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Abstract: Increased interest in the oxidation process of polycrystalline rhodium, observed in recent
years, is the result of its application in exhaust catalytic converters. However, most studies have
involved sample surfaces with low Miller indices. In our research, we investigated polycrystalline
rhodium foil containing crystallographically different, highly stepped, µm-sized crystallites. These
crystallites were exposed to identical oxidizing conditions. To determine crystallographic orientation,
the electron backscattering diffraction (EBSD) method was used. To investigate the initial stages of
oxidation on the individual crystallites of Rh, X-ray photoelectron spectroscopy (XPS) studies were
performed. The results obtained for the individual crystallites were compared and analyzed using
chemical state quantification of XPS data and multivariate statistical analysis (MVA).
Keywords: polycrystalline rhodium; spatially resolved XPS; multivariate analysis

1. Introduction
In the last twenty years, there has been a rapid development of both the science of catalysis and
its applications in industry. This has become possible mainly due to the progress of science in the
synthesis of new materials, although the use of new methods in conducting catalytic processes has
also had a very positive impact on the development in this field of knowledge [1]. The widespread
introduction of surface physics analytical methods to identify and determine the structure of catalyst
active centers and the mechanism of their interaction with catalytic reaction reagents has also greatly
contributed to the development of catalysis and its applications [2]. The so-called “surface science”
approach to explaining the course and speed of catalytic reactions has significantly influenced the
advances in heterogeneous catalysis [3].
In this fundamental approach to the development of heterogeneous catalysis, it was first proposed
to study the structure–activity relationship using surface sensitive methods and techniques. According
to this approach, the analysis of a specific catalytic process should begin with the study of well-ordered
single crystals under ultra-high vacuum conditions. Next, it is necessary to proceed to the study of
processes occurring at increased pressure in the gas phase (in order to solve the so-called problem
of “pressure gap”) as well as to more complex catalytic systems from crystalline samples with a
more developed area to clusters and polycrystalline samples (to solve the so-called “material gap”
problem). The case studies cited in [1–3] prove the effectiveness of the proposed approach in studying
the reactivity of the active ingredient particles for the subsequent molecular design of catalysts with
improved performance (activity, selectivity, and stability) and show that the development of surface
science in application with heterogeneous catalysis is in line with current trends.
Rhodium is a transition metal from the IX group and crystallizes in a face-centered cubic (fcc)
structure. A pure Rh crystal exhibits surfaces of distinct steric orientations labeled by Miller indices.
The Rh {111} are the most dense within hexagonal atom configuration and Rh {110} surfaces have the
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most open surfaces with a rectangular surface unit cell. The real crystal surface may be misoriented
with one of the low index planes by some tilt.
Transition metal surfaces are usually not finished in such an ideal form as the arrangement of
atoms in the crystal volume. Due to the high density of hanging bonds, free surface energy can be
minimized by rearranging atoms that form new bonds or by transferring charge between hanging
bonds using a mechanism called auto-compensation. Rearrangement of atoms can cause a lattice stress
that increases surface free energy. The combination of these two opposite effects must lead to the
creation of a reconstructed surface to minimize free surface energy. The instability of ideal surfaces
becomes evident when chemical molecules adsorb onto the surface.
Careful and thorough analysis of the oxidation processes of elements from the platinum group has
allowed us to state that for each of the metals, there is a critical temperature or range of temperatures
above which the oxide film, instead of continuing to thicken, completely disappears. If the metal is
then quenched rapidly, it is seen to be bright and oxide-free [4].
Chemisorption studies of oxygen on the Rh (111) and Rh (100) planes indicated that adsorbed
oxygen formed a (2 × 2) structure at about Θ = 0.25 ML coverage on both (111) and (100) rhodium
surfaces [5]. Increased molecular oxygen exposure reversibly formed a c (2 × 2) phase on the Rh (100)
surface. The desorption of oxygen from the Rh (111) surface begins at 670 K. With oxygen coverage
of approximately Θ = 0.5 ML, the adsorbate structure on the Rh (111) surface is formed [6]. Further
oxygen dosing consumes the existing phases and forms a (8 × 8) structure or (1 × 1) if atomic oxygen is
used [7–9].
