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Abstract—Palladium-based materials, including nanoparticles, are widely used in the petrochemical, phar-
maceutical, automotive, and other industries. The hydride, carbide, and oxide phases of palladium formed
during the hydrogenation or oxidation reactions of hydrocarbons significantly affect the catalytic properties
of the catalyst. Based on theoretical calculations performed by the density functional theory (DFT) method,
the effect of Pd—Pd interatomic distances and the presence of carbon atoms occupying octahedral voids in
the fcc lattice of palladium on the vibrational frequencies of adsorbed hydrocarbons represented by ethylidene
is shown. Theoretical research is supported by experimental data of infrared (IR) diffuse reflectance Fourier-
transform spectroscopy (DRIFTS) collected in situ during the formation of carbide and hydride phases of
palladium in commercial Pd/Al,O5; nanocatalyst under the influence of ethylene and hydrogen. The pro-
posed approach can be used to develop new methods for IR spectra analysis leading to the quantitative diag-
nostics of structural changes in palladium during various catalytic reactions in the in situ mode.
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INTRODUCTION

Palladium catalysts, including supported palla-
dium nanoparticles, are widely used in many industri-
ally relevant reactions, such as hydrogenation [1—4],
dehydrogenation [5, 6], selective oxidation [2, 7, 8],
selective hydrogenation [9, 10], combustion [11—14].
Many works indicate the formation of palladium
hydrides, carbides, and oxides in addition to the initial
metal phase in the presence of a reactive substrate,
which affects the catalytic properties of materials [3, 4,
8, 9, 15—17]. The formation of these phases can be
observed both by surface-sensitive methods, for exam-
ple, X-ray photoelectron spectroscopy (XPS) [4, 18],
and by volume-sensitive methods that track the
change in the electronic state of palladium directly, for
example, X-ray absorption near-edge structure
(XANES) spectroscopy [15, 16, 19, 20], or indirectly,
through observation of the expansion of the face-cen-
tered cubic (fcc) lattice of palladium from the extended
X-ray absorption fine structure (EXAFS) spectra [ 15, 20,
21] or X-ray diffraction [15, 20]. However, the above
methods require, especially in the in situ mode, the use
of a synchrotron radiation source, which is signifi-

Abbreviations and notation: IR, infrared; FTIR, Fourier-trans-
form IR spectroscopy; DRIFTS, diffuse reflectance infrared
Fourier-transform spectroscopy; DFT, density functional the-
ory; fcc, face-centered cubic (lattice); XPS, X-ray photoelec-
tron spectroscopy; XANES, X-ray absorption near-edge struc-
ture; EXAFS, extended X-ray absorption fine structure.
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cantly more expensive compared with, for example,
infrared (IR) spectroscopy.

Among the laboratory methods, Fourier-transform
infrared spectroscopy (FTIR) is used to study the
active sites of catalysts by means of probe molecules.
This method is sensitive to the vibrations of molecules
adsorbed on the catalyst surface [22]. Carbon monox-
ide (CO) is often used as a molecular probe, in which
the vibrational frequency of the C—O bond depends
on the charge state of the metal, the type of surface,
and the adsorption geometry [20]. Nevertheless, in the
available literature, no attempts have been made to
distinguish in situ, based on FTIR data, the initial
metal phase of palladium and hydrides and carbides
coexisting and formed during the reaction. Since the
charge state of palladium is known to affect the cata-
lyst’s activity [23], and different oxidation states (for
example, Pd® and Pd?*) can be easily distinguished
from the vibrational frequency of adsorbed CO [24,
25], it is worth emphasizing that in the hydride and
carbide phases, palladium remains in the Pd° state
(only partial charge transfer, |8| < 1, takes place). It
should also be noted that the use of CO as a probe
molecule under the reaction conditions can affect the
behavior of the material, since the presence of an addi-
tional reactive molecule and its adsorption on the
active sites of the metal phase can affect the course of
the catalytic reaction. In view of the latter, the use of
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intermediate reaction products formed during the cat-
alytic process on the catalyst’s surface as probe mole-
cules looks very promising. For example, in the course
of various hydrogenation/dehydrogenation reactions,
the adsorption of hydrocarbons, which are good can-
didates for probe molecules, is expected on the palla-
dium surface. While many works are devoted to the
studying the evolution of hydrocarbons on the surface
of noble metals [26—28], much less attention is paid to
the study of phase transitions in palladium based on
the analysis of the vibrational spectra of adsorbed
hydrocarbons.

