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Abstract

Improving the selectivity for catalytic hydrogenation of alkynes is a key step in upgrading feedstocks
for olefin polymerization. Herein, dilute PdxAu+x alloy nanoparticles embedded in raspberry colloid-
templated silica (x=0.02, 0.04, and 0.09) are demonstrated to be highly active and selective for the
gas-phase hydrogenation of 1-hexyne, exhibiting higher selectivity than pure Pd at high conversion.
The conversion of 1-hexyne remains high even for the very low amounts of Pd in Pdo.02Auo.0s. These
catalysts are highly resistant to sintering—addressing a long-standing challenge in the use of Au-based
catalysts. Clear evidence is presented that the addition of the second hydrogen to the half-
hydrogenated intermediate is the rate-limiting step, and that the stability of the half-hydrogenated
intermediate of the alkyne is higher than the half-hydrogenated alkene which explains the high
selectivity even at high conversions. Moreover, of the three compositions investigated, optimum
selectivity and activity is observed for the nanoparticles containing 4% Pd. The apparent activation
energy for production of 1-hexene from 1-hexyne is measured to be 38 kJ mol-! for the Pdo.04Auo.96
catalysts, which is ~14 kJ mol-' lower than for pure Pd. The hydrogenation is completely, but reversibly,
suppressed by adding CO to the reactant mixture, indicating that the Pd centers are the active sites
for reaction. The method of templating used in preparation of the catalysts is highly customizable and
versatile. This study demonstrates that the composition of the nanoparticles as defined by the dilution
ratio of Pd in Au and by the method used to make the supported catalyst are important tunable
parameters that can be used to optimize activity and selectivity of bimetallic systems.

Keywords: selective alkyne hydrogenation, dilute alloy catalysts, PdAu supported on SiOg,
colloidal templating, TEM, DFT
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Introduction

Selective hydrogenation of alkynes (C=C) to alkenes (C=C) without over-hydrogenation
to alkanes is a key step in upgrading C2-Ce fractions from steam crackers.'-3 Alkynes are
generally present in trace amounts in industrial alkenes but act as poisons in downstream
polymerization processes; hence, selective removal of the alkynes is critical.” The state-
of-the-art catalyst system for this reaction remains the “Lindlar catalyst™? — a catalyst
composed of high loadings of Pd (~5 wt.%) supported on CaCOg3. It is also treated with
quinolone and poisoned by toxic Pb to modulate activity and selectivity.® Nevertheless,
the Lindlar catalyst has a selectivity substantially lower than desired; e.g. ~88% selectivity
for production of 2-hexene from 2-hexyne at ~25% conversion3 and only 0.02 wt.% of the
total metal is estimated to be active during reaction.# Furthermore, the Pb additive is
environmentally toxic.

The determining factors driving the selectivity for production of alkenes from alkynes over
Pd at low conversions are thought to be: (1) a competitive hydrogenation of the alkyne
versus the alkene; and (2) partial coverage of the Pd surface by adsorbates and
oligomers. The competitive hydrogenation is generally explained by competition between
the alkyne and alkene for active sites that is largely dictated by their respective heats of
adsorption—alkynes bind more strongly to Pd than alkenes.>7 The stronger adsorption of
the alkyne is proposed to be responsible for preventing adsorption of the alkene, which is
a required step. Hence, alkyne adsorption and hydrogenation would dominate over the
alkene as long as the conversion is not too high. Partial coverage of the Pd surface by
adsorbates and oligomers would significantly decrease the number of available Pd sites,
including larger Pd ensembles.® It is postulated that this site-blocking alters the
performance of the Pd catalyst, leading to an increase in the selectivity accompanied by



a reduction in activity.® Although Pd is used commercially, there is great interest in
identifying more selective catalysts, including very dilute PdAu alloys.10-12

Bimetallic Pd-based catalysts have been extensively studied as a potential means of
increasing selectivity while preserving high conversions. Indeed, the selectivity for alkyne
hydrogenation improves modestly with the addition of Cu (1 wt.%Pd - 1.2 wt%
Cu2/Al203"3), Ag (2.7 wt.% Pd - 5.5 wt.%Ag/Al203'4) or Au (0.53 wt.% Pd - 1.15 wt.%
Au/TiO219; 0.1 wt.%Pd - 0.91 wt.%Au/TiO21"). Improved selectivity for hydrogenation was
also reported for catalysts prepared by dispersing single Pd atoms on graphene or
modified graphene, but the conversion of the alkyne was not reported.'5.16 Finally, the
single-atom alloy (SAA) approach combines the former and the latter strategies by
atomically distributing Pd in a second metal such as Ag'” or Au'2. While the selectivity
towards desired alkenes is enhanced by these methods, it is still well below 90%, and the
activity is lower than that of monometallic Pd. Moreover, the effect of varying the Pd
composition for the hydrogenation of acetylene in excess ethylene has been reported only
for high Pd:Au and Pd:Ag atomic ratios (Pd:M atomic ratio >0.418).

