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ABSTRACT: Dilute Pd-in-Au alloys are valuable materials for 1-Hexene isomerization

selectively hydrogenating alkynes and isomerizing alkenes. By diluting D

Pd in a Au host, the selectivity toward semihydrogenated alkene 7 ">

isomers can be significantly enhanced and the unfavorable over- 1-Hexene _j 2-Hexene
+

HD
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hydrogenation to alkanes is suppressed. However, a detailed
mechanistic study on the origin of the enhanced alkene selectivity

over dilute alloy catalysts is still missing. Here, we combine experiment

and theory to unravel the reaction mechanism, identifying rate-limiting

and selectivity-controlling steps in 1-hexene hydrogenation over dilute D,
Pd-in-Au catalysts. Using isotope-exchange hydrogenation experiments,
we show that 1-hexene and hydrogen over a bimetallic Pd,Auy in silica
catalyst preferentially form 1-hexene isomers, (trans and cis) 2- and 3-
hexene and only a small amounts of hexane. The reaction is consistent
with a Horiuti—Polanyi mechanism, similar to a monometallic Pd nanoparticle catalyst. Computation of the free-energy profiles for
1-hexene hydrogenation and isomerization over a single Pd atom in a Au surface using first principles calculations indicated that the
isomerization of 1-hexene to 2-hexene is energetically favorable due to the relatively large barrier for H, dissociation preventing
hydrogenation to n-hexane. Microkinetic modeling established that H, dissociation on the single-atom Pd sites and H spillover from
these sites onto the Au host are rate-limiting and key in steering the selectivity of dilute Pd-in-Au alloys toward the hexene isomers.
The mechanistic insights from this study contribute to the rational design of optimized dilute alloy catalysts for selective alkene
isomerization.

Rate-limiting and selectivity-controlling processes Pd

Bl INTRODUCTION

Selective alkyne and alkene hydrogenation reactions are key
processes in the chemical industry, for instance, in purifying
alkene feedstocks for polymer production. Trace amounts of
alkyne and diene impurities in the monoalkene feeds can
substantially poison the polymerization catalysts further
downstream. Selective hydrogenation of these impurities to

mechanistic understanding as to why the alkene selectivity is
improved on these dilute alloy surfaces is still incomplete.
An important step in the further improvement of the
selectivity in alkyne and alkene hydrogenation lies in
understanding how dilute alloys prevent the hydrogenation
of the monoalkenes and why they favor alkene isomerization
over alkene hydrogenation. On pure transition-metal surfaces,
alkene isomerization and hydrogenation proceed via a

monoalkenes is typically used to solve this problem. Pd-based
materials are currently the state-of-the-art catalysts for this
process due to their high catalytic activity at low temper-
atures."”” However, the selectivity of these catalysts tends to
deteriorate at low impurity levels, giving rise to the undesired
conversion of valuable monoalkenes to fully hydrogenated
alkanes.”* Combining Pd with a less reactive but more
selective second metal (Au, Ag, or Cu) can prevent such
overhydrogenation.*”'> A dilute alloy design in which Pd is
doped into a coinage metal host is a particularly promising
catalyst design for steering the selectivity in alkyne and diene
hydrogenation to monoalkene isomers while maintaining high
conversion. Successful examples include PdAu,”°~%"?
PdAg,”'’ and PdCu'"'"® dilute alloy systems, yet our
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Horiuti—Polanyi (HP) mechanism."*™'® This mechanism
consists of five key steps: (i) alkene adsorption, (ii) hydrogen
adsorption and dissociation on the catalyst surface, and (i)
the addition of a dissociated hydrogen atom to the adsorbed
alkene to form an alkyl intermediate, followed by either (iv)
the addition of another dissociated hydrogen atom forming the
alkane or (v) H-elimination from the alkyl intermediate to
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reform a double bond yielding an alkene isomer. The HP
mechanism has been established for alkene hydrogenation on
various monometallic surfaces using isotope-exchange reac-
tions.">'¢ In this mechanism, the coverage of the reactants is
considered to be particularly important to the selectivity:
strong binding of the alkene and hi§h hydrogen coverages lead
to undesired alkane formation.'”'® Diluting Pd in a coinage
metal host was reported to prevent alkane formation due to
weakening of the alkene adsorption energies on the Pd surface
atoms™'>"” and/or by inhibiting Pd-hydride formation, where
the hydrogen dissociation rate and binding strength can be
modulated via the Pd ensemble size.* > However, the
adsorption of the reactants on the catalyst surface is only the
first step in a more complex reaction mechanism consisting of
numerous elementary steps that can all impact the catalyst
selectivity and activity. How these elementary reaction steps
occur on dilute alloy surfaces, which of the steps are rate-
limiting, and whether the mechanism for alkene hydro-
genation/isomerization is similar on dilute alloy- and
monometallic surfaces are still unclear.

In this study, we combine experiment and theory to unravel
the reaction mechanism and the rate-limiting and selectivity-
controlling steps of 1-hexene hydrogenation/isomerization
over a dilute Au-in-Pd alloy nanoparticle catalyst with the
main objective being to understand the favorable selectivity of
dilute alloys for hexene isomerization and their ability to
prevent the hydrogenation to hexane. Isotopic labeling
experiments in combination with density functional theory
calculations and microkinetic modeling provided insight into
the reaction mechanism, associated energy barriers, and rate-
limiting and selectivity-controlling processes and established
the key differences between the dilute Pd-in-Au alloy and
monometallic Pd nanoparticle catalysts.

