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ABSTRACT: We have shown that fibrous nanosilica (KCC-
1) can serve as a suitable support for the synthesis of highly
dispersed ruthenium (Ru) nanoparticles. The resulting KCC-
1/Ru catalyst displayed superior activity for the hydrogenolysis
of propane and ethane at atmospheric pressure and at low
temperature. The high catalytic activity was due to the
formation of Ru-nanoparticles with an active size range (1—4

nm) and the presence of hexagonal-shaped particles with several corners and sharp edges possessing reactive atoms with lowest
coordination numbers. The catalyst was stable with an excellent lifetime and no sign of deactivation, even after eight days. This
enhanced stability may be due to the fibrous nature of KCC-1 which restricts Ostwald ripening of Ru nanoparticles.
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1. INTRODUCTION

Catalysis research has become one of the most powerful tools
in the petrochemical and fine-chemical productions. Low-
temperature skeletal cleavage and the making and breaking of
carbon—carbon (C—C) bonds are of prime importance in the
petrochemical industry as the transformation of crude oil into
hydrocarbons is often necessary. In this regard, the hydro-
genolysis of hydrocarbons, which is the cleavage of C—C bonds
under hydrogen, is in increasing demand in petroleum
processing. Hydrogenolysis is a major subset of reactions that
occurs on supported transition-metal catalysts, which were first
studied for ethane by Morikawa, Benedict, and Taylor.' > John
Sinfelt’s research on hydrogenolysis had a tremendous impact
on industrial catalysis systems for hydrogenolysis.*”” Metal-
based catalysts including ruthenium-based have been exten-
sively studied by Bond and others for the hydrogenolysis of
alkanes and are some of the best catalysts for this reaction.®*”!

Although a range of catalysts exists for the hydrogenolysis of
alkanes,' ' two main challenges remain unresolved: (1) the
stable nanocatalyst system that do not experience activity loss
as the result of particle-size growth during the reaction because
of Ostwald ripening and (2) nanocatalysts that are active at low
temperatures and at atmospheric pressure and are also effective
even for challenging substrates such as ethane.

In continuation of our quest for sustainable nanocatalytic
protocols,”> > we herein report novel Ru nanocatalysts
supported on our recently discovered high-surface-area silica
with a unique fibrous morphology (KCC-1).2*72¢ We observed
that the high surface area of KCC-1 is attributable to fibers and
not to pores, which dramatically increases its accessibility.”* We
believe that this unique property will be useful in the design of
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silica-supported catalysts, wherein the accessibility of active sites
can be increased significantly. After recently demonstrating this
concept for the hydro-metathesis of olefins using a KCC-1/
TaH catalyst system,” and for Suzuki coupling reactions using
KCC-1/Pd,*® we designed a system of highly dispersed Ru
nanoparticles supported on KCC-1 to examine the advantages
of its fibrous nature, for the hydrogenolysis of propane and
ethane.

2. EXPERIMENTAL SECTION

2.1. Preparation of KCC-1-NH,. In a round-bottom flask,
150 mL of anhydrous toluene, 12 g of KCC-1, and 40 mL of 3-
aminopropyltriethoxysilane (APTS) were introduced, and the
mixture was refluxed for 48 h. The solution was filtered; the
solid was washed with ethanol, and dried overnight at 65 °C
under vacuum (0.07S mm of Hg) to yield the KCC-1-NH,
nanocomposite.

2.2. Preparation of the KCC-1/Ru Nanocatalyst. A
Schlenk flask was charged with 1 g of KCC-1-NH, material,
0.21 g of RuCly, and 50 mL of deionized water and then
sonicated for 2 h. The mixture was vigorously stirred for 72 h at
room temperature. The solid product was collected by
centrifugation and washed several times with water, ethanol,
and then dried under reduced pressure at 65 °C for 16 h. For
the in situ preparation of the ruthenium nanoparticles, 200 mg
of catalyst was placed in a stainless steel tubular reactor with a 9
mm internal diameter and was reduced in hydrogen flow (20
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Scheme 1. Synthesis of KCC-1/Ru Nanocatalysts
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Figure 1. (a) Si CP-MAS NMR spectrum of KCC-1-NH,, (b) *C CP-MAS NMR spectrum of KCC-1-NH,, (c) **Si CP-MAS NMR spectrum of

KCC-1, (d) TGA thermogram of KCC-1-NH, in air.

mL/min) at 400 °C for 16 h. The ruthenium content of the
final material (KCC-1/Ru) was determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
analysis and was found to be 7.11%.

