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ABSTRACT: A 3- and 2-fold increase in selectivities toward 2-
ethyltoluene and n-propylbenzene, respectively, in indan ring
opening (RO) was achieved by introducing palladium to the
ruthenium catalyst. The product selectivities for the Ru—Pd system
with the 4:1 molar ratio were the same as those for monometallic
iridium, known for its outstanding single cleavage selectivity; the
lights formation was suppressed as compared with the monometallic
platinum catalyst. A further increase in the Pd amount did not result
in the selectivity improvement and brought down the activity to the
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low level of Pd. The bimetallic catalysts were synthesized in the

presence of poly-(vinylpyrrolidone). The bimetallic systems revealed sintering resistance up to 400 °C, as compared with their
monoforms. The indan RO activity was maximized after precalcination at 200 °C. The suggested nanoparticles’ bimetallicity was
consistent with the results of CO-TPD, CO—DRIFTS, thermal stability tests, and a chemical probe reaction (olefin
hydrogenation, in which only Pd is active). The Pd—Ru system is envisioned as a viable alternative to monometallic Ir for RO.
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B INTRODUCTION

Ring opening (RO) of naphthenic rings, when only one C—C
bond is cleaved, maintaining the same number of carbon
atoms,' is an attractive reaction for improving fuel quality.
Although RO does not necessarily result in the cetane number
improvement because of the formation of highly branched
products via cleavage of unsubstituted C—C bonds (as opposed
to the RO at the substituted positions) 2 it offers other potential
benefits to refineries, such as volume increase, improvement of
cloud point, and decrease of the polynuclear aromatics content.
Catalytic metal function is paramount for RO, as an acid
function, necessary for a preliminary six-ring contraction of
aromatics to the five-ring, leads to excessive cracking.3_11 Metal
catalysts offer three RO mechanisms: dicarbene, 7-adsorbed
olefin, and metallocyclobutane reaction paths.'* The dicarbene
path results in the cleavage of unsubstituted secondary-
secondary C—C bonds, producing highly branched isoparaffins,
with 7z-adsorbed olefin and metallocyclobutane pathways,
leading to C—C opening at the substituted positions.

The most active RO catalyst is iridium, which, in most
examples, works through the dicarbene mechanism.*'>'*
Platinum has very low activity, but in the RO product
distribution, it may be more selective toward unbranched
products via 7-adsorbed olefin or metallocyclobutane paths. Ir-
based systems are probably the most studied and reported RO
catalysts, with the bimetallic Ir—Pt catalyst being used in
refineries as one of the naphtha reforming catalysts.'> The
search for less expensive alternatives driven by the oil industry
is getting more complicated, as the fuel regulations have
become more stringent with the simultaneous decrease in the
quality of crude oil. Iridium, which is one of the rarest elements
on Earth, is sought to be replaced by a catalyst with high
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hydrogenolysis activity to maintain high RO yields and to
prevent catalyst coking,'® while the role of platinum in forming
products with higher cetane numbers and its hydrogenation
ability should not be lost, either.

The objective of our work was to develop less expensive
iridium- and platinum-free alternatives for RO. Only metal
function is targeted in the current work. The search for an Ir
alternative is complicated by its highest known RO activity.! A
recent density functional theory (DFT) study revealed that the
activation barrier for MCP RO increases in the order of Rh < Ir
< Pt < Pd, which is consistent with experimentally observed
activities.'” Rh, Re, Ru, and Ni show a similar RO mechanism
as Ir (ie., rupture of unsubstituted C—C bonds), but they are
found to be less selective than Ir because of the extensive
secondary cracking of the primary Cg-alkane RO products to
C,—Cs paraffins, especially in the case of Ru."'® Catalytic
properties are also greatly affected by the reactant nature.” In
pentylcyclopentane RO, the RO selectivities follow the trend Ir
(92%) > Rh (87%) > Ru(82%) > Pt(68%)." In methylcyclo-
hexane RO, the trend is Ir (87%) >> Pt, Ni and Ru (4—5%),"
but in the C;-alkane product distribution, n-hexane is produced
in higher amounts by Ru (13%) than by Ir (5%). This indicates
that Ru might be a valid alternative to Ir, and it could even
outperform Ir in terms of cetane number improvement in real
complex feeds, as compared with simple model compounds.

A feasible way to bring up the selectivity of Ru toward single-
cleavage products, at least to the level of Ir, is to add a second
component, creating a bimetallic catalyst.'” A variety of
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bimetallic catalysts were reported for RO."**°7>® Among them,
a Pt—Rh bimetallic catalyst allowed for the increasing RO
activity and selectivity, which were similar to those of Ir
catalysts,”® but the cost of Rh sets limitations on the catalyst
exploitation. The addition of Ru to Pt improved Pt RO activity
only when there was a high Ru portion in the bimetallic system;
the bimetallic Pt—Ru catalyst favored deep hydrogenolysis
compared with the catalytic behavior of the monometallic Pt
catalyst, regardless of the Ru content.'®

In selecting the second metal for the alternatives to the
currently used Pt—Ir system, it is paramount to keep the Pt-like
mechanism of RO via a flat-lying mode."””” Only Pd follows a
similar mechanism.”® It was not studied as frequently as Pt in
RO because of its very low activity.'”** The substitution of Pt
by Pd in Ir-based bimetallic RO catalysts was addressed in some
recent works. In our study of indan RO, Pd was shown to serve
only as a dispersing agent to Ir, without contributing to its
intrinsic activity or selectivity, as long as an ensemble of two Ir
atoms required for the dicarbene path was not destroyed by Pd
addition, resulting in activity loss.”* Another study included
tetralin hydroconversion in the presence of ppm amounts of
H,S and revealed that the catalytic activity increased with Pd
content, while the selectivity to RO/contraction products
reached the maximum at Ir$3—PdS$5 composition.*

Thus, a Ru—Pd system may be envisioned as a prominent
alternative to the Ir—Pt system, as soon as the high
hydrogenolysis activity of Ru, resulting in lower selectivity as
compared with Ir, can be reduced by Pd addition. Notably, the
d-level occupancy of Ir is in between the levels for Ru and Pd;
thus, it seems feasible to create a Ru—Pd bimetallic system with
a similar surface free energy as Ir. Both Ru and Pd have close
atomic radii, and the bimetallic crystal structure may be
predicted to change from the f.c.c. structure of Pd to the h.c.p.
structure of Ru with increasing Ru content, as shown for Pt—Ru
systems.’® We recently addressed the probability of using some
Ru—Pd catalysts in indan RO,*" which showed that their
activity and selectivity decreased as compared with their
monometallic counterparts and were lower than those of Ir,
but the used bimetallic nanoparticle sizes were significantly
larger than those of monometallic ones, and the applied
synthetic methods were different. The previously applied
procedure to prepare Ru-rich nanoparticles resulted in Pd
abundance in the nanoparticle outer shell, as confirmed by ion
scattering spectroscopy, with Pd being responsible for poor
activity. Still, motivated by the system potential, we extended
our quest to the mono- and bimetallic nanoparticles of similar
size of ~2—3 nm, but with wide ranges of Pd-to-Ru ratios and
various loci of the two atom types in a nanoparticle. The
modified synthetic techniques allowed us to enrich the
nanoparticle shell with Ru atoms for some catalysts. It should
be noted that the used abbreviations only reflect the molar
composition of final catalysts (such as Ru4Pd1) or the mode of
a catalyst preparation (such as Pd(core)Ru(shell)), and they
should not be considered as a phase composition or a real
structure of the nanoparticle. As will be shown below, the
developed nanoparticle synthetic techniques yielded a Ru—Pd
catalyst with as high selectivity as Ir in a model RO reaction of
indan (Scheme 1) and suppressed lights formation as compared
with Pt.