B METHODS

Chemicals. All chemicals were used as received without
further purification. Hydrogen tetrachloroaurate trihydrate
(HAuCl,-3H,0, >99.9%), sodium borohydride (NaBH,,
99%), sodium tetrachloropalladate (Na,PdCl, >99.99%),
palladium nitrate hydrate (Pd(NO;),-xH,0), sodium citrate
tribasic dihydrate (>99.0%), potassium carbonate (K,COs;,
>99.0%), tannic acid, L-ascorbic acid (>99.0%), polyvinyl-
pyrrolidone (PVP, M,, & 55000 g/mol), styrene (containing
4-tert-butylcatechol as a stabilizer, >99%), and tetraethyl
orthosilicate (TEOS, 98%) were purchased from Sigma-
Aldrich. Absolute ethanol (EtOH) was purchased from
KOPTEC. Ultrapure water (Millipore Milli-Q grade, MQ)
with a resistivity of 18.2 M2 was used in all of the experiments.
All glassware for the AuNP synthesis was cleaned with fresh
aqua regia (HCI/HNO; in a 3:1 volume ratio), rinsed with
large amounts of water, and dried at 403 K before use.

Catalyst Synthesis. The synthesis of the Pd,Au,s and Pd
RCT catalysts is described by van der Hoeven et al*! In short,
the preparation is a multistep colloidal synthesis consisting of
gold nanoparticle synthesis, the attachment of the gold
nanoparticles to polystyrene colloids creating so-called
raspberry colloids, Pd overgrowth on the gold nanoparticles,
the assembly of the raspberry colloids into a colloidal crystal,
infiltration of the interstitials with a silica sol gel, and finally a
calcination step to remove the polystyrene colloids, rendering a
solidified, microporous silica framework with the Pd Augs and
Pd NPs embedded in the pore walls.”*

The gold nanoparticles for the Pd,Augs sample were
synthesized using a procedure from Piella et al.”” on a 450
mL scale at 343 K. The reaction mixture contained 0.30 mL of
2.5 mM tannic acid, 3.0 mL of 150 mM K,COj3, and 4.5 mL of
25 mM HAuCl, in H,O. The Pd particles were synthesized on
a 212 mL scale at 273 K under Ar.* The reaction mixture
contained 200 mL of MQ H,O, 10 mL of aqueous PVP
solution (5.2 ¢ PVP in 10 mL MQ H,0), 1.0 mL of 0.14 mM
Pd(NO;), in water, and 1.0 mL of 2.2 mM NaBH, in ice-cold
MQ_H,O0. After the reaction solution was stirred at 273 K for
30 min, it was aged for 48 h at room temperature.

The raspberry colloids were prepared by attaching the gold
and palladium nanoparticles to the sacrificial polystyrene (PS)
colloids (dpg = 393 nm). To 150 mL of AuNPs, 1.5 mL of an
aqueous PVP solution (0.1 g PVP per mL H,0) and 12 mL of
thiol-functionalized PS colloids (5.0 wt % in water) were
added. After washing three times with MQ H,0, the colloids
were redispersed in 12 mL of MQ H,O.

The Pd growth on the AuNPs attached to polystyrene
colloids occurred at low pH to ensure sufficiently slow reaction
rates and selective growth on the AuNPs.** To 12 mL of a
raspberry colloid dispersion (5.0 wt % PS in water), 150 mL of
MQ H,0, 1.5 mL of 0.1 M HCI, 120 uL of 10 mM Na,PdCl,,
and 120 puL of 40 mM ascorbic acid were added to obtain the
Pd,Augs NPs. The raspberry colloids were washed twice,
redispersed in 12 mL of MQ H,O, and dried at 338 K in air.

The dried colloidal crystal was infiltrated three times with
600 pL of a prehydrolyzed TEOS solution (33 vol % of a 0.10
M HCI in H,O solution, 33 vol % ethanol, and 33 vol %
TEOS).” Finally, the samples were calcined to remove PS
colloids by heating them in static air from room temperature to
773 K at 1.9 K/min and held at 773 K for 2 h. Inductively
coupled plasma mass spectrometry (ICP-MS, Agilent Tech-
nologies 7700x) was used for compositional analysis (metal
composition and metal weight loading). The composition,
weight loading, and nanoparticle size of the Pd,Augg sample
were 3.6 atom % Pd, 4.2 wt %, and 4.9 + 0.9 nm, respectively.
The weight loading and nanoparticle size of the Pd sample
were 0.6 wt % and 6.9 + 2.1 nm, respectively.

Catalysis Experiments. Prior to catalysis, the RCT
catalysts were sieved (100—300 pm). The Pd and Pd,Auy
RCT catalysts, 10 and 20 mg, respectively, were loaded into a
cylindrical quartz reactor tube with an inner diameter of 1 cm.
The catalysts were diluted in quartz sand to obtain a 1 cm bed
height. Pretreatment in 20% O, in Ar at a flow rate of S0 mL/
min was carried out to segregate Pd to the NP surface of the
Pd,Auys nanoparticles. In short, the catalysts were heated to
773 K at 10 K/min and kept at 773 K for 30 min, followed by
cooling in 40 mL/min Ar to 373 K. From 373 K to RT, the
catalysts were cooled in 20% H, in Ar to ensure the reduction
of the Pd atoms. The reaction mixture was premixed on bypass
for at least 2 h prior to the start of the experiment. In the
steady-state 1-hexene hydrogenation experiments, the reaction
mixture was composed of 1% 1-hexene, 20% H,, or 20% D, in
Ar with a total flow rate of 50 mL/min. The 1-hexene flow was
achieved by evaporating 1-hexene using 2.1 mL/min Ar flow at
room temperature (yielding a 1-hexene flow of 0.5 mL/min).

The reaction products were analyzed using both an online
mass spectrometer (Hiden HAL 301/3F series) and an online
gas chromatograph—mass spectrometer (Agilent 7890A series
GC, Agilent 5975C series MS). The separate mass
spectrometer was used to monitor m/z = 2, 3, 4, 40, 69, and
70 corresponding to H,, HD, D,, Ar, 1-hexene (-d,) and 1-
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hexene (d;), respectively. The inlet pressure for the MS was set
at 9 X 1077 Torr, and the scan rate was typically 0.1—1
channel/s. The sensitivity of the MS for each m/z value was set
between —7 and —10 depending on the concentration of each
component in the reaction mixture.