Herein, we report that the selectivity for hydrogenation of 1-hexyne (Fig. 1) is higher for
highly dilute PdAu nanoparticles (NPs) than for pure Pd at high hexyne conversion. The
conversion of 1-hexyne remains high even for very low amounts of Pd (Pd:Au atomic ratio
<0.1) in these novel catalysts. A novel catalyst architecture was used in which the PdxAus.
x (x=0.02, 0.04, and 0.09) NPs are partially embedded in raspberry colloid templated
(RCT)-SiOz2 (Fig. 2). These catalysts have the added benefit of being resistant to sintering
after high-temperature treatment—addressing a long-standing challenge in the use of Au-
based catalysts.'® The materials synthesis method reported herein yields a robust catalyst
system that can be customized by changing/tuning the nanoparticle and/or the support.20
Thus, fine control over the composition, morphology, size and distribution of the supported
nanoparticles is achieved.2' We demonstrate here that such modular catalysts based on
dilute Pd-in-Au nanoparticles embedded in RCT silica can be tuned to activate alkyne and
hydrogen and selectively yield alkene. Furthermore, we show clear evidence that the
addition of the second hydrogen to the half-hydrogenated intermediate is the rate-limiting
step, and that the relative stabilities of the half-hydrogenated intermediates of the alkyne
and alkene, respectively, explain the high selectivity for selective formation of hexene
even at high conversions.



A key finding is that the Pdo.csAuo.es RCT-SiO2 has the optimum performance of the
compositions studied. Specifically, the selectivity for alkene production is over 90% even
at high conversion (80%), while preserving high activity.

1-Hexyne

__/\/

catalyst
+H,
catalyst

1-Hexene ) 2-Hexe'ne ; 3-Hexene
M <« isomers

Desired product
:.a!:llzst\ / iat:llzls!
Hexane
NS
Figure 1: Schematic for catalytic hydrogenation of 1-hexyne. 1-Hexene is the desired product

while all others are undesirable.

Materials and methods

Catalyst preparation

Catalysts were synthesized using a novel raspberry colloid-templating technique with
three different nanoparticle compositions: Pdo.o2Auo.98, Pdo.0sAuogs and PdoosAug.o1.19
Monometallic Au and Pd nanoparticles were synthesized for comparison purposes using
a modified published method.22 Monometallic Pd RCT-SiO2 was prepared with 0.9 wt.%
so that the Pd content was in the same order of magnitude as Pdo.osAuo.91 RCT-SiO». At
lower loadings, there are risks of dispersions on the support after calcination at high
temperature.23 PdyAu1.x nanoparticles were synthesized by addition of known volumes of
Pd nitrate to a solution of Au nanoparticles (details in SI, S2).

Composite colloids were synthesized by adding specific amounts of Au, PdxAu1x or Pd
nanoparticles to a colloidal dispersion of thiol-modified polystyrene colloids (S2.4). After
formation of a colloidal assembly, a silica precursor was used to backfill interstitial space
between the polystyrene spheres by capillary forces. Calcination at 500°C in air for two
hours simultaneously removes the polymer colloids and organic volatiles, and solidifies
the matrix into SiOo.

Catalytic tests
Catalytic studies were carried out in a continuous-flow reactor at atmospheric pressure.
Catalysts were crushed and sieved to obtain particle sizes between 100 and 300 um. The



catalyst beds were prepared with 20 mg of pure Au or PdxAui.x RCT-SiO2 and 10 mg of
pure Pd RCT-SiO2. A thermocouple was placed inside the catalyst bed. The catalysts
were then mixed with quartz sand respecting a ratio of ~0.85 (volume quartz:volume
quartz+catalyst) to minimize hot spot formation and loaded into a tubular quartz reactor
tube (internal diameter: 1 cm). Gas phase 1-hexyne hydrogenation was carried out with a
feed gas mixture of 1-hexyne (1%), H2 (20%), in a balance of He at atmospheric pressure.
The total flow rate was 50 mL min-!, resulting in a gas hourly space velocity (GHSV) of
3,800 h-'. Pretreatments in oxygen were carried out with 20% O in He balance with a
total flow rate 50 mL min-! at 500°C for 30 min.

Experiments were started at low temperatures on the calcined catalysts. The temperature
was then increased step by step, and steady-state conversions were reported. Reaction
order studies were carried out at 40°C by varying the hydrogen inlet concentration
between 5 to 20% at a fixed 1-hexyne concentration (1%). Reaction order of 1-hexyne
was carried out by varying the 1-hexyne concentration (0.5 to 3%) at a fixed hydrogen
concentration (20%). The effect of CO was studied by co-feeding CO to the standard
reaction mixture at different temperatures. Steady state conversions were reported at
various CO concentrations and reaction temperature over Pd and Pdo.04Auo.96 RCT-SiO2.
Apparent activation energies and reaction orders were determined considering reaction
rates normalized by the amount of Pd at low conversion (< 20%) in a differential regime
such that the difference between inlet and outlet concentrations can be directly related to
the reaction rate.

Long-term stability tests were performed at 90°C on the calcined catalysts. Temperature
programmed oxidation (TPO) was carried out after 22 hours of reaction over all PdxAu1.,
Au and RCT-SiO2 support and after 8 hours over Pd.

1-Hexene hydrogenation was carried out at 50°C after calcination over Pd and Pdo.o4Auo.96
RCT-SiO2 with a feed gas mixture of 1-hexene (1%), H2 (20%) in a balance of He with a
total flow rate of 50 mL min-' at atmospheric pressure.

Catalytic performance was measured by effluent analysis using a GC/MS (Agilent Column
HP-Plot/Q).

Carbon deposition was evaluated by performing TPO experiments after reaction using an
online mass spectrometer with m/z = 4 for He, m/z = 18 for H20, m/z = 32 for O2 and m/z
= 44 for CO..



