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Characterisation of the catalysts by XANES and EXAFS analysis

Cu, Rh, and Pd K-edge XANES and EXAFS spectra were measured in transmission
detection mode. The experiments were performed at the XAFS beamline of the ELETTRA
synchrotron radiation facility in Trieste, Italy [1]. A Si(111) double crystal monochromator
with energy resolution of about 1 eV at 9 keV was used for Cu K-edge, and a Si(311) double
crystal monochromator with energy resolution of about 2 eV at 24 keV was used for Rh
and Pd K-edge. The beam size on the sample was 5 mm horizontal and 1 mm vertical. The
intensity of the monochromatic X-ray beam was measured by three consecutive ionization
detectors, filled with appropriate nitrogen or argon gas mixtures to obtain 15% absorption
in the first cell and 70% and 90% in the second and third cell, respectively. For Cu K-edge,
the first detector was filled with 1250 mbar N2, the second with 250 mbar Ar and 750 mbar
N2, and the third with 700 mbar Ar and 300 mbar N2, while for Rh and Pd K-edge the first
detector was filled with 750 mbar Ar and 1000 mbar N>, the second with 330 mbar Kr and
1000 mbar N2, and the third with 850 mbar Kr and 1000 mbar No. In all cases, the detectors
were filled up with He to the total pressure of 2 bars.

The catalyst samples were prepared in the form of homogeneous pellets, pressed
from micronized sample powder mixed with BN powder, with a total absorption thick-
ness (ud) of about 2 above the investigated metal K-edge. Sample pellets were placed in
the monochromatic beam between the first two ionization detectors. The absorption spec-
tra were measured in the energy region from —150 eV to +1000 eV relative to the investi-
gated K-edge. In the XANES region, equidistant energy steps of 0.25 eV were used, while
for the EXAFS region, equidistant k steps of 0.03 A-1 were adopted, with an integration
time of 2 s/step. Five to ten repetitions of each scan were recorded to improve signal to
noise ratio. The exact energy calibration was established with simultaneous absorption
measurement on a 5 micron thick Cu, Pd, or Rh metal foil placed between the second and
third ionization chamber. Absolute energy reproducibility of the measured spectra was
+0.03 eV. The first inflection point in the Cu metal K-edge was set at 8979.0 eV, in Rh to
23220 eV, and in Pd to 24350 eV. The quantitative analysis of XANES and EXAFS spectra
was performed with the Demeter (IFEFFIT) program package [2] in combination with the
FEFF6 program code [3] for ab initio calculation of photoelectron scattering paths.

Cu, Rh, and Pd K-edge XANES analysis

The Cu, Rh, and Pd K-edge XANES was used to monitor the valence state and local
symmetry of Cu, Rh, and Pd cations in the Cu/ALOs, (Cu,Rh)/Al20s, and (Cu,Pd)/Al:0s
catalyst in the initial state and in the final state after catalytic reaction. Different local en-
vironments of the investigated cation resulted in different K-edge profiles in the XANES
spectra. The energy position of the absorption edge and the pre-edge features were corre-
lated with the valence state of the absorbing atom in the sample and could be used to
determine the valence states of investigated cations [2,4,5,7-10]. If the sample contained a
mixture of two or more compounds of the same cation with different local structures and
valence state, the measured XANES spectrum was a linear combination of individual
XANES spectra of the different cation sites. In such cases, the relative amounts of the cat-
ion at each site and the average valence state of the cation in the sample could be deter-
mined by the linear combination fit with XANES spectra of proper reference compounds
[4-6].

Normalized Cu K-edge XANES spectra are presented in Figure S1, together with the
spectra of corresponding Cu reference compounds [Cu metal with FCC crystal structure;
Cu(I) oxide (Cu20) and Cu(Ill) compounds CuO, CuSO4, Cu(NO:s)2, and Cu(OH)2].The
energy position and shape of the absorption edge of the Cu/Al20s and (Cu,Rh)/Al2O:s cat-
alyst in the initial state and Cu/AlOs catalyst in the final state after catalytic reaction were
very similar to those of the reference Cu(Il) compounds, indicating that these catalysts
contain Cu cations in the divalent form octahedrally coordinated with oxygen atoms. The
XANES spectra of the (Cu,Pd)/Al:Os catalyst in the initial state and the (Cu,Rh)/AL:Os and
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(Cu,Pd)/AL2Os catalyst after the catalytic reaction exhibited significantly different edge
profiles with pre-edge structures characteristic for Cu(I) oxide and metallic Cu. A mixture
of different Cu complexes with different Cu valence states is thus indicated for these sam-
ples. Principle component analysis (PCA) of the whole set of Cu K-edge XANES spectra
of the catalysts indicates that a linear combination of three different components is suffi-
cient to completely describe each XANES spectrum in the set. The linear combination fit
(LCF) analysis shows that a linear combination of XANES profiles of Cu(OH): as reference
for Cu(II), Cu20 as reference for Cu(I), and Cu metal spectrum as reference for Cu(0) can
completely describe the XANES spectra of all the catalyst samples. The goodness of the
LCEF fit is illustrated in Figure S1 for the XANES spectrum of the fresh (Cu,Pd)/Al:O:s cat-
alyst sample. The complete results of LCF analysis are listed in Table S1.

