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ABSTRACT: Catalytic thin films are an exciting concept in the field of heterogeneous o

catalysis that produce 2D structures with precisely engineered active sites to generate o ‘)) ®
fundamental knowledge and optimize catalytic performance. Acetylene semihydrogenation on L )

Pd catalysts is an industrially crucial chemical reaction known for its complex subsurface \‘%\ ° 9
chemistry: competitive occupation of the metal’s interstitials between atomic hydrogen and o _
carbon leads to substantial changes in reaction selectivity, the key performance indicator. In ¢ % -

the present work, we monitor the dynamics of supported thin films of Pd and PdAu during the
reaction using a combination of synchrotron in situ GIXRD, pre- and post-reaction XPS and
TEM. PdH, formation occurs at room temperature, with a significant increase in the lattice
parameter (2.9—4.1%) for Pd, whereas PdAu only marginally expands (0.4%) upon interaction
with molecular H,. Changes in the partial pressure of H, result in differences in the formation
of PdH,, and/or PdHy. At a partial pressure of 0.1 bar, both the @ and f# phases coexist in the
20 nm Pd film. The extreme sensitivity of the in situ GIXRD approach allows to monitor the
transition from Pdpeqnicy = PAH, — PdHy, its reversibility, and the stability of the films upon cycles of H,. Exposure to C,H, alone
or mixtures of C,H,:H, at elevated temperatures results in the irreversible expansion of the Pd unit cell (2.5-3.5%), demonstrating
the formation of a PdC, interstitial solution (with homogeneous composition along the thickness of Pd), which hinders almost
completely later hydride formation. PdAu forms an interstitial solution with C, although to a much lesser extent than that of the Pd
films. The current work generates fundamental knowledge using thin-film catalysts, which represent a step between model and
industrial systems. Our experiments close the pressure gap compared to previous experiments performed with ideal surfaces at very
low pressures and allow to monitor the competitive dynamics of PdH, and PdC, formation in the catalytic subsurface.

1. INTRODUCTION

Ethylene is a key chemical compound in the synthesis of
surfactants, detergents, and plastics, among others. It is
produced via the cracking of oil fractions or via the stepwise
conversion of methane to acetylene to ethylene.' In both

others. Second, modification of the electronic effect has been
achieved via the synthesis of substitutional alloys like PdAg® or
PdAu*’ and intermetallic compounds10 like Pd,Ga,’ Pd;Ga,,"’
and PdGa."' The improved selectivity of PdAu, catalysts has
been associated with the isolation of Pd atoms,” tuning the

routes, significant amounts of unconverted acetylene remain,
and their removal is mandatory to prevent poisoning of the
ethylene polymerization catalyst.” The key performance
indicator of this industrially applied reaction is the selectivity
toward ethylene (eq 1); preventing overhydrogenation to
ethane is of utmost importance (eq 2).

CH, + H, & C,H,  AHyy = —176 KJ-mol™' (1)

CH, + H, © CHy  AHjpgy = —136k-mol™"  (2)

The performance of the catalyst is determined by three
factors, often interrelated,” which have been tackled to
fundamentally understand and optimize the catalytic process:
First, the geometric effect, via, e.g,, site isolation,” chan_;e of the
particle size,”® and tuning of the exposed facet,”” among
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binding energy of the reactants and the reaction kinetics:'>
little experimental evidence has been gathered regarding the
subsurface chemistry of these alloys. Alloying of Pd with Au
shifts the density of states (DOS) and as a consequence
decreases the H, storage capacity.m

Third, the subsurface chemistry of the catalyst: the
fundamental understanding of the interactions of Pd with H,
the formation of subsurface PdH,, species, and their effect on
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performance has been studied in depth,””'*~"” spilling over to

