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Abstract
In-situ imaging of catalytic reactions has provided insights into reaction front propagation, pattern formation and other 
spatio-temporal effects for decades. Most recently, analysis of the local image intensity opened a way towards evaluation of 
local reaction kinetics. Herein, our recent studies of catalytic CO oxidation on Pt(hkl) and Rh(hkl) via the kinetics by imaging 
approach, both on the meso- and nano-scale, are reviewed. Polycrystalline Pt and Rh foils and nanotips were used as µm- and 
nm-sized surface structure libraries as model systems for reactions in the 10–5–10–6 mbar pressure range. Isobaric light-off 
and isothermal kinetic transitions were visualized in-situ at µm-resolution by photoemission electron microscopy (PEEM), 
and at nm-resolution by field emission microscopy (FEM) and field ion microscopy (FIM). The local reaction kinetics of 
individual Pt(hkl) and Rh(hkl) domains and nanofacets of Pt and Rh nanotips were deduced from the local image intensity 
analysis. This revealed the structure-sensitivity of CO oxidation, both in the light-off and in the kinetic bistability: for differ-
ent low-index Pt surfaces, differences of up to 60 K in the critical light-off temperatures and remarkable differences in the 
bistability ranges of differently oriented stepped Rh surfaces were observed. To prove the spatial coherence of light-off on 
nanotips, proper orthogonal decomposition (POD) as a spatial correlation analysis was applied to the FIM video-data. The 
influence of particular configurations of steps and kinks on kinetic transitions were analysed by using the average nearest 
neighbour number as a common descriptor. Perspectives of nanosized surface structure libraries for future model studies 
are discussed.

1  Introduction

A mechanistic understanding of catalytic processes on 
solid surfaces requires to reveal the correlative relationship 
between the catalyst structure and the reaction kinetics over 
a wide range of the length scales. On the nm-scale, the sur-
face structure controls the adsorption, diffusion and interac-
tion of adsorbates [1–3]. Catalytic light-off is initiated on the 
nm-scale as well [4], but proceeds by propagation of reaction 
fronts via the meso- to the macro-scale [5, 6]. The shape 
and the local environment of a supported nanoparticle are 
nano-scale properties, while the particle distribution as well 
as the support morphology, affecting reactant flow, are again 
related to the meso- and macro-scale [7–9]. The construction 
and function of the 3-way automotive catalytic converter is 
a prime example of how overlapping and matching length 
scales are vital for application [10].

Such length-scale duality is also well-reflected in the 
historical development of the surface science approach to 
catalysis. The first molecular-level studies of adsorption on 
well-defined single crystal surfaces in the 1960ies were fol-
lowed by pioneering reaction studies on single crystal model 
catalysts at the end of the 1970ies [11, 12]. Approximately 
at the same time, B. Niewenuys and V. Gorodetskii carried 
out nm-scale studies of adsorption and reactions of CO, NO, 
H2 and O2 on nm-sized tips of platinum group metals (PGM) 
by field emission microscopy (FEM) [13, 14]. In parallel, 
N. Kruse was the first to apply pulsed field desorption mass 
spectrometry (PFDMS) to study the CO and H2 reaction 
[15] and Ru oxidation on atomic scale [16]. Since then, nm-
sized tips made of precious metals were used as samples in 
field emission based techniques, and are established mod-
els of catalytic nanoparticles. The nanotips reflect well the 
main properties of nanoparticles: the size and presence of 
plenty of nanofacets of different crystallographic orienta-
tion (Fig. 1a). Using field evaporation in ultrahigh vacuum 
(UHV), the nanotips can be prepared with a defect-free 
atomically perfect surface and crystallographically charac-
terised with atomic resolution using field ion microscopy 
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(FIM, Fig. 1b). An ongoing catalytic reaction can then be 
visualized in real-time using FEM or FIM and detailed infor-
mation can be extracted from in-situ recorded video-files, as 
demonstrated for CO [17–19] and H2 [20, 21] oxidation or 
NOx reduction on Pt, Pd or Rh [22–24]. Furthermore, atom-
probe (AP) techniques applied to the nanotips can provide 
surface and product analysis on an atomic scale [25, 26].

However, there is a gap in length-scale of 107 orders of 
magnitude between the (cm-size) single crystals and the 
nanotip-based systems. In addition, the reaction kinetics on 
single crystals is typically monitored by mass spectrometry 
(MS), averaging the data over macro-sized samples, whereas 
on the nanotips effects confined to individual nanofacets are 
accessible [27, 28].

Recently, we have used the domains of polycrystalline 
PGM foils, i.e. µm-sized single crystal surfaces combined 
in one sample, as scale-bridging model systems (Fig. 2). 
The prerequisites of such an application are the ability to 
crystallographically characterise each surface domain and 
to monitor the local reaction kinetics on the µm-scale [29]. 