Platinum group metals deposited as the finest particles on the surface of oxides are widely used
as catalysts for various redox processes. Thin oxide layers formed on the surface of transition metal
catalysts are well known as one of the factors controlling the increase or inhibition of the catalytic
activity of metal catalysts [10–13]. In studies conducted for Rh single crystals, it was found that the
reaction with oxygen was not very sensitive to the surface structure and that the formation of oxides led
to a lower reaction speed [14,15]. The authors of these works found that well-ordered, ultra-thin oxide
layers were formed on the Rh surface. In addition, by using high-resolution XPS, Scanning tunneling
microscopy (STM), Surface X-ray Diffraction (SXRD), and Density functional theory (DFT) calculations,
it has been shown that at moderate oxygen pressures, self-limited growth of the three-layer O–Rh–O
film on Rh (111) is observed. In later studies of the CO oxidation process carried out by SXRD methods
and mass spectroscopy [5], it was observed that this ternary oxide structure is much more active than
the metallic Rh at a temperature as low as about 500 K, while bulk Rh oxide was not active at all.
Recently, several industrial corporations have been conducting intensive scientific research and
implementation studies on the development of catalyst technology based on polycrystalline materials.
For this reason, we decided to undertake research related to the catalytic properties of polycrystalline
rhodium films. Our goal was to determine the behavior of individual high-index rhodium crystallites
during oxygen adsorption.
A polycrystalline Rh sample can serve as a kind of “surface structure library” [13]. In the field
of view of the microscope (e.g., secondary electron microscope or low energy electron microscope),
a set of randomly spaced surface orientations can be probed. This allows for differences in the
oxidation-sensitive behavior of the Rh sample to be observed in one experiment. In this paper, in order
to examine the initial stages of oxidation on individual Rh crystallites, spatially separated XPS studies
were performed [16]. The results obtained for individual crystallites were presented, compared,
and analyzed. The quantitative chemical state analysis of XPS data is assisted by complementary
information from multivariate statistical techniques such as principal component analysis (PCA).
The theory of the PCA method is shortly reviewed with special emphasis on the issues related to XPS
spectra analysis. The use of PCA in this study aims to show differences between crystallites directly
using a 2-dimensional model of the XPS spectra.
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2. Results and Discussion
In the introduction to the work, we noticed that the formation of the ternary O–Rh–O layer was
observed in the early stages of the rhodium oxidation process [5]. This process was already noticed at
room temperature, although the three-layer formation was only fine-tuned at 520 K [17]. The authors of
the last publication also stated that pre-oxidation carried out with molecular O2 caused a heterogeneous
increase in oxide as opposed to the atomic oxygen experiments. They also concluded that structural
defects were more effective places for O2 dissociation and stabilizing the RhO2 stoichiometry oxide.
Based on the results of the above work, we selected a range of polycrystalline rhodium oxidation
temperatures at 423–668 K. The kinetics of the Rh oxidation process was studied by registration of
spatially-resolved XPS spectra at various stages of oxidation and at different temperatures. By repeating
experiments at different temperatures and calculating the total oxide rate, an Arrhenius plot for the
oxidation process could be constructed. This served to determine the activation energy for four
analyzed areas marked from (1) to (4). As expected from the above results, differences in activation
energies were found for the investigated Rh surfaces.
2.1. X-ray Photoelectron Spectroscopy (XPS) Results
In order to compare the initial oxidation stages for different crystallographic grains of polycrystalline
rhodium foil, spectra from four relatively large crystallites were registered. After cleaning the sample,
according to the procedure described in the experimental section, we recorded the spectra of the Rh
3d level. They consisted of a single doublet characteristic for metallic rhodium, producing sharp
peaks at binding energies of 307.53 and 312.25 eV, which represent the Rh 3d5/2 and Rh 3d3/2 levels,
respectively. During oxidation, as expected, a slight broadening of the spectra is observed due to
the formation of the oxide and the appearance of its signal shifted toward higher binding energies.