Density functional theory (DFT)

Pd(111) and Pd/Au(111) metal surfaces were modeled by using 6-layer metal slabs with
3x3 unit cell. The PBE functional?* with dDSC dispersion correction was used, with cut-off
energy of 400 eV, K-points was set to 7x7x1, the structure optimization threshold was
0.02 eV/A. All calculations were performed with VASP.25.26

Results and Discussion

Catalyst preparation and characterization. The templating method yields Au, PdxAu1x or
Pd particles embedded in silica (Fig. 2, S2 and S3). Before the templating approach, the
average particle size was ~6 £ 2 nm for all three compositions (Pdo.o2Auo.9s, Pdo.o4Auo .96
and Pdo.osAuoo1). The average particle size was preserved after calcination (Table 1).
The average particle size was 4.8 + 1.1 for the pure Pd RCT-SiO: after calcination, similar
to that of the dilute PdxAu1x catalysts considering the standard deviation, and thus limiting
potential particle size effect.27.26 Assuming a 5 to 20% embedding of the Pdo.o4Auo.96
nanoparticles in the RCT-SiO2 support, the metal surface area is estimated to be around
1-10 m2 g-1.

Table 1: Self-standing nanoparticles size before the templating approach, size of nanoparticles
embedded in RCT-SiO2 and atomic Pd concentration of Au, Pd and Pd,Au,x RCT-SiO,

Self-standing Nanoparticles embedded in RCT SiO» Total metal
Nanoparticles after calcination loading
Diameter , .
Diameter (nm)? atomic % PdP wt. %P
(nm)?

Au 5107 58+1.2 0 4.5
Pdo.02AU0.98 54+1.0 58+14 21104 11.6
Pdo.04AUo 06 52+0.9 6.0+1.6 43+0.2 25
Pdo.0sAuo.91 58+1.2 6.0+2.1 95+11 12.3

Pd 3208 48+1.1 100 0.9

a. Average particle size as determined with TEM ; b. measured by ICP-MS

Pd retained its metallic state for all alloy compositions even though Pd is prone to oxidation
in monometallic catalysts, based on ex situ XPS data (Fig. S4). Specifically, Pd3ds
binding energies measured after calcination of Pdo.04Auo.96 and Pdo.ooAuo.91 RCT-SiO2 are
334.8 and 334.9 + 0.1 eV, respectively, which is consistent with metallic Pd. For
comparison, Pd3ds spectra are similar for clean Pd(111) (Fig S4).2° The highly dilute



nature of the Pdo.o2Auo9s RCT-SiO2 along with the overlap of the Au4ds, and Pd3d
renders it impossible to discern the oxidation state of Pd based on the XPS data; however,
previous x-ray absorption spectroscopy (XAS) studies indicated Pd was predominantly
metallic.930 |In the case of the monometallic Pd sample, Pds. appears at 336.4 + 0.1 eV
which corresponds to oxidized Pd species.29:31

The Au4f72 region indicates a metallic state for all Au-containing catalysts based on the
measured binding energies at 84.0 £ 0.1 eV (Fig S4).32

Prior studies using diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS)
showed that Pd was atomically distributed on the surface of Pdg.o2Auo.9s8 RCT-SiO2 at room
temperature after CO exposure, whereas both isolated and clustered atoms of Pd are
present in Pdo.ooAuo 91 RCT-SiO2.19 The data for the Pdo.0sAuo.06 Sample will be published
in a separate study but the spectrum is essentially the same as Pdo.02Auo.9s. According to
a previous XAS study, the majority of the Pd atoms are in the bulk of the Au nanoparticles
after calcination and the surface Pd concentration is thus expected to be different than the
bulk composition.'® All catalysts were pretreated in the catalytic reactor in 20% O in He
balance at 500°C and cooled down in He before reaction to remove adventitious carbon
and to create a uniform state of the material.

matrix: a) Scanning electron microscopy (SEM) b) Transmission electron microscopy (TEM) of
Pdo.04Auo.06 RCT-SiOo.

All three alloy compositions embedded in the RCT-SiO2 (Pdo.o2Auo.98, Pdo.04Auggs and



Pdo.osAuo.01) were active for the hydrogenation of 1-hexyne to 1-hexene at 50°C (Fig. 3).
Neither pure Au nanoparticles nor pure, metal-free, RCT-SiO2 exhibited any detectable
activity for hydrogenation of 1-hexyne (Figure S5). Assessment of the effects of diffusion
using the Weisz-Prater and Carberry criteria indicate that mass transfer limitations under
the reaction conditions employed were negligible (Table S1); indeed, internal mass
transfer limitations were circumvented by the large size of the macropores (380 nm voids
interconnected by 80 nm windows) in the silica matrix. The reliability of the preparation
method was established by the reproducibility of the activity of catalyst observed over
different batches of material with the same PdxAu1.x composition (Fig. S6).
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Figure 3: The rate of 1-hexyne conversion (E) and the selectivity (¢) for 1-hexene production
depend on the Pd content of the nanoparticles for Pdo.02Auo.98, Pdo.0sAuo.gs, Pdo.osAuo.gr at 50°C.
Reaction conditions: 1% 1-hexyne, 20% H», He balance; m(PdxAu1x RCT-SiO2) = 20 mg ; Total
flow rate = 50 mL min-' GHSV = 3,800 h-'. Conversions: Pdo.02Auo.98, 0.4% Pdo.0sAUo.96, 8.2% and
Pdo.0sAuoo1, 10.3%. All materials were pretreated in 20% O2/He at 500°C /in-situ before reaction.

