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Abstract: Improving product selectivity by controlling the
spatial organization of functional sites at the nanoscale is
a critical challenge in bifunctional catalysis. We present a series
of composite bifunctional catalysts consisting of one-dimen-
sional zeolites (ZSM-22 and mordenite) and a g-alumina
binder, with platinum particles controllably deposited either on
the alumina binder or inside the zeolite crystals. The hydro-
isomerization of n-heptane demonstrates that the catalysts with
platinum particles on the binder, which separates platinum and
acid sites at the nanoscale, leads to a higher yield of desired
isomers than catalysts with platinum particles inside the zeolite
crystals. Platinum particles within the zeolite crystals impose
pronounced diffusion limitations on reaction intermediates,
which leads to secondary cracking reactions, especially for
catalysts with narrow micropores or large zeolite crystals.
These findings extend the understanding of the “intimacy
criterion” for the rational design of bifunctional catalysts for
the conversion of low-molecular-weight reactants.

Introduction

Bifunctional catalysis is involved in a wide range of
important catalytic processes, such as biomass upgrading,
hydrogenation of CO/CO2 to hydrocarbons, and hydroisome-
rization of n-paraffins to high-quality fuels.[1] In many cases,
bifunctional coupling of two different reactions can provide
enhanced catalytic activities and unexpected product selec-
tivities.[2] One of most applied bifunctional catalysts consists
of a transition metal, for example, platinum, palladium, or

molybdenum (sulfide), supported on solid acids such as
alumina, alumina-silica, or zeolites.[3] Therefore, bifunctional
catalysis naturally brings out the issue of how to rationally
organize the two components to maximize synergy without
disturbing the communication between the two types of
active sites and the diffusion of molecules involved in the
reaction.[4]

Representative catalysts for hydroisomerization are com-
posed of platinum and acidic zeolites. The metal sites catalyze
the dehydrogenation of alkanes to alkenes and subsequent
hydrogenation of iso-alkenes to desired iso-alkanes, while the
Brønsted acid sites (BAS) in the zeolites catalyze skeletal
rearrangements or cracking reactions via carbenium ions as
intermediates.[5] The catalytic performance of bifunctional
catalysts is determined by many parameters such as zeolite
topology, acid strength and density, metal properties, and the
ratio of metal sites to acid sites.[3b, 6] Furthermore, the distance
between the two functional sites, often described as proximity
or intimacy degree, also plays an important role in cataly-
sis.[6c,7] To date, research has particularly focused on the
aforementioned parameters, while for decades, the intimacy
criterion by Weisz was often applied as “the closer the better”
for optimizing the spatial arrangement of metal and acid
sites.[8] However, one should note that the intimacy criterion
for bifunctional catalysts, which was verified at the micron
scale, mainly correlates with the catalytic activity. The impact
of intimacy between metal and acid sites at the nanoscale and
on product selectivites is still not described well.

Regarding intimacy at the nanoscale, Hçchtl et al. re-
ported that the distance between acid and metal sites has only
a minor influence for the hydroisomerization of n-heptane as
long as metal and zeolite are in direct contact.[9] In contrast,
our group recently studied the hydroconversion of C10–C19

paraffins over bifunctional catalysts containing zeolite Y and
an alumina binder, with platinum metal controllably depos-
ited either within the zeolite crystals or on the binder.[10] It
was found that the platinum-on-binder catalyst offered higher
isomerization selectivity and lower cracking selectivity than
the platinum-in-zeolite catalyst. Subsequently, Samad, Mous-
sa, and colleagues reported that an atomic-scale proximity
between metal and acid sites was not required to reach a good
bifunctionality in isomerization reactions, while catalysts with
the two functional sites at a nanoscale distance performed
better.[11] Nevertheless, up to now, few studies have touched
upon the impact of nanoscale proximity between functional
sites due to limited synthesis protocols and challenges in
characterization. In particular, the impact of the location of
platinum on intracrystalline diffusion of linear and branched
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alkanes with low molecular weight has not been demonstrat-
ed.

In this work, we focus on the effect of nanoscale intimacy
on the hydroisomerization of light alkanes over industrially
relevant bifunctional catalysts consisting of one-dimensional
(1D) zeolites, a g-alumina binder, and platinum particles.
ZSM-22 (TON-type) and mordenite (MOR-type), which
have different micropore openings, are employed as acidic
components due to their wide applications in industry.[12]

Aside from industrial applications, these 1D zeolites have
been studied for their intriguing characteristics for the
diffusion of molecules, sometimes referred to as single-file
diffusion.[13] We selectively place platinum particles either on
the alumina binder or within the zeolite crystals, providing
distinct intimacy levels of metal and acid sites at the nano-
scale. Moreover, two mordenite zeolites with different crystal
sizes are used to investigate the effect of diffusion length on
the catalytic performance. To unequivocally determine the
platinum location and sizes, we use high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) to image the 70-nm-thick ultramicrotomed sections of
these composite catalysts. Bifunctional catalysts are evaluated
under industrially relevant conditions for the hydroisomeri-
zation of n-heptane. Interestingly, keeping platinum out of the
zeolite crystals is beneficial for the selectivity of C7 isomers,
while embedding platinum inside the zeolite crystals favors
cracking reactions.