Quantitative Gas Chromatography Mass Spectrome-
try Analysis. The mass spectrometer data were used to
quantify the HD (m/z = 3) to D, (m/z = 4) ratio according to
the procedure reported in ref 21. The GC—MS data were used
to quantify the amount of 1-hexene, cis-2-hexene, trans-2-
hexene, 3-hexene, and n-hexane and the number of deuterium
atoms incorporated in each of these products. cis- and trans-3-
hexene are grouped together as 3-hexene because these
isomers could not be analyzed separately. The 1-hexene
conversion levels were calculated based on the GC—MS data
using the following formulas:

products
X 100%

conversion(%) =
reactant + products

X

cis-2-hexene “‘cis-2-hexene

products =

Ohexene

A

trans-2-hexene Xtrans-2-hexene

—+

Ohexene

A3—hexene Xtrans-2-hexene +

A

n-hexene “n-hexane

—+

Ohexene Ohexane

_ Al-hexene %] -hexene
reactant = —
O] -hexene

In H,, A is the area under the peak in the GC spectrum for m/
z = 84 for 1-hexene, cis-2-hexene, trans-2-hexene, and 3-hexene
and in the GC spectrum for m/z = 86 for n-hexane peaks. In
D,, A is the area under the peak in the GC spectra for m/z =
84 (d,), 85 (d;), 86 (d,), 87 (d;), and 88 (d,) for the 1-
hexene, cis-2-hexene, trans-2-hexene, and 3-hexene isotopo-
logues and for m/z = 86 (d,), 87 (d,), 88 (d,), 89 (d;), and 90
(d,) for the n-hexane isotopologues. ¢ is the ionization cross
section which is 16.3 for 1,2,3-hexene and 19.4 for n-hexane.*’
x is a correction factor to calculate the area under the peak of
the total GC spectrum (with all m/z values included) from the
areas in the GC spectra at m/z = 84 and 86 for 1,2,3-hexene
and n-hexane, respectively. These correction factors were
determined by injecting 1-hexene, cis-2-hexene, trans-2-hexene,
3-hexene, and n-hexane separately in the GC—MS and
measuring the total and separate m/z GC spectra (example
shown in Figure S10). Table 1 lists the correction factors used.
Figure S11 shows an example set of GC—MS spectra used for

Table 1. Correction Factors (x) Used to Compute the Areas
under the Peak for the Hexenes and n-Hexane in the Total
GC Spectra (Including All m/z Values) From Their Areas in
the GC—MS Spectra with m/z = 84 and 86, Respectively”

compound correction factor (x)
1-hexene 17.66
cis-2-hexene 8.26
trans-2-hexene 7.95
3-hexene 8.14
n-hexane 24.30

“The correction factors were determined experimentally for the GC—
MS used in this work.
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the quantitative analysis of the number of deuterium atoms
incorporated in the hexene isomers and in hexane.

DFT Calculations. All density function theory (DFT)
calculations were performed using the Vienna ab initio
simulation package (VASP).*”*' The Pd,/Au(111) surface
was constructed using a six-layer slab and a (4 X 4) unit cell.
For this unit cell size, a Monkhorst—Pack-generated 7 X 7 X 1
K-points grid was used.*” A cutoff energy of 400 eV for the
plane wave basis set and the optPBE-vdW functional were
employed for all calculations.**~* During structural optimiza-
tions, the bottom four layers of the slab model were fixed in the
Au bulk position, and the upper two layers and the adsorbates
were allowed to relax until the force on each relaxed atom was
smaller than 0.03 eV/A. Transition states were located using
both the dimer method and the quasi-Newton method.*® For
simplicity, free-energy calculations neglect the zero-point
energy (ZPE) and the vibrational contribution for both the
gaseous and surface species. The impact of the ZPE on the
most important barriers (H, dissociation and H-migration
from PdH,) is small: the ZPEs on H,(g), TS-Dis, and H-
migration from PdH, are 0.27, 0.27, and 0.26 eV,
respectively.”® Hence, the differences in the ZPE are small.
All atomic configurations reported in this work were visualized
using VESTA."

Microkinetic Simulations. Microkinetic simulations were
performed to compare the theoretically proposed reaction
pathway to the experimentally observed catalyst reactivity,
product selectivity, and degree of H/D exchange in 1-hexene,
2-hexene, and n-hexane. The kinetic rate parameters were
computed from DFT energetics. The forward and reverse rate
constants of surface reactions were computed using transition-
state theory:*®

The rate constants for the adsorption of
computed with the kinetic theory of gases

act

RT

_ kgT

k.= —
AT

—AG;

§as molecules were
)

oA, P°

site:
N 2amky T

where ¢ is the sticking coeflicient, Ay, is the area of the active
site, P° is the standard state pressure (1 bar), m; is the mass of
the adsorbate i, and kg is Boltzmann’s constant.

For the simulations in this work, the sticking coeflicient was
assumed to be 1. The surface area of an active site was
calculated using the experimental bulk lattice constants of Pd
and Au (3.88 and 4.06 A, respectively).”” The atomic fraction
of Pd in the alloy is set to 5%. Following Vegard’s law, the area
occupied by one atom on the (111) facet is 7.10 X 107*° m”.
The corresponding rate constants of desorption were
computed using the equilibrium constants of adsorption:

ads,i —

ads,i
k,..= d
des,i I(adsyi
K ( A :ds,i]
ads,i = exp| —
kT

The rate of elementary step j was computed using the
following equation
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Figure 1. 1-Hexene hydrogenation over Pd,Auqs and Pd catalysts renders different product distributions. (a) Reaction scheme for 1-hexene
isomerization to (trans-, cis-) 2- or (trans-, cis-) 3-hexene and hydrogenation to n-hexane. (b) Product selectivity at 92% 1-hexene conversion for
Pd,Aug and the Pd catalyst. The catalytic data were measured under steady-state conditions at 373 K (Pd,Auy) and 320 K (Pd) in 1 vol % 1-
hexene and 20 vol % H, in Ar, with a total flow of 50 mL/min using a catalyst bed of 20 mg of 4.2 wt % Pd,Augs and 2 mg of 0.6 wt % Pd,
corresponding to 16 and 12 ug Pd, respectively. cis- and trans-3-hexene are grouped together as 3-hexene because these isomers could not be

analyzed separately.