Figure 1 presents a comparison of the Rh 3d level spectra for areas (1) and (4) before and after 75 min of
oxidation. At first glance, they look very similar. After decomposition, however, one can notice slight
differences in oxide concentration for different areas of interest. O1s oxygen level at about 530 eV was
also observed, as shown in the insets in Figure 1. The data from the oxygen region had, however, a poor
signal to noise ratio. There are several reasons for this low intensity. First, the data were collected
from only 4% of channels of the detector in order to provide that the data were collected only from
a small area of the sample (i.e., the mm-size area of interest). The disadvantage of this approach is,
of course, the low intensity of the spectra. Oxygen spectra also have a much smaller, compared to
rhodium, relative sensitivity factor (RSF) in XPS, which is another reason for a weak O1s level signal.
The low intensity of this level and its location near the Rh 3p1/2 peak did not allow for reliable standard
quantitative analysis.
The rate of oxidation, labelled as R, was estimated based on the contribution of oxide part within
the Rh 3d level for each region of interest. The formation of oxide resulted in a chemical shift in
XPS spectrum. Peaks from oxidized rhodium shifted about 0.8 eV toward higher binding energies
with respect to the metallic peaks. Deconvolution allowed us to estimate the amount of oxide by
comparing the intensities of metallic and oxide components in the Rh 3d spectrum. The increase of
oxide contribution was observed both as a function of oxidation time and as an increase in temperature.
Calculation of the oxide formation rate for different temperatures allowed us to construct the
Arrhenius plots. These were used to estimate the activation energies for the initial stages of the
oxidation process for different crystallites. The plots are presented in Figure 2. Linear fitting to
Arrhenius plots allowed us to suppose that lower activation energies were relevant to crystallites (2)
and (4), which in both cases was about 0.15 eV. However, the areas marked as (1) and (3) corresponded
to the slightly higher values of activation energy of 0.24 and 0.21 eV, respectively.

Catalysts
Catalysts2020,
2020,10,
10,617
x FOR PEER REVIEW

44of
of11
11

Figure 1. Rh 3d spectra: (a) from area (1) before oxidation; (b) from area (1) after 75 min of oxidation
at 668 K; (c) from area (4) before oxidation; (d) from area (4) after oxidation at the same conditions as
in (b); Oxygen signal is presented in the insets.

The rate of oxidation, labelled as R, was estimated based on the contribution of oxide part
within the Rh 3d level for each region of interest. The formation of oxide resulted in a chemical shift
in XPS spectrum. Peaks from oxidized rhodium shifted about 0.8 eV toward higher binding energies
with respect to the metallic peaks. Deconvolution allowed us to estimate the amount of oxide by
comparing the intensities of metallic and oxide components in the Rh 3d spectrum. The increase of
oxide contribution was observed both as a function of oxidation time and as an increase in
temperature.
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The rate of oxidation, labelled as R, was estimated based on the contribution of oxide part
within the Rh 3d level for each region of interest. The formation of oxide resulted in a chemical shift
in XPS spectrum. Peaks from oxidized rhodium shifted about 0.8 eV toward higher binding energies
with respect to the metallic peaks. Deconvolution allowed us to estimate the amount of oxide by
comparing the intensities of metallic and oxide components in the Rh 3d spectrum. The increase of
oxide contribution was observed both as a function of oxidation time and as an increase in
temperature.
Calculation of the oxide formation rate for different temperatures allowed us to construct the
Arrhenius plots. These were used to estimate the activation energies for the initial stages of the
oxidation process for different crystallites. The plots are presented in Figure 2. Linear fitting to
Arrhenius plots allowed us to suppose that lower activation energies were relevant to crystallites (2)
and (4), which in both cases was about 0.15 eV. However, the areas marked as (1) and (3)
corresponded to the slightly higher values of activation energy of 0.24 and 0.21 eV, respectively.
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Activation energy is one of the basic parameters that determine the rate of chemical reaction
involving a catalyst. The resulting activation barriers for the catalyzed reaction are smaller than for the
non-catalyzed reaction, and therefore the overall reaction rate is higher.
Similarly, in our study, the measured activation energy values were very low. In addition, it can be
seen that the crystallite structure affects the activation energy value. Lower Ea values were observed for
crystallites (2) and (4) compared to crystallites (1) and (3), which means that higher surface corrugation
promotes the oxidation process.
