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Supplementary Note 1: Determining the crystallographic orientation of Rh(hkl) domains 

The determination of the crystallographic orientations of each of the surface domains is crucial 
when using a polycrystalline sample as a surface structure library [1], as done in the present 
work. Only then, surface processes such as adsorption, oxidation or ongoing catalytic reactions 
can be studied with respect to the local surface crystallography and surface structure effects can 
be uncovered. For samples in the meso-scale range, such as the polycrystalline Rh foil used in 
this work, electron backscatter diffraction (EBSD) is a suitable technique to determine the 
crystallographic orientations of each of the studied surface structures. 
Based on scanning electron microscopy, EBSD is a well-established crystallographic 
microstructural characterisation technique, which is commonly used to study crystalline or 
polycrystalline materials, e.g., in catalysis [2-4], electrochemistry [5-7] or metallurgy [8, 9] and 
surface oxidation [10]. In the EBSD experiments, a diffraction pattern is formed on a 
fluorescent screen by the backscattered electrons of an electron beam focused onto a particular 
sample spot, showing up as so-called Kikuchi lines. As the formed diffraction pattern 
corresponds to each of the diffracting crystal lattice planes [11, 12], the crystallographic 
orientation of the particular sample spot can be determined, usually by computer-based image 
transformation [13, 14]. The concept is routinely applied and has been developed into a standard 
technique in scanning electron microscopy. In the present study, the EBSD measurements were 
performed by a FEI Quanta 200F field emission scanning electron microscope using standard 
EBSD conditions and evaluation procedures [15]. A comparison of pre- and post-reaction 
EBSD characterisation showed that the surface structures of particular domains remain 
conserved even after extended periods of ongoing chemical reaction. 
The results of the EBSD characterisation are shown as a color-coded map in Supplementary 
Fig. 1a. The domains are numbered in the order of occurrence in the main text. In 
Supplementary Fig. 1b, the crystallographic orientations (Miller indices) of the domains are 
given, and their positions marked on the color-coded inverse pole figure of the cubic lattice 
(used for colouring the EBSD map in Supplementary Fig. 1a). A Rh 3d5/2 SPEM map of the 
same region as in Supplementary Fig. 1a is given in Supplementary Fig. 1c, where the contrast 
results from the sample topography and the differing total photoelectron yield of each of the 
Rh(hkl) domains. The magnification of all of the used imaging techniques was calibrated by 
comparing the respective maps with optical micrographs of the same polycrystalline Rh sample. 

 
Supplementary Figure 1. Determination of the crystallographic orientations of individual domains of 
the polycrystalline Rh foil. (a) EBSD color-coded map of the studied region; the individual studied 
Rh(hkl) domains are numbered; (b) Miller indices of the five Rh(hkl) domains studied in the present 
work and their location on the inverse pole figure; (c) Rh 3d5/2 SPEM map of the same region as in (a). 
The image contrast results from the local photoelectron yield.   
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Supplementary Note 2: Micro-kinetic model simulations 

The mean-field microkinetic model applied in our simulations is based on the Langmuir-
Hinshelwood mechanism, which is well established for H2 oxidation on Rh surfaces [16]. The 
observed kinetic oscillations in this reaction result from the periodic formation/depletion of 
subsurface oxygen, which influences the adsorption behaviour of both reactants, thus serving 
as feedback mechanism [4, 17]. 
The oscillatory water formation is described by seven reactions (Fig. 5: S1/T1 – R7). The 
formation of water takes place via an OHad intermediate, where the formation of the 
intermediate from Oad and Had is the rate-limiting step in comparison to the subsequent reaction 
with a second Had species. Alternative ways of water formation (e.g., by OH disproportionation) 
can be neglected at the present conditions [18]. We assume that water desorbs immediately after 
its formation at the considered reaction conditions (453 K), which is justified by the desorption 
temperature for water being about 300 K on Rh surfaces [19]. The coverages for oxygen (𝜃𝜃𝑂𝑂 ), 
subsurface oxygen (𝜃𝜃𝑆𝑆 ) and hydrogen (𝜃𝜃𝐻𝐻 ) are in the model described by the following kinetic 
equations: 

 d𝜃𝜃O
 

d𝑡𝑡
= 2

1+𝐾𝐾𝜃𝜃∗  2
�𝑘𝑘aO𝐾𝐾𝑝𝑝O2

 𝜃𝜃∗  2 − 𝑘𝑘dO𝜃𝜃O  2� − 𝑘𝑘ox 𝜃𝜃O (1− 𝜃𝜃s ) + 𝑘𝑘red 𝜃𝜃s 𝜃𝜃∗ − 𝑘𝑘r 𝜃𝜃H 𝜃𝜃O  (1) 

 d𝜃𝜃s 

d𝑡𝑡
= 𝑘𝑘ox 𝜃𝜃O (1− 𝜃𝜃s )− 𝑘𝑘red 𝜃𝜃s𝜃𝜃∗  (2) 

 d𝜃𝜃H
 

d𝑡𝑡
= 2𝑘𝑘aH𝑝𝑝H2

 𝜃𝜃∗  2 − 2𝑘𝑘dH𝜃𝜃H  2 − 2𝑘𝑘r 𝜃𝜃H 𝜃𝜃O  (3) 