The Cu K-edge XANES results show that monometallic Cu/Al20Os catalyst contains
only Cu(Il) cations octahedrally coordinated to oxygen atoms. The XANES spectra of the
monometallic Cu/Al2Os catalyst before and after the catalytic reaction are identical, indi-
cating that the Cu valence state and Cu locally symmetry does not change during the cat-
alytic reaction. Bimetallic (Cu,Rh)/AL:QO:s catalyst also contains only Cu(Il) species with the
same local symmetry; however, during the catalytic reaction 15% of Cu cations are re-
duced to metallic form. Bimetallic (Cu,Pd)/Al20s catalyst contains a mixture of Cu cations
in three valence states, 54% of Cu(1I), 4% of Cu(l), and 42% of metallic Cu. During catalytic
reaction, relative amounts of Cu(Il) and Cu(]) species increased and relative amount of
metallic Cu(0) decreased, indicating partial oxidation of metallic Cu(0) species com-
pounds indicating that these catalysts contain Cu cations in the divalent form octahedrally
coordinated with oxygen atoms. The XANES spectra of the (Cu,Pd)/Al:0s catalyst in the
initial state and the (Cu,Rh)/ALl:Os and (Cu,Pd)/ALOs catalyst after the catalytic reaction
exhibit significantly different edge profiles with pre-edge structures characteristic for
Cu(I) oxide and metallic Cu. A mixture of different Cu complexes with different Cu va-
lence states is thus indicated for these samples. Principle component analysis (PCA) of the
whole set of Cu K-edge XANES spectra of the catalysts indicates that a linear combination
of three different components is sufficient to completely describe each XANES spectrum
in the set. The linear combination fit (LCF) analysis shows that a linear combination of
XANES profiles of the Cu(OH): as reference for Cu(ll), Cu20 as reference for Cu(I), and
Cu metal spectrum as reference for Cu(0) can completely describe the XANES spectra of
all the catalyst samples. The goodness of the LCF fit is illustrated in Figure S1 for the
XANES spectrum of the fresh (Cu,Pd)/AL2Os catalyst sample. The complete results of LCF
analysis are listed in Table S1.

The Cu K-edge XANES results show that monometallic Cu/Al2Os, catalyst contains
only Cu(Il) cations octahedrally coordinated to oxygen atoms. The XANES spectra of the
monometallic Cu/Al20s catalyst before and after the catalytic reaction are identical, indi-
cating that the Cu valence state and Cu locally symmetry does not change during the cat-
alytic reaction. Bimetallic (Cu,Rh)/Al2Os catalyst also contains only Cu(II) species with the
same local symmetry; however, during the catalytic reaction 15% of Cu cations are re-
duced to metallic form. The bimetallic (Cu,Pd)/Al20s catalyst contains a mixture of Cu
cations in three valence states: 54% of Cu(Il), 4% of Cu(l), and 42% of metallic Cu. During
catalytic reaction, relative amounts of Cu(Il) and Cu(I) species increased and relative
amounts of metallic Cu(0) decreased, indicating partial oxidation of metallic Cu(0) spe-
cies.

Table S1. Relative amount of Cu(0), Cu(l), and Cu(II) compounds in the Cu/Al2Os, (Cu,Rh)/AL20s,
and (Cu,Pd)/AlLOs catalyst, measured in the initial state of the fresh catalysts and in the final state
after catalytic reaction, obtained by LCF. Uncertainty of relative amounts is +/-1%.

Samples Cu(Il) Cu(l) Cu(0)
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Cu/Al20s fresh 100% 0% 0%
Cu/ALLOs used 100% 0% 0%
(Cu,Rh)/AL20:s fresh 100% 0% 0%
(Cu,Rh)/AL2Os used 85% 0% 15%
(Cu,Pd)/ALO:s fresh 54% 4% 42%
(Cu,Pd)/ALOs used 59% 7% 34%
4
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Figure S1. Normalized Cu K-edge XANES spectra of the Cu/AlLOs; (Cu,Rh)/Al2Os and
(Cu,Pd)/ALO:s catalyst measured in the initial state of the fresh catalysts and in the final state after
catalytic reaction. The spectra of reference Cu compounds [Cu metal with fcc crystal structure; Cu(I)
oxide (Cu20); and Cu(II) compounds CuO, CuSOs, Cu(NOs)2, and Cu(OH):] are plotted for com-

parison [4-6].
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Figure S2. Cu K-edge XANES spectra of the fresh (Cu,Pd)/Al2Os catalyst. Dots: experiment; dashed
magenta line: best fit with linear combination of reference Cu K-edge XANES profiles [Cu(OH): as
reference for Cu?*(54%), Cu20 as references for Cu'*(4%) and Cu metal (42%)] plotted below.