and nourishing other fields like membrane technology'® and
gas sensing.'*’ Pd can dissociate molecular H,, followed by
the diffusion of H atoms into the bulk of the Pd and the
occupation of the octahedral interstitials®'**' to form solid
solutions. As a function of the temperature and the partial
pressure of H,, two distinct phases can be formed at ambient
conditions: the a (PdH,, x < 0.03) and the f phases (PdH,, x
> 0.03)." In regard to catalysis, a higher concentration of H in
the PdHj phase results in a higher extent of overhydrogenation
to ethane:*' the intercalated H can diffuse to the surface and
hydrogenate adsorbates,” a phenomenon of utmost impor-
tance for the reaction hereby studied. Numerous studies have
shown that occupying the Pd interstitials with other species
like C,** B,*** or P*° can mitigate the intercalation of H,
decrease its subsurface concentration, and improve selectiv-
ity."#?**” Similarly to PdH,, PdC, is reported to enhance the
reaction rates compared to those of single Pd.”" Surface carbon
species can also modify the performance of the catalysts: thick
graphitic multilayers tend to cover the active sites and hinder
reaction rates,” whereas permeable carbon layers can isolate
them and improve selectivity.”**® Another strategy to control
the subsurface chemistry is based on tuning the size of the
supported Pd nanoparticles, as smaller particles dissolve less
H.">*” Carbon subsurface chemistry in nickel is also reported
to play a critical role in the dry reforming of methane®”*" and
carbon nanofiber formation.*”

Very recently, laterally condensed catalysts (LCCs)
composed of very thin films of palladium deposited on flat
substrates have been demonstrated for acetylene semi-
hydrogenation.” This concept opens a new dimension in
heterogeneous catalysis to link “fundamental studies”
performed on model surfaces and the “applied approach”
with industrial catalysts. On the one hand, model surfaces yield
defined structures at conditions often far away from those of
industrial relevance, suffering from the so-called pressure gap;
on the other hand, the “applied approach” evaluates realistic
structures that are too complex to be fully resolved and isolates
the contribution of individual active sites, suffering from the
material gap. The applied methodology differs significantly
between model and real systems: in situ scattering experiments
can be performed at realistic reaction conditions,””** thanks to
the diminished attenuation of the used X-rays compared to
that of low(er)-energy X-rays generally used in spectroscopy.
In any case, establishing structure—activity correlations, a key
factor in catalytic research, remains complex. Deposition of
catalytic thin films can also be applied to catalytic membrane
reactors, opening exciting pathways for process intensifica-
tion.”™*” Furthermore, catalytic thin films enable to engineer
alternative ways to supply the heat of reaction in more
localized ways, e.g., by induction heating.*®

In this work, we build upon the recently introduced catalytic
thin film concept” and the specifically designed synchrotron in
situ grazing-incidence X-ray diffraction (GIXRD) cell”® to
study the dynamics of palladium and palladium—gold films
upon PdH, and PdC, formation under realistic reaction
conditions. We combine the in situ data with ex situ X-ray
photoelectron spectroscopy (XPS) and transmission electron
microscopy (TEM) to further expand the knowledge of the
catalyst’s subsurface dynamics, PdC, and PdH, competitive
formation, and their stability.

2. EXPERIMENTAL METHODS

2.1. Catalyst Preparation: Thin Film Deposition. The
Pd/SiO,/Si and PdAu/SiO,/Si samples were prepared by
using thin-film deposition technologies. The starting support
material were Silicon 6-in. wafers with (100) orientation from
Siegert Wafer (Germany). These were initially prescribed using
UV laser scribing (Keyence, 355 nm, 10 W, 40 kHz) to define
the desired sample sizes for further analysis after deposition (9
X 9 or 10 X 10 mm?). After the scribing process, the samples
were cleaned using an ozone solution to remove organic
contaminants (20 ppm of O; in DI water for 2 min) followed
by drying in an oven at 75 °C for 12 min. Afterward, the
samples were dipped in 1% HF (v/v) for 5 min to remove the
native SiO, layer. A layer of SiO, (the goal of such layer is to
prevent the Pd and Si to directly interact and avoid the
formation of PdSi,)*’ was deposited on top of the cleaned Si
wafer with PECVD (plasma-enhanced chemical vapor
deposition) using a CS400PS PECVD/PVD cluster tool
from Von Ardenne (Germany). Initially, the samples were
preheated for S min at 450 °C with a flow of SO mL(STP)-
min~" of H, and 1 mbar chamber pressure. The deposition was
performed at 450 °C, 0.3 mbar of pressure, 30 W RF power at
a frequency of 60 MHz and 17 mm electrode distance for 18 s,
with a gas mixture of SiH, (4 mL-min™", § N from Air Liquide)
and N,0 (mL-min™!, § N, from Air Liquide). Afterward, the
samples were transferred into a magnetron sputter system
(PREVAC) under a N, atmosphere. This controlled environ-
ment prevents oxidation or contamination during the transfer
process. The deposition of Pd and PdAu thin films was
performed at room temperature using magnetron sputtering,
Pd and PdAu thin films were deposited using a 3NS 2-in. Pd
target and a 4N 2-in. Au target. Argon flow rate of 1.8 mL-
min~" during the deposition, sputter pressure of 4-107> mbar
and a 13.56 MHz RF plasma operated at 50 W. Along this
manuscript, the samples will be referred to as 3 nm Pd, 20 nm
Pd, or 3 nm PdAu, with all of these thin films being supported
on the same 20 nm SiO,/Si substrate stack.