To develop a method for the quantitative descrip-
tion of the electronic subsystem of palladium using
laboratory FTIR data, experimental measurements
were carried out in situ using diffuse reflectance infra-
red Fourier-transform spectroscopy (DRIFTS)
during the formation of hydride and carbide phases in
palladium nanoparticles deposited on aluminum
oxide under the influence of gas mixtures of carbon
monoxide, hydrogen, and ethylene. The obtained
experimental results were supported by calculations
using the density functional theory method, reflecting
the effect on the vibrational spectra of ethylidene
adsorbed on the Pd(111) surface, the lattice parame-
ters of fcc palladium, and the impurities of the palla-
dium carbide phase.

MATERIALS AND METHODS

Materials, studied in this work, are palladium
nanoparticles deposited on an aluminum oxide sub-
strate (Pd/Al,O5). Samples were provided by Chimet
S.p.A. (Arezzo, Italy) [29]. The mass content of palla-
dium in the samples was 5%. The average size of
nanoparticles, according to transmission electron
microscopy, was 2.6 nm with a standard deviation of
0.4 nm [20, 21].

Experimental DRIFTS spectra were recorded on a
Vertex 70 spectrometer (Bruker, Germany) with a cad-
mium mercury telluride detector. Measurements were
performed with a resolution of 1 cm™!, 64 scans per
point, and automatically converted to absorption units
by the Kubelka-Munk function. An original Python3
script was written to automatically normalize the spec-
tra by area and subtract a spectrum of metal nanopar-
ticles taken immediately after activation (vide infra). In
situ data were obtained using the commercial in situ
high temperature DRIFTS cell (Harrick Scientific
Products Inc., USA) (see e.g., [20, 30]).

Sample activation was carried out in a hydrogen
atmosphere at 125°C for a one hour. The sample was
then cooled to the room temperature and kept in an
inert medium. Under such conditions, the reference
spectrum of the metal phase of palladium nanoparti-
cles was recorded, which was subsequently used as a
background. C,H, was then sent through the sample
while continuously recording IR spectra. The tech-
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nique for obtaining experimental data and the experi-
mental conditions are described in more detail in [20].

Experimental data in the presence of CO were
obtained for a fresh sample after a similar activation
procedure. In this case, the DRIFTS spectra of an
activated sample cooled down to 30°C were recorded
in H,/He flow with the addition of 1% CO at various
hydrogen concentrations.