2.3. Hydrogenolysis of Alkanes. The hydrogenolysis
reactions of propane were conducted at 175 °C and at
atmospheric pressure. A 200 mg portion of catalysts were
placed in a fixed bed dynamic reactor in a continuous-flow of
propane-H,-He (1:4:20) at a total flow of 100 mL/min. The
temperature of the reactor was controlled by a PID temperature
controller connected to a thermocouple inserted in the catalyst
bed. The flow of He, H,, and propane were controlled by mass
flow controllers, and the product gases were analyzed online
with a Varian micro-GC CP-4900 using capillary columns (10
m PPU; 6 m 5CB; 10 m AI2) and FID detector. The
hydrogenolysis reactions of ethane were carried out at 250 °C
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and at atmospheric pressure in the following flow rates: ethane
(2 mL/min) and hydrogen (8 mL/min) using similar
procedure as for propane.

2.4. TEM, TGA, and NMR Analysis. Transmission electron
microscope (TEM) observations were performed on a FEI
Titan operated at an accelerating voltage of 200 kV. For sample
preparation, powders were dispersed in ethanol with the
assistance of sonication, and one drop of the solution was
dropped onto a carbon-coated TEM grid of 200 mesh. Thermo
gravimetric analysis (TGA) was performed on a Mettler Toledo
TGA/DSC1 Star apparatus. For analysis of aminopropyl
loading, about 15 mg of KCC-1-NH, sample was heated in
an alumina pan from ambient temperature to 800 °C at a
heating rate of 5 °C/min under a 100 mL/min of air flow. All
NMR experiments were conducted using a WB AVANCE III
600 MHz NMR spectrometer. The cross-polarization magic-
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Figure 2. TEM images of KCC-1/Ru nanocatalysts.

angle spinning (CP-MAS) nuclear magnetic resonance (NMR)
spectra were recorded at a resonance frequency of 119.23 MHz
with 20 kHz spinning rate using a Broadband BB/1H 3.2 mm
Bruker CP/MAS probe. The temperature for all experiments
was maintained at 298 K. Each spectrum was induced by a
nonselective one pulse using the standard one pulseeq program
from the Bruker pulse library. To achieve a sufficient signal-to-
noise ratio, 2k transients were collected with 30 s recycle delay.
Exponential line broadening of 10 Hz applied before Fourier
Transformation, and Bruker Topspin 3.0 software was used for
data collection and for spectral analysis.

3. RESULTS AND DISCUSSION

3.1. Design and Synthesis of the KCC-1/Ru Nano-
catalyst. The first step in synthesizing this catalyst was to
functionalize KCC-1 with amino groups, which was achieved by
postsynthetic modification of the silica fibers through a reaction
with 3-aminopropyltriethoxysilane (KCC-1-NH,). This materi-
al was then treated with RuCl; followed by hydrogen reduction,
to produce Ru nanoparticles supported on KCC-1 (Scheme 1).
It is important to note that we were unable to load a detectable
amount of Ru on the KCC-1 surface without amine
functionalization, as we lost most of RuCl; during the washing
step. When we avoided the washing step, Ru nanoparticles with
bigger particle sizes and broad particle size distribution were
obtained. However, after amine functionalization, smaller and
monodispersed Ru nanoparticles were obtained, indicating the
role of amine, which acts as a pseudo ligand and binds with
RuCl;. Since we have only 10% grafting of these amino propyl
groups, they are well-spaced from each other, which in turns
helps the RuCl; to be uniformly dispersed on the surface of
KCC-1 and then in turn the Ru nanoparticles.

3.2. Characterization of the KCC-1/Ru Nanocatalyst.
The nanocatalyst KCC-1-NH, was then characterized by solid-
state *°Si and CP-MAS NMR spectroscopy. The **Si CP-MAS
spectrum (Figure 1a) shows two strong characteristic signals at
—99.7 and —109.2 ppm; these signals are assigned to the Q3
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and Q4 sites that correspond to the silica substructures with
different degrees of condensation. A weak Q2 signal at —90.2
ppm was also observed. The two new signals at —57.3 and
—66.8 ppm (absent in KCC-1, Figure 1c) are characteristic of
the T2 and T3 sites of RSiO; units of the as-synthesized silica
nanocomposites; these signals indicate the covalent attachment
of organic molecules to silica. To confirm that the aminopropyl
groups were attached to the KCC-1, a *C CP-MAS experiment
was performed. The resultant spectrum (Figure 1b) exhibited
signals at 8.4, 21, and 41.5 ppm that correspond to the three
carbon atoms of an aminopropyl group; these signals therefore
confirm the presence of this organic functionality. To estimate
the amino-group loading, thermo-gravimetric analysis (TGA;
Figure 1d) of the KCC-1-NH, was conducted under air. After
an initial weight loss of water up to 110 °C, the nanocomposite
was stable until it reached 350 °C; after which a weight loss of
10.5% was observed up to 650 °C, which can be attributed to
the loss of the covalently bound aminopropyl groups.
Elemental composition was also determined by CHN analysis,
which showed 6.94% carbon, 1.99% hydrogen, and 2.03%
nitrogen, confirming the TGA results.