Results and Discussion

H-ZSM-22-Based Catalysts with 10-MR Micropores

SEM imaging depicts the typical agglomerates of rod-like
H-ZSM-22 crystals with an average crystal length of 1.6 mm
(Figure 1a). The micropore channels with 10-membered-ring
(10-MR) openings normally run parallel to the long axis of the
crystal, and there is no communication between these
channels (Figure 1b). By using an ion-exchange method with
Pt(NH3)4(NO3)2 and the parent zeolite H-ZSM-22, Pt-
(NH3)4

2+ ions can be introduced by interacting with cation-
exchange sites. It is notable that the kinetic diameter of the
Pt(NH3)4

2+ ion (0.48 nm) is close to the size of the H-ZSM-22
pores (0.45 X 0.55 nm),[14] so the diffusion of Pt(NH3)4

2+ ions
into H-ZSM-22 micropore channels might be impeded.
Figure 1c shows that the parallel micropore channels are
oriented along the long axis of crystals (c-axis), and Pt
particles are well dispersed on or in the H-ZSM-22 crystals
with average size of 1.6 nm. However, the spatial distribution
of the Pt particles along the H-ZSM-22 crystals cannot be
clarified from only one orientation. Up to now, there is no
study on the spatial distribution of Pt particles within
individual H-ZSM-22 crystals.

To clarify this distribution, HAADF-STEM was used to
investigate the 70-nm-thick ultramicrotomed sections of the
reduced Pt-H-ZSM-22 catalyst. Cutting the resin-embedded
catalysts with an ultramicrotome, which produces thin slices,
exposes the cross-sections of the catalyst granules and
provides information on the spatial arrangement of functional

sites inside the catalyst (Figure 1d and Figure S1, Supporting
Information). Figure 1e displays the cross-sections (ab plane)
of the H-ZSM-22 crystals perpendicular to the c-axis. They
suggest that a fraction of Pt particles is located inside the H-
ZSM-22 crystals, but more Pt particles are deposited on the
external surface of the H-ZSM-22 crystals (Figure S2). Pt
particles may deposit in and on four possible locations of H-
ZSM-22: micropores, mesopores, external surface, and zeolite

Figure 1. Structure of H-ZSM-22 and spatial distribution of Pt particles
in the H-ZSM-22 crystals. a) SEM image of H-ZSM-22 crystals. b) Pore
orientation (c-axis) and pore openings of H-ZSM-22. c) HAADF-STEM
image of Pt-H-ZSM-22 along the c-axis without ultramicrotomy.
d) Schematic diagram of the sectioning of resin-embedded catalyst
particles using a diamond knife. e) HAADF-STEM image of the ab-
plane of ultramicrotomed Pt-H-ZSM-22.
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crystals (Figure S3). Considering that there are no mesopores
in the H-ZSM-22 crystals used and almost no Pt particles
smaller than 0.5 nm (Figure 1c), we can exclude the first two
options. By counting more than 200 platinum particles from
the cross-sections of Pt-H-ZSM-22, around 25% of platinum
particles are estimated to be present inside the H-ZSM-22
crystals (Figure S2). The observation that Pt particles inside
the zeolite crystals are larger than the micropore channels can
be attributed to the collapse of neighboring micropores
during the growth of the Pt particles, which was confirmed by
Zečević et al. using electron tomography.[15] The loading of Pt
particles in and on H-ZSM-22 crystals has no significant
impact on zeolite porosity (Table S1). Although Pt-H-ZSM-
22 shows a heterogeneous distribution of Pt particles, this
catalyst still provides the closest proximity between Pt and
acid sites.

Pt-H-ZSM-22 was subsequently mixed with boehmite to
form a composite bifunctional catalyst with an equal mixture
of zeolite and g-alumina binder (50 wt % each). The
HAADF-STEM image of the ultramicrotomed sections of
Pt-H-ZSM-22/Al2O3 confirms that Pt particles with an
average size of 1.6 nm are still exclusively located on or
inside the zeolite crystals (Figure 2 a), while Pt-Al2O3/H-
ZSM-22 shows the Pt particles (1.9 nm) exclusively located on
the alumina binder, which provides a nanoscale distance
between Pt and acid sites (Figure 2b). The alumina binder has
a mesoporous structure with a pore diameter of & 14 nm
(Table S1 and Figure S4), which is readily accessible for linear
and branched C7 hydrocarbon molecules. The inductively

