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ABSTRACT: Selective isomerization toward branched
hydrocarbons is an important catalytic process in oil
refining to obtain high-octane gasoline with minimal
content of aromatic compounds. Colloidal Pt nano-
particles with controlled sizes of 1.7, 2.7, and 5.5 nm
were deposited onto ordered macroporous oxides of SiO,,
Al O;, TiO,, Nb,Os, Ta,05, and ZrO, to investigate Pt
size- and support-dependent catalytic selectivity in n-
hexane isomerization. Among the macroporous oxides,
Nb,O; and Ta,O; exhibited the highest product selectivity,
yielding predominantly branched Cg4 isomers, including 2-
or 3-methylpentane, as desired products of n-hexane
isomerization (140 Torr n-hexane and 620 Torr H, at 360
°C). In situ characterizations including X-ray diffraction
and ambient-pressure X-ray photoelectron spectroscopy
showed that the crystal structures of the oxides in Pt/oxide
catalysts were not changed during the reaction and
oxidation states of Nb,O; were maintained under both
H, and O, conditions. Fourier transform infrared spectra
of pyridine adsorbed on the oxides showed that Lewis sites
were the dominant acidic site of the oxides. Macroporous
Nb,O; and Ta, O were identified to play key roles in the
selective isomerization by charge transfer at Pt—oxide
interfaces. The selectivity was revealed to be Pt size-
dependent, with improved isomer production as Pt sizes
increased from 1.7 to 5.5 nm. When 5.5 nm Pt
nanoparticles were supported on Nb,Os or Ta,Os, the
selectivity toward branched C4 isomers was further
increased, reaching ca. 97% with a minimum content of
benzene, due to the combined effects of the Pt size and the
strong metal—support interaction.

In the 21st century, catalysis aims for 100% selectivity, in
order to realize “green chemistry”, or the production of only
one desired product at a high turnover rate without byproducts
in multipath reactions."”” Recent advances in colloidal chemistry
provide a novel method to generate metal nanoparticles with
precisely controlled size and shape, as well as porous materials
used as supports with a high surface area and an ordered pore
structure.” Since heterogeneous catalysts are prepared mainly
by deposition of nanoparticles on oxide supports, oxide—metal
interfaces have attracted much attention as important catalytic
sites, along with the morphologies of metal nanoparticles and
oxide supports.” Recent studies demonstrate that oxide—metal

-4 ACS Publications  © 2014 American Chemical Society

6830

interfaces are responsible for changes in the catalytic activity
and selectivity due to charge transfer between the metal and the
oxide support.®

Catalytic reforming of hydrocarbons is of key importance for
the production of high-octane gasoline in petroleum chem-
istry.” Since environmental regulations limit aromatic com-
pounds in gasoline due to their carcinogenic nature, selective
production of branched hydrocarbons with high octane number
is highly desirable. n-Hexane isomerization is an excellent
model reaction to study structure- and support-dependent
catalytic selectivity, because it has four distinct reaction
pathways: isomerization, cyclization, aromatization, and crack-
ing.” Previous studies revealed the possibility of changing
catalytic selectivity by introducing different oxide supports to
the transition metal catalyst as well as by manipulating the size
and shape of metal nanoparticles.”® Recently, several
mesoporous oxides were used for the preparation of Pt
nanoparticle-supported catalysts to study the effect of the
support in catalytic hydrogenation reactions.”'® However, the
small pore sizes (less than 3 nm) of several oxides limited their
incorporation of metal nanoparticles with various sizes (1.5—5.0
nm), resulting in metal loading less than 0.1 wt%.”

Herein, macroporous oxides were synthesized by using
polymer microspheres as a hard template, generating highly
crystalline AL,O;, TiO,, Nb,O;, Ta,O;, and ZrO, with an
average pore size of ~300 nm. Colloidal Pt nanoparticles with
sizes of 1.7, 2.7, and 5.5 nm were deposited onto them to
investigate the Pt size- and support-dependent catalytic
selectivity and their reaction mechanism in n-hexane isomer-
ization. By applying Pt nanoparticles with controlled sizes onto
different types of supports, reaction pathways could be changed
by combining the effects of the Pt metal and the metal—support
interaction. From this study, the best catalyst could be designed
for the selective production of branched isomers with high
octane numbers and the minimal concentration of benzene.