The first task can be solved by electron backscatter diffrac-
tion (EBSD, Fig. 2b), and the second via the local kinetics 
by imaging approach [30], using which spatially-resolved 
kinetic data are extracted from video-files recorded by in-
situ photoemission electron microscopy (PEEM, Fig. 2c), as 
explained below. The collection of different, but well defined 
µm-sized surfaces in “one-sample” serves as a surface struc-
ture library, consisting e.g. for a 10 × 10 mm2 sample of 
hundreds of domains, often exposing high-Miller-index ori-
entations particularly interesting for catalysis [19, 29]. Under 
certain conditions, such domains can behave independently 
in a surface reaction as was observed already in the 90ies 
[31], detecting oscillations in CO oxidation on Pt(110) and 
Pt(100) domains, while the (111)-type grains remained in a 
steady state, i.e. structure-dependent behaviour was directly 
observed.

Such surface structure libraries and nanotips are particu-
larly suitable for studies of surface structure-sensitivity, 
since many different structures are simultaneously present 
in the field-of-view, under identical external parameters (p, 

Fig. 1   PGM nanotip as a model of an individual catalytic nanoparti-
cle: a ball model of an apex of an fcc nanocrystal; b Ne+ FIM image 
of an [111]-oriented Rh tip superimposed with a stereographic pro-

jection of the crystallographic structure; c FEM image of the atomi-
cally-clean surface of the same tip. Adapted from Ref [19]. with per-
mission from Springer

Fig. 2   Polycrystalline foil as surface structure library on the mes-
oscale: a the polycrystalline surface consists of differently oriented 
(hkl) domains; b determination of crystallographic orientations of 
individual Pd(hkl) domains by EBSD; c PEEM image of the same 

sample, differing work function values of different Pd(hkl) domains 
provide the image contrast. Adapted from Ref [29] with permission 
from Springer
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T, T-ramps). The latter is difficult to fulfil in the traditional 
“one-structure-after-another” structure-sensitivity studies. 
In the present contribution, we focus on the advantages of 
both model systems, illustrated by recent PEEM and FEM/
FIM studies of CO oxidation on Pt and Rh.

2 � Experimental: Surface Structure Libraries 
and Local Kinetics by Imaging

For our meso-scale experiments, we operate an ultrahigh 
vacuum (UHV) apparatus as a flow reactor for CO oxidation, 
while the reaction is visualized in-situ by PEEM and video-
recorded with a resolution of ~ 1 µm (Fig. 3a). The setup 
consists of two independent UHV chambers: (i) a PEEM-
chamber with differential pumping (allowing in-situ studies 
at reactant pressures up to 104 mbar) and including sam-
ple preparation facilities, low energy electron diffraction 
(LEED), a mass spectrometer (MS), Auger electron spec-
troscopy (AES), gas supply, and (ii) an X-ray photoelectron 
spectroscopy (XPS) chamber with hemispherical electron 
energy analyser and Mg/Al X-ray gun (SPECS) and gas 
dosing allowing in-situ surface analysis. Both chambers are 
connected by a UHV sample transfer line.

The local kinetics by imaging approach for evaluation of 
reaction kinetics on individual domains of a polycrystalline 
sample is based on the fact that in a Langmuir–Hinshel-
wood reaction (such as CO oxidation on PGMs) the reac-
tion rate is governed by the surface concentration (cover-
age) of adsorbed reactants. As the latter also determines 
the PEEM image via work function dependent emission of 

photoelectrons, there is a direct correlation between the local 
image intensity and the local reaction kinetics [30]. Due to 
the parallel imaging principle of PEEM, all regions in the 
field-of-view are imaged simultaneously (Fig. 3a). In com-
bination with polycrystalline samples, this opens the unique 
possibility to directly compare the reaction kinetics of dif-
ferent (hkl)-domains, i.e. of different surface structures [4, 
5, 19, 32, 33]. The same considerations are also valid for 
the FEM application to nanotips (Fig. 3b), because the FEM 
image created by field-emitted electrons is also governed 
by the local work function, with a certain contribution of 
local electric field variations. The local electric field depends 
on the surface structure, due to the local field enhancement 
above individual surface atoms [34], i.e. strongly corrugated 
surfaces will appear “brighter” in a FEM. However, due to 
the Smoluchowski effect [35], such surfaces also have lower 
work function (higher electron emission at the same field), 
thus the relationship between surface coverage and image 
intensity is still valid.

