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Abstract

We report experimental and computational studies of reaction dynamics on Pt/Rh and Pt/TiO2 microcomposite catalytic
surfaces. Reaction fronts initiated at the material interface dominate both steady and dynamic behavior of the composite
catalytic material. Our analysis links the transient phenomenon of front initiation to the bifurcations of reaction–diffusion
systems with active boundaries. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Controlling the spatiotemporal course of chemical
reactions is an active area of research that spans many
branches of science and engineering from cell biology
to industrial reactor design. The problem can be ap-
proached through the engineering of well-defined re-
actor structures that would sustain a particular reaction
regime. Recently, microlithography has been used to
design catalytic reactors of various sizes, ranging from
nano- to millimeters [1–4]. The spatial scale of litho-
graphically fabricated reactors discussed in the current
study is in the range of tens of microns. Building in-
ert (TiO2) walls around areas of Pt and Rh catalyst
allowed us to isolate chemical reaction fronts, wave-
trains and spirals [3,5–7]. An extension of this work,
analyzing microdesigned catalysts withseveralactive
components [8,9], is presented in this paper. Using cat-
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alytic reduction of nitric oxide on composite (Pt/Rh)
surfaces as our example, we illustrate how variations
in composite size, geometry and boundary conditions
can influence intrinsic nonlinear dynamics of catalytic
reaction–diffusion systems. As in our previous stud-
ies, the size and the shape of a catalytic microreac-
tor is manipulated with lithography, while boundary
conditions are “implemented” by placing several ac-
tive components with different reactivities next to each
other. Here, we focus on critical effects, such as igni-
tion and front propagation, mediated and affected by
the presence of active boundaries.

The paper is organized as follows. In the next sec-
tion we provide a brief description of the experimen-
tal set-up used in the study of microdesigned Pt/Rh
composites. After that, we use mechanistic models of
the NO reduction on Pt(1 0 0) and Rh(1 1 1) surfaces
to show that, under reaction conditions used in this
study, individual components of the composite catalyst
can lie on the opposite branches of kinetic hysteresis.
This motivates our phenomenological modeling and
computational analysis of the steady state multiplic-
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ity patterns in a composite reaction–diffusion medium.
Finally, we show that the basic phenomenology pre-
dicted by these models is observed in the experimen-
tal study of NO reduction on microdesigned catalysts.
We conclude with an outline of some future directions
for modeling and experimental studies of composite
catalysts.

2. Experiments

The basic fabrication steps leading to the two-
dimensional catalytic microstructures are shown in
Fig. 1(left). A Pt single crystal of (1 0 0) orientation
was covered with a polymer photoresist that was then
lithographically developed in a negative photoresist
process. Brief etching of the decorated surface in O2
plasma, evaporation of Rh and lifting-off the remain-
ing photoresist yielded a two-dimensional composite
catalyst in which areas of bare Pt were surrounded
by areas covered by, roughly, a 300 Å-thick polycrys-
talline layer of Rh (Fig. 1, right). The lateral inter-
mixing of the two metals as determined with spatially
resolved X-ray photoelectron microscopy (PEM)
(or scanning photoelectron microscopy, SPEM) was
shown to be restricted to an area of less than 2 mi-
crons. Reaction dynamics (atT ≈ 400–500 K and
pressures<10−3 mbar) was observed by the photoe-
mission electron microscopy (PEEM) [10]. The exper-
iments were conducted in a standard UHV chamber
operated as a gradient-free flow reactor under reaction
conditions.

Fig. 1. Steps of the fabrication procedure (left) leading to a two-dimensional microcomposite catalyst (right).

PEEM provides images of the local work func-
tion with lateral resolution of≈1�m and the time
resolution of video frames (40 ms). The contrast in
PEEM images mainly reflects the differences in the
oxygen coverage [10]. The sharp contrast of the gen-
erated images stems from the fact that, under reac-
tion conditions reported in this paper, the catalyst can
be either in the oxygen-rich (dark, high work func-
tion) or in the oxygen-lean (bright, low work function)
state.