u ,fwd rev rev

fwd
_ p.fwd Lij rev Vi Lij
r=k; H %13 H ¥, gas — k; H Qi1s H Qi gas
i i i i

where kf‘”d and k*" are the forward and reverse rate constants
and kf}”d and ki are the stoichiometric coefficients of reactant i
in the forward and reverse directions. The activity @; was
assumed to be the surface coverage fraction 6, for surface
intermediates (including bare sites, normalized by the total
number of sites) and as the ratio of the partial pressure to the
standard pressure, P,/P°, for gaseous species.’’

The time-dependent coverages of surface intermediates are
obtained as the steady-state solution of the following system of
ordinary differential equations:

det fwd rev
E=_Z”i; et U
j

j

Following Wang et al,, the steady-state solution is achieved in
28,51 . .

two steps. Starting from a bare surface, the equations are

first integrated over 500 s until they have approximately

reached a steady state. The resulting coverages are then used as

an initial guess of the numerical solution to the following

equations:

0==2 "+ 2y,
j j
gpd(t = 0) = Z HPd,il
i
1= Z HPd,i + Z HAu,i
i i

Here, 0p4; and 6,,,; are the surface coverages of species i on Pd
and Au sites, respectively.

To evaluate the degree of H/D exchange in 1-hexene, 2-
hexene, and n-hexane as a function of 1-hexene conversion, the
above microkinetic model was embedded in an isothermal and
isobaric plug-flow reactor (PFR). The metal content of the
catalyst was assumed to be 4.2 wt %. Each Pd-in-Au
nanoparticle in the catalyst was assumed to be a sphere 4.9
nm in diameter, with 5% of all atoms in each particle being Pd.

15713

B RESULTS

Selectivity Differences between the Pd-in-Au and Pd
Nanoparticle Catalysts. The dilute Pd-in-Au and mono-
metallic Pd nanoparticle catalysts were prepared using a
raspberry colloid templated (RCT) approach.”® This multistep
colloidal synthesis route yields a well-defined, macroporous
metal oxide support with partially embedded metal nano-
particles in the pore walls.”* The partial embedding gives rise
to a unique sinter-resistance of the nanoparticles at elevated
temperatures (800 °C)** and under catalytic conditions,”
ensuring stable conversions and minimal catalyst deactiva-
tion.””> The robustness of the RCT catalysts makes them
suitable systems for detailed catalytic model studies. Here, a
monometallic RCT catalyst (Pd) and a dilute alloy catalyst
were prepared with a nanoparticle composition of 4 atom % Pd
and 96 atom % Au (Pd,Aug) embedded in a silica matrix.”'
The Pd and Pd,Auy catalyst had metal loadings of 0.6 and 4.2
wt %, respectively, and particle sizes of 6.9 & 2.1 and 4.9 + 0.9
nm, respectively.”’ The amount of catalyst loaded was adjusted
to ensure a similar amount of Pd in each experiment: 12 and
16 pg of Pd for pure Pd and Pd,Auy,, respectively. Prior to the
catalytic testing for 1-hexene hydrogenation, the catalysts were
activated via pretreatment in oxygen to segregate Pd to the
surface of the dilute alloy catalyst (Methods).”

Testing of the monometallic Pd and bimetallic Pd,Augg
catalyst in the selective hydrogenation of 1-hexene under
steady-state conditions showed that the Pd,Augs nanoparticles
preferentially converted 1-hexene to its isomers, (trans- and cis-
) 2- and 3-hexene, whereas monometallic Pd exhibits a higher
selectivity toward the fully hydrogenated n-hexane product.
The reaction scheme in Figure la depicts the isomerization of
1-hexene to (trans- and cis-) 2- and 3-hexene and the
hydrogenation of various isomers into n-hexane. The product
distributions in Figure 1b show that the predominant product
for both catalysts is trans-2-hexene and both catalysts produce
a similar amount of 3-hexene. However, there is a clear
difference in n-hexane selectivity: the Pd catalysts produced
33% n-hexane, which is 3 times more than the Pd,Auy, catalyst
(11% n-hexane). The product selectivity was deliberately
compared at relatively high and equal 1-hexene conversion
(92% in both cases), as maintaining high selectivity toward the
hexene isomers is most difficult under these conditions and

https://doi.org/10.1021/acs.jpcc.2c04982
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large differences in selectivity between palladium and
bimetallic palladium—gold catalysts are typically observed at
high conversion (i.e., low 1-hexene levels)." Note that the Pd
catalyst exhibits a higher catalytic activity: 92% conversion was
reached at 320 and 373 K for the Pd and Pd,Auy catalysts,
respectively.

