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ABSTRACT: This interdisciplinary work combines the use of shape- and size-defined
Pd nanocrystals (cubes of 10 and 18 nm, and octahedra of 37 nm) with in situ
techniques and DFT calculations to unravel the dynamic phenomena with respect to Pd
reconstruction taking place during acetylene hydrogenation. Notably, it was found that
the reacting Pd surface evolved at a different pace depending on the shape of the Pd
nanocrystals, due to their specific propensity to form carbides under reaction conditions.
Indeed, Pd cubes (Pd(100)) reacted with acetylene to form a PdC,,; phase at a rate
roughly 6-fold higher than that of octahedra (Pd(111)), resulting in nanocrystals with
different degrees of carburization. DFT calculations revealed changes in the electronic
and geometric properties of the Pd nanocrystals imposed by the progressive addition of

carbon in its lattice.

B INTRODUCTION

Alkyne hydrogenations are fundamental reactions in the
manufacture of fine and industrial chemicals.'" While many
metals have been found to catalyze the full hydrogenation of
alkynes under mild conditions, Pd is widely considered as the
best-performing catalyst in terms of alkene yield.” Selective
acetylene hydrogenation to ethylene is a key step in the
production of polyethylene because polymer-grade ethylene
tolerates extremely low quantities of the former (ca. 5 ppm).®

The morphology (shape and size) of the active Pd
nanocrystals has a great impact on their catalytic performance
in alkyne hydrogenations.”> When a dependence of activity,
expressed as turnover frequency (TOF), with particle
morphology can be established, the reaction is then referred
to as structure-sensitive. Much effort has been devoted to the
investigation of the structure sensitivity of acetylene hydro-
genation.’™® Most studies deal with the effects of particle size,”
and have found that the reaction shows antipathetic structure
sensitivity, i.e, the TOF increases with increasing particle
size.¥1°712 The effects of shape however, have been far less
addressed. Although there are several theoretical studies of
acetylene hydrogenation over single planes,”"> there are only a
handful of experimental results dealing with real catalysts,
where the TOF was found to depend on the crystallographic
plane exposed, showing activities of Pd(111) > Pd(100),"* or
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correlating the catalytic response to the number of crystal
boundaries present in a Pd nanowire.'*

Particle morphology is not the only factor affecting the
catalytic response. Indeed, the surface chemistry of the metal
nanoparticle can be drastically altered by the reacting
molecules'>'® and the byproducts formed. Palladium can
readily form hydridesls’17_20 in the presence of hydrogen,
which have been reported to favor the full hydrogenation to the
alkane.*" Alternatively, the formation of a Pd carbide phase
(PdC,) in the early stages of the reaction has been widely
documented.'*'¥2%?>?3 Recent studies performed with in situ
(mostly under ultrahigh vacuum, conditions) techniques such
as XPS,'***7** XRD,”**” XANES,'”** PGGA'® and EXAFS,*®
and DFT calculations'**"** have shown that PdC, is formed
homogeneously throughout the entire Pd nanoparticle starting
from the surface,”® and then propagates into the bulk. The
experimental work performed either on single crystals or with
model catalysts, as well as the DFT calculations revealed that
the formation of PAC, is itself a structure sensitive phenomenon.
Teschner and co-workers™ experimentally showed that
Pd(111) resisted the formation of PdC,, (confirmed also by
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Figure 1. TEM images of (i) unsupported and (ii) SiO,-supported Pd nanocrystals: (a) 10 nm cubes (CUB,), (b) 18 nm cubes (CUBy), and (c) 37

nm octahedra (OCT).

DFT calculations), but Pd(100) revealed a strong thermody-
namic driving force toward acetylene decomposition and
subsequent PdC, formation.>®