B EXPERIMENTAL SECTION

Materials. Ruthenium(I1I) nitrosylnitrate (Ru(NO)(NOj;)5,
Alfa Aesar), palladium(II) chloride solution (PdCl, 5% w/v,
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Scheme 1. Reaction Scheme for Low-Pressure Indan RO on
a Metal Function;>” Reproduced with Permission from Ref
37. Copyright 2006 Elsevier
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Acros), hydrogen hexachloroiridate(IV) hydrate (H,IrCly,
99.98%, Sigma-Aldrich), chloroplatinic acid solution (H,PtClg,
8 wt % in H,O, Sigma-Aldrich), poly-(vinylpyrrolidone) (PVP)
(MW: 40,000, Sigma-Aldrich), reagent alcohol (ethanol, 95 vol.
%, Fisher Scientific), ethylene glycol (EG, 99.8%, Sigma-
Aldrich), gamma-aluminum oxide (y-Al,O;, 150 mesh S8 A
pore size, Sigma-Aldrich), acetone (99.7%, Fisher Scientific),
and 2-methyl-3-buten-2-ol (MBE, 97%, Acros Organics) were
used as received. Argon, hydrogen, 10% hydrogen in helium,
10% oxygen in argon, and 3% carbon monoxide in helium of
ultrahigh purity 5.0 were purchased from Praxair. Milli-Q water
was used throughout the work.

Catalyst Preparation and Pretreatment. All catalysts
were prepared by growing 2—3 nm nanoparticles in a colloidal
dispersion in the presence of PVP, followed by precipitation on
7-Al,O; with 5.8 nm pores and high-temperature PVP removal.
As opposed to our previous work, in which large nanoparticles
were obtained with the PVP/metal(s) molar ratio of 10/1,>" in
this work, the ratio was kept at 20 (unless indicated otherwise),
and the synthetic procedures were modified, which allowed for
us to produce ~2—3 nm nanoparticles with various loci of the
two atom types in a nanoparticle.

A summary of the prepared catalysts is presented in Table 1.
Monometallic Pd nanoparticles were synthesized by Teranishi
and Miyake’s one-step alcohol (ethanol/water system)
reduction method® with some modifications. A mixture
containing 0.712 mL (0.2 mmol) of 5% w/v PdCl, aqueous
solution, 170 mL of ethanol/water ([ethanol] = 41 vol.%), and
0.444 g of PVP (MW 40,000) was stirred and refluxed in a 500
mL 3-neck round-bottom flask for 3 h under air. The PVP-
stabilized monometallic Ru, Ir, and Pt nanoparticles were
prepared using the ethylene glycol (EG) reduction method.****
At room temperature, 0.2 mmol of metal precursor salt
(Ru(NO)(NO;);, HyIrCl,, or H,PtCls) and 0.444 g of PVP
(MW 40,000) were well dissolved in 200 mL of EG in a 500
mL single-neck round-bottom flask. The reduction temperature
was increased from room temperature to the reflux point of EG
(198 °C), and then it was maintained at 198 °C for 3 h. After
reactions, transparent dark-brown macroscopically homoge-
neous colloidal dispersions of monometallic Ru, Pd, Ir, and Pt
nanoparticles were obtained without any precipitate.

In this study, three different synthesis techniques were
applied to produce Ru—Pd bimetallic nanoparticles: (1) to
obtain catalysts with high Ru-to-Pd molar ratio, a simultaneous
reduction of both Ru and Pd precursors was applied using the
synthetic procedure for monometallic Ru nanoparticles. Three
different metal molar ratios were synthesized: RulOPd]l,
Ru8Pd1, and Ru6Pdl (Ru/Pd molar ratios = 10/1, 8/1, and
6/1, respectively). The total amount of Ru and Pd precursors in
each synthesis was 0.2 mmol, while all other experimental
conditions were kept the same. (2). To obtain catalysts with
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Table 1. Summary of the Synthesized Nanoparticles and y-Al,O;-Supported Catalysts

metal precursor(s) reducing agent”

synthesized nanoparticles”

size distribution,” nm  metal loading in supported catalysts, wt %

pd* Et/H,0 Pd 2.0 + 0.5 0.231
EG Pd ~7 not used for catalysis
Ru* Et/H,0 no reduction N/A
EG Ru 20+ 03 0.300
high molar ratio of Pd*"/Ru** Et/H,0 (Scheme 2) Ru4Pd1 22+ 05 Ru: 0.166, Pd: 0.046
Ru2Pd1 2.6 + 0.6 Ru: 0.154, Pd: 0.065
RulPd1 3.1+07 Ru: 0.111, Pd: 0.090
RulPd2 2.8 £ 0.5 Ru: 0.082, Pd: 0.143
EG° (Ru4Pd1)© 29 + 0.6°
(RulPd1)* 36 + 1.2° N/AC
(RulPd2)¢ 53 +09°
high molar ratio of Ru**/Pd** EG Rul0Pd1 2.1+ 04 Ru: 0.0267, Pd: 0.028
Ru8Pd1 20+ 03 Ru: 0.275, Pd: 0.034
Ru6Pd1 2.0+ 03 Ru: 0.206, Pd: 0.039
Pd° (2 nm) and Ru’* Et/H,0 (Scheme 3) Pd(c)Ru(s), Ru/Pd = 1.6 23 +£0.7 Ru: 0.140, Pd: 0.095
Ir EG Ir 1.7 £ 03 0.173
Pt EG Pt 32+ 04 0.205

“Et, ethanol; EG, ethylene glycol.