Mechanistic Insight via Isotopically Labeled 1-
Hexene Hydrogenation. Isotopic labeling experiments
using deuterium (D,) instead of hydrogen (H,) gas to
hydrogenate 1-hexene were used to further investigate the
observed differences in selectivity between the dilute alloy and
monometallic Pd catalyst, and to establish whether both
catalysts follow an HP mechanism. Specifically, the isotopic
labeling experiments provide insight into (i) the reversibility of
hexene isomerization (C=C bond position change) and (ii)
the relative rate of isomerization versus hydrogenation over the
mono- and bimetallic catalyst. Figure 2 shows the different
reaction pathways and intermediates that can form in the

presence of D,. The reaction starts with the adsorption of 1-
hexene on the catalyst surface™® and the dissociative
adsorption of deuterium.”’ These two processes must occur
on two separate Pd surface sites.”' Next, one adsorbed
deuterium atom migrates via the Au surface to the Pd site
where 1-hexene is adsorbed. A 2- or 1-hexyl intermediate is
formed via the addition of the migrated deuterium atom to the
first or second carbon atom, respectively. These hexyl
intermediates can either be further hydrogenated to n-hexane
by the addition of a second deuterium atom (Figure 2c) or can
lose a hydrogen atom to form 1- or 2-hexene (Figure 2b). 1-
Hexene (d;) can form from the 1- or 2-hexyl intermediate,
whereas 2-hexene (d;) needs to go via the 2-hexyl
intermediate. The readsorption of 2-hexene and the formation
of the 3-hexyl intermediate via the addition of a deuterium
atom to the second carbon atom can lead to the formation of
3-hexene (d,). Because the formation of 3-hexene proceeds via
2-hexene, a larger number of incorporated deuterium atoms
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corresponding mass spectrometry data can be found in Figure S1.

are expected. Clear indications for reversible isomerization and
an HP mechanism are (i) the formation of hexene isomers
with one or more deuterium atoms incorporated, (ii) the
formation of hexane with three or more deuterium atoms, and
(iii) the formation of HD. Furthermore, the number of
deuterium atoms incorporated in the hexene isomers is a
qualitative measure of the number of double-bond formations
from a hexyl isomer prior to the irreversible hydrogenation to
n-hexane.

Quantitative Analysis of Deuterium-Labeled Hydro-
genation Products. The isotopically labeled 1-hexene
hydrogenation experiments were conducted under steady-
state conditions and at high 1-hexene conversion (92%) to
gain insight into the reaction mechanism over the Pd,Auy, and
Pd catalysts. Quantitative analysis of all products and the
number of deuterium atoms incorporated was achieved by
simultaneously using an online mass spectrometer to monitor
the HD formation and a gas chromatography mass
spectrometer (GC—MS) to quantify the hexene and hexane
products (Methods). First, steady-state conditions in H, were
ensured prior to exchanging the H, flow for D, flow (Figure
S1). Upon switching to D, a slight drop in I-hexene
conversion was observed, from 92 to 84 and 79% for
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Pd,Aus and Pd, respectively (Figure 3a,d). Additionally, a
change in product selectivity occurred: the hexane fraction
decreased whereas the hexene isomer fraction increased for
both catalysts (Figure 3b,e). This change in product selectivity
is mostly a conversion effect because the conversion vs product
selectivity curves are nearly identical in H, and D, (Figure S2).
Hence, the same preferences for Pd in n-hexane formation and
Pd,Auy in isomer formation were preserved in D,. In both
cases, HD is formed, following from the increased HD/D,
ratio over the reactor with respect to the bypass (Figure 3c,f
and Figure S3), which suggests reversible double-bond
formation and an HP mechanism on both catalysts. Note
that the 1-hexene hydrogenation activity of the Pd catalyst
exceeds that of Pd,Auy, catalysts: 25 vs S mmol, pegene S gpa
at 320 K (calculated from the data shown in Figures S4 and
SS). Both catalysts are stable under steady-state conditions and
during heating and cooling (Figures S4a and SSa).

The number of deuterium atoms incorporated in the hexene
isomers and n-hexane at high steady-state conversion (Figure
4) and for the full range of conversion levels (Figures S4 and
SS) can be summarized in five key findings. First, there is a
clear isotope effect, where hydrogen incorporation is favored
over deuterium incorporation. Only at very high conversions

https://doi.org/10.1021/acs.jpcc.2c04982
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do the number of deuterium atoms increase and does the
fraction of deuterated products (d;—d,) exceeds that of d,
products (Figures S4 and S5). Mass balance calculations
confirmed that the H 4 needed to form the 2-,3-hexene and n-
hexane d,, products is supplied via the hydrogen atoms released
upon hexene isomerization. Second, there is a clear difference
in deuterium incorporation in 1-hexene between the Pd and
Pd,Aug catalysts (Figure 4a). The fraction of 1-hexene d; was
lower for the Pd catalyst (Figure SSc) and decreased with
increasing conversion, whereas an increase was observed for
the Pd,Auy catalyst (Figure S4c). This implies that the
probability of forming 1-hexene from the 1-, or 2-hexyl
intermediate is lower on a Pd than on a Pd,Aug surface. Third,
the number of deuterium atoms incorporated in n-hexane is
higher for the Pd compared to the Pd,Auy catalyst (Figure
4b), indicating a higher concentration of adsorbed deuterium
atoms on the Pd surface and/or a higher probability for
hydrogenation vs isomerization to occur. Fourth, a slightly
higher deuterium incorporation in trans-2-hexene for the Pd
versus the Pd,Aug, catalyst was observed (Figure 4c),
suggesting either that more isomerization cycles occur on the
Pd surface due to the longer residence time of the intermediate
and/or there is a higher supply of dissociated D vs dissociated
H on the catalyst surface. Fifth, the number of deuterium
atoms incorporated in 1-hexene (Figure 4a) is substantially
lower than in 2- (Figure 4d) and 3-hexene (Figure 4e),
indicating that reversible isomerization back to 1-hexene is less
likely than isomerization to 2- and 3-hexene. For both catalysts,
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more deuterium was incorporated in 3-hexene, which is due to
the fact that 3-hexene formation proceeds in two steps via 2-
hexene formation.

