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A B S T R A C T

Palladium-based catalysts are widely applied for the selective hydrogenation of acetylene in acetylene/ethyl-
ene mixtures. Under reaction conditions, palladium hydride or carbide phases can be formed, which change
the catalytic properties of material. In the current work, we focus on the process of carbide phase formation
in supported palladium nanoparticles (NPs) exposed to acetylene and ethylene at 100 °С. The evolution of car-
bide phase was monitored in situ by X-ray absorption near edge structure (XANES) spectroscopy, extended X-ray
absorption fine structure (EXAFS) spectroscopy and X-ray powder diffraction (XRPD). The degree of the lattice
expansion determined by XRPD and EXAFS was extrapolated to obtain the saturated values, which were found
to be similar for ethylene- and acetylene-exposed samples, while the rate of carbide formation was higher in the
case of acetylene.

1. Introduction

The industrially relevant chemical reaction of selective hydrogena-
tion of acetylene to ethylene in acetylene/ethylene mixtures over pal-
ladium catalyst, results in formation of various carbide and hydride
phases at the surface and in the bulk of the catalyst (Borodziński
and Bond, 2006; Bugaev et al., 2018a). There are numerous theoreti-
cal (Carstanjen et al., 1978; Nishijima et al., 2005) and experimental
(Bugaev et al., 2014; Nag, 2001) works on formation of palladium hy-
dride phase. In contrast, palladium carbides are much less studied (Zhao
et al., 2017). Unlike the hydride one, palladium carbide phase is known
to be formed irreversibly (Bugaev et al., 2017a; Tew et al., 2012) or
partially irreversibly (Bugaev et al., 2018a,b), which means that once
formed in the catalyst, palladium carbide will be permanently present
under reaction conditions.

Being associated with palladium lattice expansion, both phases have
been extensively studied by X-ray powder diffraction (XRPD) and X-ray
absorption spectroscopy (XAS). In the recent works, we showed

that the combination of these techniques can highlight the difference
between surface and bulk regions of the nanoparticle (NP) (Bugaev et
al., 2017b, 2018a). In addition, XAS spectroscopy was also shown to be
directly sensitive not only to Pd-Pd bond distances, but also to the pres-
ence of hydrogen atoms in the interstitial states (Bugaev et al., 2013)
and adsorbed hydrocarbon molecules at the surface of the NPs (Bugaev
et al., 2018a).

In the present work, we investigate the progressive palladium car-
bide formation in supported palladium NPs by in situ Pd K-edge X-ray
absorption near edge structure (XANES)(Guda et al., 2018) and ex-
tended X-ray absorption fine structure (EXAFS) spectroscopies, comple-
mented by X-ray powder diffraction (XRPD). The process of carbide for-
mation was initiated by exposure of the catalyst to acetylene and eth-
ylene at 100 °C, and its evolution was monitored over more than three
hours. The obtained results indicate that the rate of carbide formation is
higher in acetylene than in ethylene, while the final structures obtained
after 3h of treatment were similar in both acetylene and ethylene cases.
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2. Materials and methods

2.1. Materials

The experiment was performed on Pd NPs (Chimet S.p.A.) with av-
erage size 2.6±0.4nm supported on carbon (5wt%). The sample has
been already studied in our previous works (Bugaev et al., 2016, 2017b,
2018a).

2.2. Experimental procedure

XAS and XRPD data were collected at the BM31 beamline (van Beek
et al., 2011) of ESRF (Grenoble, France). The measurements were per-
formed in transmission geometry using 2mm glass capillaries filled by
sample powder and connected to a gas flow system. The gas blower lo-
cated under the sample was used to control the temperature.

Prior to exposure to hydrocarbons, the samples were activated in
20mL/min flow of 20% H⁠2/He at 125 °C for 30min and then kept in He
flow to ensure the initial metallic state of Pd. Then, the process of car-
bide formation was induced in two different atmospheres: in the flow of
5% acetylene in helium and in pure ethylene at 100 °C, the total flow
being always 20mL/min.

XRPD and XAS data were measured quasi-simultaneously, starting
from XRPD (2min) followed by XAS (8min). The switch from XRPD
to XAS geometry took less than 30s. XRPD patterns were measured in
Debye-Scherrer geometry using Dexсela CMOS 2D detector and photon
wavelength of 0.51105Å.

XAS spectra were collected in transmission mode at Pd K-edge
(24.35keV) from 24.2 to 25.6keV in the continuous scanning mode. Pd
foil was measured simultaneously using a third ionization chamber for
energy calibration.