The effects of alloy composition on rates and selectivity for 1-hexyne hydrogenation. The
Pdo.04Auo.9s RCT-SiO> catalyst yielded the highest rate of 1-hexyne hydrogenation on a
per Pd basis of the three bimetallic catalysts, while also maintaining >97% selectivity for
1-hexene production (Fig. 3). The rate at 50°C was an order of magnitude higher for
Pdo.osAuo.gse RCT-SiO2 than for either Pdo.o2Auo.gs RCT-SiOz2, or Pdo.osAuo.e1 RCT-SiOx.
Even with these high conversion rates, the selectivity for 1-hexene production was > 97%
for the Pdo.0sAuo.gs RCT-SiO2 (Fig. 3). At iso-conversion, the yield to 1-hexene is much
higher over Pdo.osAuoes RCT-SiO2 than over other PdxAuix and pure Pd RCT-SiO>
catalysts (Fig. 4b).



Moreover, Pdo.osAuo.gs and Pdo.osAuogr showed significantly higher selectivity for the
desired product 1-hexene than their pure Pd monometallic counterpart at high
conversions (> 60%, Fig.4a). For the pure Pd catalyst the selectivity dropped to ~60% at
high conversion while the Pdo.04Auo.96 catalyst maintained a selectivity of ~90% (Fig. 4a).
Pdo.o2Auo.08 is very selective, but such high conversions could not be achieved under the
reaction conditions studied here due to the low concentration of active sites.
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Figure 4: a) The selectivity for production of 1-hexene and the distribution of secondary products
are different for pure Pd and PdxAus.x RCT-SiO2 as shown by the comparison of the selectivity for
1-hexene production as a function of 1-hexyne conversion. 28 < T < 185°C b) Pdo.04Auo9s RCT-
SiO2 shows the highest yield to 1-hexene compared to the other catalysts at iso-conversion (20%)
; T=155,75, 70 and 28°C over Pdo.02Auq 98, Pdo.0sAuo.96, Pdo.osAug.o1 and Pd respectively. Reaction
conditions: 1% 1-hexyne , 20% H», He balance ; m(PdxAuix RCT-SiO,) = 20 mg ; m(Pd RCT-SiO»)
=10 mg ; Total flow rate = 50 mL min-'; GHSV = 3,800 h-'
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Clearly, the PdoosAuoge catalyst is superior to the other two Pd/Au compositions
investigated. While the underlying reason for this variation is not yet established, the lower
activity of Pdo.ooAuo.91 RCT-SiO: is likely due to carbon deposition. (Carbon deposition is
described in the ensuing section.) The lower activity of Pdo.02Auo.9s RCT-SiO:2 is ascribed
to a lower concentration of the active Pd sites on the surface. The comparisons at iso-



temperature and iso-conversions indicate that differences in activation energies could be
part of the explanation. Further investigation of these factors is underway.

The distribution of other products was also different for the reactions over pure Pd vs.
PdxAu+x catalysts (Fig. 5). The main secondary product over pure Pd was hexane, while
a mixture of hexene isomers (2-hexene and 3-hexene) formed over the PdxAu+x bimetallic
catalysts. For instance, at ~80% conversion and using pure Pd RCT-SiO2, hexane
accounted for 21.8% of the products, while 2- and 3-hexene accounted for only 14.5%.
Instead, 2- and 3-hexene isomers totaled to 5.4% of the products, hexane 3.9% of the
undesirable secondary for the Pdo.04Auo.96 RCT-SiO2 at the same conversion (Fig. 5).
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Figure 5: The product distribution is different at 83% conversion over Pdo.0sAuo.gs (115°C) and pure
Pd (50°C) ; Reaction conditions: 1% 1-hexyne , 20% H2, He balance ; m(Pdo.0sAuggs RCT-SiOy) =
20 mg ; m(Pd RCT-SiO2) = 10 mg ; Total flow rate = 50 mL min-' ; GHSV = 3,800 h-'

Importantly, the catalytic performance of the Pdo.o4Auo.g6 RCT-SiO2 was stable for more
than 30 hours of operation at 90°C. It remained active (~50% conversion) and highly
selective towards 1-hexene formation (~97%) during the total time-on-stream (Fig. 6),
illustrating the high stability of the nanoparticle catalysts during reaction conditions after
oxygen pre-treatment.
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Figure 6: PdoosAuogs reaches stable conversion of 1-hexyne (®) and selectivity (¢) towards 1-
hexene after calcination at 500°C in 20% Oz/He ; Reaction conditions: 1% 1-hexyne , 20% H», He
balance T = 90° C ; m¢at = 20 mg ; Total flow rate = 50 mL min-' ; GHSV = 3,800 h-"’

Carbon deposition under steady state conditions as a probe of the surface. Carbon was
deposited during reaction on all catalysts investigated, based on TPO experiments
performed after catalytic testing (Fig. 7). Carbon was detected through formation of CO>
during temperature programmed oxidation. Different peak temperatures signify different
forms of carbon. A single broad CO2 peak was observed for oxidation of carbon deposited
on Pd at 290°C. CO2 was produced in a small broad peak at 380°C for the pure Au catalyst
(Fig. 7). Notably, a single peak at ~350 °C was detected for the alloys with either 2 or 4
at.% Pd, whereas two peaks at 350 and 260°C were observed during TPO of the alloy
catalyst containing 9 at.% Pd (Fig. 7). These data suggest that some of the carbon
deposited on the alloy with 9% Pd is similar to that on pure Pd.