“Numbers in the catalyst notation correspond to the rounded molar ratio of the two metals in the supported

catalysts, as determined by NAA. “These catalysts were synthesized and reported for the same catalytic reaction in our previous work.>’ “TEM
images and size distribution histograms for the Pd—Ru materials are presented in Supporting Information.

lower Ru-to-Pd molar ratio but Ru-enriched surfaces, we used a
modified general synthetic procedure for the synthesis of Ru—
Pt nanoparticles, proposed by Liu et al.>* (Scheme 2). The

Scheme 2. Synthesis of Ru4Pdl, Ru2Pd1, RulPdl, and
RulPd2 Catalysts with Ru-Enriched Shells

* Ethanol/water

Pd seeds

P2, Ru PVP

Ethanol/water

Ru-enriched shell

experimental conditions followed the preparation method for
monometallic Pd nanoparticles in an ethanol/water system,
with 0.2 mmol of Ru and Pd in each reaction. A series of Ru—
Pd nanoparticles with different compositions were prepared by
varying Ru-to-Pd molar ratios: Ru4Pdl1, Ru2Pdl1, RulPdl, and
RulPd2. 3). To obtain the Pd(core)-Ru(shell) nanoparticles
(Scheme 3), Teranishi and Miyake’s stepwise growth reaction
method was applied.*” A 42.5 mL portion of colloidal solution
containing 0.05 mmol of PVP-stabilized Pd core nanoparticles
were prepared using the synthesis method of monometallic Pd
nanoparticles. A 0.032 g portion of Ru(NO)(NO,); precursor
(0.1 mmol) and the presynthesized Pd core colloidal solution
were dissolved in 170 mL of ethanol/water ([ethanol] = 41 vol.
%) at room temperature. This mixture was then heated up to its
reflux point. During the shell preparation step, no more fresh
PVP was added. A dark brown macroscopically homogeneous
colloidal dispersion of Pd(c)Ru(s) nanoparticles was obtained
after refluxing for 3 h without any precipitate.

Nanocatalyst support, y-Al,O;, was dried in an oven at 200
°C for 12 h. PVP-stabilized monometallic Ru, Ir, and Pt and
bimetallic Ru—Pd nanoparticles prepared in EG were
precipitated with acetone and deposited on y-Al,O; by wet
impregnation. PVP-stabilized monometallic Pd and bimetallic
Ru—Pd nanoparticles prepared in an ethanol/water system
were deposited on y-Al,O; by incipient impregnation. Finally,
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Scheme 3. Formation of Ru—Pd Bimetallic Nanoparticles
with Pd (Core)—Ru (Shell) Structure

Step 1: preparation of core nanoparticles

9
O ) w
2.0nmPd
particles

Pd?*and PVP
———————
Ethanol/water

+ Ru3*
———
Ethanol/water
Pd core
particles Pd(c)Ru(s)
2.0nm 2.3 nm

all catalysts were dried in a fume hood. The target loading was
0.3 wt %. Table 1 shows metal loadings for the synthesized
supported catalysts determined by neutron activation analysis.

Catalyst Characterization. Transmission electron micros-
copy (TEM), neutron activation analysis (NAA), and X-ray
photoelectron spectroscopy of as-prepared metal nanoparticles
and/or supported catalysts were performed as described
earlier.>" For the TEM, 100—200 particles per sample were
counted.

Temperature Programmed Reduction (TPR). TPR
experiments of supported catalysts were performed with H,/
Ar gas mixture using an AutoChem 2950HP instrument
(Micromeritics, U.S.A.) equipped with a thermal conductivity
detector (TCD). To eliminate any effects arising from PVP
removal, a series of oxidation—reduction—oxidation—reduction
were performed, and the reported results refer to the final
reduction step. Prior to the analysis, the catalysts with as-
deposited nanoparticles were calcined at 200 °C in air for 2 h;
0.5 g of precalcined catalysts were loaded in a quartz reactor.

dx.doi.org/10.1021/cs400986v | ACS Catal. 2014, 4, 268—279
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The precalcined catalysts were reduced in a flow of 10% H,/Ar
(50 mL/min) at 375 °C for 1 h. These conditions simulate the
pretreatment procedure before the RO reactions. After the
calcination-reduction pretreatment, the samples were flashed
with inert (He) for 30 min at 375 °C and cooled down to
ambient temperature under inert. The catalysts were then
heated in a flow of 10% O,/He gas mixture at a linear rate of 10
°C/min from room temperature to 400 °C (to make sure that
all PVP was removed as its decomposition temperature is 350
°C) and then flashed with inert (Ar) for 30 min at 400 °C and
cooled down to room temperature in Ar. This oxidation
procedure was then followed by a TPR analysis from room
temperature to 400 °C (i.e., heating in 10% H,/Ar gas stream at
10 °C/min). The TCD signals for TPR profiles are reported as
inverted signals; thus, positive peaks refer to the consumption
of hydrogen (due to relative thermal conductivities of Ar and
H,).

CO Chemisorption. The catalyst samples were calcined at
five different temperatures: 200, 250, 300, 350, and 400 °C,
followed by the reduction 375 °C as described above in TPR
sample preparation. Dynamic CO pulse chemisorption analyses
were performed by dosing 3% CO/He gas mixture at room
temperature with an AutoChem 2950HP instrument. The
volumetric flow rates of CO/He loop gas and He carrier gas
were 10 mL/min and 50 mL/min, respectively. The amount of
catalyst varied from 0.2 to 2 g to obtain equally sized TCD
peaks within 10 doses. CO uptake per gram of pure support (y-
AL, O;) was also evaluated using 2 g of alumina, which was
subtracted from the values for the supported catalysts.

Temperature Programmed Desorption of CO (CO-
TPD). PVP-stabilized nanocatalysts were calcined at 350 °C for
1 h to efficiently remove surface polymers, according to the
CO-chemisorption results. The precalcined catalyst (0.75—0.80
g) was packed in the quartz reactor and reduced in 10% H,/Ar
at 375 °C for 1 h. The reduced sample was outgassed at 375 °C
under Ar for 30 min and then cooled down to room
temperature in Ar. Then, 3% CO/He was passed through the
sample for 30 min with a flow rate of 50 mL/min. The
physically adsorbed CO was removed by flashing the sample
with He for 30 min. The sample was then heated up under He
flow (10 mL/min) from room temperature to 400 °C with a
ramping rate of 10 °C/min, while the TCD signals of CO
desorption were recorded as a function of temperature. Two
controlled runs were made on the y-alumina support and a
mono-Ru/y-alumina catalyst without CO treatment. Addition-
ally, CO chemisorption of bare support has proven that the
amount of CO adsorbed by y-alumina is negligible, which is less
than 1 mol.% of the CO molecules adsorbed by the supported
catalyst. Thus, the observed TCD signals correspond only to
desorption of CO molecules from metallic surfaces.

Diffuse Reflectance Infrared Fourier Transform Spec-
troscopy of the Adsorbed CO (CO-—DRIFTS). Diffuse
reflectance infrared spectra were obtained using NEXUS 670
FT-IR fitted with a Smart Diffuse Reflectance accessory. The
catalysts were prepared with an expected metal loading of 2 wt
%. The PVP-stabilized mono- and bimetallic Ru—Pd catalysts
were calcined at 200 °C for 1 h to imitate the conditions of
pretreatment before the catalytic reaction, reduced in 10% H,/
Ar flow at 375 °C for 30 min, then purged with Ar at 375 °C
for 30 min and finally cooled down to room temperature in the
inert gas. Then 3% CO/He was passed through the sample for
30 min with a flow rate of 50 mL/min. Finally, the gas phase
CO was removed by purging Ar for 30 min. DRIFT spectra
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were recorded against a KBr standard with 256 scans and a
resolution of 4 cm™'. Each sample was measured three times to
ensure repeatability. Resolution enhancement and data
processing were performed with OMNIC software. The
absorption bands were deconvoluted using Origin software.