2.3. Data analysis

XRPD data were analyzed using Jana2006 code (Petříček et al.,
2014), which allowed obtaining the changes of the cell parameter dur-
ing carbide formation in comparison with metallic Pd NPs. The amor-
phous carbon support without Pd NPs was measured to subtract its con-
tribution to diffuse scattering from XRPD patterns. All patterns were re-
fined using two phases with different cell parameters (corresponding to
metallic palladium and palladium carbide). Lorentz functions was used
to fit the peak shape.

Normalization of XAS spectra for XANES analysis, background sub-
tractions and first-shell Fourier-analysis of EXAFS spectra, were per-
formed using Athena and Artemis codes of Demeter package (Ravel and
Newville, 2005) with parameters reported in the Supporting Informa-
tion. XANES spectra were fitted by linear combination analysis (LCA)
taking the spectrum of the initial metallic Pd NPs and an average of 10
spectra after continuous exposure to acetylene as two basis vectors for
LCA.

3. Results and discussion

Upon exposure to acetylene or ethylene, immediate changes indica-
tive to carbide formation were observed in the experimental data. In
XANES spectra, a broadening of the first maximum towards higher ener-
gies is observed, which is characteristic for palladium carbide (Fig. 1a).
The frequency of oscillations in EXAFS is increased, indicating the elon-
gation of Pd Pd distances (Fig. 1b). Finally, Pd reflections in XRPD
patterns were shifted towards lower 2θ angles due to the lattice expan-
sion (Fig. 1c). The calculated expansion of the lattice parameter and
interatomic distances are shown in Fig. 2 (left ordinate axis). Consid-
erable increase by around 1.4% and 0.4% was detected in acetylene

Fig. 1. XANES spectra (a), EXAFS oscillations (b) and XRPD patterns (c) of metallic Pd
NPs in He (black), and after 3 h exposure to acetylene (orange) and ethylene (blue) at
100 °С. The inset in part (a) shows the spectra collected in acetylene (orange) and ethyl-
ene (blue) after subtraction of the spectrum of metallic Pd NPs in the energy range from
24,340 to 24,390 eV highlighted by dashed grey vertical lines on the main part of panel
(a). (For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

(part a) and ethylene (part b), respectively, already in the first spectra in
both series. In the case of acetylene, the lattice expansion occurs much
faster than in ethylene. However, the saturated values after 3h of expo-
sure are similar in both cases. In addition, a similar behavior was ob-
tained from LCA of XANES spectra (Fig. 2, right ordinate axis).

Slower rate of palladium carbide formation in ethylene can be ex-
plained by the fact that ethylene is more energetically stable molecule
and, moreover, its decomposition to atomic carbon requires breaking
of four C H bonds versus two for acetylene. In acetylene, the limited
time resolution of the data acquisition setup, did not allow us to observe
the gradual transformation from metal NPs to their carbide. However, it
is clear that in both cases the process occurs in two stages: fast carbide
formation with lattice expansion by ca. 1.6%, and further much slower
expansion. The saturation values of lattice expansion and elongation of
Pd Pd interatomic distances, were obtained by exponential fit of the
values shown in Fig. 2. According to XRPD data, the saturated values
of lattice expansion were 2.02 ± 0.02 and 1.98 ± 0.02% for acetylene
and ethylene, respectively. The determined elongation of Pd Pd inter-
atomic distances from EXAFS was 1.82 ± 0.02% and 1.82 ± 0.03% for
acetylene and ethylene, respectively. The relative expansion of Pd NPs
is systematically lower in EXAFS, than in XRPD. Although the difference
may originate from the absolute errors in determination of cell parame-
ters and interatomic distances, this observation can be also explained by
contribution of the surface of NPs to EXAFS, where the concentration
of carbon atoms may not be as high as in the bulk, similar to what was
observed for Pd hydride NPs (Bugaev et al., 2017b).
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Fig. 2. Evolution of the cell parameter calculated from XRPD refinement (green circles,
left ordinate axis), first shell Pd Pd interatomic distances from EXAFS (blue squares,
left ordinate axis) and relative fraction of carbide component from LCA of XANES during
exposure of Pd NPs to acetylene (a) and ethylene (b) at 100 °С. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

4. Conclusion

We have investigated the time evolution of palladium carbide for-
mation supported Pd NPs exposed to acetylene and ethylene at 100 °C.
Combination of XRPD, EXAFS, and XANES allowed us to characterize
the process of carbide formation by the increase of the cell parameter,
elongation of the first shell interatomic distances, and formation of Pd

C bonds, respectively. The following properties of the carbide forma-
tion process were highlighted:

– In both acetylene and ethylene, the process of carbide formation oc-
curs in two stages. Initially, rapid changes are observed immediately
after exposure to hydrocarbons. Then, gradual and slow lattice expan-
sion was observed over few hours.

– The rate of carbide formation is higher in acetylene than in ethylene.
– The resulting structures of palladium carbides after 3 h of exposure to

acetylene and ethylene are identical.
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