Normalized Rh K-edge XANES spectra of the Rh/Al:0sand (Cu,Rh)/AL:O:s catalyst in
the initial state in the final state after catalytic reaction are presented in Figure S3, together
with the spectrum of the reference Rh metal foil with FCC crystal structure. The Rh K-
edge profiles of all four samples are very similar but not identical. PCA analysis of the
four XANES spectra of the catalysts indicates that a linear combination of two different
components is sufficient to completely describe each XANES spectrum in the series.

The energy position and shape of the Rh absorption edge of the Rh/AL:Os catalyst in
the initial state is very similar to the Rh XANES spectra of Rh oxide Rh20s [5], indicating
that the catalysts contain predominantly Rh oxide species. From Rh EXAFS analysis (see
below), it is evident that about 10% of Rh in the sample is in the metallic form. The relative
amount of Rh cations in oxide and in the metallic form in the remaining three samples can
be determined with LCF analysis, which shows that all three XANES spectra can be com-
pletely described with a linear combination of the XANES profiles of the fresh Rh/Al2Os

catalyst in the initial state and the Rh metal spectrum. The goodness of the LCF fit is illus-
trated in Figure 5S4 for the XANES spectrum of the (Cu,Rh)/Al:Os catalyst measured after
the catalytic reaction. Relative amounts of metallic Rh and Rh oxide species in the cata-

lysts, obtained by the LCF analysis, are listed in Table S2.



Catalysts 2024, 14, 255 6 of 23

2.5

1.5-

Rh metal

(Cu,Rh)/AI,O, used

Normalised absorption

| (cu,Rh)/ALO, fresh

0.5 A
Rh/ALL,O, used

Rh/ALO, fresh
0 —
23150 23200

|
23300 23350

I
23250
E (eV)
Figure S3. Normalized Rh K-edge XANES spectra of the Rh/AL20Os and (Cu,Rh)/Al2Os catalyst meas-

ured in the initial state of the fresh catalysts and in the final state after catalytic reaction. The spec-
trum of reference Rh metal with fcc crystal structure is plotted for comparison.
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Figure S4. Rh K-edge XANES spectra of the (Cu,Rh)/Al20s catalyst measured after catalytic reaction.
Dots: experiment; dashed magenta line: best fit with linear combination of Rh K-edge XANES pro-
files of the Rh/Al2Os catalyst measured in the initial state (65%) and Rh metal (35%), plotted below.

Normalized Pd K-edge XANES spectra of Pd/Al2Os and (Cu,Pd)/Al20s catalyst in
the initial state and in the final state after catalytic reaction are presented in Figure S5,
together with the spectra of the reference Pd metal foil and Pd metal nanoparticles with
fec crystal structure [7]. The Pd K-edge profiles of all four samples were similar but not
identical. The energy position and shape of the Pd absorption edge was in all cases very
similar to the XANES spectra of Pd metal with fcc crystal structure and to the spectrum of
Pd-EPS sample [7],e which contained Pd metal nanoparticles with the average size be-
tween 1 nm and 1.5 nm [7], indicating that the catalysts contained predominantly Pd(0)

cations in the form of Pd metal nanoparticles.
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Figure S5. Normalized Pd K-edge XANES spectra of the Pd/Al:Os and (Cu,Pd)/ Al2Os catalyst meas-
ured in the initial state of the fresh catalysts and in the final state after catalytic reaction. The spectra
of reference Pd metal with fcc crystal structure and the spectrum of Pd-EPS sample [10], which con-
tained Pd metal nanoparticles with the average size between 1 nm and 1.5 nm, are plotted for
comparison.
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Cu, Rh, and Pd K-edge EXAFS analysis

The Cu, Rh, and Pd K-edge EXAFS was used to determine the average local neigh-
bourhood of Cu, Rh, and Pd cations in the Cu/ALOs, (Cu,Rh)/Al20s, and (Cu,Pd)/ Al2Os
catalyst in the initial state and in the final state after catalytic reaction. The analysis of the
EXAFS spectra was performed with the Demeter (IFFEFIT) program package [2] in com-
bination with the FEFF6 program code [3] for ab initio calculation of photoelectron scat-
tering paths. Structural parameters of the average local Cu, Rh, and Pd neighbourhood
(type and average number of neighbours, the radii, and Debye—Waller factor of neighbour
shells) were quantitatively resolved from the EXAFS spectra by comparing the measured
EXAFS signal with the model signal. Combined FEFF models were used, composed of
neighbour atoms at distances characteristic for the expected Cu, Rh, and Pd oxide and
metal species that may be present in the samples in the initial or final state or after catalytic
reaction. The atomic species of neighbours were identified in the fit by their specific scat-
tering factor and phase shift.