Chemical Reaction Probe for Surface Pd. To elucidate
whether some Pd atoms are present in the outermost layer of
bimetallic nanoparticles, a reaction was selected that was
catalyzed by Pd and that did not show any conversions on Ru,
which was the hydrogenation of 2-methyl-3-buten-2-ol to a
corresponding saturated alcohol (Scheme 4).

Scheme 4. Chemical Reaction Probe for Surface Pd Atoms
OH OH
/\’/ /\‘/

2-methyl-3-buten-2-ol 2-methylbutan-2-ol
(MBE) (MBA)

+H,

Only Pd is active

The reactions were carried out in a semibatch stainless steel
reactor (300 mL autoclave, Parr Instruments 4560 mini Bench
Top Reactor) equipped with a high-temperature fabric heating
mantle, a gas buret for the continuous isobaric hydrogen
supply, and thermocouple, as described previously.*® The
hydrogenation of MBE was conducted at 40 °C and 0.45 MPa
absolute pressure. The reactor was filled with 0.04 M MBE in
200 mL of ethanol and 0.5 g of as-prepared catalyst, flashed
with nitrogen, and stirred to reach the reaction temperature.
Once the desired reaction temperature was achieved, the
reactor was then flashed and pressurized with hydrogen. The
stirring speed was 1,200 rpm. The experimental conditions have
previously confirmed the absence of mass transfer limitations.>®
During the reaction, hydrogen pressure in the gas buret and the
reactor’s internal temperature were recorded. At least three
catalytic trials were performed for most of the catalysts. The
initial reaction rate was considered as the consumption rate of
hydrogen; it was calculated from the slope of the hydrogen
consumption graph once the hydrogen dissolution had
completed.

Low Pressure RO of Indan. Low pressure indan RO
(Scheme 1) was performed in a packed bed reactor according
to our previous study, with some modifications in the
experimental conditions.”’ The PVP-stabilized monometallic
Pd, Ry, Ir, and Pt, and bimetallic Ru—Pd catalysts were calcined
at 200 °C in an oven under air for 2 h. Catalysts were then
reduced in situ at 375 °C under a hydrogen flow (80 mL/min)
for 1 h. The precalcined catalyst loading to the reactor
corresponds to 4 mg active metal(s), unless stated otherwise.
Indan was fed into the catalytic system by bubbling 120 mL/
min H, through indan at a constant temperature bath at 10 °C.
An indan flow rate of (47 + 0.6) X 107 mol/min was
confirmed by GC, which was calibrated using a gas cylinder
containing indan with a known concentration. A high H,-to-
indan molar ratio, 900—1500 moly,/mol, 4,,, was used to avoid
coke formation. The reactions were performed at an internal
temperature of 350 °C and 1 atm pressure. The outgoing
stream was analyzed online with a Varian 430-GC-FID every 24
min after the reaction was started. The detailed GC conditions
can be found elsewhere.®" In the previous study, we reported
that the RO products are 2-ethyltoluene, n-propylbenzene, o-
xylene, ethylbenzene, toluene, benzene, and lights (mainly
methane and ethane), which are in agreement with the results
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Figure 1. TEM images of PVP-stabilized Pd, Ru, Ir and Pt colloids (a) and corresponding size distribution histograms (b).

published by Nylen et al.*” The desired RO products are 2-
ethyltoluene and n-propylbenzene, in which the naphthenic
ring has been cleaved only once. Further dealkylation to
toluene, benzene, and lights, is undesirable.

A steady state was achieved at 80 min time on stream. Raw
GC results were corrected for indan impurities, and all
calculations for catalytic performances were based on the
corrected GC results. The selectivities are reported on a mass
basis as molar selectivity can give a distorted picture of indan
utilization, because up to 9 moles of methane may be produced
per mole of indan. The GC-FID response factors for 2-
ethyltoluene, n-propylbenzene, ethyltoluene, and lights were
found using calibration cylinders with a known concentration
for each component; GC areas for benzene and toluene were
calibrated using a bubbler by assuming saturation in H,.
Catalytic properties at 100 min time on stream are reported.

B RESULTS AND DISCUSSIONS

Characterization of As-Prepared Nanoparticles. TEM.
To avoid possible size effects in the catalytic performance of
different mono- and bimetallic nanoparticles, our goal was to
develop nanoparticles with similar sizes (within 2—3 nm range)
as monodispersed as possible. Metal nanoparticle stabilization
with PVP is a well-known method,*****° and we modified the
generally known synthetic procedures to ensure the size
consistency between the different metals, as the size control
was found to be dependent on the metal(s) used.

Table 1 summarizes the synthetic procedures and size of
prepared nanoparticles and their metal loading after deposition
on y-Al,O;. The TEM images and size distribution histograms
of the monometallic particles are shown in Figure 1, and the
same for the Pd—Ru materials can be found in the Supporting
Information (Figure S1). The numbers in the catalyst notation
(such as Ru4Pd1) correspond to the rounded molar ratio of the
two metals in the deposited catalysts as determined by NAA.
Pd(c)Ru(s) refers to Pd(core)Ru(shell) and is an abbreviation
to show a different catalyst preparation method (Ru reduction
on the preformed Pd nanoparticles).

The obtained bimetallic nanoparticle sizes with the selected
reducing methods are consistent with their intrinsic bimetallic
nature. When monometallic Pd is reduced by ethanol (Et), 2
nm nanoparticles are observed, while the reduction by ethylene
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glycol (EG) produces ~7 nm particles. Monometallic Ru can
be reduced only by EG to 2 nm particles, and no nanoparticle
formation was observed in Et. To ensure the reduction, when
bimetallic nanoparticles were prepared with high a Ru/Pd
molar ratio (RulOPd1, Ru8Pd1, and Ru6Pd1), EG was used as
a reductant. An average mean diameter of 2.0 + 0.3 nm was
obtained among all the three Ru—Pd bimetallic nanoparticles; if
monometallic Pd nanoparticles were present, the 7 nm particles
would have been observed. This suggests the bimetallic nature
of the nanoparticles, instead of the physical mixtures of 2 and 7
nm particles, corresponding to Ru and Pd, respectively.
However, EG reduction is only an effective method for high
Ru content in the Ru—Pd bimetallic system; otherwise, Ru—Pd
bimetallic particles reveal not only large particle sizes but also
irregularity in particle shapes, and the latter is most likely
attributed to the different lattice structures of Pd (f.c.c.) and Ru
(h.c.p.). For Pt—Ru systems, the bimetallic crystal structure was
found to change from the fic.c. structure of Pd to the h.c.p.
structure of Ru with increasing Ru content.’® Indeed, in our
previous work,>" when Ru and Pd precursors at a high Pd/Ru
ratio were reduced in EG, particles of up to 6 nm diameter were
observed (see Table 1), and they did not show promising
catalytic activity in the RO reaction. In this work, to gradually
increase the Pd fraction in the bimetallic structures and
preserve their monodispersity, an ethanol/water reduction
method® was introduced (Ru4Pd1, Ru2Pdl, RulPdl, and
RulPd2 in Table 1), that is, the sequential reduction of Pd and
then Ru precursors (Scheme 2). It is well-known that Pd
precursors can be easily reduced to Pd metal at a low
temperature in alcohol solutions and that the reduced
nanoparticles exhibit high monodispersity and a near-spherical
shape.*” Contrary to Pd, the reduction of Ru requires relatively
high temperatures; no Ru particles were obtained in low boiling
point solvents, such as ethanol/water, which has been examined
experimentally (Ru precursor reduction does not occur in
ethanol). However, when Pd was present in the Ru**/ethanol
system, Ru precursor was successfully reduced. On average,
Ru4Pdl, Ru2Pdl, RulPdl, and RulPd2 prepared by Et-
reduction have a mean diameter of 2.7 nm. Larger bimetallic
particles, as compared with Pd prepared with the same
procedure, are indicative of the reduction and growth of Ru
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atoms on the surface of Pd seeds, and, thus, the bimetallic
nature of the synthesized nanoparticles.

