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Report:

Palladium nanoparticles are extensively used in catalysis, in particular, for the hydrogenation
of unsaturated hydrocarbons. Under reaction condition palladium catalyst may undergo a
transition to its hydride or carbide phases, which change dramatically the catalytic properties
of the material. The aim of this experiment was to investigate the relationship between the
structure and catalytic properties of the palladium nanoparticles supported on carbon in a model
reaction of ethylene to ethane hydrogenation by means of in situ X-ray absorption
spectroscopy. In addition, the five additional shifts which were allocated in the end of the
experiment were focused on the study of the catalytic activity of ruthenium nanoparticles.

I. In situ atomic structure and catalytic properties relationship for the palladium
nanoparticles during ethylene to ethane hydrogenation

The experiment was performed at BM26B beamline. Palladium nanoparticles were loaded
inside the in situ cell shown in Figure 1.1, between two graphite windows allowing us to collect
X-ray absorption spectra in transmission mode. The data collection was performed at Pd K-
edge in the range from 24.15 till 25.15 keV. The input of the cell was connected to a remotely
controlled gas rig of the BM26B, allowing to adjust the gas composition and flow through the
cell. The two main reacting gasses were hydrogen and ethylene, while helium was used as a
carrier inert gas. The output of the cell was connected to the mass spectrometer to control the
resulting gas mixture after the catalytic reaction.



Figure 1.1. In situ cell for XAS measurements.

Being exposed to air, palladium nanoparticles are easily oxidized. Therefore, each time when
the new sample was loaded, we were making pretreatment in hydrogen at 120 °C which reduce
nanoparticles, removing surface oxygen.

After the reduction, the sample was cooled down to 80 °C, the temperature at which all the
catalytic tests were performed. The starting flow of 15 ml/min of hydrogen and 35 ml/min of
helium provided the B-hydride phase of the palladium nanoparticles with interatomic Rpg.pq
distance equal to 2.81 + 0.01 A as determined by single shell Fourier-analysis of EXAFS
spectra. During the following steps the ethylene flow was added stepwise from 0 to 10 ml/min.
At each step EXAFS spectrum was acquired. Mass spectrum was recorded continuously.
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Figure 1.2. Results of the EXAFS analysis during three cycles of the catalytic reaction.



The results of the single-shell Fourier analysis are presented in Figure 1.2. It can be seen that
starting from the ethylene flow of 3 ml/min we observed decreasing of Rpq.pq distance down to
2.75+0.01 A. This decrease is caused by the fact that a catalytic reaction of ethylene to ethane
hydrogenation leads to a consumption of hydrogen lowering the partial hydrogen pressure and
leading to the decomposition of the B-phase. The next cycle shows that the B-phase is formed
back almost irreversibly, however its decomposition started at slightly lower ethylene flow.
The next cycle demonstrate even bigger deviation of the Rpq4.pq distance behavior. This indicates
that a fraction of the palladium carbide phase is irreversibly formed, which changes the
thermodynamic of pure Pd-H system. After this cycle the sample was changed to a fresh one.
The corresponding MS data are shown in the Figure 1.3. Three first cycles which have been
discussed in the previous paragraph are represented on abscissa axis from #Cycle = 1000 to
#Cycle = 22000. The #Cycle from 40000 to 48000 correspond to the same catalytic procedure
applied to a fresh loaded sample. Term #Cycle means the number of mass spectrometer internal
cycle which takes iteratively a response of the set of fragments of interest. As the absolute
values of the mass spectrometer cannot be used directly for quantitative analysis due to the drift
of MS, we present the responses of different fragments divided one by another. For example,
the value 30/26 (figure 1.3, red) is close to 1 for pure ethane and is close to O for pure ethylene,
which was tested in the independent experiment with the same mass spectrometer using pure
gasses without a catalyst.
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Figure 1.3. MS data. For quantitative treatment of data, we present not the initial mass
spectrum but signals of the different fragment corresponding to ethylene and ethane divided
one by another. #Cycle means the number of the internal cycle of mass spectrometer.



The most peculiar fact is that despite extremely high catalytic activity which is expected for the
palladium nanoparticles for the reaction of ethylene hydrogenation, at the beginning of each
cycle, when the ethylene flow is low, the conversion of ethylene is smaller than in the end of
the cycle, where the ethylene flow is 10 times higher. As it is known that the ethylene
hydrogenation is either zero or negative order reaction with respect to ethylene, this observation
evidence the role of the catalyst. In particular, one preliminary conclusion is the following: the
pre-hydrogenated catalyst is less performing than the catalyst which is already exposed to the
catalytic mixture; the reason for such phenomena is the carbide phase which is formed in the
palladium nanoparticles.

To confirm this fact the further analysis of XANES region of the spectra will be performed.
This will include principle component analysis of all the spectra and direct calculation of
XANES by FDMNES code. Also, part of the data have not been analyzed yet, which includes
the similar catalytic cycle performed for the catalyst previously exposed to pure ethylene. This
was done to test, how the pre-carbided catalyst would behave in comparison with pre-
hydrogenated one.

