high activity levels during
the cycling (so-called lambda
oscillations) conditions typical of real
operation. A basic understanding of
how supported noble metal
nanoparticles might achieve this is,
therefore, of considerable importance.

Beamlines ID24 (dispersive EXAFS) and
ID15 (hard X-ray diffraction, HXRD)
have collaborated to derive a new way
of seeing into the dynamic behaviour of

such systems. This approach is an
extension of an experiment developed
on ID24 to couple time-resolved EXAFS
(element specific local structure) to
infrared spectroscopy (IR, for surface
speciation and molecular functionality)
and mass spectrometry (MS) [1]. By
using the very hard (89 keV), high flux,
X-rays available at ID15B, we can now
combine HXRD with IR within the same
sample environment developed for
time resolved EXAFS/IR. As a result, we
have observed previously hidden
aspects of how Pd nanoparticles
(ca. 3 nm diameter) participate in the
oxidation of CO to CO2, how this
changes their structure and,
subsequently, the disposition of CO
molecules adsorbed upon them.

Figure 42 collates the HXRD (for a
complete, 10 cycles, CO/NO cycling
experiment), IR and MS (for single 

unstable and disappears, leaving a less
reactive metallic surface. This metallic
surface becomes smooth again by metal
atom diffusion, as shown by the
narrowing of the diffraction peak, see
Figure 40. The smoothening continues
until the roughness is low enough to
make the oxide surface
thermodynamically stable again, at
which point the surface immediately

forms a highly-reactive oxide film. This
completes the cycle and the process
starts all over again from the beginning.
Based on these observations, the
authors conclude that the evolution of
the roughness is responsible for the
periodic switching between the metallic
and oxidised surface and is at the heart
of the mechanism that makes this
chemical clock tick.
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Fig. 42: DRIFTS, MS, and HXRD
from a 2wt % Pd/Al2O3 sample
during CO/NO cycling at 673 K.
MS closed circles are CO and
open circles are CO2.