We did not elucidate the mechanism of the bimetallic
nanoparticle formation. Autocatalytic surface-growth mecha-
nism has been discussed for the formation of noble-metal
clusters, when the aggregation of metal ions to small clusters
may occur without reducing electrons; the growin§ oxidation
state of the cluster enhances its electron affinity.*" This may
explain why the Ru precursor could be reduced by ethanol in
the presence of palladium: Pd*" is easily reduced by ethanol and
forms seeds for the further crystal growth by Ru®* deposition
followed by facilitated reduction. The order of the reduction is
also in line with the standard electrode potentials: +0.915 eV
for Pd**/Pd and +0.68 €V for Ru®>"/Ru. The metal (Pd) with
the highest potential is reduced first and forms the seeds.
Similarly, Liu et al. observed that if there are metallic seeds
available, for example, Pt nanoparticles, the reduction of Ru**
can take place on the surface of the seeds to produce zerovalent
Ru metal nanoparticles autocatalytically.*®

A different 2-step alcohol reduction synthesis for Pd core-Ru
shell nanoparticles was used to place Ru atoms only in the
nanoparticle shell. Monometallic Pd nanoparticles were
synthesized first with an average diameter of 2 nm. Ru
precursor was then added to the Pd colloidal dispersion,
followed by the reduction of Ru** and deposition on Pd core
particles (Scheme 3). The obtained Pd(c)Ru(s) nanoparticles
have an average mean diameter of 2.3 nm (Table 1 and Figure
S1 in Supporting Information). The nanoparticles increase in
size with the addition of Ru precursors, indicating that Pd
nanoparticles in the solution serve as nuclei for larger core—
shell particles.>* According to the metal crystal statistics,*" the 2
nm Pd nanoparticles correspond to an f.c.c. cuboctahedron
with 3 atoms on the crystal edge, and to build one more full
shell of Ru atoms (which have a similar diameter to Pd), the 2-
to-1 Ru-to-Pd molar ratio is required. The ratio determined by
NAA of the deposited Pd(c)Ru(s) nanoparticles is 1.6-to-1,
which implies that all Ru atoms are mostly likely 100%
dispersed on the Pd core nanoparticle. The formation of
monometallic Ru particles is unlikely, as no Ru nanoparticles
were observed when the Ru precursor alone was treated in
ethanol/water.

Chemical Probe Reaction. To further confirm the bimetallic
structure of the as-prepared nanoparticles, they were deposited
on y-Al,O; and used without any further pretreatment in a
chemical probe reaction, which was the three-phase hydro-
genation of 2-methyl-3-buten-2-ol (MBE) to 2-methylbutan-2-
ol (MBA, Scheme 4) at 40 °C in ethanol. Pd is known for high
catalytic activity in this reaction, while Ru at the same
conditions is not active, both in the presence and absence of
a stabilizer. Single atoms of Pd (not ensembles) are known as
active sites in this r(eeic:tion,36’42 and because the stabilizer
(PVP) and its amount (20/1 molar ratio to the metal) is the
same for all the catalysts studied, the Ru, Pd, and Ru—Pd
systems could be compared in terms of the exposed Pd atoms
in the outermost shell of the bimetallic materials. Note that
because the stabilizer may affect the catalytic performance, we
do not report the turnover frequencies; instead we discuss a
qualitative trend based on the observed hydrogenation rates.

Three-phase hydrogenations are well-known for their high
susceptibility to mass transfer limitations. The absence of gas—
liquid and liquid—solid mass transfer limitations was previously
verified by our group for the chosen conditions.*® In the first
step of this investigation, three-phase hydrogenation of MBE to
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MBA was tested over monometallic Pd and Ru nanoparticles.
Pd is extremely active (2.7 moly,/(molpg s), while Ru shows no
activity. Thus, MBE hydrogenation can be regarded as an
effective chemical probe for surface Pd presence in the Ru—Pd
bimetallic surfaces.

The MBE hydrogenation rates were determined at 10% MBE
conversion and presented in Figure 2 as calculated per total
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Figure 2. MBE hydrogenation reaction rate per Pd atoms in the
bimetallic Ru—Pd catalysts (refer to Scheme 4). The light gray
rectangles correspond to one standard deviation.

moles of Pd. The Pd(c)Ru(s) catalyst displays zero activity,
confirming the coverage of Pd atoms with an inactive Ru shell.
Other Pd—Ru compositions show intermediate activities
between Pd and Ru even at the same nanoparticle size (such
as 2.0—2.2 nm for Ru6Pd1, Ru4Pdl, and monoPd), indicating
the presence of both atoms on the nanoparticle surface. If
monometallic Pd and Ru particles were formed instead of the
bimetallics, the rates would be the same for Ru6Pd1, Ru4Pdl,
and mono-Pd, since the nanoparticle sizes are similar. The fact
that Ru4Pdl, RulPdl, and RulPd2 catalysts display lower
activity than Ru6Pd1 is consistent with their proposed structure
as per the synthesis method (Scheme 2), which allows for the
formation of the Ru-enriched shell. Thus, although the bulk Pd
content is the lowest in the Ru6Pd1 catalyst, the proportion of
Pd in the outermost atomic layer is higher than in the Ru-
enriched shell of Ru4Pdl, RulPdl, and RulPd2, which
increases its activity. Some differences in the activities of
Ru4Pdl, RulPdl, and RulPd2 catalysts may be attributed to
the size effect and the reaction’s structure-sensitivity.>° The
MBE hydrogenation was shown to proceed on (111) and (100)
terraces of Pd nanoparticles with different turnover frequen-
cies.’ We believe that the three latter catalysts possess different
relative amounts of the Pd atoms on these surfaces, which
contributes to the activity differences. However, all the three
catalysts display the lowest activity (after the monoRu and
Pd(c)Ru(s) particles), indicating their surface enrichment with
Ru. Thus, the chemical probe results are consistent with the
proposed bimetallic structures of the as-synthesized nano-
particles as per their synthetic methods (see Table 1, Schemes 2
and 3).