Inaddition, based on the data collected during previous beamtimes, we have recently completed
a manuscript entitled: “Core-shell structure of palladium hydride nanoparticles revealed by
combined X-ray absorption spectroscopy and X-ray diffraction”, which is currently under
consideration in the Journal of Physical Chemistry C. The abstract of the manuscript is given
below:

We studied in situ 2.6 nm palladium nanoparticles supported on active carbon during the
process of hydride phase formation. A core-shell structure was highlighted in the single-
component particles on the basis of a different atomic structure and electronic configurations
in the inner “core” and surface “shell” regions. The atomic structure of these particles was
examined by combined X-ray powder diffraction (XRPD) which is sensitive mainly to a
crystalline core region of the nanoparticles and extended X-ray absorption fine structure
(EXAFS) which reflects the averaged structure of both core and more disordered shell. XRPD
analysis confirms the existence of two well-separated a- and B- hydride phases with
characteristic flat plateau in the phase transition region of the pressure-distance isotherms. In
contrast, interatomic distances obtained from EXAFS exhibit smoother behavior in the phase
transition region, typical for nanostructured palladium. Such difference is explained by distinct
properties of bulk “core” which has crystalline structure and sharp phase transition, and surface
“shell” which is amorphous and absorbs hydrogen gradually without forming distinguishable
a- and B- phases. Combining EXAFS and XRPD we were able to extract the Pd-Pd first-shell
distance in the amorphous shell of the nanoparticles, that is significantly shorter than in the
bulk core. Additionally, we demonstrated the differences in the evolution of the Debye-Waller
parameters obtained from EXAFS and XRPD along the hydride phase formation.



Il. In situ atomic structure and catalytic properties relationship for the ruthenium
nanoparticles during their formation and catalytic reaction of ethanol oxidation

Formation of Ru nanoparticles was observed in situ. We started from the ruthenium cloride
precursor which was heated in 20% O in He leading to the formation RuO; nanoarticles. The
following treatment in hydrogen reduces the nanopartcles to pure Ru ones. This process can be
seen from the evolution of Ru-O and Ru-Ru first-shell contributions to EXAFS (Figure 2.1).
Indeed, after oxidation, we are forming an oxide phase, with a first O shell around 2 A and a
higher Ru shell around 3.5 A. The second Ru shell has only 2 neighbors and is much less
apparent in the figure (small contribution around 3 A).
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Figure 2.1. EXAFS Fourier-transforms for initial sample (dashed black),
after oxidation (red) and after successive reduction (blue).

To estimate the average size of the nanoparticles, the Fourier analysis of EXAFS data was
performed. The k-range from 3 to 12 A! was taken. The amplitude reduction factor for the Ru
foil was determined as 0.75 £+ 0.05. The coordination number for the particles at 180 C after
reduction in Hy is 11 + 0.8, which corresponds to average particle size of ~ 10 nm. These
particles must be outside the zeolite pores. At 180 °C there is no evidence of the formation of
a metal hydrate phase that we observed in the past at lower temperatures for the bupalladium
nanoparticles. This means that in these conditions we have a pure Ru phase.

Figure 2.2top shows the evolution of the Ru K-edge XANES spectra along the oxidation
procedure from RT to 450 °C. The differences are small but well detected (see the black dashed
spectrum) and allows us to estimate the fraction of the oxide (and the complementary of Ru
precursor) along the whole experiment (Figure 2.2bottom).
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Figure 2.2. Top: evolution of the Ru K-edge XANES spectrum along the formation of

ruthenium oxide particles in 20%02/He, ramp from RT to 450 °C. The dashed black

spectrum reports the difference spectrum between the first and the long one of the series.
Bottom: fraction of the oxide phase estimated from linear combination fit of XANES spectra.
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Reduction to Ru metal at 180 °C is complete, see Figure 2.3. Interaction with ammonia
modifies the XANES spectrum, indicating the formation of a ruthenium nitrate phase (Figure
2.4). The successive interaction with the alcohol further modifies the XANES spectrum
indicating the insertion of carbon atoms at the surface the Ru NPs, either replacing nitrogen
and forming a carbide phase or forming a mixed C-N-Ru phases. Again, the changes seem
small in the large scale, but when the difference spectrum is plotted (see black dashed curve)
they become evident.



12

3: 1.0

©

<

S o8}

g :

2 Ru oxide

Q 06 .

© —_— | 3

© o

8 — |5

s = 5 ]

§ / Ru’ = A

[e] 4

Z 02 Ru bare -
0.0 -

N | L 1 X 1 L | !

22050 22100 22150 22200 22250 22300

Energy, eV

Figure 2.3. Formation of ruthenium nanoparticles, reduction in Hy at 180 °C
as function of time followed by Ru K-edge XANES.

The following pictures (2.4 and 2.5) shows the changes in XANES after axposure of the sample
to ammonia (red) and after sending the ammonia through a saturator filled with alcohl (green).
It is obvious then the shaping of the near-egde region of the spectra is different. This difference
may correspond to Ru-N and Ru-C formation on the surface of the catalyst. The further XANES
simulation by FDMNES and FEFF codes are planned to be performed to determine which kind
of surface bonds are present.
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Figure 2.4. Exposure to ammonia at 180 °C, Figure 2.5. Changes observed in the Ru K-edge
followed by Ru K-edge XANES. XANES spectra after sending ammonia through the

alcohol saturator at 180 °C.