While synthetic methods for mesoporous silicas such as
MCM-41, SBA-15, and MCEF-17 are well-established to
manipulate their pore structures,'’ preparation of non-siliceous
oxides with large pore sizes (>20 nm) has remained challenging
for effective loading of nanoparticles with various sizes. The
hard-templating approach using polystyrene beads was chosen
to synthesize highly crystalline macroporous oxides of Al,QO;,
TiO,, Nb,Os, Ta,0s, and ZrO, with a pore size greater than
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300 nm."”" Figure la shows a general procedure for the
preparation of macroporous oxides and their supported Pt
nanoparticle catalysts.
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Figure 1. (a) Illustration of the preparation of macroporous oxides
using the polymer template and their supported Pt nanoparticle
catalysts. (b—d) TEM images of polystyrene beads as a template (b),
the resulting ALO; replicas with macropores (c), and 2.7 nm Pt
nanoparticle-supported macroporous Al,O5 catalysts (d).

Transmission electron microscopy (TEM) images of macro-
porous oxides demonstrate that macro- and mesopores of the
oxide replicas resulted from the polystyrene beads and P123
surfactants, " respectively (Figure 1b,c). During the calcinations
at 700 °C, polystyrene beads with a diameter of 500 nm were
shrunk and removed completely to generate 300 nm macro-
pores, and the creation of crystalline walls was confirmed by X-
ray diffraction (XRD) patterns (Figures S1 and S2). The sizes
of mesopores generated by P123 were 3—11 nm, obtained from
the adsorption branch using the BJH algorithm. The BET
surface areas of the resulting oxides were ca. 100 m’/g for
AL, O3, Nb,Os, and Ta,O;, while TiO, and ZrO, had relatively
small areas (Table S1) due to their large grain sizes. The dual
pores of the oxides enabled effective loading of poly-
(vinylpyrrolidone) (PVP)-capped Pt nanoparticles, as shown
in Figure 1d. In our previous study, mesoporous Ta,05 could
not be loaded with 1.9 nm Pt nanoparticles homogeneously
(less than 0.05 wt% Pt) due to its small pores (ca. 2.7 nm).”
The polymer templating strategy enabled us to incorporate
PVP-capped Pt nanoparticles into macroporous oxides up to 1
wt%, regardless of the nanoparticle size.

n-Hexane isomerization as a multipath reaction was carried
out over 2.7 nm Pt nanoparticles on different kinds of oxide
supports over the temperature range of 240—360 °C in 140
Torr n-hexane and 620 Torr H, (Table S2). Under these
reaction conditions, multiple products were generated through
four distinct reaction pathways: branched isomers via isomer-
ization, methylcyclopentane and cyclohexane via cyclization,
benzene via dehydrogenation of cyclohexane (aromatization),
and cracked hydrocarbons with short chains (C;—C; paraffin)
via hydrogenolysis (Figure 2a). As shown in Figure 2b,
branched Cg4 isomers including 2- or 3-methylpentane and
2,2- or 2,3-dimethylbutane, which are desirable for the
production of high-octane gasoline, were generated as major
products with greater than 45% selectivity over Pt/SiO, and
Pt/AL,O; catalysts. Methylcyclopentane, C;—C; alkanes, and
benzene were produced in with progressively lower selectivities.
While the silica support does not contribute to the catalytic
activity of Pt,"* it is noteworthy that the macroporous alumina
with an acidic site showed a negligible effect of the support in
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Figure 2. (a) Reaction pathways and possible products of n-hexane
isomerization. (b,c) Product selectivity over 2.7 nm Pt nanoparticle
catalysts supported on different kinds of oxide supports (b) and pure
macroporous oxides (c) at 360 °C. The reaction was conducted with a
hexane:H, ratio of 1:4.3 at temperatures ranging from 240 to 360 °C
at ambient pressure.

this study. When macroporous TiO,, Nb,Os, Ta,0s, and ZrO,
were used as oxide supports, the product selectivity was
significantly changed (Figure 2b, Table S2). When 2.7 nm Pt
nanoparticles were supported on TiO,, Nb,Os, and Ta,Os, the
amount of Cg isomers formed was increased at the expense of
other products at 360 °C.