Catalyst Characterization after High-Temperature
Treatment. The as-deposited catalysts were subject to high-
temperature treatments in air (up to 400 °C) and hydrogen
(375 °C) with the purpose of PVP removal (its decomposition
temperature is 350 °C) and as preparation for the indan RO
reaction that occurs in the gas phase at 350 °C. As ruthenium
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may form volatile oxides, NAA of the monometallic Ru and
bimetallic Ru4Pdl samples was performed after 400 °C
calcination and 375 °C reduction. Ru content before and
after the treatments was found as 0.27 wt % and 0.28 wt % in
the monometallic Ru sample, respectively, and did not change
for the bimetallic sample either.

The high-temperature treatments are expected to affect the
bimetallic nanoparticle structure and size, altering the Ru-to-Pd
ratio in the outermost atomic layers as compared with the
freshly prepared nanostructures discussed above. The heat of
vaporization of Pd (380 kJ/mol) is lower than the one for Ru
(580 kJ/mol), so Pd atoms will tend to migrate to the
nanoparticle surface driven by the minimization in the
nanoparticle’s surface energy. A higher Pd fraction is expected
to be in the nanoparticle’s shell after the high-temperature
treatment, as compared with the as-synthesized nanoparticles.
The structural transformations are known to depend on the
original nanoparticle size, composition, structure, and temper-
ature. They were shown to become significant at ~1600 K for
Pt—Pd nanoparticles of 3 nm size.* In the presence of oxygen,
the temperature will be lowered because of the significantly
lower melting point of metal oxides.

However, for example, under our pretreatment conditions
before the catalytic reaction (200 °C calcination, 375 °C
reduction), two RulPdl composites with the same Ru-to-Pd
molar ratios and similar particle size (3.1—3.6 nm) but prepared
by two different methods (Et reduction resulting in Ru-
enriched shells and EG reduction; see Table 1) showed
significantly different activities in the indan RO. The EG-
reduced RulPdl catalyst was an order-of-magnitude less
active®® than the one reduced by Et (see the catalytic results
section below), indicating a different Pd-to-Ru ratio in the
outermost nanoparticle layer (the RO activity of monoRu is
higher than that of monoPd). This suggests that the applied
pretreatment temperature does not result in the very same
bimetallic structure starting from two different structures but of
the same size and Pd-to-Ru molar ratio. In the current work, we
did not attempt to study the structural transformation process
upon heating. The following physicochemical characterization
of the materials was performed after the same treatments, and
the results were correlated with the observed catalytic reaction
results.

CO-TPD was performed after the polymer removal at 350
°C (decomposition temperature of PVP) in air followed by 375
°C reduction. No peaks were detected either for pure y-alumina
support or for a monometallic Ru catalyst with the absence of
CO treatment. Figure 3 shows a series of CO-TPD profiles for
the selected catalysts. Two CO desorption peaks from Pd
nanoparticles centered at 74 and 174 °C could be assigned to
the desorption from different Pd sites and/or bridged and linear
CO complexes on the nanoparticle surface. A much higher CO
desorption temperature centered at 265 °C with strong
intensity was observed for the mono-Ru catalyst.

Both Pd(c)Ru(s) and Ru4Pdl samples reveal a single CO
desorption peak at higher temperatures than those of mono-Ru
nanoparticles and no low-temperature peaks characteristic for
Pd. As per the synthesis techniques (Schemes 3 and 2,
respectively), the nanoparticle shell enrichment with Ru is
expected, keeping in mind the possible Pd atoms diffusion to
the surface because of the high-temperature treatment. Both
profiles show a negligible presence of Pd atoms in the
outermost layer. The shifts in the Ru peak to higher
temperatures may be attributed to the electronic modifications
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Figure 3. CO-TPD profiles for mono- and bimetallic Ru—Pd catalysts.

on Ru by Pd in bimetallic nanoparticles. Electron affinity of Ru
is higher than that of Pd (101 kJ/mol vs 54 kJ/mol), so the
electron transfer from Pd to Ru may be expected, resulting in
different CO chemisorption strength and further catalytic
properties as compared with monometallic Ru.

The CO-TPD profile of the RulPdl catalyst indicates the
significant presence of Pd atoms, but not the monometallic Pd
particles, as only one of the Pd peaks is present (170 °C). Note
that the catalyst composition (1:1) is close to the Ru/Pd = 1.6
in the Pd(core)-Ru(shell), but after the high-temperature
pretreatment, the structures are drastically different (there is
negligible Pd in the shell of the core—shell sample), confirming
that the molar composition does not control the structure at
the applied pretreatment conditions. Less significant shifts in
the peaks for the Pd1Rul catalyst supports the hypothesis of
different loci of Pd and Ru atoms in the selected catalysts. Thus,
the CO-TPD results confirm the nanoparticle’s bimetallicity
and enrichment of the outermost layer of Pd(c)Ru(s) and
Ru4Pd1 particles with Ru atoms.

TPR was carried out also after the high-temperature
calcination to ensure polymer removal. Pd could be easily
reduced and form Pd hydrides below room temperature™ while
the system waits for a stable TCD signal baseline, thus showing
only a hydrogen evolution peak centered at 80 °C (see Figure
S2 in Supporting Information for the TPR profiles). The
reduction of Ru oxide occurs at 85 °C. The Pd—Ru samples
showed one peak at the same temperature (80—85 °C).
Typically, a conclusion on the nanoparticle’s intrinsic
bimetallicity is made based on the peak shifts in bimetallic
catalysts as compared with the monometallic forms.***”*~%
Because the same peak maxima exist for monometallic Ru and
Pd, the TPR was not helpful in elucidating the nanoparticles’
structure.

DRIFTS of the adsorbed CO was performed after the
pretreatment applied before the catalytic reaction, that is,
calcination at 200 °C and reduction at 375 °C. Figure 4 shows
the vibrational stretching features of the CO probe in the range
of 1850—2200 cm™" frequency (the gas-phase CO band occurs

dx.doi.org/10.1021/cs400986v | ACS Catal. 2014, 4, 268—279



ACS Catalysis

Research Article

Ru 1946
) )
e e
5 3
2 =
< <
= =
Q Q
£ £
< 2110 M

2070
21I50 2OISO 19I50 1850 21'50 20‘50 19ISO 1850
Wavenumber (cm!) Wavenumber (cm!)
Ru4Pd1 Pd(c)Ru(s)

f’é’ \2065 é 1980
5 A e s
é 2116 1955 é
= = 2098
< <
= = \
2 2
2 2

21I50 20I50 19I50 1850 21I50 20I50 19I50 1850

Wavenumber (cm!)

Wavenumber (cm!)