The as-synthesized KCC-1-NH, composite was then treated
with RuCly, and Ru(II) was subsequently reduced to Ru(0)
using a hydrogen reduction method at 400 °C to produce the
KCC-1/Ru nanocatalyst (Scheme 1). TEM analysis of this
catalyst revealed that the fibers of KCC-1 were fully loaded with
well-dispersed Ru nanoparticles with an average size range of
1—4 nm (Figure 2), which was also confirmed by H,
chemisorption study (Supporting Information, Figure S1).
The X-ray diffraction (XRD) pattern (Supporting Information,
Figure S2) contained only peaks from silica support, and no
reflections from Ru were observed, because of low metal
concentration as well as highly dispersed very small particles.
Metal analysis using ICP-OES indicated that as-synthesized
catalyst contained 7.11% ruthenium. CHN analysis showed
negligible concentration of carbon, hydrogen, and nitrogen,
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which is due to the lesser thermal stability of aminopropyl
groups.

3.3. Catalytic Performance of KCC-1/Ru. To investigate
the catalytic activity of the KCC-1/Ru nanocatalyst for
hydrogenolysis (Scheme 2), propane hydrogenolysis was

Scheme 2. Hydrogenolysis of Alkanes Catalyzed by KCC-1/

Ru
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chosen as a test reaction. Catalytic studies were conducted in
fixed-bed dynamic reactor using a propane-hydrogen-helium
mixture in the ratio of 1:4:20 at total flow-rate 100 mL/min. To
maintain a chemical regime, the catalyst amount was tuned to
200 mg. Initially, the reactions were conducted at different
temperatures at atmospheric pressure (Supporting Information,
Table S1), and we observed that the reaction proceeded
efficiently at 175 °C, so we chose this as the optimal reaction
temperature for all further investigations.

The hydrogenolysis of propane proceeded efliciently with
85—90% conversion (Figure 3a). Methane (selectivity 73%)
and Ethane (selectivity 27%) were the major products formed
(Figure 3b). After 8 days of the reaction, the cumulative
turnover number (TON) was around 13,000.

The regenerability and the lifetime of a catalyst are key
factors in the evaluation of the sustainability of any catalytic
system. The KCC-1/Ru nanocatalyst was regenerable after the
initial run and was active for another 8 days. After regeneration
(by treatment with hydrogen at 150 °C for 12 h), we reran the
hydrogenolysis of propane and achieved a similar conversion
(Figure 4a) and selectivity (Figure 4b) as that of fresh catalyst.
To check the stability of the catalyst, the reaction was
continued for more than 8 consecutive days (200 h); and
minor change in conversion and selectivity was observed, and
the catalyst worked as efficiently as like a fresh catalyst during
this period with same total cumulative turnover number of
13,000.

To investigate the robustness of this catalyst system, we
chose ethane as substrate, which is a challenging feed gas for
the hydrogenolysis reaction. Even several good catalytic
systems such as highly reactive hydrides of Zr or Hf do not

cleave ethane easily.>*** The reaction was conducted in a
continuous flow fixed-bed reactor. Ethane (2 mL/min) and
hydrogen (8 mL/min) were reacted in the presence of the
KCC-1/Ru nanocatalyst. To determine the optimal temper-
ature, the reactions were conducted at different temperatures
and at atmospheric pressure (Supporting Information, Table
S2). We observed that the reaction proceeded efficiently at 250
°C, so we chose this as an optimal temperature for further
study.

At 250 °C, ethane hydrogenolysis proceeded efliciently with
a 90% conversion, and methane was the only product obtained.
The catalyst was fairly stable even after 18 h, and the
conversion remained unchanged, which afforded cumulative
TON of up to 1000 (Figure S). The regenerability of the
catalyst was also noteworthy. After a first run of the reaction for
18 h, the catalyst was regenerated by treatment with hydrogen
at 150 °C for 12 h. The regenerated catalyst exhibited the same
activity and stability during the second run of ethane
hydrogenolysis under identical reaction conditions. Inductively
coupled plasma-optical emissions spectrometry (ICP-OES)
analysis of used catalysts showed 7.01% ruthenium concen-
tration, indicating no metal leaching.