In the present FIM studies, in which the image is cre-
ated by O2

+ species field-ionized at the imaged surface, the 
work function contributes as well, by influencing the critical 
distance of field ionization and thus the probability of field 
ion formation [36, 37]. In this particular case of O2

+ FIM, 
resonance field ionization of oxygen also contributes to the 
image contrast [38] and the atomic scale roughness of the 
surface also has a specific, but well-studied, effect via local 
electric field variations [34, 37]. This allows the application 
of the kinetics by imaging approach down to the nm-scale, 
and enables the comparison of nm-sized facets with corre-
sponding µm-sized domains.

Fig. 3   Experimental approach: a An ongoing catalytic reaction on 
a polycrystalline sample (µm-scale) is monitored simultaneously by 
PEEM and MS. Local data obtained from the intensity analysis of 
PEEM video-sequences for each individual (hkl)-domain are com-

pared with global (averaged) MS data; b A nanotip is used as sample 
and the reaction is monitored on the nm-scale by FEM or FIM, using 
electrons or O2+ ions as imaging species, respectively. Adapted from 
References [4, 30] with permission from Springer and Elsevier
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For FEM/FIM studies, a separate UHV apparatus was 
used containing a cooled/heated (77–1500  K) nanotip 
holder and a channel-plate/screen assembly. The apparatus 
is equipped with gas supply for reactive (CO, H2, O2) and 
noble (He, Ne, both for FIM imaging) gases, and was newly 
upgraded by a novel, recently developed temperature control 
system, based on wireless data transmission between the 
control panel and the high-voltage facilities [39].

3 � CO Oxidation on Pt: Structure Sensitivity 
and Coupling in Catalytic Light‑off

Surface structure libraries are exceptionally well-suited 
for investigations of the structure sensitivity of catalytic 
light-off of CO oxidation on Pt. When a polycrystalline 
Pt surface is heated (temperature ramp) in a CO/O2 mix-
ture and simultaneously monitored by PEEM, the Pt(hkl) 
domain at which light-off occurs first (i.e. at lowest tem-
perature) becomes directly visible. Such observations are 
important for pollution control: the lower the light-off tem-
perature is, the less CO is emitted during the cold start of 
an engine. Reducing the light-off temperature may serve as 
an energy neutral alternative to sophisticated car catalyst 

heating devices developed in order to fulfil today’s strin-
gent emission standards [4, 40], and references therein.

The experiment is illustrated in Fig. 4, in which cata-
lytic light-off is visible in PEEM as nucleation of “dark” 
catalytically active O-covered regions on specific Pt(hkl) 
domains. They appear “dark” since adsorbed oxygen 
increases the work function of Pt, therefore the O-covered 
regions emit less photo-electrons than the clean or CO-
covered Pt surface. The O-covered surface is active in 
CO oxidation, because a relatively open layer of adsorbed 
O-atoms (e.g. 2 × 2 on Pt(111) [3]) allows CO to adsorb in 
between and react. In turn, a densely-packed CO layer with 
carbon bonding “on-top” of Pt atoms [3], prevents oxygen 
adsoption due to the lack of pairs of free adsorption sites 
necessary for dissociative oxygen adsorption. In this way, 
the CO covered surface remains catalytically inactive until 
the increasing temperature initiates CO desorption. This 
shifts the co-adsorption equilibrium in favour of oxygen 
and causes a kinetic phase transition to the active regime, 
initiating so the light-off.

In this description we refrain from light-off related heat 
generation/dissipation problems in an exothermal reaction 
[41], as they play a minor role in UHV experiments on 
model systems.

Fig. 4   Structure sensitivity of the light-off in CO oxidation on Pt: a–d 
PEEM video-sequence recorded at constant pCO = 6.6 × 10−6  mbar 
and pO2 = 1.3 × 10−5  mbar during a temperature ramp of ~ 0.5  K/s 
from 385 to 565  K. Frame a shows the inactive CO-covered sur-
face as it appears until the light-off begins. Frame b catalytic light-
off starts: dark Oad-covered areas nucleate and spread over the 