Density functional theory (DFT) calculations were
carried out within the generalized gradient approxi-
mation (GGA) [31] implemented in the VASP code
[32, 33]. The Perdew—Burke-Ernzerhof (PBE)
exchange-correlation functional [34, 35] was used
together with the projector augmented wave method
(PAW) applied to approximate 1s electrons of carbon
and ls to 4p electrons of palladium atoms. Brillouin
zone was sampled using Monkhorst—Pack grid [36,
37], which makes it possible to choose the number of
k-points k,, k,, k5 in accordance with each b; vector in
the reciprocal space. A supercell of 45 palladium
atoms was chosen, with five (111) layers of fcc palla-
dium Iattice. The cell was considered periodic along
the x and y directions and had an additional 10 A of
vacuum along the z-axis to reconstruct the surface
model. Although such a model of the Pd(111) surface
did not reflect the real, more complex, surface struc-
ture of the nanoparticle, as shown below, it was suffi-
cient to reproduce the experimental trends with mod-
erate requirements for computing resources, corre-
sponding to one adsorption site. In addition, it is also
worth noting that other factors such as substrate, cov-
erage, and temperature effects, which were not
included in the model and discussed below, were not
necessary to achieve the agreement between theoreti-
cal and experimental trends. A 9 X 9 X 1 grid of
k-points and a cutoff energy of 500 eV (ENCUT
parameter) were used based on the test calculations
made to determine the dependence of the free energy
on these parameters. To model the carbide impurities,
carbon atoms were added to the centers of octahedral
interstates in the fcc lattice of palladium. Ethylidene
molecules (C—CH;) were placed at the centers of tri-
angles at (111) surface (hollow adsorption geometry).
The vibrational frequencies were calculated using the
Hessian matrix (the matrix of the second derivatives of
the total energy with respect to the ion coordinates)
using the density functional perturbation theory with-
out symmetry restrictions. For each calculation, pre-
liminary geometric relaxation was carried out by the
conjugate gradient method [38, 39], and only the
coordinates of atoms of adsorbed molecules were opti-
mized, while the atoms of the palladium lattice and
carbon atoms in the interstitial sites were fixed accord-
ing to the known from the experimental data [40].
Cycles of optimization of the ionic and electronic sub-
systems (parameters EDIFFG and EDIFF) were car-
ried out with convergence conditions of 107> and 10~
eV, respectively.
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Fig. 1. Experimental DRIFTS spectra of a pre-activated Pd/Al,O5 sample in the range of C—O bond vibration, measured in the
absence of hydrogen (solid black curve) and at hydrogen partial pressures of 20 (dashed blue) and 900 (red dots) mbar. The des-
ignations of peaks known from the literature are indicated and the shifts of their positions are highlighted.

RESULTS

The Effect of Palladium Hydride Formation
on the Vibration Frequency of C—O Bond

CO is one of the most frequently used probe mole-
cules for studying surfaces and active centers of cata-
lysts by IR spectroscopy. In particular, it is possible to
distinguish the types of surfaces and charge states of
the metal, as well as the geometries of CO molecule
adsorption based on the vibrational frequency of the
C—O bond [27, 41—43]. In this section, we study a
more subtle effect: the influence of hydrogen impuri-
ties in the palladium structure on the exact position of
the vibrational frequency of the C—O bond of CO
molecules adsorbed on the surface of palladium
nanoparticles.

Palladium is known for its ability to absorb hydro-
gen, that dissociates on its surface, after which the
formed atomic hydrogen predominantly occupies the
octahedral interstitial sites of a fcc lattice of palladium.
This effect is observed for both bulk and nanosized
palladium samples [44, 45]. The hydride phase
formed in palladium nanoparticles affects the catalytic
properties of the material due to the changes in its
electronic subsystem after the introduction of hydro-
gen [5, 9, 18, 46]. It is natural to expect that the fine
structure of the DRIFTS spectra, in particular, the
shape of the peaks and their exact positions, should
also change.

Figure 1 shows a part of DRIFTS spectrum corre-
sponding to the range of C—O bond stretch of a carbon
monoxide molecule adsorbed on a palladium surface.
The spectra were obtained at various partial pressures
of hydrogen and a constant total pressure of the
CO/H,/He gas mixture acting on the sample. The
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spectrum of the sample recorded immediately after
Pd/Al,0; activation was used as the subtracted back-
ground.

A simple comparison of the spectra indicates a
change in the vibrational characteristics of adsorbed
CO molecules upon formation of palladium hydride
phase with respect to the initial metal phase. Out of the
three peaks, associated with the three types of CO
adsorption on the surface of palladium (On Top,
Bridge, and Hollow, Figs. 2a—2c), On Top experience
the least significant shift, while the other two are sig-
nificantly red-shifted. On the other hand, the intensity
of the Bridge and Hollow peaks noticeably falls, while
that of On Top almost does not change.