2.2. Catalyst Characterization. In situ grazing-incidence
X-ray diffraction (GIXRD) (or grazing-incidence wide-angle X-
ray scattering/ GIWAXS) was performed at the u-Spot
beamline*>*' of the BESSY-II synchrotron in Berlin, Germany,
using a custom cell developed by our group.”” The cell is
composed of a CNC-milled body of brass, which was
electroplated with gold to maximize inertness. The cell allows
one to assemble square samples. A K-type thermocouple below
the sample and inside the brass body (not in contact with the
gas phase) allows us to measure the temperature and serves for
temperature control, performed with a PID controller Model
336 from Lake Shore Cryotronics Inc. and powered by heating
cartridges. An aluminum lid with a DuPont Kapton (polymide,
S0 um thick) window encloses the sample, forming a 1.3 mm
wide space for gas flow from the inlet, on top of the sample’s
surface, and to the outlet of the reaction chamber. The small
volume of gas above the sample allowed for swift changes of
gas composition. An external dome encloses the first lid: this
dome volume is at pressures slightly below atmospheric and
works as a safety mechanism to prevent release of gases into
the hutch in the case of leakage. The dome is made of
aluminum with in and out windows for the X-rays made of
Kapton. The gas flow of Ar, C,H,, and H, was controlled using
three mass flow controllers (MFCs, El-Flow Prestige series,
Bronkhorst). The volumetric flow per unit area of catalyst
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(mL-min""mm™2) was kept constant between the catalytic

tests” and the in situ tests. A back pressure controller (El-
Press, Bronkhorst) regulates the pressure inside the cell
(always at 1.01 bar to 1 atm), and a compressor controls the
pressure inside the dome, maintained at 0.8 bar. A mass
spectrometer (Prisma 80, Pfeiffer Vacuum, Germany) allows
for qualitative detection of the outlet gas composition.
Diffraction measurements were performed at 17 keV incident
photon energy (equivalent wavelength of 0.7293 A) and a spot
size (diameter) of 30 pm. The 2D detector employed is a
Dectris Eiger 9 M, placed at a distance of about 300 mm from
the sample. To calibrate the sample—detector distance (SDD),
two different samples were used. First, a LaB4s NIST 660b
standard sample was prepared by spin-coating a suspension
containing the standard on Si wafers (same size as the
samples). Second, a sputtered pure Au thin film sample was
deposited on a Si wafer using the same methodology as the Pd
samples. For each incident angle (@), calibration was done to
account for the shift of the center of analysis (and
consequently the SDD). This effect is more pronounced at
very shallow angles. Upon heating, the cell expands, moving
the sample from the calibrated position: to compensate for this
factor, the height and tilt at each temperature were corrected
using the reported methodology.*” Tilt angles are between 0.1°
and 0.3°. These result in different attenuation lengths, i.e.,
different depths, are sampled at different angles, with the
shallower angles being the most surface sensitive:*’ calcu-
lations are shown in Figure S1. The identified patterns in this
work belong to Pd (PDF 00-046-1043, a= 3.890 A), PdH,,
(PDF 00-084-0300, a= 4.03 A), PdH,,,s (PDF 00-018-0951,
a= 4.02 A), and PdAu (PDF 96-151-0275, a= 3.98 A).
Different experiments were performed: “Full experiment”
(conditions in Figure S2, mimicking those performed in ref
33, correcting for the sample area to maintain the volumetric
flow per area), “PdC, formation” (conditions in Figure S3),
“H,-cycling” (conditions in Figure S4), and “H,-partial
pressure” (conditions in Figure SS).