When the reaction was conducted over macroporous oxides
without Pt loading (Figure 2c), pure macroporous Nb,O; and
Ta,O; vyielded cracking products predominantly, but the
conversion was 10-fold lower compared to those obtained on
Pt-supported catalysts. In the case of pure SiO, and AlL,O;, no
catalytic activity was found in the current reaction at 360 °C,
while the other oxides were catalytically active. It is noteworthy
that Rh and Ir, which are used as promoters in the industrial
catalyst, exhibited the same results with Nb,Og and Ta,O;,
yielding cracking products dominantly in the reaction. When
the reaction was carried out over monometallic Rh (6.5 nm)
and Ir (1.5 nm) nanoparticles under identical reaction
condition, Rh and Ir nanoparticles favored the cracking
pathway with 90% selectivity."> Oxides of group V metals
such as Nb and Ta have been investigated for their catalytic
properties, because they possess variable oxidation states, an
acidic surface, and an empty d-orbital which allow electron
transfer between the reactants and surface active site during the
reaction.'®!”

We characterized Pt/oxide catalysts using XRD and ambient-
pressure X-ray photoelectron spectroscopy (APXPS) under
catalytically relevant reaction conditions. In situ XRD study of
Pt/Ta, Oy and Pt/ZrO, in 150 Torr H, at 360 °C confirmed no
structural changes under the reaction conditions (Figure S3).
APXPS identified the presence of various oxidation states in
oxides under H, or O, at 360 °C. While Pt/TiO, showed a
reduced charge state of TiO, under H, atmosphere, Pt/Nb,O;
had identical XP spectra in both H, and O, environments
(Figures S4 and SS). Furthermore, there is no measurable XPS
signature of charge transfer between metallic Pt and the metal
oxides (Figure S6). Therefore, the stable charge state was
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responsible for the enhanced isomerization selectivity of the
Nb,O; support beyond the TiO, support. This means that such
a charge transfer is fast, and the reduced charge centers are
short-lived in the time scale of our XPS measurements. TiO,,
Nb,Os, and Ta,O5 are known as acidic oxides exhibiting a
strong metal—support interaction (SMSI) effect. Boffa et al.
reported that TiO,, Nb,O;, and Ta,O5 showed the greatest
promotional effect in CO and CO, hydrogenation by SMSI at
the interfaces of the oxides and Rh foils.** They found that
oxides with higher oxidation states increased the reaction rate
by changing Lewis acidity. We also carried out Fourier
transform infrared (FT-IR) spectroscopy to indentify surface
acidic sites on the oxides. FT-IR spectra of pyridine adsorbed
on the oxides show that Al,O;, TiO,, Nb,Os, Ta,0s, and ZrO,
have characteristic peaks typical of Lewis and Bronsted acidic
sites and H-bonded pyridine, and their acidic properties mostly
come from Lewis acidic sites (Figure S7). From these results,
we concluded that Nb,O; and Ta,Os, with stable oxidation
states of 5+, promoted the highest selectivity for isomerization.
TiO, was the next due to its oxidation state less than 4+
(Figure S4).

With a typical bifunctional reforming catalyst, dehydrogen-
ation/hydrogenation occurs on the Pt metal, while isomer-
ization is determined by the oxide support.”'® Schmal and co-
workers also reported the promoting effect of Nb,Os-supported
Pt catalysts, resulting in the selectivity change in hydrocarbon
hydrogenation.'”*® They found that the production of light
hydrocarbons was decreased at the expense of C7 isomers and
alkenes over Pt/Nb,Oj in n-heptane dehydrogenation by the
SMSI effect, when compared to the reaction on Pt/Al,O03."
The selectivity change on Pt/Nb,Os due to SMSI was also
confirmed in 1,3-butadiene hydrogenation.”® In those reports,
the increase in the electron density of Pt on Pt/Nb,Og was
responsible for the SMSI effect and the subsequent selectivity
change. Therefore, we concluded that the acidic Nb,Oy and
Ta,O; facilitated electron transfer to Pt nanoparticles with the
formation of higher electron density, leading to selective
isomerization.