The Fourier transform magnitude of the Cu K-edge EXAFS spectra (Figure S6) exhib-
its the contributions of the photoelectron scattering on the nearest shells of neighbours
around the Cu atoms up to about 5 A. The comparison of the spectra clearly indicates
significant differences in average local structure between the catalysts. As indicated by the
Cu K-edge XANES results, we can expect mixtures of different Cu(II) oxide or hydroxide
species attached to the surface of Al2Os in the monometallic Cu/Al:Os catalysts in the ini-
tial state and after the catalytic reaction and in the bimetallic (Cu,Rh)/Al2Os catalyst in the
initial state, while in the (Cu,Rh)/AL:Os after the catalytic reaction and in the (Cu,Pd)8/
ALOs catalyst in the initial state and after the catalytic reaction, we can expect a mixture
of divalent and monovalent copper oxide species and metallic copper nanoparticles on the
surface of alumina support.

With EXAFS analysis it is not possible to unambiguously identify all Cu species in
the mixture and determine their structures. We constructed the FEFF models to describe
the average Cu local neighbourhood in the samples and identify the main structural dif-
ferences between them. For the three samples that contain only Cu(II) oxide or hydroxide
species, the FEFF model comprised oxygen atoms in the nearest coordination shells and
Cu and Al neighbours in more distant coordination shells at distances characteristic for
the expected Cu oxide/hydroxide species attached to the Al2Os surface [4,1]. In total, six
single scattering paths were used (O neighbours at two distances, Al at one distance, and
Cu at three distances). Three variable parameters were introduced in the model for each
scattering path: the coordination number (N), the distance (R), and the Debye—Waller fac-
tor (02). Debye-Waller factors of the two O paths and of the three Cu paths were con-
strained to common values for the same type of atoms. In addition, a common shift of
energy origin AEo was also allowed to vary. The amplitude-reduction factor Sz was kept
fixed at the value of 0.85 in agreement with previous Cu K-edge EXAFS analyses [4].

For the three samples that contain mixed Cu valence states, a combined FEFF model
was used, composed of neighbour atoms at distances characteristic for the expected Cu
oxide and Cu metal species [4]. To describe Cu metal species a FEFF model was based on
the FCC crystal structure of Cu metal with the lattice constant a = 3.60 A [4]. The first four
single scattering paths and all significant multiple scattering paths, belonging to the pho-
toelectron scattering on the four nearest Cu coordination shells up to 5.2 A, were included.
In addition, four single scattering paths were added (oxygen neighbours at two distances
and Cu neighbours at two distances) to describe the contributions of the Cu oxide species.
To test for the eventual presence of Al neighbours, one single scattering path from Al
neighbours was added. Three variable parameters were introduced in the model for each
scattering path: the coordination number (N), the distance (R), and the Debye—Waller fac-
tor (02). The Debye model with the Debye temperature as a single variable parameter [2]
was used in modelling the Debye-Waller factors of the single and multiple scattering Cu
paths in the Cu metal model. For the Cu oxide model, the Debye—Waller factors were



Catalysts 2024, 14, 255

10 of 23

constrained to common values for the same type of atoms. A common shift of energy
origin AEo was allowed to vary while the amplitude-reduction factor So? was kept fixed at
the value of 0.85.

A very good agreement between the model and the experimental spectra was found
for all six samples (Figure S6), using the k range of 3-12A-1 and the R range of 1.1-4.6 A.
The best fit structural parameters are listed in Table S3.

The Cu EXAFS results show that Cu cations in the monometallic Cu/Al2Os and bime-
tallic (Cu,Rh)/AL:QOs catalyst in the initial state are coordinated with six oxygen atoms in
the first coordination shell at two different distances and Al and Cu neighbours in more
distant coordination shells. The distances to oxygen and Cu neighbours are characteristic
for the local structures of Cu cations in Cu oxide/hydroxide species [4,5] indicating that
the samples contain a mixture of copper oxide/hydroxide species. The result is in agree-
ment with the Cu K-edge XANES result. The presence of two Al neighbours at about 3.1
A clearly indicates that part of the Cu cations is directly attached to the Al:Os framework
forming Cu-O-Al bridges. So we can conclude that the Cu(II) oxide/hydroxide species are
highly dispersed on the Al2Ossupport and tightly attached to its surface.

During the catalytic reaction, the average structure of Cu oxide/hydroxide species in
the monometallic Cu/Al:Os was preserved. However, the average number of Al neigh-
bours was significantly decreased, which indicates that about half of Cu—O-Al bridges are
lost during the catalytic reaction. The result shows that a significant part of the Cu(II) ox-
ide/hydroxide species are not attached anymore to the surface of Al2Ossupport after the
catalytic reaction, which suggests that the catalyst is not stable during the catalytic reac-
tion.

In the bimetallic (Cu,Rh)/ALl:Os catalyst, the local structure around Cu cations
changed significantly during the catalytic reaction. A part of Cu cations was reduced to
metallic form, as already indicated by Cu XANES analysis, and formed small Cu metallic
nanoparticles (with an average size below 2 nm) with FCC crystal structure. The remain-
ing part of Cu cations remained in the form of Cu(II) oxide/hydroxide species, but the Cu—
O-Al bridges were lost.