Adsorption, Isomerization, and Hydrogenation En-
ergies from First-Principles Calculations. Both 1- and 2-
hexene bind more strongly on pure Pd than on Pd-doped Au,
based on density functional theory calculations (DFT) on
Pd(111) and Pd;Au(111) models (Table 2; Figure S). Hence,

Table 2. Adsorption Internal Energies of 1- and 2-Hexene
on a Monometallic Pd(111) and Single Pd Atom on the
Au(Pd,Au, 111) Surface”

1-hexene 2-hexene
Pd,Au —1.22 eV —0.93 eV
Pd —1.67 eV —1.45 eV

“The values were computed using density functional theory (DFT)
calculations.

desorption of the 1- and 2-hexene is more facile from
Pd,;Au(111). The adsorption internal energies of 1- and 2-
hexene were calculated for a single Pd atom on a face-centered-
cubic (FCC) Au(111) surface (Pd;Au(111)) and on a
monometallic Pd(111) surface. A (111) surface termination
was assumed as the nanoparticles in the catalysts exhibit a
penta-twinned crystal structure with predominantly (111)
facets at the nanoparticle surface.””** Previous CO-DRIFTS
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experiments showed that the surface composition of Pd,Auy
in silica RCT catalysts mainly consist of Pd-monomers.”’

The adsorption and dissociation of the hydrogen on Pd;Au
and Pd surfaces have previously been studied using experiment
and theory.”"*® Hydrogen dissociation is barrierless on Pd but
rate-limiting on a Pd;Au surface, leading to lower H/D
coverages. Both the weaker hexene adsorption and the lower
H/D coverages could explain the high hexene product
selectivity and the reduced catalytic activity observed for the
Pd,Auy, catalyst in the experiment.

The free-energy profiles for 1-hexene hydrogenation to n-
hexane (Figure Sa) and for isomerization to 2-hexene (Figure
Sb) reveal that on the Pd,Au surface the isomerization pathway
is favored over hydrogenation to n-hexane. The full set of
adsorption configurations of the reactants, intermediates, and
products corresponding to the states in the energy profiles is
provided in Figure S6. Both the hydrogenation and isomer-
ization pathways start with the adsorption of 1-hexene on the
Pd, site, which is thermoneutral under the considered
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conditions. This is followed by hydrogen dissociation on a
different Pd site and the migration of a H atom to the Pd site
where the 1-hexene is bound, a process with an overall barrier
of 0.86 eV.”” Subsequent addition of the dissociated hydrogen
atom on either the first or second carbon atom leads to the
formation of the 2-hexyl (green) and 1-hexyl (red)
intermediate, respectively. Next, the hexyl intermediates can
be hydrogenated by the spillover of another H atom to the Pd
site and adding a H atom to the remaining carbon radical/
remaining unsaturated carbon of the hexyl intermediate to
form n-hexane. The effective free-energy barrier for this
process is 0.86 eV (H, dissociation). Alternatively, the reverse
process from the hexyl intermediates to 1-hexene via reductive
H-elimination can occur. The effective barrier for this reverse
process is 0.67—0.73 eV (for 1-hexyl to TS1(a) and 2-hexyl to
TS(b), respectively) and hence is lower than the effective
barrier for hydrogenation to n-hexane. The barrier for
isomerization to 2-hexene is even a bit lower, 0.66 eV,
indicating that the formation of both 1- and 2-hexene is

https://doi.org/10.1021/acs.jpcc.2c04982
J. Phys. Chem. C 2022, 126, 15710—15723
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Schematic representations of the elementary steps corresponding to the transition states in panel (c). The reaction was found to start at ~350 K
with 2-hexene as the minority product and H, dissociation as the main rate-controlling TS.

favored over the formation of n-hexane. Hence, the DFT
calculations indicate that on the Pd;Au surface backward
dehydrogenation to form a hexene isomer is favored over
hydrogenation to n-hexane and that isomerization to 2-hexene
is favored over the reformation of 1-hexene. Both findings are
in agreement with the experimental results for the Pd,Augg
catalyst shown in Figures 1 and 4, respectively.

Microkinetic Simulations of 1-Hexene Hydrogena-
tion. The reactivity and product selectivity of the calculated
reaction mechanism for Pd;Au(111) were evaluated under the
operating temperature and pressure using microkinetic models,
which were parametrized using DFT-calculated reaction
energies and barriers from Figure S. In brief, the microkinetic
model of 1-hexene hydrogenation/isomerization consists of
four groups of reactions: (i) the dissociation of H, on a vacant
Pd site and the exchange of atomic H between Pd sites,
eventually also occupied by the hydrocarbon intermediate, via
spillover on Au, (ii) the hydrogenation of 1-hexene to n-hexane
through either the 1-hexyl or (iii) 2-hexyl intermediate, and
(iv) the isomerization of 1- to 2-hexene through the 2-hexyl
intermediate. The hydrogenation of hydrocarbon intermedi-
ates was assumed to take place only after hydrogen exchange.
Table S1 summarizes all elementary steps, their kinetic rate
constants, the Gibbs free energies of reaction, and the
activation energies. At low 1-hexene conversion (fixed partial
pressures of p(H,) = 0.2 bar, p(1-hexene) = 0.01 bar, and p(2-
hexene) = p(n-hexane) = 0.001 bar), the conversion of 1-
hexene started at 333 K, reaching a 1-hexene consumption rate
of 0.331 s™" at 373 K (Figure 6a), with 3% of the 1-hexene
being isomerized to 2-hexene and the rest hydrogenated to n-
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hexane (Figure 6b). Ninety-three percent of the produced n-
hexane formed through the 1-hexyl intermediate, while the rest
proceeded through the 2-hexyl intermediate. The discrepancy
between the calculated product selectivity to preferential n-
hexane formation and the experimental product selectivity to
2-hexene will be discussed later.