3. Steady state multiplicity in catalytic NO
reduction

Kinetic models of reactions on surfaces of individ-
ual components (Pt(1 0 0) and Rh(1 1 1)) account for
the six experimentally identified surface species (NO,
N, O, H, NHx , NH3) [11–14]. In the absence of ki-
netic data on the catalytic activity of thin (100–300 Å)
Rh overlayers, we have modeled the Rh-covered part
of the composite using the models (species, chemical
reaction steps, rate constants) available for Rh(1 1 1)
surface [11,12]. The models incorporate 12 surface re-
actions (the NH2,adsto NH3,adsand the OHadsto H2O
steps are assumed instantaneous), see [15] for model-
ing details:

(R1) NO + ∗ → NOads, (R2) NOads→ NO + ∗,

(R3) H2 + 2∗ → 2Hads, (R4) 2Hads→ H2 + 2∗
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(R5) 2Nads→ N2 + 2 ∗
(R6) NOads+ ∗ → Nads+ Oads,

(R7) Nads+ Oads→ NOads+ ∗,

(R8) Oads+ Hads→ OHads+ ∗
(R9) Nads+ Hads→ NHads+ ∗,

(R10) NHads+ ∗ → Nads+ Hads,

(R11) NHads+ Hads→ NH2,ads,

(R12) NH3,ads→ ∗ + NH3

The chemical basis of the steady state multiplicity in
catalytic NO reduction becomes apparent after exam-
ining the key steps of the reaction mechanism. Both
Pt(1 0 0) and Rh(1 1 1) readily chemisorb NO. Follow-
ing that, the chemisorbed nitrosyl (NOads) dissociates
into atomic adspecies (R6). While two nitrogen atoms
quickly recombine and irreversibly desorb in the form
of molecular nitrogen (R5), atomic oxygen stays on the
surface below 800 K. Hence, a second reactant (Hads)
is required to remove it in the form of water (R8).
(When the reducing agent is CO, the chemisorbed oxy-

Fig. 2. Steady state multiplicity in the NO/H2 reaction;T = 470 K, PNO = 2×10−6 mbar. Results of a one-parameter continuation showing
the dependence of surface coverages and reaction rates on the partial pressure of hydrogen,PH2. (a, b) Surface coverages of oxygen Oads

and nitrogen Nads; (c, d) rates of nitrogen and ammonia productionRN2 andRNH3. The inset in (d) shows the rate of ammonia generation
by a Pt(1 0 0) surface.

gen is removed from the surface in the form of CO2.)
On Pt(1 0 0) and Rh(1 1 1) surfaces, reactions (R5) and
(R8) are much faster than (R1), which becomes the
rate-limiting step. The first reaction in the pathway
requires an empty surface site to proceed. However,
the overall process generates an excess of empty sites
upon completion, which provides an autocatalytic step
in the overall reaction mechanism. The balance be-
tween the autocatalytic generation of the empty sites
and their removal due to the chemisorption from the
gas phase can be satisfied by three different composi-
tions of the surface; this generates isothermal steady
state multiplicity.

The Pt(1 0 0) surface binds hydrogen much stronger
than Rh(1 1 1). Since the hydrogen species (Hads) is
crucial for the removal of the chemisorbed oxygen
(Oads), higher coverage by Hads translates into higher
catalytic activity. Rh(1 1 1), on the other hand, has a
higher binding energy for oxygen, which leads to a
lower surface coverage by Hads. Due to these differ-
ences, individual metals (Pt and Rh, or Rh-covered
Pt) will “ignite” and “extinguish” at different values
of the operating parameters (pNO, pH2, T ).
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The pattern of isothermal steady state multiplicity
computed for the surfaces of Pt and Rh as a function
of PH2 is presented in Fig. 2. On both the surfaces, the
initial smooth decrease of oxygen coverage is followed
by a transition to the state with very low oxygen cover-
age. It is precisely the abruptness of this transition that
accounts for the sharp contrast in the PEEM images.
The main conclusion arising from this one-parameter
continuation is that for both metals, the transition be-
tween states of the surface with different reactivities
(“dark/bright” transition) is through a saddle node bi-
furcation. Furthermore, in a wide range of parame-
ters, surfaces of pure components can lie on different
branches of the kinetic hysteresis. In the next section,
we illustrate how surface diffusion couples with steady
state multiplicity, mediating the spatiallynonuniform
transitions between different states of the surface.

4. Phenomenological modeling

We consider an idealized composite medium con-
sisting of two components, A and B, arranged either
in the form of alternating stripes (Fig. 3(a)) or circu-
lar inclusions (Fig. 3(b) and (c)). From now on, the
domains will be called “domain A” and “domain B”.