The bimetallic (Cu,Pd)/ALOs catalyst contains a mixture of Cu metal nanoparticles
with FCC crystal structure and Cu oxide/hydroxide species already in the initial state, in
agreement with the Cu K-edge XANES results. There are no Al neighbours in the second
coordination shell, which indicates that there are no Cu—O-Al bridges present in the sam-
ple or that their amount is below the detection limit. During the catalytic reaction, the
average local structure around Cu cations was mainly preserved. Only the coordination
number of Cu neighbours in the second coordination shell in the metal FCC structure was
significantly increased, indicating that the average size of Cu metal nanoparticles was in-
creased, and according to the Cu K-edge XANES results, the relative amount of Cu metal
species was slightly decreased. This results indicate a partial agglomeration of smaller Cu
metal nanoparticles to larger Cu metal clusters, so average Cu metal nanoparticle size is
increased, while a small part of Cu(0) cations is oxidized during the catalytic reaction.
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Figure S6. Fourier transform magnitude of k® weighted Cu K-edge EXAFS spectra of the Cu/Al20s,
(Cu,Rh)/AL20s, and (Cu,Pd)/Al20s catalyst measured in the initial state of the fresh catalysts and in
the final state after catalytic reaction, calculated in the k range of 3-12A-1. Experiment — (solid line);
best fit EXAFS model calculated in the R range of 1.1-4.0 A - (dashed line). Spectra are shifted ver-
tically for clarity.
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The Fourier transform magnitude of the Rh K-edge EXAFS spectra in the Rh/AL:Os
and (Cu,Rh)/AL2Os catalyst measured in the initial state of the fresh catalysts and in the
final state after catalytic reaction (Figure S7) exhibits the contributions of the photoelec-
tron scattering on the nearest shells of neighbours around the Rh atoms up to about 3 A.
The comparison of the spectra clearly indicates significant differences in the average Rh
local structure between the mono- and bimetal catalysts in the initial state and reveals
differences that appear after the catalytic reaction. As indicated by the Rh K-edge XANES
results, we can expect mixtures of Rh oxide species and metallic Rh nanoparticles. The
first peak in the FT spectra in the R range between 1 A and 2 A can be attributed to the
nearest oxygen coordination shell of Rh oxide species while the second peak between 2 A
and 3 A to the nearest Rh neighbours in the metallic Rh species.

For quantitative Rh EXAFS analysis, a combined FEFF model was constructed, com-
prising two single scattering paths, one belonging to oxygen neighbours at the distance
characteristic for the nearest oxygen coordination shell in Rh oxide and one belonging to
Rh neighbours at the distance characteristic for the nearest Rh coordination shell in Rh
metal with FCC crystal structure [7,8, 9]. Three variable parameters were introduced in
the model for each scattering path: the coordination number (N), the distance (R), and the
Debye-Waller factor (02). A common shift of energy origin AEo was allowed to vary while
the amplitude-reduction factor Se> was kept fixed at the value of 0.95.

A very good agreement between the model and the experimental spectra was found
for all four samples (Figure S7), using the k range of 3 <9A-1 and the R range of 0.9-3.0 A.
The best fit structural parameters are listed in Table S4.

In all four samples, we found oxygen neighbours at the distance of 2.03 A, character-
istic of Rh oxide, and Rh neighbours at 2.67 A, characteristic for the nearest coordination
shell in Rh metal [6]. However, significant differences in the average number of O and Rh
neighbours were observed between the four samples. In the fresh monometallic Rh/AL:Os
sample, we found 4 oxygen and only about 0.6 Rh neighbours, which indicates that the
sample contains predominantly Rh oxide species with about 10% of Rh in the metallic
form. After the catalytic reaction, the average number of oxygen neighbours decreased to
about 3 and number of Rh neighbours increased to about 2. The result indicates that a part
of the Rh oxide species reduced to metallic form and the relative amount of Rh metal spe-
cies increased during the catalytic reaction. The same process was observed also for the
bimetallic (Cu,Rh)/ALQ:s catalyst. After the catalytic reaction, the average number of oxy-
gen neighbours decreased from 4 to about 2.5, and the average number of Rh neighbours
increased from 1 to about 5, which indicates that even an higher amount of Rh oxide spe-
cies is reduced to the metallic form. The Rh EXAFS results are consistent with the Rh
XANES results.
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Figure S7. Fourier transform magnitude of k?® weighted Rh K-edge EXAFS spectra of the Rh/AL2Os,
and (Cu,Rh)/AL20s catalyst measured in the initial state of the fresh catalysts and in the final state
after catalytic reaction, calculated in the k range of 3 -9.5A-1. Experiment — (solid line); best fit EXAFS
model calculated in the R range of 1.0 to 3.0 A - (dashed line). Spectra are shifted vertically for clarity.
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The Fourier transform magnitude of the Pd K-edge EXAFS spectra in the Pd/Al:Os
and (Cu,Pd)/Al:Os catalyst measured in the initial state of the fresh catalysts and in the
final state after catalytic reaction (Figure S8) exhibit the contributions of the photoelectron
scattering on the nearest shells of neighbours around the Pd atoms up to about 5 A. The
comparison of the spectra clearly indicates significant differences in the average Pd local
structure between the mono and bimetal catalysts in the initial state and reveals differ-
ences that appear after the catalytic reaction. As indicated by the Pd K-edge XANES re-
sults, we can expect predominantly metallic Pd nanoparticles with FCC crystal structure,
but the presence of Pd oxide species is not excluded [10].