The Influence of Palladium Carbide Formation
on the Frequency of C—C Bonds

In a number of previous works, we reported the for-
mation of palladium carbide in palladium nanoparti-
cles even at close to the room temperatures due to
interaction with the gas phase of acetylene [47, 48],
ethylene [15, 20], and their mixtures with hydrogen
[16, 49]. Upon adsorption of these hydrocarbons on
palladium particles, formation of various carbon con-
taining species and molecular fragments is possible
[6, 20]. Based on the results gained from X-ray based
bulk-sensitive techniques, that usually require the use
of synchrotron radiation, palladium carbide was
regarded as an interesting case for studying by
DRIFTS methods in laboratory conditions. This
motivated us to investigate the effect of carbide phase
formation on the vibration frequencies of hydrocarbon
molecules adsorbed on the palladium surface.
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Fig. 2. Schematic representation of the adsorbed molecules considered: CO molecule in On Top (a), Bridge (b) and Hollow (c)
configurations and an ethylidene molecule (d) adsorbed in the Hollow position.

We considered the adsorbed ethylidene (Fig. 2d),
which can be formed on the catalyst upon exposure to
ethylene (for example, in the reaction of ethylene
hydrogenation). It should be noted that, unlike the
case when carbon monoxide is added as a probe
molecule, ethylidene is a natural part of a system.
Ethylene, on the one hand, reacts with palladium
nanoparticles to form an impurity carbide phase, and,
on the other hand, forms intermediate structures on
the catalyst surface, including ethylidene, which
themselves can act as probe molecules. Figures 3 and
4 illustrate the effect of two factors considered in DFT
simulation on the vibrational frequencies of the
adsorbed molecules. The first one is associated with
the lattice parameter of palladium, which changes due
to the presence of the carbide phase [15, 20], to simu-
late the contribution of which a series of calculations
were carried out with varying interplanar spacings
along the (111) direction. Thus, the parameters of the
triangle into whose center ethylidene is adsorbed (the
adsorption geometry is Hollow) did not change. Nev-
ertheless, a clear trend was observed in the vibrational
frequencies of both C—C and C—H bonds, and in the
“umbrella” mode of the methyl group, with the C—C
bond length being roughly constant (Fig. 3).

At the next stage, the influence of the second factor
was considered. Carbon atoms were placed in the
octahedral interstitial sites of the fcc lattice without
changing the lattice parameter. The positions of palla-
dium atoms were not optimized both in the process of
geometric optimization of adsorbed molecules and
during the calculations of vibrational spectra. Obvi-
ously, the addition of even small impurities of carbon
atoms leads to a strong shift in the characteristic vibra-
tional frequencies of ethylidene molecules (Fig. 4),
which is much larger than that observed for different
lattice parameters.

The effect of carbon incorporation into the palla-
dium lattice on the adsorption energy of ethylidene
can be estimated from the difference between the
energy of the system without adsorbed ethylidene and
the energy of the complete system as a function of the
number of incorporated carbon atoms (Fig. 5a). This
strategy makes it possible to exclude the interaction
energy of the intercalated carbon and palladium when
considering the results of single-point calculations for

these structures; however, the resulting energy is not
the adsorption energy, since it includes the energy of
adsorbed ethylidene. Thus, it is not the absolute values
that matter, but the relative changes in energy as a
function of the number of carbon atoms embedded in
the palladium lattice. It can be concluded that the
introduction of carbon makes the adsorption of
ethylidene more energetically favorable, which coin-
cides with the results of numerical DFT modeling of
carbon monoxide adsorption using other models [50].
The influence of the change in the geometric charac-
teristics of the considered supercell on the energy of
the entire system suggests that, within the considered
model, interatomic distances Rpy_p4 are larger than in
the crystal structure (Fig. 5b), which indicates the
adequacy of the model and the correlation of the
results with similar calculations using other function-
als and structural models [25, 43, 51, 52].