For a striped medium, with stripe lengthsLA andLB,
respectively, the model equations take the following
form:

x ∈ (0, LA) : uA
t = DAuA

xx + F(uA , αA , λ),

x ∈ (LA , LA + LB) : uB
t = DBuB

xx + F(uB, αB, λ)

Fig. 3. Model composite medium: stripes (a) and circular inclusions
(b, c).

uB
x |LB+LA = 0, uA

x |0 = 0,

DAuA
x |LA = DBuB

x |LA , uA |LA = uB|LA

With a cubic expression for the kinetic term,
F(u, α, λ) = u − u3 + α + λ, the dependence of the
stationary solutionsus(λ) of F(us(λ), λ) on λ (for
constantα) will be hysteretic; see the characteristic
S-shaped curves in Fig. 4(a)). To simulate two dif-
ferent materials, we chooseαA 
= αB; this makes the
boundaries of the hysteresis (with respect toλ) dif-
ferent for “materials” A and B. In this model,λ is the
analog of the partial pressure of hydrogen in Fig. 2,
whereas differences inα correspond to chemical
differences between the Pt and the Rh parts of a com-
posite surface. We call the upper and lower branches
of this hysteresis “ignited” and “extinguished”,
respectively.

In the absence of diffusive coupling between the do-
mains, the turning points,λA

E , λB
E (“E” for extinction)

andλA
I , λB

I (“I” for ignition), of these S-shaped curves
mediateuniformin space transitions between the solu-
tions belonging to ignited and extinguished branches.
Diffusive coupling of the adjacent domains leads to
different types of nonuniform solutions, see Fig. 4(c).
The turning pointsλU

E , λU
I are inherited from the bifur-

cation diagrams of individual materials. They mediate
transitions from the almost uniform branches of steady
states (UE andUI ), whose solution in both of the do-
mains is close to the everywhere extinguished/ignited
states of the corresponding lumped problem. Notice,
however, that there are two new turning points (λN

I
andλN

E), bounding the region of existence of a branch
of nonuniform solutions (denoted by “N” in the dia-
gram) where only part of the domain is ignited. These
nonuniform solutions exist only above certain critical
length, note the cusp in Fig. 4(b).

Each of the four turning points seems to have a
well-defined asymptote at large values of the domain
size. The turning points that mediate the transitions
from the uniform solutions asymptote to the corre-
sponding values of the pure components. At the same
time, the asymptotic value ofλN

I (λN
E) coincides with

the value ofλ corresponding to the stationary front that
exists in an infinite medium with kinetics of domain B
(A). In a uniform medium, these fronts mediate transi-
tions between the coexisting steady states. The fronts
are stationary for a value ofλ = λMax, for which the
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Fig. 4. Bistability in a model composite medium. (a) Kinetic hysteresis for individual components; (b) size dependence of the limit points
in a “50/50” composite; (c) branch of steady states computed forL = LA + LB = 15; DA = DB = 1, αA = 0, αB = 1. The average over
the domain is chosen as the solution norm,‖u‖. The two-parameter bifurcation diagram is symmetric, since the two domains have equal
length (LA = LB). While this symmetry is destroyed forLA 
= LB, the large length asymptotes of each of the turning points are robust.

Maxwell condition holds:
∫ u+(λ)

u−(λ) F (u, λ, α) du = 0;
u−(λ) andu+(λ) are extinguished and ignited steady
states of the local kinetics [16].

Results of a one-parameter continuation, at large
size of domain A, show that there exists a practically
“vertical” branch of steady states, Fig. 5. Stationary
solutions on the vertical part of the branch look (on
domain A) like the stationary front, existing in an in-
finite A-medium at that parameter value, translated in
a way that covers more and more of A with an ig-
nited state. Indeed, the computed profiles in domain A
(Fig. 5, inset) look like the fragments of a hyperbolic
tangent (heteroclinic orbit for a cubic nonlinearity)
translated to the left. As we move up the branch, the
solution in which only domain B is ignited smoothly
changes into one in which both of the domains be-
long to the ignited branch; this connection is clearly
through the stationary realizations of the fronts in the
infinite medium A. The intimate connection of these
steady states with the self-similar A-medium solutions
correlates with their practically neutral stability (lead-
ing eigenvalue of the linearization∼10−4). The same
type of behavior is observed in a transient simula-
tion ensuing after a step-change in the parameter from
λ1 < λMax to λ2 > λMax, see Fig. 5(c).