The empty sites are given by 𝜃𝜃∗ = 1 − 𝜃𝜃H − 𝜃𝜃O  and the rate constants by the expressions below, 
where 𝛽𝛽 = 1/𝑘𝑘𝐵𝐵𝑇𝑇. The symbols are explained in Supplementary Tab. 2. 
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A linear correlation between the activation energies for oxide formation (𝐸𝐸𝑜𝑜𝑜𝑜) and reduction 
(𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟) is assumed [4, 17], based on the results for Rh(100), Rh(110) and Rh(111) reported in 
Ref. [18], and used to calculate the 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 associated with each respective 𝐸𝐸𝑜𝑜𝑜𝑜 (listed in 
Supplementary Tab. 2): 

 𝐸𝐸red = 0.293 + 0.776 𝐸𝐸ox  (12) 

The model applied herein is adapted from a version developed by McEwen et al. to simulate 
field-induced oscillations in H2 oxidation on Rh [18, 20, 21]. This model was modified to 
describe the field-free oscillations on stepped Rh surfaces observed by PEEM [4, 17] and, in 
the present study, by SPEM. While the original model considers field-induced effects such as 
a reduction of the activation barrier for oxygen incorporation [22], such effects are not present 
in our experiments and, therefore, not included in the simulations. The field-free version of the 
model was already successfully applied to simulate oscillations in the H2 oxidation on a 
polycrystalline Rh foil [4, 17] and on a µm-sized curved Rh crystal [23]. Since the present 
SPEM measurements demonstrated an important role of the step edges in the observed 
oscillations, we have extended the model in the present work to take effects of steps into 
account. In particular, the model is modified to include two different site types for each Rh(hkl) 
domain, namely terrace and step edge sites, as illustrated in Supplementary Fig. 2 for the 
Rh(18 1 1) and the Rh(11 11 7) surfaces. The two sites are not coupled by diffusion in the 
modelled reaction kinetics. 

 

Supplementary Figure 2. (a) Atomic ball model of the stepped Rh(18 1 1) surface with terrace sites 
and step edge sites coloured in beige and orange, respectively. The bulk atoms are shown in grey; 
(b) atomic ball model for the Rh(11 11 7) surface. Atomic ball models for the other studied Rh(hkl) 
surfaces are given in Fig. 3 of the main text.  

Each type of sites is assigned a set of kinetic parameters and a set of energy barriers for 
subsurface oxygen formation 𝐸𝐸𝑜𝑜𝑜𝑜 and reduction 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟. The three used sets of kinetic parameters 
are based on literature data for Rh(100), Rh(110) and Rh(111) [4, 18] and are listed in 
Supplementary Tab. 1. 
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Supplementary Table 1. Parameter sets for Rh(100), Rh(110) und Rh(111) used in the micro-kinetic 
simulations. Energies are given in eV, the area of a surface site (𝑎𝑎𝑠𝑠) in Å2 and rate constants in 1/s. All 
simulations have been performed for the same conditions as in the SPEM experiments 
(T = 453 K, pO2 = 1.1 x 10-6 mbar, pH2 = 1.2 x 10-6 mbar). The values are taken from Refs. [4, 18]. 

symbol description (100) (110) (111) 

𝑎𝑎𝑠𝑠 area of a surface site 10 10 10 

𝐸𝐸𝑑𝑑𝐻𝐻 desorption energy of H 0.75 0.64 0.70 

𝑆𝑆0𝑂𝑂 initial sticking coefficient O 0.95 0.95 0.60 

𝐴𝐴𝐾𝐾𝑠𝑠  coverage dependence of sub-surface 
oxygen on oxygen dissociation 
 

0.070 0.075 0.082 

𝐸𝐸𝑑𝑑𝑂𝑂 desorption energy of O 3.5 3.2 2.85 

𝐴𝐴𝑑𝑑𝑂𝑂 coverage dependence of oxygen 
desorption energy on adsorbed oxygen -0.6 -0.5 -0.4 

𝐵𝐵𝑑𝑑𝑂𝑂 coverage dependence of oxygen 
desorption energy on molecular oxygen 

-0.8 -0.7 -0.5 

𝐸𝐸𝑟𝑟 activation energy for water formation 0.79 0.79 0.75 

𝑆𝑆0𝐻𝐻 initial sticking coefficient H 0.4 0.4 0.4 

𝑘𝑘𝑑𝑑0ℎ  pre-factor for hydrogen desorption 3.0 x 1010 3.0 x 1010 3.0 x 1010 

𝐾𝐾0 pre-factor for oxygen dissociation 
equilibrium constant 

0.2525 0.2525 0.2525 

𝐸𝐸𝑘𝑘 activation energy for oxygen 
dissociation equilibrium constant -0.178 -0.178 -0.178 