To confirm the above theoretical results, an in situ
DRIFTS experiment was carried out with a commer-
cial Pd/Al,O; catalyst. Continuous exposure to eth-
ylene at room temperature resulted in a gradual transi-
tion from the original metal phase of the activated cat-
alyst to the carbide phase. The spectrum of the
activated sample taken before the catalyst was exposed
to ethylene was used as a background. Figure 6 shows
two regions of the DRIFTS spectrum after normaliza-
tion and background subtraction. It is worth noting
that data interpretation is hindered by (i) the strong
contribution of the ethylene gas phase to the spectrum
and (ii) the presence of many possible intermediate
products formed in the process of ethylene adsorption
on the palladium surface, the frequencies of which are
especially overlapped in the region of C—H vibrations.
In this case, the gas phase of ethylene dominates in the
frequency range below 1100 cm~'. In the range of
1400—1300 cm~', where the “umbrella” mode of the
ethylidene methyl group is expected, the red-shift of
the most intense peak is observed. The red-shift is in
agreement with theoretical calculations, and the
weakening of a peak with a lower frequency with an
increase in the intensity of a new peak with a higher
wave number is in agreement with the well-known
property of palladium to exist in different phases with
different lattice parameters at different concentrations
of impurities. This behavior has been studied espe-
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Fig. 6. Background subtracted experimental DRIFTS spectra in the region of C—H (a) and C—C (b) vibrations, measured after
5 (black), 10 (red), and 30 (green) minutes of exposure to ethylene flow of the activated Pd/Al,O5 catalyst.

cially well for palladium hydrides, but carbide struc-
tures also exhibit similar properties [46].

It should be noted that the formation of the carbide
phase of palladium under the action of ethylene on the
catalyst may be accompanied by the formation of the
hydride phase. Nevertheless, the available literature
data suggests that the former is dominant, and the the-
oretical calculations performed earlier allow us to
expect the addition of the two contributions to the
experimentally observed red-shift [15, 20].

Comparison of the absolute values of the frequen-
cies obtained from DFT simulations and those deter-
mined experimentally, indicates a discrepancy

between the initial positions of the peaks, which can
reach 50 cm™! [20, 25]. This can be due to the neglect-
ing of the influence of the substrate and the adsorbate-
adsorbate interaction as a function of the coverage [43,
51]. The adequacy of choice of the functional for
describing such an interaction [52] should be noted, as
well as the correlation of the obtained results with the
calculations, where the nanoparticle model is a cluster
[25, 43], and also that the structural model discussed
in this paper contains periodic boundary conditions
along the x and y axes and, accordingly, includes inter-
actions of adsorbates at positions equivalent with
respect to translations along x and y (in contrast to
KINETICS AND CATALYSIS  Vol. 64
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cluster models), corresponding to a low coverage.
Thus, the calculation model used is simplified, but
sufficient to reproduce the observed experimental
trends.

DISCUSSION

Expanding the capabilities of vibrational spectros-
copy is of considerable interest, especially in the field
of developing quantitative approaches for in sifu char-
acterization of catalysts. Most of the studies are
devoted to the search for relationships between the IR
spectra of adsorbed CO molecules and the structural
parameters of noble metal nanoparticles. Thus, in [53]
an analysis of the morphology of the surface of a plat-
inum catalyst was carried out using IR spectra, and in
[54] the correlation between the vibrational frequen-
cies of CO and the coordination numbers of Pt active
sites was considered. In the present work, we explore
the possibility to characterize the electronic structure
of supported palladium catalysts.

As shown by the example of the shift in the vibra-
tional frequency of the C—O bond during CO adsorp-
tion on the surface of pure metal particles and palla-
dium hydride, DRIFTS spectroscopy can provide
information on minor changes in the electronic sub-
structure of palladium during the formation of the
hydride phase. It is known that hydrogen in the palla-
dium lattice is in an ionized state [55], which is consis-
tent with the observed red shift in the frequency of
C-O vibrations of carbon monoxide.