Thus, this catalyst system (KCC-1/Ru) exhibited good
activity and stability compared with other known catalysts.' ™!
To probe the advantages of fibrous nature of KCC-1 as a
support, we prepared this catalyst system using SBA-15 and
MCM-41 as support with comparable Ru loading using similar
synthesis procedure (Supporting Information, Figures S3 and
S$4) and then tested for propane hydrogenolysis under identical
reaction conditions (Supporting Information, Figures SS and
S6). Table 1 clearly indicates the superiority of the KCC-1/Ru
catalyst over SBA-15/Ru and MCM-41/Ru in terms of elevated
catalyst activity and high TON.

3.4. Why Does the KCC-1/Ru Nano-Catalyst Show
Elevated Catalytic Activity? The effectiveness of nano-
catalysts mainly depends on the accessibility of active catalytic
sites on the surfaces and in the pores. However, in KCC-1
based catalyst, Ru-nanoparticles are on the fibers and not in the
pores like SBA-15 and MCM-41 based catalysts, which
enhances their accessibility significantly and in turn improve
the activity of the overall catalyst system.

The enhanced activity is also attributable to the effect of the
size of Ru nanoparticles. Somorjai and co-workers*>~>* began
observing these “size and structure-sensitive” properties of
metal-catalyzed reactions in the 1970s and tried to answer one
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Figure 3. (a) Conversion-turnover number (TON) and (b) selectivity as function of time obtained during the hydrogenolysis of propane catalyzed
by KCC-1/Ru in a continuous flow reactor (175 °C, 1 atm) in the presence of hydrogen.
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Figure 4. (a) Conversion-turnover number (TON) and (b) selectivity as a function of time obtained during the hydrogenolysis of propane catalyzed
by regenerated KCC-1/Ru in a continuous flow reactor (175 °C, 1 atm) in the presence of hydrogen.
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Figure 5. Conversion-turnover number (TON) as a function of time
obtained during the hydrogenolysis of ethane catalyzed by KCC-1/Ru
in a continuous flow reactor (250 °C, 1 atm) in the presence of
hydrogen.

of the key question about the unique properties of these metal
nanoparticles. Considering the small size of these metal
nanoparticles, the metal atoms occupy crystallographic
positions and the crystallites assume shapes such that the
nanoparticles possess minimum free energy. The nanoparticles
achieve this energy state by forming the maximum number of
bonds between all atoms, including surface atoms; this bonding
arrangement, in general, leads to nearly spherical nanoparticles.
One of the interesting aspects of studies of size-sensitive
properties is that this effect is more prevalent in the 1.5 to 5 nm
size range. Interestingly, in the case of the KCC-1/Ru catalyst
systems, the particle size range (1—4 nm, Figure 2) was well
within the active range, and this fact may explain the high
catalytic activity of this catalyst system.

In addition to the size, the shape and exposed surfaces of
metal nanoparticles can also strongly affect the catalytic
properties.”” * Somorjai et al. observed that in the case of
platinum catalyzed hydrogenolysis, the atomic steps and kinks
on the platinum surfaces have striking influences on its
activity.>>*® They identified that atomic steps are primarily
responsible for initiating the reaction by C—H and H—H bond

breaking while kinks are more active for C—C bond breaking.
They have also observed that the hydrogenolysis rate increases
with the number of steps and kinks on the catalyst surface. At
steps and kink sites, metal atoms possess the lowest
coordination number, which makes these atoms catalytically
more active. In the case of the KCC-1/Ru catalyst system, close
inspection of several TEM images (some are shown in Figure
6) revealed that, in addition to nearly spherical ruthenium

Figure 6. Close view of HRTEM images of KCC-1/Ru nanocatalysts.

nanoparticles, it also contains a fair amount (5—6%) of
hexagonal Ru nanoparticles. These hexagonal nanoparticles
have several corners and sharp edges (similar to steps and
kinks), and the metal atoms at these sites possess the lowest
coordination numbers. These more reactive metal atoms at the
edges and corners might be helping to enhance the activity of
the KCC-1/Ru catalyst system. Such hexagonal Ru nano-
particles were not observed in SBA-15 or MCM-41 based
catalysts system under these reaction conditions, which can be
due to its tubular pore structure as compared to open fibrous