𝐴𝐴𝐾𝐾𝑂𝑂  coverage dependence of adsorbed 
oxygen on oxygen dissociation 0.158 0.158 0.158 

𝑘𝑘𝑜𝑜𝑜𝑜0  pre-factor for oxygen diffusion from 
surface to sub-surface sites 5.0 x 1011 5.0 x 1011 5.0 x 1011 

𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟0  pre-factor for oxygen diffusion from 
sub-surface to surface sites 

1.85 x 1013 1.85 x 1013 1.85 x 1013 

𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠  coverage dependence of sub-surface 
oxygen on surface subsurface reduction 0.3 0.3 0.3 

𝑘𝑘𝑑𝑑0𝑂𝑂  pre-factor for oxygen desorption 6.0 x 1013 6.0 x 1013 6.0 x 1013 

𝑘𝑘𝑟𝑟 pre-factor for water formation 7.0 x 1012 7.0 x 1012 7.0 x 1012 

𝐴𝐴𝑟𝑟𝐻𝐻 coverage dependence of activation 
energy of water formation on H 

-0.27 -0.27 -0.27 

𝐴𝐴𝑟𝑟𝑂𝑂 coverage dependence of activation 
energy of water formation on O -0.145 -0.145 -0.145 
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The step edge sites are assigned lower energy barriers 𝐸𝐸𝑜𝑜𝑜𝑜,𝑠𝑠 and 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟,𝑠𝑠 for subsurface oxygen 
formation and reduction than the corresponding energy barriers for terrace sites 𝐸𝐸𝑜𝑜𝑜𝑜,𝑡𝑡 and 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟,𝑡𝑡. 
The barriers for the terraces were taken from literature [4, 18]. For kinked step edges (i.e., for 
the Rh(15 8 2) and Rh(13 9 1) surfaces), 𝐸𝐸𝑜𝑜𝑜𝑜,𝑠𝑠 and 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟,𝑠𝑠 were reduced even further to achieve 
the experimentally observed oscillations. The energy barriers for oxidation and reduction 
should be considered as apparent barriers, given that the oxidation and reduction are complex 
processes at the atomic scale with several elementary steps. 
The Miller indices of the stepped domains obtained by EBSD provide crystallographic 
orientations of the terrace and step edges (Supplementary Tab. 2), which are used for the choice 
of the kinetic parameter sets and energy barriers. The relative contributions of step edge and 
terrace sites result from the respective step densities. The chosen energy barriers and relative 
site type contributions are listed in Supplementary Tab. 2. 
 
Supplementary Table 2. Description of terrace and step edge sites in the micro-kinetic model 
simulations for individual Rh(hkl) domains. The kinetic parameters associated with Rh(100), Rh(110) 
and Rh(111) are given in Supplementary Tab. 1; the activation energies for subsurface oxide formation 
(𝐸𝐸𝑜𝑜𝑜𝑜) are given in eV; the relative contribution of terrace and step edge sites is based on the step density 
of the domains. 

 terrace sites step edge sites 

domain 
orientation 

terrace 
orientation 

𝐸𝐸𝑜𝑜𝑜𝑜,𝑡𝑡 
relative 

contribution main step edge 
orientation   

𝐸𝐸𝑜𝑜𝑜𝑜,𝑠𝑠 
relative 

contribution 

(18 1 1) (100) 1.520 0.867  (111) 1.300 0.133 

(11 11 7) (111) 1.680 0.605  (110) 1.300 0.395 

(15 8 2) (100) 1.520 0.232 (110) 1.236 0.768 

(13 9 1) (110) 1.630 0.504 (100) 1.174 0.496 
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Supplementary Note 3: Construction of the Supplementary Video 

Supplementary Video 1 shows the spatio-temporal patterns formed during catalytic hydrogen 
oxidation at T = 453 K, pO2 = 1.1 x 10-6 mbar and pH2 = 1.2 x 10-6 mbar on Rh(13 9 1). The video 
was constructed from chemical maps (41 x 41 µm2) obtained by SPEM consecutively, which 
were then used as individual video-frames. For the individual chemical maps, the same energy 
windows as those in Figs. 2 and 3 in the main text were used, reflecting two different rhodium-
oxygen binding environments: RhO2/3 (energy window from 307.16 eV to 307.81 eV) and RhO1/4 
(energy window from 306.51 eV to 307.16 eV) [24]. The image contrast in the chemical map 
results from the relative contribution of the two spectral components, i.e., bright contrast 
indicates predominance of the RhO1/4 binding geometry, associated with a catalytically active 
state (cf. Figs. 2 and 3 in the main text), while dark image contrast indicates predominance of 
the RhO2/3 binding geometry, associated with a catalytically inactive state. Periodic changes 
between bright and dark stripes in the video illustrate the spatial and temporal periodicity in the 
adlayer composition and thus in the catalytic activity during the multifrequential self-sustaining 
oscillations in H2 oxidation on Rh(hkl) domains. 
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