For quantitative Pd EXAFS analysis of monometallic Pd/Al:Os samples, a combined
FEFF model was constructed composed of neighbour atoms at distances characteristic for
the expected Pd metal species and Pd oxide. The model comprised the first four single
scattering paths and all significant multiple scattering paths belonging to the photoelec-
tron scattering on the four nearest Pd coordination shells up to 5.2 A in the FCC crystal
structure of Pd metal with the lattice constant a = 3.89 A [7]. In addition, four single scat-
tering paths were added (oxygen neighbours at two distances and Pd neighbours at two
distances) to describe the contributions of the Pd oxide species. Three variable parameters
were introduced in the model for each scattering path: the coordination number (N), the
distance (R), and the Debye—Waller factor (02). The Debye model with the Debye temper-
ature as a single variable parameter [X3] was used in modelling the Debye-Waller factors
of the single and multiple scattering Pd paths in the Pd metal model. For the Pd oxide
model, the Debye-Waller factors were constrained to common values for the same type of
atoms. A common shift of energy origin AEo was allowed to vary while the amplitude-
reduction factor So? was kept fixed at the value of 0.87, in agreement with previous Pd K-
edge EXAFS analyses [7].

A very good agreement between the model and the experimental spectra was found
for all both Pd/Al:Os samples (Figure S8), using the k range of 3-12 A~ and the R range of
1.1-5.0 A. The best fit structural parameters are listed in Table S5.

The Pd EXAFS results show that monometallic Pd/Al2Os catalyst contains a mixture
of Pd metal with FCC crystal structure and Pd oxide species. Pd neighbours in the first
four coordination shells of the fcc structure are found at the same distance as in the Pd
metal foil, but the average coordination numbers are significantly lower and the Debye—
Waller factors significantly larger than in the bulk Pd metal, indicating that metallic Pd is
in the form of small metal nanoparticles with average size below 2 nm [7]. A part of Pd
cation is coordinated to oxygen neighbours in the nearest coordination shell and Pd neigh-
bours in more distant coordination shells, at the distances characteristic for Pd oxide spe-
cies [7-13]. During the catalytic reaction, the average local structure around Pd cations
was changed. The coordination number of Pd neighbours in more distant coordination
shells in the metal FCC structure was significantly increased, indicating that the average
size of Pd metal nanoparticles was increased, and the coordination numbers of oxygen
and Pd neighbours of Pd oxide species was significantly decreased and shifted to lower
distances, indicating the formation of smaller Pd oxide nanoparticles.

For quantitative Pd EXAFS analysis of the two spectra of bimetallic (Cu,Pd)/ALl:Os
catalyst, which exhibit significantly different local structure around Pd cations compared
to the monometallic catalyst, a different FEFF model had to be constructed, comprising
three single scattering paths, one belonging to oxygen neighbours at the distance charac-
teristic for the nearest oxygen coordination shell in Pd oxide and two belonging to Pd and
Cu neighbours at the distance characteristic for the nearest Pd and Cu coordination shell
around Pd atoms in the PdCu alloy nanoparticle structure [13]. Three variable parameters
were introduced in the model for each scattering path: the coordination number (N), the
distance (R), and the Debye-Waller factor (02). A common shift of energy origin AEo was
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allowed to vary while the amplitude-reduction factor Se> was kept fixed at the value of
0.87.

The Pd EXAFS results show that bimetallic (Cu,Pd)/AlL2O; catalyst contains predom-
inantly PdCu metal alloy nanoparticles with an average size below 2 nm and a small
amount of Pd oxide species. Two Cu neighbours at the distance of 2.58 A and seven Pd
neighbours at the distance of 2.70 A were found in the prepared sample. The Pd-Cu and
Pd-Pd distances are in perfect agreement with those reported for the PACu metal nano-
particles [16]. A small part of Pd cation was coordinated to oxygen neighbours in the near-
est coordination shell at the distance characteristic for Pd oxide species [7,12]. In the bi-
metallic sample measured after the catalytic reaction, the average coordination numbers
of Cu and Pd neighbours were increased, indicating that average size of PdCu metal na-
noparticles was increased.