We can simplify the analysis by converting the prob-
lem in two coupled domains into the problem in a sin-
gle domain with appropriate boundary condition. We
focus on the parameter regime where the domain B is

Fig. 5. Large length asymptote of turning points (boundaries of
existence) of the nonuniform solution branch. (a) One-parameter
bifurcation diagram computed forLA = LB = 15. Insets corre-
spond to profiles of the uniformly extinguished and ignited solu-
tions (lower and upper, respectively) and those on the “vertical”
part of the diagram. (b) Asymptotic behavior ofλN

I . The inset
demonstrates the progressive “flattening” of the part of the dia-
gram close to the instability. (c) Transient from a partially to a
fully ignited state mediated by front propagation (see text for the
details).
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already ignited. The boundary condition is derived by
first linearizing the PDE in domain B around the ig-
nited steady state,uB+(λ). Solving the resulting PDE
to match the conditions at the material interface, we
arrive at the following expression for the flux at the
boundary of domain A:

DAuA
x = κDB uB+(λ) − uA

δ(λ)

whereδ(λ) =
√

−DB/(∂F B(uB+(λ))/∂u). The factor
κ depends on the curvature of the material interface
(the interface is flat, convex and concave for the cases
in Fig. 3(a), (b) and (c), respectively):

κ = 1 flat interface

κ = I1(R/δ(λ))

I0(R/δ(λ))
< 1 concave interface

κ = K1(R/δ(λ))

K0(R/δ(λ))
> 1 convex interface

where areI0,1 andK0,1 are modified Bessel functions
for the first and second kind of orders 0 and 1.

Fig. 6. Ignition from circular interfaces, Fig. 3(c). (a) Steady states computed with the full and the reduced BC formulations
(RA = 15, λ = −0.2); (b) two-parameter bifurcation diagram showing the ignition turning point dependence on the radius of domain A;
(c) branch of steady states computed forRA = 15; (d) gray scale plots showing the steady states corresponding to locations (1, 2 ,3, 4)
in (c); black/gray corresponds to extinguished/ignited regions, respectively.

The fact thatκ 
= 1 in the case of the curved circular
interfaces has an important effect on the shape of bifur-
cation diagram. The “almost” translational invariance
present in the striped medium, which resulted in the
vertical fragment of the branch, is now gone. There,
the steady states on the vertical part of the diagram
were related to stationary fronts. While the translation
of a flat propagating interface does not affect its speed,
motion of the axially symmetric front changes its cur-
vature and as a result, leads to nonzero front acceler-
ation [16]. In the case of a circular interface between
domains, this inevitably leads to changes in the curva-
ture of the incipient front and leads to the “bending”
of the vertical fragment in the bifurcation diagram.

Fig. 6 illustrates the radial dependence of the solu-
tion for the case of a circular inclusion surrounded by
a “sea” of material B. As before, the solution loses
stability to a fully ignited state at a critical value of
parameterλc. The transversality condition required
for the saddle-node bifurcation is satisfied in this
case, and the branch turns backward after the point
of instability. Contour plots of the radially symmet-
ric stationary solutions at different points along the
branch are shown in Fig. 6(d); they appear as radially
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Fig. 7. “Outward” ignition from circular interfaces, Fig. 3(b).
Two-parameter bifurcation diagram showing turning point depen-
dence on the radius of (“igniting inclusion”) domain B. Com-
putations were performed with an annulus of material “A” with
RA = 25, Neumann boundary condition was imposed atRA. Inset:
part of the branch close to the saddle-node bifurcation.

symmetric fronts with an increasing fraction of the
ignited region as we move up the nonuniform (“N”)
branch. This shift ofλc to the left of λMax is ex-
pected to become less important for large radii of the
domain A. The two-parameter bifurcation diagram
presented in Fig. 6(b) shows that at large values of
RA, λc again asymptotes to the value predicted from
the front stationarity condition (λMax).