In this work, the dynamics of PdH and PdC, formation was
studied via in situ XRD under technologically relevant
conditions. DFT calculations of the acetylene adsorption on
Pd(111) and Pd(100) planes were performed in order to gain
insight into the carburization phenomenon. The performance
of catalysts is often assessed on size-controlled (and more rarely
shape-controlled) nanocrystals at initial conditions, where
surface modification and deactivation has not yet taken place.
These results are used to draw conclusions on the structure
sensitivity of the reaction. However, here we show that the
surface of the catalysts, and thus their catalytic performance
should change with time as a result of atomic rearrangements
occurring in the Pd nanocrystals through the interaction with
the reacting molecules. This phenomenon is here shown to
depend on nanocrystal morphology, and therefore, the
observed structure sensitivity of acetylene hydrogenation may
be a result of this surface rearrangement.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Preparation of Nanocrystals. The Pd nanocubes were
synthesized according to our previously published proto-
cols.”* In a typical synthesis, 11 mL of an aqueous solution
containing poly(vinylpyrrolidone) (PVP, MW = 55000, 105
mg, Aldrich), L-ascorbic acid (60 mg, Aldrich), KBr (300 mg for
10 nm nanocubes and 600 mg for 18 nm nanocubes, Fisher),
and sodium tetrachloropalladate (Na,PdCl,, 57 mg, Aldrich)
was heated at 80 °C in air under magnetic stirring for 3 h. The
Pd octahedra were prepared as reported in our previous
protocol.> In a typical procedure, 3 mL of aqueous Na,PdCl,
solution (32 mM) was introduced into 8 mL of an aqueous
solution containing 105 mg PVP, 100 L HCHO, and 0.3 mL
of an aqueous suspension (1.8 mg/mL in concentration) of Pd
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cubic seeds 18 nm in edge length, which had been heated at 60
°C for 5 min under magnetic stirring in a capped vial. The
reaction was then allowed to proceed at 60 °C for 3 h. The final
products were collected by centrifugation and washed with
ethanol and water to remove excess PVP. The nanocrystals
were subsequently immobilized on commercially available SiO,
(85505, Sigma-Aldrich) by wet impregnation.

Characterization Techniques. The shape and size of the
nanocrystals were analyzed by transmission electron micros-
copy (TEM), using a Philips CM12 microscope operated at
120 kV.

To determine the amount of Pd in each catalyst, an aliquot of
the nanoparticle suspension was analyzed by atomic absorption
spectroscopy (AAS, Shimadzu AA-6650). The specific wave-
length used for Pd** was 475 nm.

In situ powder XRD patterns were obtained using a
PANalytical XPert PRO 6—6 scan system with Cu—K,
radiation (4 1.5418 A). The diffraction patterns were
recorded with an angular step of 0.05°. The powder samples
were placed in the heating chamber (XRK 900, Anton Paar)
and gas was applied through the mass flow controller (5850
TR, Brooks instrument). The used gas were N, (99.999%,
Messer), H, (99.999%, Messer and C,H, (>99.5%, PanGas).
Roughly 0.03 g of sample powders was heated under N, flow
(cm® min™") up to 373 or 423 K with a heating rate of 10 K
min~". Peak fitting was performed using the software Fityk.*”

Surface area and Pd dispersion were determined via CO
chemisorption using Micromeritics (Autochem II 2920). The
samples were loaded into a U-shaped quartz cell (3.76 mm i.d.),
heated in 20 cm® min~! 2% H,/He at 10 K min™! to 373 K and
held for 15 min. The samples were subsequently outgassed in
Ar at 373 K for 30 min after which the temperature was
decreased to ambient conditions. The CO-chemisorption
experiments were performed at 323 K using He as carrier
gas. A 3% CO/He mixture gas was pulsed through the sample
until the peaks were equal. In a series of blank tests,
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chemisorption measurements on SiO, did not result in any
detectable uptake.

Computational Details. The calculations of the acetylene
adsorption on Pd,¢ and Pd4¢C, cluster models (with n = 1,2, 6)
were performed using Gaussian 09.>> The hybrid Becke’s three
parameters exchange-correlation functional B3LYP was used
throughout.** Los Alamos LANL2 pseudopotential and the
corresponding valence basis set®® were used for Pd atoms, while
the LANL2dp with polarization functions basis set was
employed for C and H atoms. The starting structure for Pds
cluster was obtained using a fragment extracted from one Pd fcc
bulk structure (space group Fm3m, a = 3.879 A). It was
subjected to full geometry optimization and the nature of the
optimized structures was defined by inspection of the harmonic
vibrational frequencies. All the energy values were corrected for
the zero-point vibrational contribution. Interaction energies
were Computed as AE = Eacetylene/Pd36 - (EPd36 + Eacetylene)5 thus)
negative values correspond to the formation of stable
aggregates. In order to assess the reliability of the cluster
models above, periodic calculations were also performed both
on (111) and (100) Pd surfaces. The reference periodic models
were formed by adsorbed acetylene molecules on Pd surfaces
belonging to unit cells singly formed either by just palladium
atoms (bare system) or by palladium embedding carbon atoms
placed in subsurface layers, having a whole atomic ratio C/Pd =
1:45 (carburized system). These calculations were performed
using the SIESTA®® method applied on a p(3 X 3) unit cell
with a thickness of six layers. Careful benchmarks were carried
out in order to select adequate values both for the k-space
sampling (10 X 10 X 1) and for the sharpness of the real space
grid (500 Ry). Troullier-Martins pseudopotentials for H, C and
Pd were generated and tested. For Pd nonlinear core correction
were also included. Customized basis sets were built up for all
the atoms, in the case of Pd an appropriate extent of the
numerical atomic orbitals was guaranteed in order to describe
properly the vacuum region at the interface. As exchange-
correlation functional the DRSLL parametrization®” of the
vdW-DF functional was selected.