Carbon deposition is common during alkyne hydrogenation over Pd-based catalysts due
to the formation of strongly bonded carbonaceous layer upon exposure to reaction
conditions, as discussed above.833 Indeed, build-up of carbonaceous species is thought
to yield the undesirable byproduct, “green oil”, when Pd is used as a catalyst.3* The TPO
data suggest there are sufficiently large Pd clusters on the surface of the Pdo.osAuo.91
catalyst to imbue part of the surface with Pd-like reactivity, consistent with the previous
work that shows clustering of Pd on the surface of this catalyst.'® Additionally, since the
catalysts with 2% and 4% Pd content catalyze oxidation of the adsorbed carbon
fragments, Oz can be dissociated at 300 — 350° C, even though clusters of Pd atoms could
not be detected with CO DRIFTS.'"® The amount of CO2 production in these experiments
cannot be used to directly compare the amount of carbon deposited on the pure Pd vs.
the alloys because the Pd was exposed to the 1-hexyne/H: reactant mixture for a shorter
time and at a different reaction temperature.
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Figure 7. Deposition of carbon is demonstrated using temperature programmed oxidation (TPO)
following hydrogenation of 1-hexyne using various NP RCT-SiO; catalysts. The CO, (m/z = 44)
signal as a function of temperature is shown for Au, Pdo.02Auo.98, Pdo.04Auo.96, Pdo.0sAuo.91 and pure
Pd RCT-SiO2. Essentially no CO, was observed over pure RCT-SiO2 without NPs used as a
control. The amount of CO, produced from the Pd catalyst is lower because it was on stream for
a shorter time than the alloys. The data for all PdxAu1.x, Au catalysts and pure RCT-SiO. were
obtained after 22 hours on-stream at T = 90°C , whereas the TPO of Pd RCT-SiO, was performed
after 8 hours on stream at 50°C. Reaction conditions: 1% 1-hexyne, 20% H2, He balance; Total
flow rate = 50 mL min-'; GHSV = 3,800 h-' - TPO Conditions: 20% O./He ; Total flow rate = 20 mL
min-'; Ramp rate = 10°C min-"

The structure of the catalyst and the size of the nanoparticles are preserved after high-
temperature treatments and extended time on-stream. The used Pdo.02Auo.98, Pdo.04AU0 96
and Pdo.0sAuo.91 RCT-SiO2 showed no sintering after reaction and several calcinations as
determined by ex-situ TEM performed after reaction (Fig. 8a and S7). Metallic Pd is still
present at the surface of the nanoparticles after reaction as indicated by ex-situ XPS
performed over used Pdo.0sAuo.96 RCT-SiO2 (Fig. S8). Further, there was no evidence of
Pd or Au migration onto the silica from EDS-mapping (Fig 8c).This is a significant advance
because Au-based catalyst are typically prone to sintering.3® Leaching, which is
sometimes reported for solution phase catalysis, is not viable under the conditions of these
gas phase flow experiments. The Pdo.osAuoes RCT-SiO2 is exceptionally resistant to
sintering due to the novel catalyst architecture where nanoparticles are embedded in the
SiO2 host. More detailed studies of the Pd distribution in the Pdo.osAuogs RCT-SiO>
catalysts are underway.
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indicates no migration of the Pd and Au to the silica support.

Poisoning by CO is reversible. The presence of CO in the reactant stream inhibited
hydrogenation over Pdo.04Auo.9e and pure Pd at 50°C, indicating that the hydrogenation
reaction depends on the availability of surface Pd. This conclusion is based on the fact
that CO binds considerably more strongly on Pd (133 kJ mol-') than Au (44-54 kJ mol-",
based on desorption measurements for Pd(111)36 and roughened Au(111)37. On isolated
Pd in Au, the desorption energy was measured to be ~80-84 kJ mol'.1238 CO was
introduced at different partial pressures during reaction, and the steady state reaction
rates dropped precipitously to nearly 0 with as little as 0.2% of CO co-fed with the reaction
mixture (Fig. 9a). This effect is attributed to a competition for active sites between CO and
the reactants and thus to a decrease in the number of sites available. This suggests that
even though the active sites on Pdo.o4Auo.96 and monometallic Pd are intrinsically different
(isolated Pd atoms vs. extended surface), CO binds strongly on both with similar effects
on reactivity.

As the reaction temperature was increased over Pdo.0sAuo.96, the effect of CO addition
became less pronounced. Significant hydrogenation of 1-hexyne was observed at 90 and
110°C in the presence of 0.2% CO, whereas the reaction was totally inhibited at 50 and
75°C (Fig. 9b). Estimations of the CO surface lifetime show a decrease from ~6 x 10-3 to

13



~6 x10-5 sec at 50 and 110°C respectively (assuming a desorption energy of 80 kJ mol-!
and a pre-exponential factor of 1015 s1).1236.39 This temperature dependence is thus
attributed to a decrease in the steady state coverage of CO as a function of increasing
temperature such that more active sites are available at the higher temperature. After
exposure to different CO concentrations in the reactant stream, Pdo.04Auo .96 recovered its
activity and selectivity within 30 minutes, corresponding to the time it takes for the reactor
lines to be completely cleared out of CO, which further confirms that even very small
concentrations of CO (<0.1%) poison the catalyst (Fig. S9). The CO-induced changes are
thus reversible when CO is removed from the reactant gas stream at 50, 75, 90 and 110°C
(the reversibility was not probed at 40°C). Thus, the presence of CO in the reactant gas

does not seem to irreversibly alter the surface Pd concentration over this temperature
range.