The 2D detector images were processed using the DAWN
software.**** Using the calibration, the detector data (.hS files)
were transformed, masked (to remove artifacts, detector gaps,
and “burned pixels”) and azimuthally integrated. The resulting
patterns were background-subtracted, normalized to the
intensity of the (111) reflection, and exported for further
processing. Reflections were fitted by using a Pseudo-Voigt
function. The lattice parameters were calculated using the
definition of the scattering vector g (eq 3) and the relationship
between interplanar distance d and the Miller indices for cubic
crystal systems (eq 4). The data set was further processed and
plotted using Origin.”® The standard deviation of the lattice
parameters expressed in this work is +0.01 A.

_ 2z
q (3)
-4
W+ + (4)
X-ray photoelectron spectroscopy (XPS) measurements
were conducted using nonmonochromatized Mg K,
(1253.56 €V) irradiation from a SPECS XR 50 X-ray source
(German]) at the Energy Materials In-Situ Laboratory Berlin
(EMIL)."” The photoelectrons were detected using a Scienta

Argus CU electron analyzer (Sweden). The pass energy for the
core-level detail spectra measurements was set to 20 eV,

d

resulting in a total experimental energy resolution of
approximately 1.0 &+ 0.3 eV. The references for qualitatively
discussing the spectra are shown in Table S1.

Samples for investigation in a transmission electron
microscope (TEM) were prepared by using a Zeiss Crossbeam
340 Focused Ion Beam (FIB) for standard sample lift-out
preparation. All samples were covered with protective carbon
or platinum layers prior to starting the lift-out preparation
itself. Observations by TEM were carried out in a Zeiss Libra
200FE TEM operated at 200 keV electron energy. The
microscope is equipped with an in-column energy filter, which
was used to obtain zero-loss filtered images with enhanced
contrast. The Fiji software® was used for further processing of
the images, including quantification of the layer thickness
(average of at least S measurements).

3. RESULTS AND DISCUSSION

Figure 1 shows the lattice parameter of the Pd catalysts as a
function of the reaction step obtained using in situ GIXRD

@ NS c}éﬂ O\Wb
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Figure 1. Lattice parameter as a function of the experiment step
(increasing time on stream, TOS) obtained with in situ GIXRD
following the “Full experiment”. The detailed conditions are depicted
in Figure S2. The reference apy belongs to PDF 00-046-1043, and its
value at higher temperature is calculated assuming isotropic thermal
expansion.