The situation is exactly the opposite in the case of a
circular inclusion sending an ignition front outwards,
see Fig. 3(b). The curvature of the interfacedecreases
as the front expands and most importantly is close to
the boundary between the domains. Since an expand-
ing front has a speed less than that of a flat counter-
part, the location of the instability leading to the front
inception happens beyond (inλ) the value dictated by

Fig. 8. PEEM images of the microstructured Pt(1 0 0)/Rh surface showing a transition from the unreactive/oxygen-covered state to the
reactive/largely oxygen-free state in the NO+ H2 reaction. Reaction fronts nucleate at the perimeter of the dark circles (frame 1) which
represent circular Pt(1 0 0) domains surrounded by Rh. The transition was initiated by apH2 increase from 2× 10−6 to 7× 10−6 mbar.
Experimental conditions:pNO = 2 × 10−6 mbar;T = 473 K.

the stationarity condition; the large radius limit, how-
ever, is againλMax, see Fig. 7.

5. Experimental observations

We present two experimental observations illustrat-
ing the effects of the boundaries on (i) transient dy-
namics, and (ii) bifurcation behavior of microreacting
domains.

We first describe adynamiceffect due to the pres-
ence of an active boundary on a composite surface
(i.e., of a neighboring domain of a different catalytic
activity). Fig. 8 captures instances of a transient phe-
nomenon ensuing on the composite surface after a
step-change in operating conditions. A step-change
in pH2 from 2× 10−6 to 7× 10−6 mbar (at constant
pNO = 2 × 10−6 mbar andT = 473 K) leads to the
development of a bright rim at the Pt/Rh interface and
initiates a front propagatingoutwardsfrom the bound-
ary. The front, moving at a speed of∼1�m/s, leaves
the Rh-covered surface in the reactive (PEEM bright)
state. Time histories of local work function measure-
ments made in the middle of Pt domain and at a point
on the Rh-covered part of the surface (sufficiently
far from the boundary) are qualitatively different, see
Fig. 9(a). Following the step-change inpH2 (Fig. 9(b)),
the Pt, that was initially in the “PEEM-dark”, unre-
active state “A” in Fig. 9(c) undergoes a transient
leading to a new “PEEM-bright” steady state (“E” in
Fig. 9(c)) corresponding to the new partial pressure
of hydrogen. A typical location on the Rh surface,
on the other hand, first undergoes transition to an
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Fig. 9. (a) Time histories of PEEM signal measured at two different locations on the composite catalyst of Fig. 8: at the center of the Pt
circle and on the Rh part of surface, at 100�m from the material interface. (b), (c) Qualitative representation of the step-change in the
partial pressure of hydrogen and the states of the surface (oxygen coverage,θO) at different stages of the spatiotemporal transient (see
text for details).

intermediate (metastable) state (“C” in Fig. 9(c))
where it stays for some time and then jumps to the
final, brighter, state (“D” in Fig. 9(c)). Different
stages of the transient are interpreted as transitions
between two stable steady states coexisting on the
Rh-covered part of the surface at the new value of the
pH2. The first transition is “uniform” in the sense that
it is brought about by a uniform change of the oper-
ating parameter and happens almost simultaneously
for all locations on the Rh-covered surface. The sec-
ond transition, on the other hand, is mediated by the
propagation of the reaction front and happens with a
time delay determined by (and increasing with) the
distance of a particular location on the Rh-covered
surface from the Pt/Rh boundary.

Analysis of the phenomenological model pre-
dicted qualitative differences in the size dependence
of bifurcation points for circular domains with inert
boundaries versus those with active boundaries. Data
in Fig. 10, presenting the bifurcation properties of
circular Pt domains catalyzing the NO+ CO reaction,
demonstrate this effect experimentally. In the reaction
NO + CO → 1

2N2 + CO2 at 300 K, the surface is in
its inactive state, fully covered by molecular NO/CO
adsorbate. The reactivity of the Pt(1 0 0) surface at
low temperature is limited by the availability of va-
cant sites necessary for the dissociation of NO. Upon
slow heating, however, a sharp transition (“surface
explosion”) to the reactive state occurs as the com-
bined NO/CO coverage falls below 0.5, triggering

an autocatalytic increase in the number of vacant
sites. In the experiments the ignition temperature
(Tign) (at partial pressurespNO = 1.2 × 10−5 mbar
and pCO = 0.9 × 10−5 mbar), corresponding to the
transition from the unreactive to the reactive branch
of the kinetic hysteresis was measured as a function
of the radius of the Pt domains (RPt). While Tign is
essentially constant for domains surrounded by in-
ert TiO2, it becomes a function ofRPt when the Pt