2.2. Diagnostics of Data Collected from Various Rh Crystallites by Principal Component Analysis
In this study, the dataset generated by the XPS technique contained 160 photoelectron spectra
measured at different times of exposure to oxygen and under different thermal conditions, and is
therefore ideally suited for data analysis using PCA. After developing the PCA model, a practical plot
Figure 2. Arrhenius plots based on the data from four analyzed crystallites.
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2.2. Diagnostics of Data Collected from Various Rh Crystallites by Principal Component Analysis
In this study, the dataset generated by the XPS technique contained 160 photoelectron spectra
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obtained from an optical confocal microscope. The clean surface presented in Figure 5a had many
scratches and imperfections, but clear grain boundaries could also be observed. The fact that they
are indeed crystallites of different orientations becomes apparent after the high oxidation process.
Such an attempt was made for the same sample in a separate experiment, using a flow-through high
pressure reactor. The sample was exposed to 1.5 bar of oxygen at 873 K for 30 min. As a result,
the crystallites were colored with at least six different shades, as shown in Figure 5b. Most grains
were rather small, but one could also find some crystallites of about 1 mm in size. In our study,
four such larger grains were selected to minimize the risk of skipping (e.g., due to the slack on the
sample manipulator mechanism). Four chosen areas are marked in Figure 5 and differ in hue after
high oxidation, which may indicate that they had different reactivity. To set the sample during XPS
measurements, two tantalum and two silver markers were spot-welded in the corners of the sample.

pressure reactor. The sample was exposed to 1.5 bar of oxygen at 873 K for 30 min. As a result, the
crystallites were colored with at least six different shades, as shown in Figure 5b. Most grains were
rather small, but one could also find some crystallites of about 1 mm in size. In our study, four such
larger grains were selected to minimize the risk of skipping (e.g., due to the slack on the sample
manipulator
Four chosen areas are marked in Figure 5 and differ in hue after7 high
Catalysts
2020, 10, mechanism).
617
of 11
oxidation, which may indicate that they had different reactivity. To set the sample during XPS
measurements, two tantalum and two silver markers were spot-welded in the corners of the sample.
By
Byscanning
scanningthe
thesample
samplealong
alongXXand
andYYaxes,
axes,the
thecoordinates
coordinatesof
ofthe
thecenter
centerpoint
pointof
ofeach
eachmarker
markerwere
were
found
and
were
then
used
to
scale
the
area
analyzed
by
XPS.
found and were then used to scale the area analyzed by XPS.

Figure 5. Confocal microscopy image of the polycrystalline surface of the rhodium sample: (a) after
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analyzer [16]. Photoelectrons emitted from the surface due to the X-ray irradiation are focused and the
analyzer [16]. Photoelectrons emitted from the surface due to the x-ray irradiation are focused and
linear image is created in the non-dispersive plane of the analyzer, while at the same time the XPS
the linear image is created in the non-dispersive plane of the analyzer, while at the same time the
spectrum corresponding to each point in the line is established in the dispersive plane. Data acquisition
XPS spectrum corresponding to each point in the line is established in the dispersive plane. Data
takes place by using a two-dimensional detector (micro-channel plate). XPS data were collected from
acquisition takes place by using a two-dimensional detector (micro-channel plate). XPS data were
multiple channels of the detector for the chosen regions of the Rh sample. The advantage of such a
collected from multiple channels of the detector for the chosen regions of the Rh sample. The
spatially separated method in oxidation studies is that all test areas are exposed to exactly the same
advantage of such a spatially separated method in oxidation studies is that all test areas are exposed
oxygen pressure and temperature for the same time in one experiment.
to exactly the same oxygen pressure and temperature for the same time in one experiment.