(110)-domains. Frame c light-off is visible on the (100)-domains. 
Frame d after completed light-off, the whole field of view shows the 
active O-covered surface. e Evolution of the local PEEM intensity for 
Pt(110), Pt(100) and Pt(111) domains during the light-off process. 
For comparison a global RCO2 curve measured in parallel by MS is 
shown. Adapted from Reference [4] with permission from Elsevier
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The PEEM observation presented in Fig. 4 evidences 
the structure sensitivity of light-off in CO oxidation: local 
ignitions do not occur simultaneously for the different ori-
entations, but clearly show different critical temperatures: 
480 K for Pt(110), 496 K for Pt(100), and 542 K for Pt(111) 
deduced as inflection points of corresponding local PEEM 
intensity curves. In contrary, the global CO2 production rate, 
RCO2, measured simultaneously by MS shows a smoothened 
shape, emphasizing the main drawback of conventional mass 
spectrometry: averaging over the whole sample consisting 
typically of differently active regions. Analysis of PEEM 
video-files provides, in turn, local light-off behaviour on a 
µm-scale and clearly identifies the Pt(110) surface as that 
with the lowest critical temperature among the low Miller 
index planes of Pt. In PEEM, local ignitions are manifested 
by reaction fronts which nucleate usually at grain bounda-
ries (Fig. 4b) or defects [42], and then spread over the entire 
domain (Fig. 4c), but remain confined by the grain boundary 
[5, 42, 43], at least under the present or similar conditions. 
The facts, that the front propagation remains confined and 
that the gas coupling can be neglected under the present 
UHV conditions, allowed the conclusion that individual 
(hkl) domains exhibited independent reaction properties, 
analogous to the corresponding single crystals [5, 42, 43].

For nm-scale studies, an [100]-oriented Pt nanotip was 
used and the light-off in CO oxidation was monitored by 
FIM. As mentioned, the origin of FIM image contrast is 

more complex than in PEEM (for which the work func-
tion directly governs the photoelectron yield). Despite this 
complexity, the FIM image contrast of the CO/O/Pt system 
is well understood: when imaging with O2+ ions, the CO-
covered areas always appear darker than the corresponding 
O-covered regions [37, 38]. Consequently, the FIM images 
of ongoing CO oxidation on Pt appear as “negatives” of 
PEEM images, but the active and inactive states can still be 
discriminated reliably.

Figure  5a shows a sequence of six consecutive FIM 
images recorded during light-off in CO oxidation on a 
[100]-oriented Pt nanotip which exhibits, among many oth-
ers, the main low Miller-index planes, in analogy to the poly-
crystalline Pt sample of Fig. 4. The positions of the regions 
of interest (ROIs) placed on Pt(100), Pt(110) and Pt(111) 
facets are indicated in frame 1 of Fig. 5a.

A visual inspection of video-files and a local intensity 
analysis of the ROIs placed on low-index planes (Fig. 5b) 
create the impression that ignition occurs in a spatially-
coherent way over the majority of the facets. To prove this 
impression quantitatively, we applied orthogonal decom-
position (POD) as spatial correlation analysis to the video-
FIM data, also known as Karhunen-Loève transformation. 
POD analysis is a powerful method of data analysis able 
to reliably detect coherent spatio-temporal modes, e.g. in 
hydrodynamics [44, 45]. We have previously applied POD 
for the analysis of reaction-induced fluctuations [46] and 

Fig. 5   Light-off in CO oxida-
tion on a [100]-oriented Pt 
nanotip as monitored by 
FIM: a Sequence of selected 
FIM images recorded in-situ 
during a temperature ramp 
from 325 to 340 K at constant 
pCO = 5.3 × 10−7 mbar and 
pO2 = 5.3 × 10−4 mbar (red frame 
numbers correspond to the red 
frames-axis in (b)). The posi-
tions of ROIs placed on the low 
Miller-index facets are shown 
in the first frame. Bright areas 
in frames 4–6 are catalytically 
active Oad-covered regions; b 
FIM intensity integrated within 
the field of view (upper curve) 
and within the ROIs (lower 
curves) placed on (100), (110) 
and (111) facets, plotted versus 
temperature. Adapted from 
Reference [4] with permission 
from Elsevier
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for proving the spatial desynchronization of glycolytic 
waves [47].

The idea of POD is based on the fact that any spa-
tio-temporal signal  w(x,t)  can be decomposed into 
time-dependent amplitudes  an(t)  and time-independ-
ent modes bn(x) which form an orthogonal basis, i.e.: 
ω(x,t) = ∑an(t)bn(x). The basis functions bn(x) are eigen-
vectors of the equation S⋅bn(x) = Λn⋅bn(x), in which Λn are 
eigenvalues and S is the correlation matrix. Each eigen-
value Λn denotes the weight of the corresponding eigen-
vector bn(x), i.e. the variance of the original data set pro-
jected along this eigenvector.

The POD analysis of the light-off process shown in 
Fig. 5 is presented in Fig. 6a, in which a set of the original 
FIM video-frames (left column) is compared with the POD 
reconstruction (right column), performed using solely the 
first POD mode. The images in the right column, recon-
structed from the first eigenvector (constant spatial picture 
b1(x) multiplied with the calculated time-dependent ampli-
tude a1(t), the latter shown in Fig. 6b, upper panel), mimic 
well the original video-signal. This clearly demonstrates 
that already the first POD mode, containing in the present 
case 86% of the entire signal weight, captures well the light-
off process. The higher modes contributed only little to the 
overall dynamics of the system. This indicates a high degree 
of spatial correlation, i.e. the light-off occurs in a synchro-
nized way for all surface orientations of the nanotip. This is 
also evident from Fig. 6b, in which the reconstructed time-
dependent amplitude of the first POD mode is compared 
with the integrated experimental FIM intensity.