during the “full experiment,” which mimicked the catalytic test
previously reported,” with the addition of a step with Ar:H,
prior to the reaction mixture (Ar:H,:C,H,) to monitor H-
induced lattice expansion at 150 °C (step 6 in Figure 1). All
samples maintained their Fm3m (PDF 00-046-1043) structure
all along the experiment, albeit showing changes in the unit cell
volume. No reflections of PdSi, can be observed, supporting
the claim that a SiO, interlayer with a thickness of 20 nm or
more prevents the diffusion of metals® (see Methods). The
initial lattice parameter at room temperature differs slightly
between the 3 and 20 nm Pd samples, probably caused by
strain. The lattice parameter of the PdAu sample is higher than
that of the pure Pd films, caused by the substitution of Au
(atomic metal radii of 144 pm)*® in the lattice of the Fm3m Pd
structure (137 pm):49 it can be better fitted to a Fm3m AuPd
(PDF 96-151-0275) with a lattice parameter of 3.980 A, while
pure Au (PDF 96-110-0139) has a cubic lattice parameter of
4.070 A.
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The initial hydrogenation step (Figure 1, step 2) results in
the expansion of the unit cell caused by the intercalation of H
atoms in the interstitials of the Pd and PdAu films, forming
hydrides (see Note SI for the explanation of terminology).
The extent is dependent on the layer, with the largest
expansion of 4.1% being observed for the 20 nm Pd film, 2.9%
for the 3 nm Pd film, and just 0.4% in the case of the PdAu
film. The reduced storage capacity of H in the subsurface of
PdAuH, could help to explain the more selective catalytic
performance of the alloy reported previously,* together with
the concept of site isolation. Upon heating under Ar:H, up to
125 °C, the lattice parameter of both Pd samples decreases:
this is caused by a decrease in the concentration of H in the
Pd:H system with increasing temperature.'”*° Upon removal
of the hydrogen gas at 125 °C, the lattice parameters remained
rather unaltered. Subsequently, the sample is heated to 150 °C
and initially exposed to an Ar:H, mixture, which results in a
minimal change of the lattice parameter. Upon exposure to the
reaction mixture (Figure 1, steps 7 and 8, both steps separated
~120 min in time), the lattice parameter of Pd marginally
changes, slightly increasing for the 20 nm Pd sample. The very
minor changes in the lattice parameter observed during the
reaction do not allow us to elucidate the formation of any
PdH, or PdC, structures. Throughout the experiment, product
distribution was tracked qualitatively with MS and demon-
strated ethylene and ethane formation during the reaction step
(Figure S6). Structural changes at the elevated temperature
cannot be disregarded: these might result in small variations of
the lattice parameter, which could mask minor effects
occurring upon H and or C interstitial dissolution. At 150
°C, the Pd and PdAu unit cell remains expanded compared to
pure thermal expansion. The last data point (9) displays the
lattice parameter of the films at room temperature and after
cooling under Ar atmosphere. The lack of H, in the gas phase
results in desorption of H from the PdH,, film (see Figure 3):
thus, none or a minimal amount of H in the subsurface of the
Pd thin layer is expected in step 9 of Figure 1. Still, the
different lattice parameters remain significantly expanded
compared to the initial values: 4.006 A (2.4% expansion) for
the 3 nm Pd, 3.976 A (3.0% expansion) for the 20 nm Pd, and
4.006 A (0.6% expansion) for the PdAu sample. Such changes
might be a result of the formation of a PdC, system.”> Carbon
can occupy the same interstices as H, mitigating its subsurface
concentration and influencing the selectivity of the target
reaction.'* Interestingly, intercalation of C in a PdAu catalyst
for the vapor-phase vinyl acetate synthesis under different
conditions, as hereby reported, was disregarded.” Disentangle-
ment of PdH, and PdC, exclusively using XRD is not
possible’’ unless a very careful design of the experiment is
done (see Figure 2).

To reveal the existence of a PdC, system and its competition
with the formation of PdH,, an in situ experiment was
performed: heating up to the reaction temperature under Ar,
exposure to Ar:C,H, gas, cooling to room temperature, and
final exposure to Ar:H, (see full conditions in Figure S3) while
monitoring the crystal structure. Panel A of Figure 2 shows the
significant increase in the lattice parameter of Pd upon heating
to 150 °C and interaction with C,H, gas. The values of the
lattice parameter are above those of Pd at 150 °C (thermal
expansion). This phenomenon is due to the occupation of the
octahedral interstitials by C.”*°* The 3 nm Pd layer (Figure
2B) already displays a fully expanded unit cell prior to the
exposure to C,H,: the carbon present before the reaction (i.e.,

contamination during or after deposition) fully occupies the
interstitials. Indeed, both fresh samples contain similar
amounts of carbon before exposure to the reactants, as
revealed by XPS (see Figure 2C).

After 1 h under Ar:C,H, flow and upon cooling to room
temperature, the original cell volume is not recovered (as in
Figure 1), remaining expanded. At this moment, a depth-
resolved analysis was performed with the 20 nm Pd sample
(data shown in Figure S7): the PdC, lattice parameter remains
constant along the thickness of the layer (a = 4.004 + 0.00S A,
expansion of 3.4%), i.e, no concentration gradient of C in the
Pd film can be elucidated from GIXRD. This lattice parameter
and expansion are higher than those previously reported**>">?
and point out to a supersaturated solid solution of C inside Pd.
The 3 nm PdC, shows a lattice parameter of 4.017 A
(expansion of 2.5%) at room temperature. After PdC,
formation, a hydrogenation step was done at the same
conditions as those performed in Figure 1. Interestingly, the
position of the reflections only marginally changes, resulting in
an expansion of the lattice parameter by 0.2% (compared to
the previous pattern). This observation highlights the lack of
significant intercalation of H inside the PdC, host, proving the
formation of a PAC, system: in other words, the occupation of
the interstitials by C hinders the intercalation of H, minimizing
the concentration of subsurface H.