B RESULTS AND DISCUSSION

Well-Defined Pd Nanocrystals Supported on SiO,.
TEM images of the as-prepared nanocrystals, i.e., cubes of 10
nm (CUBA) and 18 nm (CUBB) in edge length and enclosed
mainly by Pd(100) atoms, and octahedra of 37 nm (OCT) in
edge length and enclosed mainly by Pd(111) atoms, can be
found in Figure 1, panels ia, ib, and ic. Panels iia, iib, and iic in
Figure 1 show TEM pictures of the fresh nanocrystals
immobilized on commercial SiO,, thus obtaining 1.8, 5.0, and
3.6 wt % Pd loading in the final catalysts, respectively.

It can be appreciated that the shape of the nanocrystals is not
altered during immobilization. Table 1 shows the main
characteristics of the catalysts. The highly loaded CUB5g/SiO,
and OCT/SiO, catalysts present lower Pd dispersions probably
due to some agglomeration.

Dynamics and Structure Sensitivity of PdC, Forma-
tion. Among the wealth of publications revolving around the
formation of PdC, during reactions, there is only a handful
dealing with its characterization under technologically relevant
conditions, especially over well-defined nanocrystals.'”** Even
in those cases, little information was given concerning the
morphology of the active phase. This probably arises from the
fact that only recent advances in nanotechnology has allowed to
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Table 1. Catalyst Characteristics

surface characteristics

b

Sogerp

catalyst  wt. Pd [%] d,. [nm] D, [%] D’ [%] [m®g]
CUB,/SiO, 1.8 10 8.8 7.5 335
CUB,/SiO, 5.0 18 5.0 2.3 10.4
OCT/SiO, 3.6 37 2.8 2.3 10.3

“The dispersion was estimated based on the surface statistics of fcc
crystals® assuming one face of the nanocrystal was unavailable due to
the interaction with the support. “Determined by CO-chemisorption.

control the size and shape of metallic nanocrystals and to apply
this knowledge to the service of catalysis.*®

Time-resolved patterns of the catalysts acquired during
pretreatment and reaction at ambient pressure obtained by in
situ XRD are plotted in Figure 2. Panels ia, ib, and ic show the
evolution of the Pd and PdC, phases during the entire
experiment, whereas panels iia, iib, and iic correspond to 2D
projections during acetylene hydrogenation. The detailed
experimental procedure can be found in Supporting Informa-
tion (SI) Table S1.

The initial spectrum of the catalysts under N, at room
temperature corresponds to the (111) reflection of metallic Pd
(40.2° in 26, JCPDS-ICDD ref 46-1043). When the samples
were subjected to a flow of 100 mL min~" 4% H, in N, at room
temperature, the reflection shifted almost instantaneously from
40.2° to 38.8° for all sam7ples, being consistent with the
reported formation of PdH.'” This phenomenon was found to
be reversible at room temperature, since switching back to an
inert gas flow displaced the reflection back to its original
position, which concurs with data available in the literature.'®
All samples were subsequently heated up to 373 K under N,
and subjected once again to a 4% H, in N, flow for 30 min but
no reflection shift was observed in this case, in line with
previous findings showing the decomposition of the PdH phase
at temperatures >343 K.>>* This pretreatment in hydrogen
flow ensured not only the metallic state of the Pd nanocrystals
before the reaction, but also the absence of the PdH phase,
which has been classically deemed responsible for nonselective
alkyne hydrogenation.”!