The second example demonstrates an interesting
case of time evolution of the vibrational properties of
one of the intermediates of the reaction, which, in
turn, can be used to describe the evolution of the cat-
alyst’s structure without adding a probe molecule to
the system. It should be noted that, in both the metal
and carbide phases, palladium atoms remain in the
Pd° state, and the maximum C : Pd ratio does not rise
above 0.13 even at higher temperatures [21]. There-
fore, it is much more difficult to detect such small
changes than to distinguish, for example, between
Pd?** and Pd° using probe molecules. In this regard,
other methods sensitive to the palladium carbide
phase deserve mention. In particular, in a number of
works, one can find cases of using XPS to determine
the PdC phase in a palladium catalyst under the influ-
ence of hydrocarbons [4, 9, 18, 56]. The incorporation
of carbon into the subsurface layers of palladium leads
to the appearance of an additional peak in the Pd 3d;,
spectrum, which is higher by 0.6 €V relative to the peak
of the metal phase. Although much progress has been
made in the field of in situ XPS application at pressures
up to tens of mbar [57], this method is still not widely
used. It is also known that Pd K-edge EXAFS and
XANES spectra can distinguish between hydride and
carbide phases of the Pd° catalyst [15, 20, 21]. How-
ever, the tiny spectral changes require the use of first-
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principles modeling or machine learning methods to
extract information about the states of PdC and PdH
[58—61]. Significantly more information could be
provided by similar measurements of the L- and
M-edges of Pd, as well as the Fourier analysis of
EXAFS up to the third coordination shell, but in the
first case, the experiment is complicated by utilization
of soft X-ray radiation. Like XANES and XPS, the
DRIFTS spectra are sensitive to the evolution of the
electronic subsystem of palladium, which makes it
possible to study the relationship between small shifts
in the vibrational frequencies of adsorbates and the
structural parameters of nanoparticles. However, we
did not find any reports of such influence of the for-
mation of carbide or hydride phases on the shift of
vibrational modes.

The results presented in this work allow us to speak
about the relationship between the structural parame-
ters of palladium nanoparticles, which undergo
changes due to the formation of new phases, and the
fine structure of the vibrational spectra of adsorbed
molecules. Therefore, vibrational spectroscopies that
are sensitive to probe molecules or even intermediates,
such as the FTIR, can act as in situ methods for char-
acterization of the electronic structure of catalysts
under reaction conditions when it is difficult to use
other methods that are more difficult to implement. It
should be noted that in the context of the considered
FTIR, we are talking about the use of the latter as a
quantitative, and not just a qualitative tool, as opposed
to the traditional approach based on the “fingerprint”
method. It is extremely important to use the vibra-
tional modes of one of the compounds adsorbed in the
course of the reaction as a probe of the electronic
structure, which makes it possible to exclude the addi-
tion of probe molecules that can affect the ongoing
processes.

Based on the experimental and theoretical results
obtained in this work, we can conclude that the
extraction of quantitative data from IR spectra, such as
the concentration of a carbide impurity in palladium,
is potentially possible, however, it is complicated by
many factors, among which should be mentioned
temperature effects, competitive adsorption, coverage
effects and many more. Thus, it is necessary to carry
out experimental studies of well-known systems under
model conditions in order to reveal more accurate
dependences of the structure—spectrum type.

CONCLUSION

We have found the influence of carbide and
hydride impurities in the bulk of the palladium lattice
on the vibrational modes corresponding to hydrocar-
bon and CO molecules adsorbed on its surface. This
was established by theoretical DFT calculations and
confirmed by DRIFTS experiments. Based on the
conducted research, the following important conclu-
sions can be drawn:
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(1) small changes in peak positions in vibrational
spectra can and should be analyzed to obtain addi-
tional information about the atomic and electronic
structure of the catalyst;

(2) reactants are able to act as probe molecules by
themselves.

The found dependencies serve as the basis for a
quantitative approach to the analysis of IR spectra,
which opens new possibilities for monitoring the for-
mation of palladium carbides and hydrides in the
course of reactions.
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