In order to complement these insights with surface-sensitive
information, the samples were recovered and analyzed with
XPS postreaction. Figure S8 shows the XPS survey spectra of
the Pd samples before (fresh) and after (spent) catalysis.
According to the significant C 1s line at 285 eV binding
energy, a significant amount of C can be found in/on the
samples prior to the experiment, which we presumably
attribute to C incorporated in the Pd during deposition or
surface contamination upon air exposure of the samples. After
the experiment, the total amount of C increases considerably,
in particular, for the 20 nm Pd sample. For the latter, we also
find a significant increase of the level of the binding energy of
the O Is signal at 530 eV, indicating the presence of a
pronounced O- and C-containing layer on the sample surface
(presumably as a result of additional surface contamination
and/or coking during the GIXRD study), attenuating almost
completely the Pd-related signals (most prominently the Pd 3d
at 335 eV binding energy).

For the fresh 3 nm Pd sample, small Si 2p (at 100 eV
binding energy) and Si 2s (at 150 eV binding energy) related
signals can be observed in the XPS survey spectrum, indicating
the very thin nature of the film. Note that the inelastic mean
free path of the Si 2p photoelectrons in Pd is approximately 1.5
nm (calculated using QUASES-IMFP-TPP2M ver. 3.0, based
on ref °*°°), which allows XPS to probe the SiO,/Si substrate
stack through a 3 nm thick Pd film. The possibility of the film
not being pinhole free was excluded based on the TEM results
discussed below. After catalysis, the intensity of the Si-related
peaks for the spent 3 nm Pd sample significantly decreases
(and almost disappears), caused by the additional accumu-
lation of C on the sample surface as indicated by the increased
C Is line and the related more pronounced attenuation of the
substrate signals.

In order to check whether XPS also provides corroborating
evidence for the formation of a Pd:C interstitial system, the Pd
3d detailed spectra (see Figure 2C.2) are closely inspected
next. The Pd 3d line of the fresh 3 and 20 nm Pd samples are
very similar, exhibiting an asymmetric peak shape (especially
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survey spectra are labeled (see Table S1 for reference); TEM cross section images of lamella of the fresh and spent (D) 20 nm and (E) 3 nm Pd

samples.

for the 20 nm Pd sample), indicating that Pd is mainly present
in its metallic form. This is corroborated by the center of mass
of the Pd 3d;/, lines being very close to the binding energy of
Pd—Pd bonds of metallic Pd reported in the literature,”* as
indicated by the corresponding vertical dashed line in Figure
2C.2. The small deviation of the spectral shape (more
symmetric) and the (higher) binding energy position of the
Pd 3d line of the 3 nm (compared to that of the 20 nm) Pd
sample is indicative of a significant presence of at least one
additional Pd species, which could be related to the close
proximity of the SiO,/Si substrate. However, for the spent Pd
samples, we find the Pd 3d spectral shape to become more
symmetric, significantly narrower, and the peak position to be
shifted to higher binding energies, independent of Pd
thickness; all of which are in agreement with the GIXRD
results indicating the formation of a PdC, system upon
exposure to catalytic conditions (see Note S2 for more details
on the XPS analysis). Note that the Pd 3d spectrum of the
spent 20 nm Pd sample has a significantly lower signal-to-noise
ratio due to the pronounced attenuation of the signal caused
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by the pronounced O- and C-containing surface layer
discussed above. Analysis of the XPS C 1s spectra shown in
Figure 2C.1 leads to unclear results and did not unequivocally
allow us to identify a PdC, signal (see Note S2 for a full
explanation).