Applying spatially resolved XPS to individual stepped Rh (hkl) domains of a polycrystalline
Applying spatially resolved XPS to individual stepped Rh (hkl) domains of a polycrystalline Rh
Rh foil used as a set of randomly distributed crystallites with different crystallographic orientations,
foil used as a set of randomly distributed crystallites with different crystallographic orientations, we
we demonstrated the dependence of the Rh oxidation rate on the surface structure. Measurements
demonstrated the dependence of the Rh oxidation
rate on the surface structure. Measurements
performed at an oxygen partial pressure in the 10−5 mbar range and at temperatures from 423 K to
−5
performed at an oxygen partial pressure in the 10 mbar range and at temperatures from 423 K to
668 K enable determining the activation of the initial oxidation of Rh.
668 K enable determining the activation of the initial oxidation−5of Rh.
The sample was oxidized in an O2 atmosphere (1·× 10 mbar) for 7, 15, 30, 45, 60, 75, and
The sample was oxidized in an O2 atmosphere (1∙× 10−5 mbar) for 7, 15, 30, 45, 60, 75, and 90 min.
90 min. The temperatures of oxidation were 423, 493, 578, 623, and 668 K. After sample oxidation,
The temperatures of oxidation were 423, 493, 578, 623, and 668 K. After sample oxidation, we began
we began analyzing the sample composition using spatially-resolved XPS. For the analysis, we selected
analyzing the sample composition using spatially-resolved XPS. For the analysis, we selected four
four different high-index crystallites, whose positions on the sample are shown in Figures 5 and 6.
different high-index crystallites, whose positions on the sample are shown in Figures 5 and 6. The
The crystallographic orientations of these four crystallites found in EBSD are as follows: (−17 −8 11),
crystallographic orientations of these four crystallites found in EBSD are as follows: (−17 −8 11), (−24
(−24 2 −29), (9 5 −6) and (−4 14 1). Orientations of particular crystallites with respect to unit cell as
2 −29), (9 5 −6) and (−4 14 1). Orientations of particular crystallites with respect to unit cell as well as
well as their structure models are shown in Figure 7.
their structure models are shown in Figure 7.
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Figure 7. Structure models of the four chosen and analyzed areas of the sample, denoted as (1), (2),
and (4); Miller indices found by electron backscattering diffraction (EBSD) are presented in the insets.
(3) and (4); Miller indices found by electron backscattering diffraction (EBSD) are presented in the
insets.
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The most common is the graphical visualization of the score vector for PC1 versus the score
vector for PC2. These are the two directions along which the data swarm exhibits the largest and the
second largest “spread”. However, in some cases, the use of 1-dimensional score vector (i.e., plotting
the score vector for PC1 versus the spectrum number) could give valuable information in a simple
way. For spectroscopic data, one can see the quite high % variance captured by PC1 (i.e., 99.8%),
which means that the set of spectra is composed of a very strong systematic component. If it is a
case, the score value could have a semi-quantitative chemical interpretation (i.e., contains chemical
composition information about the Rh3d doublet in this case).
In spectroscopic application, there are several options to normalize the data to compensate for
individual spectral differences due to experimental errors. In this study, before using PCA, each raw
spectrum was normalized to the sum of the intensities. Then, PCA was performed using PLS Toolbox
v.8.8.1 (Eigenvector Research, Manson, WA, USA) for MATLAB (MathWorks, Inc., Natic, WA, USA).
4. Conclusions
In the research carried out for the purposes of this publication, we dealt with the initial stage of
the oxidation process of a polycrystalline rhodium sample containing differently oriented crystallites.
Individual Rh crystallites were subjected to identical oxidation conditions. Using EBSD, a full
crystallographic characterization of individual domains was performed, providing a kind of a set
of randomly distributed crystallites with different crystallographic orientations. Spatially resolved
XPS measurements allowed us to determine the oxidation state of Rh on four randomly selected Rh
crystallites. On the basis of spatially-resolved XPS studies, we determined the oxidation rates of the
four selected crystallites and determined the activation energy of the oxidation process. We used the
PCA method to study the differences between the results obtained for analyzed crystallites. Based on
the results obtained, we can conclude that a polycrystalline Rh foil consisting of differently oriented
µm-sized crystallites provides a suitable model for studying orientation-dependent surface processes.
Moreover, the initial stages of Rh oxidation in the 10−6 –10−5 mbar oxygen pressure range revealed an
orientation-dependent oxidation process: higher surface corrugation promotes the oxidation process.
A detailed study of the role of the steps and kinks in the surface oxidation of Rh requires testing for
further crystallites with a different orientation compared to the four crystallites examined in this paper.
We intend to conduct such research in the near future.
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