Figure 4. DRIFT spectra of CO adsorbed on mono- and bimetallic Ru—Pd catalysts.

at 2143 cm™"). Two controlled experiments performed on bare
alumina support and PVP/alumina showed spectral bands in
the frequency below 1700 cm™ that do not interfere with the
bands related to the adsorbed CO on the metallic surfaces
(2000—2130 cm™" for linear and 1800—2000 cm™" for bridged
complexes*®***’), Both Ru and Pd monometallic catalysts
display adsorption bands at similar 2110 and 2116 cm™" for the
linear mode, with additional 2070 cm™ peak for monoRu,
which could be ascribed to the same linear adsorption but on a
different surface atom type (i.e., vertex vs terrace). The bridged-
adsorbed CO bands occur at 1946 cm™ for Ru and 2026 and
1995 cm™! for Pd. The Pd(c)Ru(s) sample exhibits a peak at
2098 cm™’, which is closer to the linear CO adsorption on
monometallic Ru than it is to the one of monoPd, as well as a
peak at lower wavenumber. The latter could be deconvoluted
into the 1951 cm™ peak characteristic of a bridged CO
complex with monometallic-like Ru atoms and a larger-intensity
peak at 1980 cm™ that was observed neither for monoPd nor
monoRu, and indicates the formation of new CO adsorption
sites. These might be either ensembles of Pd and Ru atoms or
monoatoms with properties altered by the presence of a second
metal; in both instances, this indicates the formation of intrinsic
bimetallic nanoparticles. The 2026 and 1995 cm™ peaks for
monometallic Pd could not be fitted during the deconvolution.
No obvious conclusion on the Ru or Pd enrichment of the
surface could be made based only on the DRIFTS of adsorbed
CO; however, the CO desorption temperature is indicative of
the Ru shell formation, as discussed in the CO-TPD results
above.
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The Ru4Pdl spectrum after deconvolution shows peaks at
1955 cm™ (bridged CO adsorption on Ru), 2116 cm™" (linear
CO adsorption on either Ru or Pd), and a 2065 cm™" peak that
is similar to the linear adsorption on monoRu. These indicate
that the Ru4Pd1 surface is mainly governed by Ru presence but
at the same time the relative intensities of linear-to-bridged
adsorption peaks are much higher for the Ru4Pd1 catalyst than
for monoRu, which implies Ru surface dilution with Pd atoms,
that is, bimetallicity. The CO desorption temperature was also
different as compared with the monometallic catalysts. These
results are in line with the applied synthetic procedure:
monometallic Ru nanoparticles cannot be formed in ethanol;
rather, they can be formed only in combination with Pd present
as seeds.

Thus, a combination of the applied characterization
techniques after the high-temperature treatment confirmed
the intrinsic bimetallicity of the catalysts and indicated the shell
enrichment with Ru atoms for Pd(c)Ru(s) and Ru4Pdl
samples.

TEM of supported calcined catalysts was performed to
evaluate possible sintering of nanoparticles after the high-
temperature treatment. The results may be also indicative of
intrinsic bimetallicity because the addition of a second metal
often allows for better thermal stabilities of the resulting
bimetallic catalysts. An example of the beneficial effect on
thermal stability by alloying two metals has been previously
reported by Strobel et al.:** both pure Pd and Pt sintered to a
large extent, while the addition of a very small amount of Pt
stabilized the Pd particles and prevented sintering at 800 °C.**
Figure S shows exemplary TEM images of selected catalysts
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Figure S. TEM images of Ru/y-ALO; (left), Pd/y-Al,O; (center), and Ru4Pd1/y-ALO; (right) catalysts after precalcination in air at different

temperatures and reduction in hydrogen at 375 °C.

after calcination. Monometallic Pd and Ru are not resistant to
sintering and showed agglomerates in the 300—400 °C range.
For the bimetallic sample Ru4Pd1 (this catalyst was found as
the most promising in indan RO, as reported below), the
nanoparticle sintering did not occur after 400 °C calcination
and 375 °C reduction in H,. This improved thermal stability
upon alloying Ru with Pd can be considered as another piece of
evidence for intrinsic bimetallicity in Ru4Pd1 sample.

CO Chemisorption. To verify the effect of the calcination
treatment on the nanoparticles’ agglomeration, CO chem-
isorption was performed for Ru and Ru4Pd1 catalysts calcined
at different temperatures and reduced at 375 °C (Figure 6). CO
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Figure 6. Effect of calcination temperatures on catalytic activities in
indan RO (a) and CO uptakes from CO-chemisorption (b).

chemisorption of the alumina support is negligible (<0.1
Umolo/Luumina)- The obtained CO uptakes were corrected for
the support uptake. As expected from the TEM results on the
nanoparticles’ sintering, for the monoRu, the dispersion drops
significantly starting at 300 °C, with maximum dispersion at
250 °C. Ru4Pdl, on the other hand, at 350 and 400 °C showed
highest dispersions of ~40% that corresponds to ~2.3 nm
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particles. The dispersion value is obtained assuming 1:1
CO:metal stoichiometry, which overestimates particle size
since bridged CO is also present (as evidenced by DRIFTs).
Thus, the obtained overestimated value of 2.3 nm confirms the
particles” thermal stability, since the original size of the as-
synthesized nanoparticles is 2.2 = 0.5 nm (Table 1). Very low
amounts of adsorbed CO after 200 °C calcination for both
samples are due to the residuals of PVP, which prevents the CO
chemisorption. The XPS analysis of the Ru4Pd1 catalyst after
the 200 °C calcination-375 °C reduction treatment showed that
the N/Ru molar ratio was reduced from 2.5 (fresh) to 1.1
(calcined), confirming the presence of PVP residuals on the
catalyst surface.

However, before concluding on the optimal calcination
temperature as one that balances between resistance to
sintering and PVP removal efficiency, the catalytic activities
must be taken into consideration. For example, Rioux et al.
found that the ethylene hydrogenation activity on PVP-
stabilized Pt-nanoparticles was maximized with an in situ
oxidation—reduction cycle at 200 °C.*° The indan RO activity
was evaluated as a function of the catalyst pretreatment
conditions (Figure 6). As seen, the amount of the adsorbed CO
is not indicative of the most optimal pretreatment temperature
and does not correlate with the RO activity trends. The reasons
of such behavior are under investigation and will be reported
separately. The RO activity of Ru4Pd1 catalyst was maximized
at 200—250 °C calcination. Combining the CO-chemisorption
and TEM results, as well as the indan RO activities, the mono-
and bimetallic Ru—Pd catalysts to be used for the indan RO
reaction should be calcined at a temperature not higher than
250 °C.