Figure 2D,E displays the cross-section TEM studies of the
lamellar fresh and spent 3 and 20 nm samples. The thin films
appear closed after deposition, with a mild delamination
occurring in the fresh 20 nm sample. The PdC, spent samples
appeared unaltered, highlighting the stability of the materials
during the experiment. As a conclusion, the “PdC, formation”
experiment proves the formation of an intercalated PdC,
compound that almost completely hinders the later PdH,
formation. C was already present in the films before exposure
to C,H, and increases significantly on the surface of the Pd
films after the reaction, without structural damage. This carbon
would not prevent hydride formation until the samples are
heated and, for the 20 nm sample, exposed to acetylene;
therefore, the carbon was not occupying the interstitials until
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Figure 3. In situ GIXRD data showing contour maps (top) and selected patterns (bottom) of the 3 nm Pd (panel A and B), 20 nm Pd (panel C and
D), and 3 nm PdAu (panel E) exposed at RT to Ar:H, (6:4 or 7:3 see right part of each graph) and subsequent Ar flows. Each pattern translates to
an ~1 s acquisition time and has been normalized. The selected patterns in panels B and D are stacked. Panel F shows the deconvolution of the

pattern obtained at t = 20 s in panel D.

reaction conditions, allowing for hydride formation. After
exposure to acetylene, the C content increases.

Thus, it becomes evident that PAC, hinders the formation of
PdH,: this is reported to have an impact on the catalytic
performance.'®** Still, the intercalation of H inside the Pd
before the reaction is of fundamental interest and is hereby
further explored. Figure 3 shows the time-resolved in situ
GIXRD data of the hydrogenation step (Ar:H,= 6:4 for the 20
nm Pd and 3 nm PdAu samples, Ar:H, = 7:3 for the 3 nm Pd
sample) at room temperature. For the 3 and 20 nm Pd films,
exposure to Ar:H, flow results in the fast shift (few seconds) of
the Pd (111) reflection to lower values of the scattering vector,
while this expansion is minimal for the PdAu sample (Figure
3E). Upon removal of H, from the gas phase, the reflections
begin to shift back to their original position, much slower
compared to the intercalation process (see Figure 3A), as
previously reported.”®” The reason is that the rate-
determining step for the decomposition of PdH, is the slow
associative desorption from the metal—gas interface. There is
an increase in the fwhm during this process, probably caused
by the coexistence of regions with slightly different
concentrations of interstitiall H. The formation of Pd:H
systems depends to some degree on the layer’s thickness. On
the one hand, the 20 nm Pd sample proceeds via the
coexistence of two transient clearly differentiated phases of
PdH,, for a very short span of time (around 1 s). The obtained
pattern at 20 s is deconvoluted in Figure 3F into two pseudo-
Voigt fit functions, which yield lattice parameters of 3.859 and
3.960 A, expanded 0.2% and 2.8% compared to the initial

lattice parameter of 3.852 A (time = 0 s); these can be
attributed to PdH,, and PdHy, respectively. At the end of the
experiment, the last pattern yields a lattice parameter of 3.994
A (expansion of 3.7% compared to the initial). The lattice
values of the PdHj are close to PdHj ¢4 (PDF 00-084-0300,
Fm3m, a = 4.03 A) or PdH, -os (PDF 00-018-0951, Fm3m, a =
4.02 A). On the other hand, hydride formation on the 3 nm Pd
seems to proceed via the existence of a single compound,
which reaches a final PdH; with lattice parameter of 4.050 A
(3.6% expansion). We cannot disregard that different phases
coexisted in the thin sample although they are not observed,
which could be caused by the very short acquisition times and
the little amount of scattering material. The same reasons yield
rather noisy patterns for this and the PdAu films. For the 3 nm
thin films, the fwhm of the reflections is broader compared to
that of the 20 nm film; this clearly indicates a smaller crystallite
size, which certainly occupies the full layer thickness.

From this experiment, it is not clear whether the original
lattice parameter is recovered after dehydrogenation. To shed
further light on this phenomenon’s reversibility and the
stability of Pd films upon cycles of H-sorption and desorption,
the results of H, cycling on a 3 nm Pd sample are shown in
Figure S9 (conditions in Figure S4). The initial lattice
parameter of 3.911 A expands to 4.050 A upon H-intercalation
without variance for the first two cycles (3.6% expansion).
After 10 cycles, the lattice parameter of the PdHj phase
remains fairly constant at 4.060 A. Upon removal of H, from
the gas phase, the exsolution process is not complete,
remaining relatively expanded at 3.971 A (1.5%). Other
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Figure 4. Depth-resolved PdH,, formation at different Py, on a 20 nm Pd film, as revealed using in situ GIXRD: all experiments are performed at
different Ar:H, ratios but at constant p = 1 atm (a) and volumetric flow per area of 0.6239 mL-min~"-mm™~? (full conditions in Figure S$). Panel E:
depth-resolved PdH,(111) and deconvolution to PdH,, and PdHj for different incident angles (@) at Py, = 0.1 atm. Panel F: lattice parameter of

the PdH, as a function of the Py, at @ = 0.2.