Table 1. Activity Comparison of KCC-1-/Ru, SBA-15/Ru, and MCM-41/Ru for Propane Hydrogenolysis

catalysts reaction temperature conversion (%)
KCC-1/Ru 175 °C 84
SBA-15/Ru 175 °C 77
MCM-41/Ru 175 °C 25

1429

selectivity for CH,

selectivity for C,Hy TON after 7 days

73 27 11010
73 27 7210
86 14 3927
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Figure 7. TEM images of KCC-1/Ru nanocatalysts (a) before the reaction and (b) after the reaction. Particle size distribution (c) before the reaction

and (d) after the reaction.

structure of KCC-1. We feel that the fibrous nature of KCC-1
plays a role in restricting atomic diffusion in these hexagonal
particles, thus confining them to transform to energetically
favored spherically shaped particles.

3.5. Why Does the KCC-1/Ru Nano-Catalyst Not
Deactivate Even After 8 Days of Reaction? Restricted
Ostwald ripening can provide an explanation to this question.**
The catalytic activity of nano-Ru depends on the size of the
particles, with sizes in the range from 1 to 4 nm having been
observed to be more effective in catalyzing hydrogenolysis
reactions.”>>* However, these nanoparticles generally lose
their activity slowly with reaction time. This loss in activity is a
result of the growth of nanoparticles through the Ostwald
ripening process, where small nanoparticles merge to form large
nanoparticles. Notably, in the case of the KCC-1/Ru catalyst
system, we observed minimal Ostwald ripening (Figure 7).
Even after 8 days of reaction time, the particle size distribution
of the Ru nanoparticles changed from a narrow (1 to 2.6 nm)
to a slightly wider (1 to 4.1 nm) range, with an increase in the
number of nanoparticles having size greater than 2 nm.
Nonetheless, the maximum particle size was still less than S nm
(Figure 7); therefore, the system maintained nearly the same
catalytic activity. The reduced extent of Ostwald ripening may
be a consequence of the Ru nanoparticles being situated in
between the fibers of KCC-1. The distance within the fibers is a
maximum of 5 nm, which means that, even after several days of
heating, the nanoparticles cannot grow larger than 5 nm
because of the restriction on such growth by the KCC-1 fibers.
As the overall particle size remains less than S nm, the activity
of the nanocatalyst also remains unchanged. These results
clearly indicate the advantage of the fibrous nature of KCC-1.
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To confirm that restricted Ostwald ripening is due to the
fibers, we investigated the locations of Ru nanoparticles in
KCC-1/Ru catalyst system by slicing through the KCC-1
spheres and analyzing the inner section using HRTEM and
STEM. For this experiment, the KCC-1/Ru was embedded in
Epoxy resin and polymerized at 45 °C for 24 h and 62 °C for
another 24 h. Ultrathin sections of about 70 nm thickness were
cut using a Leica ultramicrotome (EM UC6, Leica Micro-
systems Inc.,, Germany). This slice was then mounted on 200
mesh quantifoil copper grids with holey carbon support film
(R3.5/1, Quantifoil Micro Tools GmbH, Germany). From
HRTEM (Figure 8a, 8c) and STEM (Figure 8b, 8d) of this
slice of fresh as well as used catalysts, we can clearly see that
most of the Ru nanoparticles are within the fibers of KCC-1.
This confirms the role of these fibers in restricting ripening of
the nanoparticles.

4. CONCLUSIONS

Fibrous high surface area nanosilica (KCC-1) was amine
functionalized and was loaded with ruthenium nanoparticles.
TEM images revealed that fibers of KCC-1 were fully loaded
with well-dispersed Ru nanoparticles (1—4 nm). The as-
synthesized KCC-1/Ru nanocatalyst was then evaluated for the
hydrogenolysis of propane and ethane. Catalyst displayed
superior activity at atmospheric pressure and low temperatures.
The high catalytic activity was due to the highly accessible
KCC-1 support as well as formation of Ru-nanoparticles with
an active size range (1—4 nm) and the presence of hexagonal-
shaped nanoparticles with several corners and sharp edges
possessing reactive atoms with lowest coordination numbers.
The catalyst was stable with an excellent lifetime and no sign of

dx.doi.org/10.1021/cs300179q | ACS Catal. 2012, 2, 1425—-1431
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Figure 8. HRTEM and STEM images of the slice of KCC-1/Ru
nanocatalysts (a,b) before and (c,d) after the reaction, respectively.

deactivation, even after 8 days. This enhanced stability was
possibly due to the restricted Ostwald ripening of nanoparticles.
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