To identify the factors influencing the I1-hexene con-
sumption rates and the 2-hexene selectivity, the degree of
rate control (DRC) and degree of selectivity control (DSC) of
transition states were computed. The DRC and DSC quantify
the relative importance of surface intermediate and transition
states to the overall reaction rate and product selectivity.”’ The
calculated DRC of transition states (Figure 6¢,d)* for 1-
hexene consumption at 373 K and partial pressures
corresponding to low 1-hexene conversion indicate that H,
dissociation (DRC = 0.74) is the main rate-controlling TS,
similar to that of 1-hexyne hydrogenation.”” The TS of H
transfer from the PdH, species onto the Au support is partially
rate-controlling (DRC = 0.21), whereas the TS of C—H bond
formation has only a very minor influence on the overall rate:
DRC = 0.01 and 0.03 for the formation of 1-hexyl and 2-hexyl,
respectively. The DSC showed that under the same conditions
[T =373 K, (H,) = 0.2 bar, P(1-hexene) = 0.01 bar, and P(2-
hexene) = P(n-hexane) = 0.001 bar] the TS of H, dissociation
and that of H transfer to 2-hexyl to eventually form hexane
(TS2(b)) and impact the selectivity of 2-hexene most
negatively (Figure S7, DSC = —0.57 for both), meaning that
if the energy of these TSs is lowered then the selectivity for 2-
hexene decreases. On the other hand, the TS of 1-hexene
hydrogenation to 2-hexyl (DSC = +0.93) and that of 2-hexyl

https://doi.org/10.1021/acs.jpcc.2c04982
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distribution, (d) 2-hexene isotope distribution, and (e) n-hexane isotope distribution as functions of 1-hexene conversion. The PFR, with 200 mg of
catalyst loading, was assumed to operate at constant temperature and pressure (1 bar). The 1-hexene conversion and product/isotope selectivity
were evaluated under an inlet flow of SO standard mL/min (corresponding to the standard condition of T = 273.15 K and P = 1 atm), consisting of

1 vol % 1-hexene and 20 vol % D, with an inert balance.

dehydrogenation to 2-hexene (DSC = +0.69) positively
influence the selectivity for 2-hexene (decreasing the energy
favors the selectivity to 2-hexene).

The calculated DSCs and DRCs unambiguously show that
the free-energy barriers of H, dissociation and H-spillover are
critical in controlling the overall reactivity and selectivity of the
catalyst. This is in line with the rate-controlling step in the
partial hydrogenation of 1-hexyne over Pd;/Au, where high H,
dissociation and H-spillover free-energy barriers result in the
reversible formation of hexyls on Pd; sites, boosting the
catalyst’s selectivity for 1-hexene by hindering the further
hydrogenation of hexyls.”” Here, the large H, dissociation and
H-transfer barriers impact the selectivity in a similar way: 1-
hexene isomerization becomes favored when further hydro-
genation of hexyl intermediates is hindered by large H,
dissociation barriers. To test the importance of the barriers
beyond a local derivative in the DRCs and DSCs, the rates of
1-hexene conversion and product selectivity were recalculated
after increasing the barrier of the H, dissociation and H-
spillover steps by 0.1 eV (Figure S8). The recalculated 2-
hexene selectivity is in much better agreement with
experimental observations, where 2-hexene was found to be
the majority product, and this will be further discussed below.

Theoretical Assessment of H/D Exchange in 1-
Hexene Hydrogenation. To further strengthen the argu-
ment that large H, dissociation and H-spillover barriers are
responsible for the high selectivity to 2-hexene, the micro-
kinetic models were extended to include D,/HD adsorption, D
exchange between Pd/Au sites, and the deuteration of
hydrocarbon intermediates (Table S1). For 1- and 2-hexene,
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one H atom was allowed to be exchanged for D, while for n-
hexane, up to two H atoms were allowed to be exchanged for
D. To assess the degree of H/D exchange in the hexenes and
n-hexane as a function of temperature and 1-hexene
conversion, the microkinetic model was embedded in an
isothermal and isobaric plug flow reactor (PFR) with 200 mg
of catalyst loading. The inlet flow rate to the reactor was
assumed to be SO standard mL/min (corresponding to the
standard condition of T = 273.15 K and P = 1 atm), consisting
of 1 vol % 1-hexene and 20 vol % D, with an inert balance. The
reactor simulations were first performed without any shift to
the barriers of H, dissociation and H spillover (Figure S9).
Following the 1-hexene consumption rates and 2-hexene
selectivity evaluated at fixed partial pressures (Figure 6), n-
hexane was found to be the major product. Marked H/D
exchange was observed in the hydrocarbon species, with n-
hexane d; as the most prevalent product at 10% 1-hexene
conversion.

With the barriers of H,/D,/HD dissociation and H/D
spillover increased by 0.1 eV, the simulated product selectivity
qualitatively agrees with experimental observations (Figure 7).
1-Hexene conversion started at 343 K, with its overall
conversion rising to 40.2% at 393 K (Figure 7a). In the
temperature range of 303 to 383 K, 2-hexene was found to be
the major product at most temperatures (Figure 7b), which is
in agreement with experimental observation. At 373 K, the
conversion of 1-hexene was 23.3%, with a 60.9% selectivity for
2-hexene. The calculated degree of H/D exchange (Figure 7c—
e) also followed the trend observed in the experiment (Figure
S4c). The amount of deuterated hexenes and n-hexane
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increased from 303 to 393 K but never overtook the quantity
of nondeuterated carbonaceous species. Similar to the
experimental findings (Figure 4), the microkinetic modeling
results at 373 K indicate that the majority of all carbonaceous
species in the reactor outlet remained dy: 82.6% 1-hexene d,,
85.1% 2-hexene d, and 71.2% n-hexane d,,.

B DISCUSSION

The isotope-exchange experiments indicate that 1-hexene
hydrogenation on the dilute Pd,Auys alloy catalysts follows
the same reaction mechanism as on the pure Pd nanoparticle
catalyst. The formation of HD, incorporation of deuterium in
hexene isomers, and formation of n-hexane with more than two
deuterium atoms all support a Horiuti—Polanyi mechanism
where alkene isomerization is reversible due to sequential
hydrogen/deuterium addition and subtraction. So far, the HP
mechanism had been established on pure metal systems' ™'
and was assumed to be extendable to bimetallic surfaces,* but
to the best of our knowledge it has not been experimentally
verified on bimetallic dilute alloy surfaces.