1.95 1 a
B I
! Pdg.04AUp.96
‘Tm |
K \ Pd
‘o (
o 1.80 4
- i
g |
P
E =
® 0.15{'
© \
- \
A}
TAe
0.00 =L Ee e =)
00 02 04 06 08 10
CO inlet concentration - %
204y Pd, ,Aug g6 b
" 1) 110°C
g 90°C
o |
> 124 75°C
3 4
g |t
E 81,
¥ \
(]
2
S 4 :\ \K
\ V' S
PR SRSl bt

0.0 0.5 1.0 1.5 2.0
CO inlet concentration - %

Figure 9: CO inhibits the selective hydrogenation of 1-hexyne over both pure Pd and Pdg.csAuo.06
RCT-SiO: catalysts. a) Steady-state rates after 30min of 1-hexyne conversion over pure Pd and
Pdo.osAugge at 50°C as a function of CO inlet concentrations show that CO inhibits the
hydrogenation reaction. b) The effect of CO inlet concentrations on the rate of 1-hexyne
conversion is less pronounced at higher temperature over PdoosAuogs ; Reaction conditions: 1%
1-hexyne , 20% H», 0-1% CO, He balance ; Total flow rate = 50 mL min-' GHSV = 3,800 h-'

Mechanistic considerations. The dependence of the rate of 1-hexyne hydrogenation on
the partial pressure of reactants (Fig. 10) suggests that the reaction mechanism on
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Pdo.04Auo.96 is similar to that on pure Pd, where the rate determining step is generally
accepted to be addition of hydrogen to the adsorbed alkyne.2740 The most widely accepted
and simplest reaction scheme for the hydrogenation of alkynes over Pd is the Horiuti-
Polanyi mechanism.#' In this mechanism, Hz is dissociated and the alkyne molecularly
adsorbs leading to a step-wise hydrogenation via a Langmuir-Hinshelwood path on the
surface. Hydrogen atoms are added sequentially to the hydrocarbon intermediate followed
by the desorption of the hydrogenated product.

Rate equations have been derived previously for several different reaction pathways with
differing assumptions about the rate-determining step. The rate equation that is supported

by our experiments (see below) for this mechanism has been derived previously (Eqn. 1).
27

k' PH,Palkyne
Talkyne = — 2 ()
y (1+ VKHPH,t KalkynepalkynE)

with k' = kKyKaikyne
The derivation of this rate expression assumes that addition of the second H to the
adsorbed, half-hydrogenated hexyne, with rate constant k, is the rate limiting step and that
all other steps are (essentially) in equilibrium.

In the presence of 1-hexene and CO this equation becomes

’
k PHyPalkyne
- 2 (2)
(1+ VKHDPH,+ KaikynePalkynetKalkenePalkenet KCOPCO)

Taikyne =
Since Eqgn. 2 assumes that 1-hexene and CO compete for active sites, it reduces to Eqgn.
1 when neither are present. The strong inhibiting effect of CO was noted above,
consistent with this rate law (Fig. 9).

Both the conversion and selectivity for 1-hexene formation can be rationalized within the
framework of the rate expression given by Egn. 2. The reaction orders measured for
hydrogen and 1-hexyne for both catalysts suggest that the active surface was largely
covered with half-hydrogenated and adsorbed 1-hexyne and sparsely covered with H
atoms.#? The first-order dependence on pw indicates that /K py, << 1 + KayynePaikyne
indicating that the equilibrium constant for hydrogen adsorption is sufficiently low to limit
the hydrogen coverage. Further, for both the Pd and Pdo.04Auo.96 Nnanoparticle catalysts
the rate was essentially independent of the 1-hexyne partial pressure (orders of -0.2 +
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0.02 for Pd and -0.08 * 0.02 for Pdo.04Auo.96) (Fig. 10). This insensitivity reflects a large
adsorption enthalpy indicative of the strong binding between the half-hydrogenated 1-
hexyne intermediate and the active sites. On the other hand, according to Eqn. 1, the near
independence of the reaction rate on 1-hexyne partial pressure indicates that the half-
hydrogenated intermediate does not saturate the sites, in which case K,jkynepaikyne Would
dominate the denominator, and the reaction order in 1-hexyne would become minus one.
Such reaction orders are very comparable to studies performed with other alkynes over
pure Pd and indicate that the competition of hydrogen with strongly bound 1-hexyne for
active sites is largely dominated by the adsorbed hydrocarbon.8.17.40
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Figure 10: The reaction orders of 1-hexyne and hydrogen measured over Pdo.0sAuo.96 and pure Pd
indicate that the reaction mechanism does not significantly differ as shown by the reaction rate of
1-hexyne hydrogenation a) as a function of the partial pressure of 1-hexyne with fixed H:
concentration and b) as a function of the partial pressure of hydrogen with fixed 1-hexyne
concentration. Reaction conditions: He balance, T =40° C; Total flow rate = 50 mL min-' GHSV
= 3,800 h-"