This is in contrary to the observations on the µm-sized 
Pt(hkl) domains for which an independent behavior of the 
individual domains was observed (Fig. 4). The observed 
differences shed light on the spatial coupling in CO oxida-
tion: since the thermal coupling and the gas phase coupling 
(or rather its absence under the present UHV conditions 
[4, 5]), are similar for the foil and nanotip, only diffusion 
coupling via surface CO supply can be responsible for the 
observed effects, since the diffusion of the much less mobile 
adsorbed O-atoms can be neglected under the present con-
ditions [48]. In fact, the diffusion length of CO reaches the 
μm-range under the present reaction conditions [48, 49], i.e. 
exceeding the size of nanofacets on the nanotip by orders 
of magnitude and resulting in synchronous light-off on all 
tip facets in the field of view. The fact that light-off on each 
µm-sized Pt(hkl) domain occurs independently, decoupled 
from other domains, agrees well with the observation that 
reaction fronts originating from pressure variations at con-
stant temperature are confined within grain boundaries [50]. 
Thus, the present light-off data obtained for Pt(hkl) domains 
(Fig. 5) should also be valid for single crystals of the same 
orientation.

4 � CO Oxidation on Rh: Surface Sensitive 
Bistability and Role of Stepped Surfaces

The catalytic properties of nanoparticles strongly depend on 
their size, shape and the atomic arrangement of their confin-
ing surfaces. For example, high-Miller-index PGM surfaces 

Fig. 6   POD analysis of light-off 
in CO oxidation on a [100]-ori-
ented Pt nanotip: a Selected 
original FIM video-frames 
(left column) and the POD 
reconstruction using the first 
POD mode (right column). 
The region used for the POD 
analysis is marked by the yel-
low dotted line. ROI positions 
for individual orientations 
(the same as in Fig. 5a) are 
indicated; b Upper curve: 
FIM intensity reconstructed as 
time-dependent amplitude of 
the first POD mode containing 
86% of the total signal. Lower 
curve: original FIM intensity 
integrated within the POD 
region marked in (a). Experi-
mental conditions correspond 
to that of Fig. 5. Adapted from 
Reference [4] with permission 
from Elsevier
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rich in steps and kinks, often exhibit higher catalytic activity 
than low-index planes of densely packed atoms [51, 52]. 
To guide nanoparticle synthesis, one needs to know which 
stepped surfaces are most active, i.e. one needs to study 
reactions on high-Miller-index facets to identify the most 
promising.

Polycrystalline foils containing hundreds of µm-sized 
stepped surface domains and nanotips exhibiting nm-sized 
stepped facets are again well-suited for such studies. Differ-
ent structures are exposed to the very same p/T conditions 
at a time, making a direct comparison of different crystal-
lographic orientations straightforward. We focus on CO 

oxidation on Rh, as it is increasingly used for the newest 
generation of automotive catalytic converters, designed for 
direct injection gasoline engines working under lean-burn 
conditions (e.g. “four way catalyst” by BASF [53]) and for 
purification of the hydrogen feed of proton-exchange mem-
brane fuel cells by preferential CO oxidation [54]. Reaction 
data for high-Miller-index Rh surfaces are scarce, since pre-
vious research mostly focused on low-index planes [55–57], 
including a vivid debate about the structure-sensitivity of the 
reaction [58–60]. We used a polycrystalline Rh foil as library 
of highly stepped surfaces and again applied PEEM to image 
CO oxidation in-situ (Fig. 7, note that contrary to Pt, on Rh 

Fig. 7   CO oxidation on Rh: a Image of the PEEM field of view com-
posed of two half-frames: the left half shows the O-covered Rh sur-
face, the right half the CO-covered surface (always darker in com-
parison to the same, but O-covered surface, cf. left and right halves 
of (7 ⋅ 1 ⋅ 8) domain). The Rh(7 ⋅ 1 ⋅ 8) and Rh(5 ⋅ 53 ⋅ 11) domains 
and corresponding ROIs are marked in green and red, respectively; b 
hysteresis in the global CO2 production rate as measured by MS dur-
ing cyclewise variation of pCO at constant pO2 = 1.0 × 10−6 mbar and 
393 K; c PEEM video-frames taken during the kinetic transition τA 
within the square region (dashed line) on the Rh(7 ⋅ 1 ⋅ 8) domain in 

(a). Frame 1: O-covered surface; frame 2: during the kinetic transi-
tion τA; frame 2*: the same as frame 2, but color-coded instead of 
grey scale. The grey scale and the corresponding color code are 
shown on the left of frames 1 and 2*, correspondingly; frame 3: CO-
covered surface; d hysteresis in the local PEEM intensity measured 
within ROI 1 (green square within Rh(7 ⋅ 1 ⋅ 8) domain). The num-
bered positions on the hysteresis curve correspond to the frame num-
bers in (c); e the same but for the Rh(5 ⋅ 53 ⋅ 11). Adapted from Refer-
ence [19] with permission from Springer
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the CO covered surface appears darker than the correspond-
ing O-covered surface [19]). The global CO2 production was 
monitored in parallel by MS.