Catalytic Behavior in RO. Table 2 and Figure 7 compare
activities and selectivities in indan RO for the developed
catalysts. Ir is the most active catalyst, and Ru shows one-fourth
of the activity of Ir in indan RO, whereas Pd and Pt reveal the
lowest activities, which are the expected trends for these metals.
Iridium also results in the lowest lights formation among all
monometallic catalysts. Pt allows the highest ratio of n-
propylbenzene to 2-ethyltoluene, which is in agreement with a
known adsorbed flat-lying olefin mechanism for Pt. Pt results in
the highest toluene (57%) and lights formation, which is a
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Table 2. Catalytic Activities and Product Selectivities in Indan RO

catalyst
Ru®
pd®
Irc
Pt
Rul0Pd1¢
Ru8Pd1¢
Ru6Pd1¢
Ru4Pd1¢
Ru2pPd1
RulPd19
RulPd2
Pd(c)Ru(s)”

selectivities, %

activity, 1072 mqlmdm/ MOl eqai(s)”

conversion, %

37
8
46
1
41
20
17
27
19
8
S
33

4 (0)
1 (0)
16 (4)
1()
5 (0)
2 (0)
2()
4 (0)
30)
1 (0)
1()
5(1)

2-ethyl-
toluene
17 (0)
73 (-)
62 ()
8()

26 (2)
37 (4)
44 ()
59 (6)
60 (-)
50 (7)
52 (-)
44 (3)

n-propyl- ethyl-

benzene benzene oxylene benzene toluene lights
2 (0) 2(0) 40(3) 200 16(0) 21(3)
10 (-) 1(-) 2() 2() 80 50
3 (0) 1(0) 22 (0) 1 (0) 5(0) 6 (1)
13 (-) 1(-) 1() 7() §7()  13()
2 (0) 3(0) 34(1) 20 16(0) 18 (1)
2 (0) 2(0) 29(2)  2(0)  14(1) 14 (1)
2() 2(-) 25() 1) 1) 1B()
4 (0) 2(1) 202) 1(1) 2Q1) 72
4() 1(-) 200 2060 8 7()
5(2) 1(0) 16 (2) 7 (3) 13(4) 8(0)
5(0) 1(-) BE 96 1B() 8()
3(0) 2(0) 31 (3) 1 (0) 9 (1) 9 (0)

“2 mg of active metal(s). by mg of active metal. “1 mg of active metal. 94 mg of active metals. Data in brackets correspond to one standard deviation.
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Figure 7. Selectivities vs Pd-to-Ru molar ratio in the bimetallic and
monometallic catalysts (monometallic Ir and Pt catalysts are included
for comparison). The catalysts were grouped according to similar
indan conversions for fair selectivity comparison.

drawback in terms of single cleavage products. Pd displays poor
RO activity but the highest single cleavage selectivity (sum of 2-
ethyltoluene and n-propylbenzene selectivities) at this low
conversion. Monometallic Ru favors deep hydrogenolysis,
resulting in high o-xylene (40%) and lights formation (21%).
When Pd is added to Ru, it tempers its undesirable
hydrogenolysis activity with a simultaneous decrease in activity.
Figure 7 is plotted in terms of the Pd-to-Ru molar ratio in the
catalysts and is grouped into two regions of conversion range,
as the high Pd amount results in low conversion, which does
not allow for direct selectivity comparison at higher conversions
for high Ru amount. Between 0 and 0.25 Pd-to-Ru ratio, the
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selectivity to 2-ethyltoluene improves 3-fold with correspond-
ing 3-fold suppression in lights formation, reaching the values
for monometallic Ir. With the further ratio increase, no further
selectivity improvement is observed; it is undesirable from the
viewpoint of activity. It is important to note that the bimetallic
nanoparticle structure control is paramount: the Pd(core)-
Ru(shell) catalyst falls off the trend because of the abundance
of Ru atoms despite of high bulk Pd-to-Ru ratio. Its activities
and selectivities approach the values for the Rul0Pd1—Ru6Pd1
systems, confirming the shell enrichment with Ru.

The incorporation of Pd to the Ru catalyst improved the
selectivity to n-propylbenzene 2-fold and reached the level for
Ir (Figure 7). The monometallic Pt catalyst gives the highest
selectivity to n-propylbenzene because of a different RO
mechanism via the olefin flat-lying model; on the other hand, it
promotes lights production and, thus, it underperforms the
Ru4Pdl catalysts at preserving the molecular weight of the
cleaved indan.

Ruthenium, similar to Ir, exhibits a dicarbene path in RO,
which requires perpendicular adsorption of a reactant on two
metal atoms.”"® Pd works through a flat-lying 7-adsorbed olefin
mode (with low activity); thus, its addition to Ru may dilute the
Ru ensembles, decreasing the activity. On the other hand, the
formed single cleavage products may adsorb on the Pd atoms in
Ru—Pd systems via the z- olefin mode, which prevents their
further dealkylation to o-xylene and toluene, characteristic for
mono Ru. This results in the improved selectivity. The
electronic effects due to the different electronic affinities may
be also responsible for the observed synergism.

Thus, the most optimal Pd—Ru composition corresponding
to the highest selectivity toward single cleavage at the minimal
loss of activity is the Ru4Pd1 catalyst: its selectivities are either
equal or outperform the monometallic Ir and Pt selectivities,
which makes the Ru—Pd system a valid alternative to Ir for the
RO reactions. The conclusion should not be extrapolated to
any Ru—Pd systems with similar 4:1 molar ratios of metals
because of the residuals of PVP adsorbed on the reported
system, which may affect the catalytic behavior. According to
the XPS analysis of the Ru4Pd1 catalyst, the N/Ru molar ratio
dropped from 2.5 to 1.1 after the 200 °C calcination and 375
°C reduction, as used before the catalytic runs. The Cl/Ru ratio
decreased from 0.3 to 0.2 after the treatment. The current study
shows the possibility of avoiding rare and expensive Ir by
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introducing a more available and less expensive alternative
bimetallic system that allows the same RO selectivity as Ir.

Bl CONCLUSIONS

Bimetallic Pd—Ru nanoparticles of ~2—3 nm size with varying
molar ratio of Pd-to-Ru from 0 to 1.7 were synthesized in the
presence of PVP, deposited on alumina and tested in the indan
RO at atmospheric pressure. The synthetic methods allowed
for preparing the nanoparticles with Ru abundance in the
nanoparticle shell. The intrinsic bimetallic nature of the
nanoparticles was consistent with the results of CO-TPD,
CO-DRIFTS, thermal stability tests, and a chemical probe
reaction (olefin hydrogenation with only Pd atoms active).
TEM revealed nanoparticle monodispersity, which was
maintained after the high-temperature PVP removal for
bimetallic systems, with pronounced sintering in the case of
monoforms. A study of the PVP removal at different calcination
temperatures, performed by comparing the RO activities with
the metallic surface available for CO chemisorption, showed
that the amount of the adsorbed CO is not indicative of the
most optimal pretreatment temperature found as 200—250 °C
for the maximized catalytic activity.

The catalytic tests of indan RO showed the dramatic 3-fold
increase in the selectivity to 2-ethyltoluene when the Pd-to-Ru
molar ratio increased from 0 to 0.25, with no further
improvement in selectivity and loss of activity because of the
high proportion of low-active Pd. The Ru4Pdl catalyst
displayed the same high single cleavage selectivity and as low
lights formation as iridium, which is known as the most
selective RO metal.
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