The gas flow was then switched to the reaction mixture (2%
C,H, and 4% H, in N,) and short scans of 3 min were
continuously recorded. A clear shift to slightly lower scattering
angles (39.1° in 26) indicates the full carburization of CUBA/
$i0,.%° The PdC, phase is similar to that of PdH, in which the
carbide retains the fcc structure of metallic Pd, while C occupies
the octahedral sites of the Pd lattice."®*" The incorporation of
C atoms induces the lattice expansion (lattice parameter, a) in
proportion to the fraction of guest atoms (x = C/Pd), as
expressed by the following equation:*"**

a=a,+ 0.69x(A) (1)

Therefore, the saturation of Pd in CUBA/SiO, (Figure 2iia)
can be calculated to occur at x = 0.13, in good agreement with
the maximum carbon uptake reported in the literature,'®*'~*
Since the shifts of Bragg reflection are proportional to the
volumetric phase transformation, CUB/SiO, (x = 0.09) and
OCT/SiO, (x = 0.02) samples do not appear to reach full
carburization during a period of 3 h. The PdC, phase was found
to be stable at 373 K under N, atmosphere. Moreover,
exposure of the samples to 4% H, in N, after cooling to room
temperature under N, did not generate the PdH phase for
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Figure 2. (i) Time-resolved XRD analysis performed on the supported Pd nanocrystals; (ii) XRD patterns recorded between the dotted lines
represented in two dimensions of (a) CUB,/SiO,, (b) CUBy/SiO,, and (c) OCT/SiO, under various conditions.

CUB,/Si0,, whereas a distinguishable peak shift toward lower
scattering angles could be observed for CUBg/SiO, and OCT/
SiO, evidencing the formation of PdH phase and explicitly
suggesting that fully carburized nanocrystals hindered the
dissolution of H in the bulk of PdC,;. This concurs with a
previous report, where the interplay between PdC, and H, was
analyzed by in situ XRD showing the é)ossible existence of a
ternary PdC,H, phase when x < 0.13.%

In order to evaluate the structure sensitivity of PdC,
formation, the degree of reflection shift was related to the
amount of C in the Pd lattice. The results are shown in Figure
3a. Carburization rates (in molc-molp;~*-h™!) were estimated
from the slopes of the curves up to x = 0.04, and are shown in
Figure 3b. The rates were normalized by the active metallic Pd
surface as determined by CO chemisorption (Table 1), giving
rise to surface carburization rates (in mmol; nmps > h™'),
presented in Figure 3b. The surface carburization rates show a
clear shape dependence: C is incorporated into cubes, and thus
Pd(100), 6-fold faster than into octahedra, i.e,, Pd(111), as has
already been found on single crystals*® and shown via DFT
calculations.”® Concerning size effects, we found that the
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surface carburization rate on Pd(100) seems to be independent
of nanocrystal size (at least for 10 and 18 nm). There is a
substantial lack of information concerning the size effects of Pd
nanocrystals on carbide formation. Han et al. have suggested,
employing ex situ XRD, that Pd nanocrystals below 2.4 nm
were more resistant to carbide formation than their larger
counterparts due to the metal nonmetal transition that could
lead to drastically altered chemical properties.** This does not
conflict with our findings and suggests that there is probably a
critical size (ca. 2.5 nm**) above which size does not
significantly impact carbide formation. It is worth noting that
the morphology of shape-controlled nanocrystals under similar
reaction conditions was not affected as shown in a previous
study,” and therefore, the shape and size of the nanocrystals
used in this study is most probably preserved throughout the
duration of the in situ measurements.

We also studied the influence of different parameters (e.g,
temperature, acetylene concentration, and hydrogen concen-
tration) on the carburization rate. SI Figure S1, panel a shows
that an increase in temperature of S0 K tripled the bulk
carburization rate of OCT. However, a change in acetylene
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rate and surface carburization rate of each catalyst (obtained from

panel a).

concentration did not result in a drastic change of carburization
rate (see SI Figure S2), suggesting that the heat of adsorption is
high enough to provide a maximum coverage even at low
concentrations. Finally, hydrogen seems to be necessary to
form palladium carbide since the absence of the former almost
completely inhibited the formation of the latter. The need of
H, to form PdC, has already been observed experimentally.*”
This can be explained by the change in the sticking probability
of acetylene when H, is coadsorbed. In the absence of H,,
acetylene converts to vinylidene,*® whereas in the presence of
hydrogen, acetylene hydrogenates to ethylene or ethylidyne
probably via vinyl,*’ the former being much less reactive than
the latter.*® However, when an excess of hydrogen is present in
the system, the hydrogenation reaction is probably favored with
respect to C—C scission and carbide formation, as was also
recently demonstrated by DFT calculations.*

In order to better understand this phenomenon, we
performed DFT calculations on a Pdys cluster, containing
both Pd(111) and Pd(100) faces, and on Pd.4C, derivatives, n
being 1, 2, or 6. Panels ia, ib, ic, and id in Figure 4 show the
Pd;, PdyC, PdyC,, and PdyCg models, respectively. The
acetylene interaction energies on the Pd(100) and Pd(111)
palladium planes both on the bare Pd;4 cluster or on Pd;C,
derivatives were subsequently obtained (Table 2). Figure 4 iia
shows the most stable adsorption configuration of acetylene on
the Pdy4(100) plane, which was found to occur on a 4-fold
hollow site. A similar configuration was identified for the
Pd;4Cy cluster.