The differing adsorption kinetics of CO and O2 men-
tioned above (CO inhibits the adsorption of oxygen, but not 
vice versa) leads to a kinetic bistability in catalytic CO oxi-
dation on PGMs, leading to two different stable steady-states 
at the same set of external parameters [3, 61]. Solely the 
system prehistory determines which of the two steady-states 
(high or low catalytic activity) prevails: the high activity 
state is accessed from the oxygen excess regime, whereas 
the inactive state is reached from the CO excess regime. 
The bistability shows up as a hysteresis of the reaction rate 
upon cyclic variation of control parameters, e.g. the CO 
pressure (at constant pO2 and T) [62]. Figure 7 illustrates 
this behaviour for polycrystalline Rh: at low CO pressures, 
the Rh surface is O-covered and increasing the CO pressure 
leads to an increased RCO2 until a kinetic phase transition 
occurs at pCO = τA, manifested by a drop in RCO2 (Fig. 7b). 
It is caused by the sudden loss of catalytic activity due to 
switching from the O-covered to the CO-covered surface, 
as visible in PEEM (Fig. 7a, d, e). At subsequently decreas-
ing pCO, the Rh surface remains in the CO poisoned (low 
activity) state until a second kinetic transition (return to the 
active O-covered surface) takes place at pCO = τB (Fig. 7b). 
PEEM allows not only to differentiate active and inactive 
surfaces, but also reveals the surface sensitivity of kinetic 
transitions: e.g. the local PEEM image intensity of ROI 1 
located within the Rh(7 ⋅ 1 ⋅ 8) domain draws a hysteresis, 
similar as RCO2 does, but the position of this local hysteresis 
(Fig. 7d) is different from that of the global MS measure-
ments. Analogously, Fig. 7e shows the hysteresis measured 
locally for the Rh(5 ⋅ 53 ⋅ 11) domain, which differs from 
both the hysteresis observed for Rh(7 ⋅ 1 ⋅ 8) domain and that 
measured globally by MS.

This directly proves the structure dependence of CO 
oxidation on stepped Rh surfaces, significantly extending 
the previous findings for low-index planes. An interesting 
feature observed by PEEM is the formation of cellular-like 
structures (frame 2 in Fig. 7c): small short-living islands 
(better visible in the color-coded frame 2*) nucleate, creat-
ing a fluctuating turbulent picture during the kinetic tran-
sition. These structures formally resemble the patterns 
observed by Rose et al. during CO oxidation on Pt(110) by 
mirror electron microscopy (MEM) [63], but they differ by 
much faster temporal evolution (tens of µs in the present 
case vs. few s in Ref. [63].). The authors of [63] associated 
the observed cellular structures with the formation of CO 
islands on Pt(110), which seems to be in accordance with 
the present observations. Indeed, on Pt(110) cellular-like 
structures were visible in regions containing step-bunches 
and also our Rh surface was a high-Miller-index stepped 
surface. This interpretation is also in agreement with our 

previous nanoscale study [28], in which a drastic increase 
in the size of nucleating CO islands (from nm to µm scale) 
due to increasing correlation length of reaction-induced fluc-
tuations was predicted for certain conditions in the bistable 
range of the reaction. Unfortunately, the limited spatial and 
temporal resolution of the employed PEEM, do not allow 
judging whether the formation of the observed short-lived 
cellular patterns is related to this effect. Alternatively, the 
combination of reaction-induced microscopic roughening, 
as observed for Pt(110) in [64], and the varying substrate 
dependent binding sites of CO influencing the spatial pat-
tern formation [65], could cause the observed phenomenon.

Reaction fronts, often observed for CO oxidation on low 
index Pt and Pd surfaces [3, 5, 50], were not observed for Rh. 
To our knowledge, mesoscopic fronts were not yet directly 
observed during CO oxidation on Rh under high vacuum 
conditions. Microscopic fronts, however, were observed by 
STM in titration experiments on Rh(110) [66].