The more negative reaction order in 1-hexyne observed for pure Pd suggests that 1-
hexyne may be more strongly adsorbed on the active sites of Pd than on those of
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Pdo.0sAuo.gs. DFT calculations show that acetylene and ethylene bind much more strongly
on Pd than on dilute PdAu alloys, with adsorption energies for acetylene of -2.34 eV on
Pd(111) and -0.85 eV on PdAu(111) and of -1.27 eV on Pd(111) and -0.75 eV on
PdAu(111) for ethylene (Fig. 11). Similar orders of magnitude were reported on dilute
PdAu systems.43 In the literature, adsorption energies of C2H2 and C2Hs on Pd(111) were
calculated to be -2.03 eV and -0.87 eV respectively with PW91 functional*4, which are
weaker than calculations with dDSC dispersion correction used here.45
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Figure 11: Adsorption energies (eV) of acetylene, ethylene and their partially hydrogenated
fragments on dilute Pd/Au(111): (a) C2Hz in Pd-Auz 3-fold hollow site ; (b) half-hydrogenated C2H3
bound to a Pd-Au bridge site (c) C2H4 in T mode over Pd and (d) half-hydrogenated C2Hs atop Pd.
Parallel calculations yielded the structures and energies on Pd(111): (e) C2H2 in 3-fold hollow site;
(f) half-hydrogenated C>Hs on a 2-fold bridge (g) CoHs in di-o mode over Pd> and (h) half-
hydrogenated C2Hs atop Pd

The rate-determining step appears to be the addition of hydrogen to the adsorbed half-
hydrogenated 1-hexyne for both the bimetallic alloy and pure Pd. DFT calculations are
also supportive of this conclusion. The high selectivity for the partial hydrogenation of
hexyne to hexene at high conversions suggests that the rate-limiting active intermediate
for hexyne dominates the active sites. Indeed, DFT calculations for the equilibria between
reactants and intermediates (hexyne/hexenyl and hexene/hexyl) indicate strong
preference for the alkyne/alkenyl pair (Egn. 3).

CoHo (gas) + 2 Ho (gas) = CoH3assy AE = -1.63 eV (3)
C2Ha (gas) + 72 H2,(gas) = C2Hs5adsy AE = -0.95 eV

The Pdo.0sAuo.06 catalyst has a significantly lower apparent activation barrier. The apparent
activation energy for 1-hexyne hydrogenation over Pdo.0sAuo.ge is 38 + 2 kd mol', 14 kJ
mol-! lower than either Pd RCT-SiO2 (52 + 0.4 kJ mol') or of a physical mixture of
monometallic Au and Pd RCT-SiO2 with the same Pd:Au ratio (51 kJ mol-') (Fig. S10).
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The measured value for pure Pd is in good agreement with the literature (Table 2).17.18.46
Over Au supported on Al,O3 and CeO2 apparent activation energy ranged between 34-37
kJ mol' for the hydrogenation of acetylene.#”48 These data demonstrate that the
Pdo.osAuoes RCT-SiO2 catalyst is distinct from either Pd or Au. A more detailed
investigation of the mechanisms for these hydrogenation processes is underway.

Table 2: Comparison of the apparent activation energies for selective hydrogenation to literature
values for various Au, Pd and PdAu

catalyst alkyne Ea,app— kJ mol-! Ref
Pdo.04Auo.96 RCT-SiO2 1-hexyne 38 This work
PdRCT-SiO2 1-hexyne 52 This work
"""""" AWAOs |  acetylene | 34 | 4

Au/CeO2 acetylene 37 48

Au/SiO2 1-hexyne 44.7 12

PdAu SAA/SIO2 1-hexyne 46.7 12

Pd/SiO2 acetylene 52 17

Pd/SiO2 acetylene 51 18

Pd/C 1-hexyne 50 46

Selectivity at higher conversions of 1-hexyne. Insight into the difference in hydrogenation
selectivity at the higher 1-hexyne conversions over the pure Pd and PdAu RCT-SiO2
catalysts is provided by their respective catalytic behavior for hydrogenation of 1-hexene.
They show a similarly high activity for conversion of 1-hexene to a mixture of hexene
isomers and hexane at 50°C, indicating a similar ability for addition of adsorbed H to 1-
hexene to form the adsorbed hexyl intermediate (the half-hydrogenated species) (Table
S2). The striking difference between the two catalysts is that hexane is much more
dominant for the pure Pd catalyst and the hexene isomers are the dominant product for
the alloy catalyst. The implication therefore is that addition of the second H to form the
alkane is more likely on the pure Pd catalyst than on the alloy, on which 3-C-H bond
breaking to reform one of the hexene isomers is preferred. Thus, at the high conversions
of 1-hexyne on the catalysts significantly less formation of hexane would be expected on
the alloy catalyst, as was observed experimentally (Fig. 4a).

Moreover, it appears that 1-hexene competes less favorably with 1-hexyne (or their half-

hydrogenated counterparts) for surface sites on the alloy catalyst than on the pure Pd
catalysts. Whereas hexene isomers and hexane form readily on the pure Pd catalyst,
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there is less formation of hexene isomers and hexane on the alloy (Fig. 5), indicating that
the half-hydrogenated hexyne dominates the alloy surface, ie, KyiynePaikyne > KaikenePaikene-
At equal gas-phase pressures of the two hydrocarbons Kgyyne > Kukene- 1he logical
deduction from this conclusion is that there is a change in the electronic structure of the
Pd atom surrounded by the Au at the surface of the alloy that creates this difference in
binding which is consistent with DFT calculations.

In summary, we suggest that a decrease in the adsorption energy of the unsaturated
hydrocarbons on the alloy catalysts is the primary cause of its excellent selectivity. It must
bind the alkyne strongly enough to allow it to react with adsorbed H, but bind the alkene
weakly to favor its reversible desorption over its further hydrogenation. Recent studies
over Pd-Ag catalysts show that ethylene transitions from strongly o-bonded to 1r- bonded
upon decreasing the concentration of Pd and thus the size of the Pd ensembles.*® These
findings may be transferable to our Pdo.04Auo.06 RCT-SiO2 catalyst where the Pd is for the
most part isolated in Au and the size of the Pd ensemble is thus very limited. A similar
reduction of the binding energy of the half-hydrogenated intermediates relevant to the
selective hydrogenation of 1-hexyne may play an important role. A full mechanistic study
is underway to acquire a deeper understanding of the exceptional performances of
Pdo.o4Auo.gs RCT — SiOs2.