Fig. 10. Influence of the boundary conditions and the domain
size on the ignition of a molecularly adsorbed NO/CO layer on
Pt(1 0 0). The plot shows the dependence of the ignition tempera-
ture Tign on the domain radius for circular Pt domains surrounded
by a reactive 500 Å Rh layer (circles) or by an unreactive 500 Å
Ti/TiO2 layer (squares). The samples were slowly heated in a
NO/CO atmosphere starting from 300 K. Experimental conditions:
pNO = 1.2 × 10−5 mbar, pCO = 0.9 × 10−5 mbar; heating rate
during ignition experiment 0.1 K/s.
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circle is surrounded by more active Rh. The process
of (isothermal) ignition is initiated at the boundary of
the circle andpropagates inwards. The observations
may be interpreted chemically as an effectiveinflow
of empty sites into the Pt domain through its boundary
with the more active, Rh-covered part of the com-
posite. The independence ofTign on RPt in the case
of inert boundaries can be rationalized in terms of a
bifurcation diagram of a kinetically bistable system
with Neumann boundary conditions.

6. Discussion

We have analyzed the spatiotemporal dynamics ob-
served on Pt/Rh microcomposite catalytic surfaces in
terms of diffusive coupling between distinct reactive
domains. Our main focus was on critical effects, such
as steady state multiplicity and front propagation. One
of the contributions of this study is the analysis of the
limiting behavior of turning points bounding the ex-
istence of the nonuniformly ignited solutions. In the
case of the instability mediating the transition from
partially to fully ignited states, we found that the ex-
change of stability is accompanied by a characteristic
vertical fragment of the bifurcation diagram. The “al-
most neutral stability” of the steady states belonging to
the vertical part of the branch, as well as the front-like
nature of the transients following the step-changes of
the parameter past the critical value, point to their
close connection with the stationary fronts supported
by the corresponding homogeneous medium. For the
case of circular interfaces, we have shown that the ver-
tical fragment of the branch “bends” to become a part
of the regular saddle-node picture. Previous experi-
mental work indicates that the early time dynamics of
the transients associated with the “ignitions from the
boundary” are strongly affected by the shape of the
interface [17]. In the case of the scalar reaction dif-
fusion systems, we were able to capture the effect of
diffusive coupling between two components by Robin
boundary conditions.

Several physico-chemical issues have to be ad-
dressed before employing the existing models of NO
surface chemistry for the direct interpretation of data
obtained with microdesigned catalysts. Most impor-
tantly, models for the interface between the individual
catalytic components have to be developed, assuming
the existence of a sharp material interface changes

one of the boundary conditions in the composite
reaction–diffusion problem. Specifically, instead of
the continuity of value, the continuity of chemical
potential has to be imposed. Using a Lagmuir descrip-
tion for a single-species adlayer in a model problem,
we have shown that this boundary condition leads to
solutions that are discontinuous across the material
interface [18]. The main effects reported in this study
however — the presence of the vertical branch in the
bifurcation diagram, the fact that the stability bound-
ary of the partially ignited state lies below the one
corresponding to the uniform medium, and the fact
that overstepping the new stability boundary results in
the initiation of a propagating front — were found to
be robust. Furthermore, the derivation of the effective
boundary condition can be carried out without any
difficulties. The nonlinearity of chemical potential
translates into the nonlinearity in the effective bound-
ary condition; this, however, poses no obstacles for
the computational analysis. The next step in the mod-
eling of catalytic composites must address alloying
between different components. Preliminary experi-
mental results obtained with spatially resolving XPS
spectroscopy [19] indicate that alloying, especially
prominent at the interface between materials, plays
an important role in front initiation [8] and hence in
the stability boundaries of different reacting regimes.
A point relevant for the Pt/Rh system is that reactive
and transport properties of the alloy at the component
interface may differ from those anticipated by simple
averaging of properties of pure components [20].

Lithographic design offers systematic ways of con-
structing controlled heterogeneities in catalytic mate-
rials. The ability to both isolate microreacting domains
and couple them to media with different reactive prop-
erties enables the direct testing of rapidly developing
theories of dynamics in microstructured materials and
materials with localized perturbations [21–23]. Close
coupling of experiments, theory and simulations in the
analysis of catalytic composites is bound to generate
new insights into the behavior of man-made and nat-
ural microreacting systems.
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