Apart from Rh(7 ⋅ 1 ⋅ 8) and Rh(5 ⋅ 53 ⋅ 11) domains, also 
Rh(30 ⋅ 37 ⋅ 6) , Rh(2 ⋅ 0 ⋅ 3) , Rh(1 ⋅ 8 ⋅ 18) , and Rh(3 ⋅ 1 ⋅ 24) 
domains were in the PEEM field of view. To compare all 
these orientations, we used a kinetic phase diagram (loga-
rithmic plots of τA and τB values versus the reciprocal tem-
perature), in which the steady state regions and the region 
of bistability are marked. Figure 8a shows such diagrams 
for different stepped Rh(hkl) domains visible in the field of 
view in Fig. 7a, for constant O2 pressure of 1.0 × 10−6 mbar 
and for a temperature interval of 393–458 K.

The diagrams in Fig. 8 demonstrate that such structural 
factors as density of steps (related to the width of the ter-
races), the structure of terraces and the shape of the steps 
influence the relative position of a diagram. In a simple 
quantitative approximation, these factors can be united in the 
average nearest neighbour number as a common descriptor. 
For illustration, in Fig. 8c, the transition pressure τA, which 
reflects the tolerance of the system towards CO poisoning, 
is plotted versus the average nearest neighbour number. The 
plot reveals a clear correlation for an exemplary tempera-
ture of 413 K: the lower the average coordination of surface 
atoms is, the more CO is necessary to poison the surface, i.e. 
the rougher surfaces are the “better” catalysts.

To directly compare the µm- and nm-scale behaviour of 
CO oxidation on stepped Rh surfaces, the reaction was stud-
ied by FEM on a Rh nanotip. Catalytic experiments were 
performed in the same manner and under the same condi-
tions as for the polycrystalline Rh foil.

Figure 9a shows FEM video frames illustrating the 
kinetic transitions τA and τB during the cyclewise variation 
of the CO pressure at constant pO2 = 1.0 × 10−6 mbar and 
T = 403 K. The resulting hysteresis loop and the resulting 
kinetic phase diagram are shown in Fig. 9b, c. Kinetic 
phase diagrams are not only suitable to compare catalytic 
behaviour of differently oriented domains of the same 
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sample (as e.g. in Fig. 8a), but also to compare different 
systems under similar conditions, in the present case a 
polycrystalline Rh foil and a Rh nanotip. The compari-
son in Fig. 10 reveals that the bistability region of the Rh 
nanotip is significantly shifted to higher CO pressure (by 
a factor of ~ 3). This indicates that on the nanotip reaction 
inhibition by CO requires considerably higher CO partial 
pressure (higher CO tolerance) and that the tip surface 
is also reactivated at a higher CO pressure than the Rh 
foil. Accordingly, the Rh nanotip is a better CO oxidation 

catalyst than the Rh foil, both on average but also for each 
individual µm-sized high-Miller-index Rh domain.

For better understanding of the above results, a Rh foil 
sample with a step density close to that of the Rh tip sur-
face was prepared by Ar+ sputtering (cf. our recent STM 
observation of the Ar+ created steps and defects on Pd 
[50]). The phase diagram of such an artificially defected 
Rh surface was also shifted to higher CO pressures as 
compared the annealed high-Miller-index Rh domains, but 
was still located in between annealed foil and Rh nanotip 

Fig. 8   Structure sensitivity of 
CO oxidation on differently ori-
ented high-Miller-index Rh sur-
faces: a kinetic phase diagrams 
for individual domains visible 
in the PEEM field of view; b 
surface structures corresponding 
to particular Rh(hkl) domains; c 
position of the kinetic transition 
τA in dependence of the average 
number of nearest neighbours. 
Reproduced from Reference 
[19] with permission from 
Springer
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(Fig.  10). The equivalence of isobaric and isothermal 
experiments demonstrated in our previous studies [5, 67] 
allows to predict the ignition and extinction temperatures 
from kinetic phase diagrams, as schematically shown in 
Fig. 10 (see detailed explanation in Ref [5].). In the pre-
sent case this means that ignition and extinction tempera-
tures will be shifted to lower temperatures for the sputtered 
(rougher) Rh surface with respect to the annealed (flatter) 
Rh surfaces. This effect was already detected earlier for 
Pd under similar conditions [5] and was also observed 
under more realistic NAP conditions, when for a stepped 
Pd surface the ignition/extinction loop was shifted to lower 
temperatures as compared to smooth Pd(111) [68].

To rationalize the above findings, we remind that the 
binding energy of oxygen at low-coordination defect sites 
is considerably higher than that on flat terraces of Rh, 
that is, atomic oxygen binds stronger to a defect-rich Rh 
surface [69, 70]. Although the CO binding energy is also 
increased on such defect sites [71], the impact on the CO 
adsorption kinetics seems to be rather small when com-
pared to oxygen. Since the energetics governs the kinetics 
of the competitive CO and oxygen coadsorption [67], this 
explains why higher CO pressure is required to poison the 
surface on sputtered Rh.