The Cu K-edge EXAFS analysis of the bimetallic (Cu,Pd)/ALQO:s catalyst showed that
Cu cations are present in a mixture of Cu metal nanoparticles with FCC crystal structure
and Cu oxide/hydroxide species. The Pd EXAFS analysis of the bimetallic (Cu,Pd)/ALOs
catalysts shows that the catalyst contains also PdCu metal alloy nanoparticles. The bime-
tallic catalyst contains in total two times more Cu than Pd cations. The relative amount of
Cu cations incorporated in the PdCu metal nanoparticles was too small to be detected by
Cu EXAFS analysis. We checked for the presence of Cu-Pd neighbours also in the Cu EX-
AFS spectra, but that signal was below the detection limit.
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5 -

FT magnitude (arb. units)

R (A)

Figure S8. Fourier transform magnitude of k® weighted Pd K-edge EXAFS spectra of the Pd/ALOs,
and (Cu,Pd)/Al2Os catalyst measured in the initial state of the fresh catalysts and in the final state
after catalytic reaction, calculated in the k range of 3 ~12A-1. Experiment — (solid line); best fit EXAFS
model calculated in the R range of 1.2-5.0 A for Pd/Al2Os samples and 1.1-3.0 A for (Cu,Pd)/AL:Os
samples - (dashed line). Spectra are shifted vertically for clarity.
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Table S2. Parameters of the nearest coordination shells around Cu cations in the Cu/Al0s,
(Cu,Rh)/ALOs, and (Cu,Pd)/Al2Os catalyst measured in the initial state of the fresh catalysts and in
the final state after catalytic reaction: average number of neighbour atoms (N), distance (R), and
Debye—Waller factor (02). Uncertainty of the last digit is given in parentheses. The best fit is obtained
with the amplitude reduction factor So?> = 0.85, and the shift of the energy origin AEo. of -1 eV + 2eV.
R-factor (quality of fit parameter) is listed in the last column.

Cu neigh. N RIA] 02 [A7] R-factor
Cu/AlL:O:s - fresh
O 3.2(4) 2.00(1) 0.008(1)
(©) 2.7(5) 2.50(3) 0.008(1)
Cu 8(3) 3.13(2) 0.015 (3)
Al 2.0(8) 3.17(2) 0.003(1) 00060
Cu 8(2) 3.36(2) 0.015(3)
Cu 2(1) 3.94(5) 0.015 (3)
Cu neigh. N RI[A] 02[A2] R-factor
Cu/AlL:QOs - used
(©) 3.8(9) 2.00(1) 0.008(1)
(©) 2.09) 2.51(3) 0.008(1)
Cu 8(2) 3.09(2) 0.015 (3)
Al 1.0(6) 3.07(5) 0.003(1) 0.0061
Cu 8(2) 3.36(2) 0.015(3)
Cu 2(1) 3.97(4) 0.015 (3)
Cu neigh. N RIA] 02 [A7] R-factor
(Cu,Rh)/AlL20:s - fresh
(@) 3.4(5) 2.00(1) 0.008(1)
(@) 2.2(9) 2.50(1) 0.008(1)
Cu 8(2) 3.15(2) 0.015 (3) 0.014
Al 1.6(8) 3.17(5) 0.003(1)
Cu 8(2) 3.37(2) 0.015(3)
Cu 2(1) 3.97(4) 0.015 (3)
Cu neigh. N RIA] o2 [A2] R-factor
(Cu,Rh)/AL2:0s - used
Cu metal
1.2(6)

activation of
the catalysts in

Cu 10% Ho/He 2.51(1) 0.012(1)
stream at
340°C 0.012
Cu 0.2(1) 3.65(2) 0.020(2)
Cu 7(3) 4.47(2) 0.020(2)
Cu 3(2) 5.16(2) 0.020(2)
Cu oxide
O 3.0(5) 1.95(1) 0.008(1)

o) 3.4(5) 2.54(1) 0.008(1)
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Cu 0.6(4) 3.02(2) 0.009(3)
Cu 1.1(1) 3.31(2) 0.009(3)
Cu neigh. N RI[A] 02[A2] R-factor
(Cu,Pd)/Al20:s - fresh
Cu metal
1.2(5)
activation of
the catalysts in
Cu 10% Ha/He 2.54(1) 0.006(1)
stream at
340°C
Cu 1.2(5) 3.65(2) 0.017(2) 0.0063
Cu 6(3) 4.47(2) 0.017(2)
Cu 4(2) 5.16(2) 0.017(2)
Cu oxide
O 2.0(5) 1.93(1) 0.010(1)
O 1.2(5) 2.50(1) 0.010(1)
Cu 0.2(4) 2.94(2) 0.009(3)
Cu 2(1) 3.57(2) 0.009(3)
Cu neigh. N RIA] 02 [A7] R-factor
(Cu,Pd)/Al203- used
Cu metal
1.2(5)
activation of
the catalysts in
Cu 10% Ha/He 2.62(1) 0.012(1)
stream at
340°C
Cu 3.6(5) 3.65(2) 0.019(2) 0.0079
Cu 5(3) 4.47(2) 0.019(2)
Cu 2(1) 5.16(2) 0.019(2)
Cu oxide
O 2.4(5) 1.93(1) 0.006(1)
O 3.4(5) 2.49(1) 0.010(1)
Cu 0.9(5) 2.90(2) 0.009(3)
Cu 0.9(5) 3.46(2) 0.009(3)
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Table S3. Relative amount of metallic Rh and Rh oxide compounds in the Rh/AlOs; and
(Cu,Rh)/ALQO:s catalyst, measured in the initial state of the fresh catalysts and in the final state after
catalytic reaction, obtained by LCF. Uncertainty of relative amounts is +/-3%.