It is worth noting that the periodic calculations performed on
the Pd surfaces of the bare systems gave results in very good
agreement with those obtained with the Pd;s model, being as
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‘Pd ‘c CH

Figure 4. (ia) Pdsq cluster, (ib) PdsC, (ic) Pd;sC, and (id) Pd;Cq
carburized cluster, showing both Pd(100) and Pd(111) Pd planes; (ii)
C,H,/Pd,, representing the most stable adsorption modes on the (a)
Pd(100) and (b) Pd(111) palladium planes, respectively. The
adsorption modes on the carburized clusters were similar, showing
also for these systems 4- and 3-fold hollow sites for the Pd(100) and
Pd(111) planes, respectively.

an example the adsorption energy of acetylene on (111) and
(100) planes —143.0 and —218.9 kJ mol™' and being the
binding sites three- and 4-fold hollow, respectively. Also the
results concerning the periodic (111) carburized system were in
good agreement with those of the carburized cluster model,
having the former and the latter adsorption energies equal to
—146.0 and —158 kJ mol ™", respectively.

Therefore, it can be inferred that, at least for the title systems,
a substantial equivalence exists between the cluster and the
periodic calculation approaches here employed. Hence, the
results of the former although affected by the intrinsic finiteness
of the cluster model seem to be safely usable for describing the
effects of the palladium carburization processes, even if
experimentally occurring on large metal particles. In particular,
the interaction energy of C,H, on Pd(100) was found to
decrease with the presence of C, from ca. 209 kJ mol™ to ca.
129 kJ mol™" for the Pdys and a Pd;,Cg4 systems, respectively.
This result is in agreement with the experimental findings,
showing a higher carburization rate over Pd(100) with respect
to Pd(111). Therefore, it is possible to hypothesize that the first
C,H, molecules that come into contact with bare Pd(100) are
strongly adsorbed and hence, readily decomposed to C atoms,
outright able to diffuse into the metallic lattice. A similar
conclusion was drawn from recent DFT calculations on several
different surfaces of Pd.>°

Combining in situ methods and computational tools, we
were able to show that the dynamic transformation of the
surface of Pd nanocrystals depends on their shape. A complex
atomic rearrangement occurs at the onset of the reaction, and
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Table 2. Pd Lattice Characteristics and C,H,/Pd Interaction Energies (AE) Calculated with DFT

C,H,—Pd interaction

Pd lattice Pd(100) Pd(111)
cluster distance PdA—Pd® [pm] distance PdA—C** [pm] AE [kJ mol™'] distance C—C¢ [pm] AE [KJ mol™] distance C—C° [pm]
Pd% 278 —-209 141 —146 137
Pd,C 280 199 ~158 137
Pd;C, 282 200 —163 137
Pd;Cs 288 228 —129 136 —-60 133

“Average values. b1t refers to bulk C. “C—C bond length of adsorbed acetylene.

the state of the surface for each shape depends on its propensity
to adsorb and break the C=C bond as compared to the C
diffusion rate within the Pd fcc lattice. This results in different
degrees of carburization on different shapes during the
hydrogenation of acetylene, which could in turn be responsible
for the observed structure-sensitive phenomena.

B CONCLUSIONS

We synthesized size-controlled Pd nanocubes (10 and 18 nm)
and octahedra (37 nm), supported them on SiO,, and tested
them in the hydrogenation of acetylene under technologically
relevant conditions (373 K, C,H,/H,/Ar = 2:4:94, P,..;) thus
closing the material and pressure gaps. The surface chemistry of
Pd nanocrystals was studied under reaction conditions via in
situ XRD. Acetylene reacted differently with (100) and (111)
planes to form a PdC,,; phase being roughly 6-fold faster on
cubes (Pd(100)) than on octahedra (Pd(111)). DFT
calculations ascribed this phenomenon to a stronger interaction
of acetylene with Pd(100) which led to the C—C bond scission
and C incorporation into the Pd lattice. No effect of Pd particle
size was observed within the dimensions studied.

B ASSOCIATED CONTENT

© Supporting Information

Experimental conditions during in situ XRD analysis of the
catalysts, the effect of temperature, acetylene, and hydrogen
concentration on carburization rates. This material is available
free of charge via the Internet at http://pubs.acs.org.
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