PVP organic capping molecules protect the surface of Pt
nanoparticles during the reaction. When the PVP was
substantially removed following calcination at 360 °C in air,
it enabled a direct contact between the Pt and the oxide during
the reaction. To study the role of the oxide—metal interface, we
conducted the reaction over Pt/Nb,O¢ and Pt/Ta,Os, where
the catalysts were prepared separately before and after removal
of the PVP. Without calcination, Pt/Nb,Os and Pt/Ta,O4
catalysts, with a poor contact between the Pt and the oxide,
exhibited selectivity trends similar to those of Pt/SiO, or Pt/
ALOj; in the reaction (Figure S8). However, over Pt/Nb,O;
and Pt/Ta,O; catalysts from which the PVP was removed by
calcination, the catalytic selectivity toward isomers was
enhanced, as discussed above. It is concluded that the oxide—
metal interface acts to change catalytic selectivity, promoting
selective isomerization.

Previous studies on reforming of Cg hydrocarbons over
supported Pt nanoparticle catalysts have shown that isomer-
ization was enhanced at increased Pt sizes.”"** In the current
study, uniformly synthesized Pt nanoparticles with sizes ranging
from 1.7 to 5.5 nm were supported on macroporous aluminas
and utilized in n-hexane isomerization. As shown in Figure 3, as
the size of Pt was increased, the selectivity toward isomers was
also increased, in agreement with the observations with Pt-
supported mesoporous silicas in the previous studies.”"* It is
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Figure 3. Pt size- and support-dependent catalytic selectivity in n-
hexane isomerization at 360 °C. Pt nanoparticles of 1.7, 2.7, and 5.5
nm were supported on macroporous Al,O; Nb,Os, and Ta,O,
respectively.

known that large Pt nanoparticles (at and above 5 nm) have a
larger concentration of terrace sites than smaller sizes (1.5—3
nm), which dominantly contain corner or edge sites.”' In
reaction studies on n-hexane isomerization over Pt single
crystals, Pt (100) or (111) surfaces were shown to yield
increased isomer products due to their well-defined terrace
sites.”®

Activation energies measured from this reaction over
different Pt particle sizes, oxide support catalysts, and even
single-crystal Pt catalysts have similar values (26—28 kcal/
mol),”® demonstrating that the isomerization of n-hexane
follows the same mechanism regardless of carbon poisoning
from capping agents or other sources.

XPS images of Pt-supported oxide catalysts in 100 mTorr H,
at 360 °C revealed a Pt:C ratio of 1:3, exhibiting the presence
of carbons related or unrelated to PVP on the Pt surface
(Figure S9). Although the wispy PVP caused inevitable
sintering during the calcination and catalytic reaction, the
current reaction conditions (up to 360 °C) seemed to be
sufficient to conclude that there exist Pt size-dependent
catalytic properties, because the initial order of size
distributions was maintained after the reaction (Figure S10).
With the knowledge that large Pt nanoparticles yielded higher
selectivity toward isomerization due to their abundant terrace
sites, we loaded Pt nanoparticles of three different sizes onto
macroporous Nb,Og and Ta,O; in order to determine the best
catalyst for the isomerization reaction. In terms of turnover
frequencies (TOFs), the smaller Pt nanoparticles had higher
TOFs (Figure S11). Nevertheless, it was concluded that 5.5 nm
Pt nanoparticles supported on Nb,O; or Ta,0; yielded the best
catalyst, giving ca. 97% selectivity toward the desired isomer
products, as shown in Figure 3.

In summary, rational combination of metal nanoparticles and
oxide supports can increase catalytic selectivity to obtain only
desirable products, because metal, oxide support, and the
oxide—metal interface simultaneously influence the catalytic
performance. In the isomerization of n-hexane over Pt
nanoparticle-supported catalysts, when macroporous Nb,Oq
and Ta,O5 were used as supports, the production of Cg
isomers as the most desired products was increased selectively,
due to the effect of SMSL The Nb,Os and Ta,O; allowed
charge transfer at the Pt—oxide interfaces and thus high
electron density of the Pt during the reaction. While Pt
nanoparticles showed size-dependent selectivity, large-sized Pt
nanoparticles (5.5 nm) supported on Nb,O; or Ta,Oy
produced branched hydrocarbons with ca. 97% selectivity. By
utilizing colloidal synthetic chemistry, a selective catalyst
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composed of well-defined metal nanoparticles and oxide
supports can be designed appositely to realize 100% selectivity
without any undesired byproducts.
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