Samples Rh oxide Rh metal
Rh/ALO:s fresh 90% 10%
Rh/ALOs used 71% 29%

(Cu,Rh)/ALOs fresh 85% 15%
(Cu,Rh)/ALOs used 60% 40%

Table S4. Parameters of the nearest coordination shells around Rh cations in the Rh/Al2Os and
(Cu,Rh)/ALO:s catalyst measured in the initial state of the fresh catalysts and in the final state after
catalytic reaction: average number of neighbour atoms (N), distance (R), and Debye-Waller factor
(0?). Uncertainty of the last digit is given in parentheses. The best fit is obtained with the amplitude
reduction factor S0>=0.95, and the shift of the energy origin AE. of 1 eV +1 eV. R-factor (quality of fit
parameter) is listed in the last column.

Rh neigh. N RIA] o2 [A?] R-factor
Rh/AL:Os- fresh
Rh oxide
3.6(9)
e catlyts 00067
O 10% Ho/He 2.03(1) 0.003(1)
stream at
340°C
Rh metal
Rh 0.6(2) 2.65(3) 0.004(2)
Rh neigh. N RIA] 02 [A7] R-factor
Rh/AL:Os- used
Rh oxide
3.0(5)
e eatalyots 00038
(@) 10% Ho/He 2.02(2) 0.005(2)
stream at
340°C
Rh metal
Rh 1.8(2) 2.71(2) 0.005(2)
Rh neigh. N RIA] 02[A?] R-factor
(Cu,Rh)/AlL20s- fresh
Rh oxide
4.0 (9) 0.0041
O activation of 2.02(2) 0.009(1)

the catalysts in
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10% H2/He
stream at
340°C
Rh metal
Rh 1.3(2) 2.69(2) 0.003(2)
Rh neigh. N RI[A] o2 [A?] R-factor
(Cu,Rh)/AL:Os- used
Rh oxide
2.5 (6)
activation of
the catalysts in 0.0019
(@) 10% Ho/He 2.04(2) 0.009(3)
stream at
340°C
Rh metal
Rh 5.4(5) 2.67(2) 0.010(2)




Catalysts 2024, 14, 255 21 of 23

Table S5. Parameters of the nearest coordination shells around Pd cations in the Pd/Al2Os and
(Cu,Pd)/AL20s catalyst measured in the initial state of the fresh catalysts and in the final state after
catalytic reaction: average number of neighbour atoms (N), distance (R), and Debye-Waller factor
(0?). Uncertainty of the last digit is given in parentheses. The best fit is obtained with the amplitude
reduction factor So?=0.87, and the shift of the energy origin AE. of 1 eV +3 eV. R-factor (quality of fit
parameter) is listed in the last column.

Pd neigh. N RI[A] o2 [A2] R-factor
Pd/Al:0s- fresh

Pd metal

7(1) activation
of the catalysts

Pd in 10% H2/He 2.69(1) 0.009(1)
stream at
340°C
Pd 2(1) 3.87(2) 0.012(1)
Pd 7(3) 4.74(2) 0.012(1) 0.0085
Pd 5(3) 5.47(2) 0.012(1)
Pd oxide
O 1.0(5) 1.81(3) 0.005(2)
O 3(1) 2.51(3) 0.005(2)
Pd 3(2) 3.39(3) 0.006(1)
Pd 6(1) 3.62(3) 0.006(1)
Pd neigh. N RI[A] 02[A2] R-factor
Pd/Al20s- used
Pd metal
7.6(3)
activation of
the catalysts in
Pd 10% Ha/He 2.74(1) 0.008(1)
stream at
340°C 0.0085
Pd 2(1) 3.90(2) 0.012(1)
Pd 12(4) 4.77(2) 0.012(1)
Pd 7(3) 5.51(2) 0.012(1)
Pd oxide
O 1.6(5) 2.04(3) 0.005(2)
Pd 0.7(4) 2.98(3) 0.008(4)
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Pd neigh. N RIA] 02[A2] R-factor
(Cu,Pd)/Al20:s - fresh
PdCu metal alloy
2.2(7)
activation of
the catalysts in
Cu 0%, HZ/He 2.58(1) 0.003(1)
0.0088
stream at
340°C
Pd 7(3) 2.70(3) 0.002(1)
Pd oxide
O 0.7(3) 1.98(3) 0.002(2)
Pd neigh. N RIA] 02 [A7] R-factor
(Cu,Pd)/AlL20s - used
PdCu metal alloy
3.1(7)
activation of
the catalysts in
Cu 10% HZ/He 2.56(3) 0.003(1)
0.013
stream at
340°C
Pd 8(3) 2.67(3) 0.002(1)
Pd oxide
O 1.0(3) 2.00(3) 0.002(2)
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