Fig. 9   CO oxidation on a Rh nanotip: a selected FEM video 
frames taken during cyclewise variation of pCO at constant 
pO2 = 1.0 × 10−6 mbar and T = 403 K; b corresponding hysteresis-like 
curve of the FEM image intensity; τA and τB mark the kinetic tran-
sitions between the steady states of low and high catalytic activity, 

the numbers on the curve correspond to the frames in (a); c τA and 
τB  values for different temperatures in the range of 393–453  K and 
constant oxygen pressure of 1.0 × 10−6 mbar, summarised in a kinetic 
phase diagram. Reproduced from Reference [19] with permission 
from Springer

Fig. 10   Comparison of the kinetic phase diagrams for CO oxida-
tion on two different annealed Rh(hkl) domains (dashed green and 
red), on the same but additionally Ar+ sputtered foil (blue) and on 
a Rh nanotip (pink). All diagrams were constructed for constant 
pO2 = 1.0 × 10–6 mbar. Dotted horizontal line at pCO = 0.5 × 10–6 mbar 
exemplarily shows the extraction of the predicted ignition and extinc-
tion temperatures Ti and Te. Reproduced from Ref [19] with permis-
sion from Springer
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Nevertheless, this does not explain the remarkable dif-
ference between a sputtered Rh foil and a Rh tip consisting 
mainly of stepped nano-facets. Apparently, reaction-induced 
fluctuations, which have significant effect on kinetic transi-
tions in nm-sized reaction systems [27, 28], shift the whole 
phase diagram of a Rh nanotip to higher CO pressures. Inter-
estingly, recent studies of catalytic H2 oxidation have also 
shown that the Rh nanotip exhibited higher activity than 
sputtered and annealed Rh foils [33].

5 � Summary and Outlook

Catalysis on solid surfaces is a prime example for the mani-
fold correlations between microscopic properties and spatio-
temporal effects on the meso-scale, such as reaction front 
propagation and pattern formation. This proves the necessity 
of combined µm- and nm-scale studies of the same reaction 
on the same surface structures under the same reaction con-
ditions. Our recent studies summarized here, followed this 
idea, exemplified by CO oxidation on Pt(hkl) and Rh(hkl) 
both on the meso- and nano-scale.

For mesoscale studies we used µm-sized domains of 
polycrystalline samples as model systems and in-situ PEEM 
imaging as method for extracting local kinetic data. The 
polycrystalline samples containing plenty of different crys-
tallographic orientations served as surface structure librar-
ies. This allowed us to reveal the structure sensitivity of CO 
oxidation, both in the light-off and in the kinetic bistability. 
For different low-index Pt surfaces, differences of up to 60 K 
in the critical light-off temperatures and remarkable differ-
ences in bistability ranges of differently oriented stepped Rh 
surfaces were observed.

For nanoscale studies, nm-sized Pt and Rh tips, contain-
ing nanofacets of the same orientations as the polycrystalline 
foils, were used as samples and FEM/FIM for imaging. This 
provided insights into the role of spatial coupling and facet-
size-effects on bistability and light-off in nanosized systems. 
The apices of nanosized tips made from catalytically active 
materials can also be considered as surface structure librar-
ies, but in the nm-range and with the advantage that the 
size of individual nanofacets can be deliberately varied by 
using tips of different radii. Even differently-sized facets of 
the same orientation can be formed on one tip, as demon-
strated in [28]. This allows to study size effects, particularly 
their role in fluctuation induced phenomena, a topic already 
touched in pioneering studies [27, 28], but still awaiting its 
further exploration, particularly for reactions other than CO 
oxidation. The interesting property of such nanotips is that 
the characteristics of fluctuations, e.g. their bimodality, are 
confined within the particular nm-sized facet, despite the 
absence of grain boundaries. This turns such tips into unique 
model systems, allowing studying effects not accessible to 

other methods. The parallel imaging principle of FEM/FIM 
plays a crucial role here, because all surface sites simultane-
ously emit information carriers (electrons or ions, respec-
tively), which allows to apply sophisticated analysis tools 
such as POD, based on calculations of spatial correlations. 
One should further note that the tip facets consist mainly of 
stepped and kinked surfaces, which are considered to exhibit 
the catalytically most active sites. An intense atomic scale 
characterization of these exceptional surface sites and the 
systematic correlation of the local characteristics with local 
kinetic reaction parameters, both on the nano- and meso-
scale, seems to be a promising way towards a deeper under-
standing of the mystery of “active sites”.
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