Our combined DFT and microkinetic modeling approach
revealed that the preferential hexene isomerization of the
Pd,Auy, catalysts is likely caused by H, dissociation and H
spillover being rate-limiting on the Pd;Au(111) alloy surface.
The high selectivity toward the hexene isomers arising from a
high H, dissociation barrier can be rationalized by the fact that
hexane formation is hampered due to the limited availability of
dissociated hydrogen on the alloy surface. The impact of the H
spillover can be explained by the fact that H, dissociation must
occur on an empty Pd site, and H spillover across the surface
onto Au must occur to hydrogenate the C6 intermediates on
another Pd site. A higher barrier for H spillover limits the
amount of H transfer from one Pd site to an adsorbed 2-hexyl
intermediate on a different Pd site. The latter process has a
negative DSC. Hence, increasing the barrier H/D spillover
improves the selectivity for 2-hexene.

The microkinetic modeling was essential in further
establishing that the height of the H, dissociation and H-
spillover barriers strongly impacts the product selectivity and
that these energy barriers were likely underestimated in the
DFT calculations because the product selectivity and
deuterium incorporation did not match the experimental
findings. Increasing the H, dissociation and H-spillover
barriers by only 0.1 eV led to significantly better
correspondence between the modeled and experimental
hexene/hexane product selectivity as well as the deuterium
distributions in these products, illustrating the added value of
the isotopic labeling experiments in correctly correlating
experiment and theory. One can note that 0.1 eV is within
the error bar of DFT so that such a shift does not contradict
our overall model. The preferential H incorporation in the
hexene isomers and n-hexane also supports the argument that
H,/D, dissociation is rate-limiting on the Pd,Auy4 nanoparticle
catalyst, and the larger number of deuterium atoms
incorporated into n-hexane for pure Pd points toward a larger
supply of dissociated D, on the Pd surface. Finally, the lower
catalytic activity per Pd atom in the dilute alloy catalyst with
respect to monometallic Pd also supports the fact that H,
dissociation is rate-limiting on the dilute alloy catalysts, as the
microkinetic modeling results in Figures 6 and 7 show that
increasing the barrier for H, dissociation decreases the activity
of the dilute alloy catalyst.

Lower alkene adsorption energies or the absence of a Pd-
hydride phase is often invoked to explain the improved alkene
selectivity of dilute alloy systems.'”'® Indeed, our DFT
calculations support a weakening of the alkene adsorption
energies on dilute alloy surfaces (Table 2), which is in line with
previous experimental findings where the ethylene adsorption
energy decreased when diluting Pd in Au and when lower
coverages of ethylene were measured with microcalorimetry."
However, the free-energy profiles and our microkinetic
simulations show that this is not the main reason for the
improved selectivity of dilute alloys. The preferential isomer-
ization of the hexyl intermediates on dilute alloys is mainly due
to the larger energy barrier for hydrogenation induced by the
high energy barrier for H, dissociation and H spillover. The
formation of the Pd-hydride is likely prevented in the dilute
alloy design because three-dimensional Pd clusters are needed
to accommodate such a phase,”*> which are unlikely to exist
in a Pd,Aug system.”' Interestingly, the isotope-exchange
experiments do not show obvious indications that hydride
formation plays an important role in the selectivity of the Pd
catalyst either: no large increase in the deuterium incorpo-
ration is observed compared to Pd,Auy, (Figures S4 and SS),
which would be the case if a large excess of dissociated
deuterium was stored in the Pd subsurface.

The findings of this study provide important guidelines for
the design of dilute alloy catalysts with an optimized catalytic
selectivity and activity for alkene hydrogenation/isomerization.
Our work suggests that two key parameters need to be
considered: (i) the energy barrier for hydrogen dissociation on
the minority metal and (ii) the energy barrier for hydrogen
spillover onto the metal host. Increasing the H, dissociation
and H-spillover barrier induces a higher selectivity toward the
isomerization products but lowers the overall catalytic activity.
Hence, balancing these two parameters is key, which can be
achieved via the Pd ensemble size and the choice of the metal
host. Recent studies demonstrated that the hydrogen
dissociation rate and binding strength can be tuned via the
Pd ensemble size, where larger ensembles favor faster hydrogen
dissociation and stronger hydrogen binding.”"*® Subsequent
hydrogen spillover can be optimized via the choice of the metal
host, where H spillover is known to occur easily onto a Cu
host,'** and hydrogen spillover onto Ag®' and Au®*"**
surfaces occurs at sufficiently high pressures or in the presence
of a more strongly binding reactant.

B CONCLUSIONS

In this study, we presented new mechanistic insight to unravel
the enhanced alkene selectivity of dilute alloy catalysts and
their ability to prevent 1-hexene hydrogenation under
hydrogen. By combining isotope-exchange experiments, DFT
calculations, and microkinetic modeling, we show that hexene
isomerization and hydrogenation on a dilute Pd-in-Au alloy
catalyst occur via the same Horiuti—Polanyi mechanism as on
a monometallic Pd surface and that the rate-limiting- and
selectivity-controlling elementary steps are H, dissociation and
H spillover onto the Au host. Importantly, hexene adsorption
and H, dissociation cannot occur on the same Pd site, thus H
migration is a key step in hexene conversion on the dilute
alloys. Hydrogenation is prevented by the relatively high
barrier for H, dissociation and H spillover, which is different
from the common assumption that the enhanced alkene
selectivity of Pd alloys originates from the weakening of the
alkene adsorption energies. Our results have direct implications
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for the future design of more efficient alloy catalysts for alkyne
and alkene hydrogenation, where optimized selectivity and
activity can be achieved via careful tuning of the Pd ensemble
size and the choice of the host metal to control hydrogen
dissociation and spillover.
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