525658 have documented the loss of reversible H-

sorption capacity during cycles of H insertion and removal or
the change in the sorption/desorption kinetics.”” Figure S9B
shows the TEM lamellar cross sections before and after the

studies

cycles. The layer partially suffers dewetting: particle agglom-
eration occurs, highlighted by the appearance of discontinuities
and the increase of the layer thickness and the standard
deviation. H, cycling is reported to cause cracks and
delamination,*” although such inconvenient behavior shall be
suppressed in films thinner than 20 nm.*

The content of H in the PdH, phase (i.c., the degree of
occupation of the interstitials by H) is a function of the partial
pressure of H, in the gas phase.'” To quantify the existence of
a and f phases and the expansion of the host’s unit cell, a 20
nm Pd thin film has been monitored using GIXRD at different
partial pressures of H, and incident angles (i.., at different
attenuation lengths). In Figure 4A—D, the maxima of the
reflection progressively shift toward lower values of the
scattering vector upon increasing the partial pressure of H,.
At Pyp= 0.1 atm, the asymmetric broadening of the reflection
concomitant with a shift to lower values occurs, pointing to the
coexistence of more than one phase of PdH, ie, PdH, and
PdHy A depth-resolved analysis was performed at Py,= 0.1
atm (Figure 4E): by increasing the incidence angle, the PdH,,/
PdH; ratio does not change, except for the w = 025
(attenuation length of 71.60 nm). This could be due to lattice
distortion at the Pd—SiO, interface. Above Py, = 0.5 atm, a
single PdHy phase is observed. The obtained lattice parameters
of this experiment at @ = 0.2 are shown in Figure 4F and show
an increase from the original 3.876 A with increasing Py,. At
Py, > 0.5 atm, the lattice parameter of the f-phase remains
constant at 4.031 A (expansion of 4.0%).
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4. CONCLUSIONS

The current work presents the first in situ observations of the
dynamics of catalytic thin films under realistic operation
conditions. We generate fundamental knowledge using thin-
film catalysts, an emerging concept in the field of
heterogeneous catalysis, whose material complexity lies
between model and industrial systems. Our experiments
close the pressure gap compared to previous experiments
performed with ideal surfaces at very low pressures and allow
us to monitor the competitive dynamics of PdH, and PdC,
formation in the catalytic subsurface.

In situ GIXRD enables us to follow changes in the unit cell
volume of Pd and PdAu catalytic thin films under mixtures of
H, and C,H, at temperatures relevant for acetylene semi-
hydrogenation. PdH, formation occurs at room temperature,
with a significant increase in the lattice parameter for Pd,
whereas PdAu marginally expands its unit cell upon interaction
with molecular H,. Both the 3 and 20 nm Pd thin films result
in analogous PdH, compounds (% unit cell expansion),
displaying similar H, storage capacity. Changes in the partial
pressure of H, at room temperature result in a different degree
of occupation of the interstitial site, i.e, in the formation of
PdH, and/or PdHy. At a partial pressure of 0.1 bar, both & and
S phases coexist in the 20 nm Pd film. The extreme sensitivity
of our in situ tool allows to monitor the transition from
Pd(petanicy = PdH, — PdHy, its reversibility, and the stability
of the films upon cycles of H,.

Exposure to C,H, alone or mixtures of C,H,:H, at elevated
temperatures results in the irreversible expansion of the Pd unit
cell (2.5-3.5%), demonstrating the formation of a PdC,
interstitial solution, which hinders almost completely later
hydride formation at room temperature. Our results suggest
the formation of an interstitial solution of PdAuC,, albeit to a
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much lesser extent than the Pd films. Although already present
prior to the interaction with C,H,, carbon contained in the
fresh films would not hinder hydride formation until heated to
the reaction temperature. The PdC, resulting compound
shows a constant lattice parameter along the thickness of the
20 nm Pd film.
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