Comparison with other Pd bimetallic systems.

Other PdAu and PdAg bimetallic catalysts yielded between 38 to 50% selectivity at high
conversions for acetylene in the gas phase, which is substantially lower than that
measured here for the PdoosAucss RCT SiO2. Furthermore, the stability of these other
catalysts at conversions lower than 100% was not assessed.'%.11.14 High conversions at
high selectivities were achieved with bimetallic PdCu and single atom alloy (SAA) PdAg
catalysts.3.17 However, the reactions conditions used were substantially different than
those used here—the PdCu catalyst was studied in the liquid phase (batch),'3 and the
SAA PdAg in excess alkene.!”

By the use of batch reactors PdxAu1x (x=0.004) nanoparticles supported on SiO2 have
been previously shown to be more selective than pure Pd nanoparticles for the liquid
phase hydrogenation of 1-hexyne to hexane.'2 While the results are qualitatively similar
to those reported here, significant differences suggest that the catalysts made with the
raspberry colloid-templating method may be fundamentally different.
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One notable difference is that the Pdo.0c4Auo.gse RCT-SiO2 is more selective for production
of 1-hexene in the gas-phase hydrogenation than the Pdo.oosAuoges SAA catalyst
supported on SiOz is for the liquid phase reaction. The selectivity for 1-hexene production
on Pdo.osAuoge RCT-SIiO2 is ~97% at 50% conversion compared to ~85% for the
Pdo.o04Auo.006 SAA. A second important difference is that the apparent activation energies
for hydrogenation of 1-hexyne for the two different systems are substantially different: 38
kd mol-' for the Pdo.04Auo.9e RCT-SiO2 compared to 46.7 kJ mol-! for the Pdo.c04AuUo.006
SAA. A variety of factors could account for this difference, including the higher H>
pressure used in the liquid phase reactions, the larger particle size (7.58 = 1.86 nm vs. 6
+ 1.6 nm vs.), the effect of solvent or fundamental differences in the catalyst materials, as
discussed below. However, although both of these materials have atomically-dispersed
Pd on the surface, these results suggest a fundamental difference between the two
materials.

One key difference is the pretreatment methods employed in the two studies and their
potential effect on the surface composition of the alloy nanoparticles. The PdxAuix RCT
SiO catalysts were calcined at 500°C in their synthesis and again in-situ before being
cooled to the reactor temperature and exposed to reactants in the flow reactor under
reaction conditions to achieve steady state activity. In contrast, for the liquid phase studies
the nanoparticles were first precipitated from solution, supported on silica by the
introduction of fumed silica into the nanoparticles solutions, dried in vacuum for 24h and
then subjected to hydrogen in the liquid phase reactor for one hour prior to the introduction
of 1-hexyne. Studies of the Pdo.0sAuoes RCT-SiO2 catalysts in the gas phase reactor
showed that treatment in H2 in the gas phase suppresses the activity for gas phase
hydrogenation of 1-hexyne. Hence, the calcining step in the preparation of the Pdo.o4Auo.96
RCT-SiO2, which is required to remove the colloid template, is an essential part of
preparing very selective and active catalysts with low Pd content. Clearly the reductive
treatment applied in the liquid phase may generate a significantly different surface
composition from the oxidative treatment applied in the gas phase flow reactor, creating
different catalyst activities.

Potential effects of subsurface hydrogen and carbon. It is important to also consider the

possible contributions of subsurface hydrogen and carbon to the differences observed
between the pure Pd and dilute PdAu NP catalysts. Previous work on pure Pd catalysts
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suggests that the presence of Pd carbide and Pd hydride affect the activity and selectivity
of acetylene hydrogenation. The hydride is more active and less selective, producing more
alkane, whereas the surface carbide is less active but more selective. Their formation is
highly dependent on reaction conditions and H2/alkyne ratio.505" These factors are
unlikely to be operative on the dilute alloy catalysts, since the Pd atoms appear to be
isolated at the surface. The existence of large ensembles of Pd, which would favor over-
hydrogenation, could be eliminated by the high dispersion of Pd at the surface.'® The
lower concentration of Pd at the surface of the PdAu alloy should prevent the formation of
a Pd hydride or carbide phase, and thus mitigate against over-hydrogenation.

Conclusions

All PdxAu1.x RCT-SiO2 catalysts proved to be more selective than their monometallic Pd
counterpart and more active than monometallic Au for the selective hydrogenation of 1-
hexyne towards 1-hexene. In agreement with prior studies, the presence of atomically
dispersed Pd on the surface correlates with high selectivity for production of 1-hexene
from 1-hexyne. Importantly, Pdo.osAuoge preserved high selectivity at high rates and
conversions.

Oxygen pretreatment at high temperature leads to stable performances of Pdo.0sAuo.g6
RCT-SiO2 over extended time on-stream. The high selectivity towards 1-hexene is
attributed to a decrease in the binding strength of 1-hexene over diluted Pd in Au that
prevents it from being over-hydrogenated to hexane even at high conversions. Here, we
have shown that an optimum in concentration exists in a PdAu bimetallic system and lead
to a synergy between activity and selectivity.
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