coupled plasma (ICP) analysis shows that the Pt loading of Pt-
H-ZSM-22/Al2O3 and Pt-Al2O3/H-ZSM-22 are 0.6 wt % and
0.5 wt %, respectively (Table S2). For the acid function, the
NH3-TPD suggests that these two catalysts have similar acid
densities (Figure S5). The ratios of accessible platinum atoms
relative to acid sites (nPt/nA) for Pt-H-ZSM-22/Al2O3 and Pt-
Al2O3/H-ZSM-22 are 0.17 and 0.12, respectively (Table S2),
sufficient to maintain the metal–acid balance needed for so-
called ideal hydrocracking.[6, 7] In this work, we confirm that
even a loading of 0.05 wt% Pt is sufficient for catalysis
(Figure S6), that is, the dehydrogenation and hydrogenation
reactions can reach quasi-equilibrium.[16] Overall, the most
significant difference between these two catalysts is the Pt
location. Therefore, we can evaluate the impact of nanoscale
proximity on the hydroisomerization of n-heptane.

Pt-Al2O3/H-ZSM-22 offers a slightly higher activity than
Pt-H-ZSM-22/Al2O3 in the hydroconversion of n-heptane
(Figure 2c). The Arrhenius plots (n-heptane conversion
< 20%) show that for Pt-Al2O3/H-ZSM-22, the activation
energy of the isomerization reaction is 164 kJ mol@1, which is
higher than the value of 147 kJ mol@1 for Pt-H-ZSM-22/Al2O3

(Figure S7). It is acknowledged that the isomerization reac-
tion on acid sites is the rate-determining step for the
hydroisomerization of linear alkanes.[17] The difference in
activation energies over Pt-H-ZSM-22/Al2O3 and Pt-Al2O3/
H-ZSM-22 is probably due to the diffusion effects inferred by
the location of the platinum. The yield of C7 isomers is the
most important performance indicator. For Pt-Al2O3/H-ZSM-
22, the nanoscale distance between Pt and acid sites offers

Figure 2. HAADF-STEM images with ultramicrotomy of a) Pt-H-ZSM-22/Al2O3 with Pt in and on the zeolite crystals and b) Pt-Al2O3/H-ZSM-22
with Pt on the alumina binder. Impact of the Pt location on activities and yields of n-heptane hydroconversion over Pt-H-ZSM-22/Al2O3 (black)
and Pt-Al2O3/H-ZSM-22 (red): c) n-heptane conversion vs. reaction temperature; d) yields of total C7 isomers (solid lines with solid circles),
dibranched C7 isomers (solid lines with open triangles), and cracking products (dashed lines with open squares).
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a higher yield of C7 isomers and a lower yield of cracking
products than for Pt-H-ZSM-22/Al2O3, where the closest
proximity is present (Figure 2d). The main byproducts are C3

and C4 alkanes from acid cracking. For both catalysts, the
main C7 isomers are monobranched and the yield of
dibranched isomers is lower than 2% (n-heptane conversion
< 80%). From a thermodynamic point of view, the equilib-
rium composition of dibranched C7 isomers is comparable to
that of monobranched isomers within our reaction-temper-
ature range (Figure S8). The formation of dibranched C7

isomers needs consecutive isomerization of monobranched
C7 isomers (Figure S9 a).[18] One should note that due to the
narrow channel structure of H-ZSM-22, the isomerization of
n-alkanes over H-ZSM-22 mainly takes place in the pore-
mouth region, which is described as pore-mouth catalysis.[19]

Therefore, the formation of dibranched C7 isomers is strongly
impeded over the H-ZSM-22 catalyst.[20] Overall, keeping the
proximity between Pt and acid sites in H-ZSM-22 at a nano-
scale distance is beneficial for both activity and product
selectivity.

Figure 3 shows the product selectivities over Pt-H-ZSM-
22/Al2O3 and Pt-Al2O3/H-ZSM-22 at the temperature where
their yield of C7 isomers reaches the maximum. The side
reactions of n-heptane hydroisomerization may include acid
cracking, hydrogenolysis, and dimerization cracking.[6c,21] The
main cracking products for both catalysts are propane,
butane, and iso-butane. One feature of the H-ZSM-22-based
catalyst is that it favors the formation of n-alkanes such as n-
butane, n-pentane, and n-hexane in cracking reactions. For
example, the fraction of n-butane in C4 products is higher than
50% over Pt-H-ZSM-22/Al2O3, while the value over H-ZSM-
5 and H-beta-based catalysts is lower than 10 %.[22] Further-
more, the Pt-H-ZSM-22/Al2O3 catalyst produced many more
cracking products than the Pt-Al2O3/H-ZSM-22 catalyst
(Figure 3). It is also noteworthy that the Pt-H-ZSM-22/
Al2O3 catalyst with the closest proximity between metal and
acid sites also produced more methane and ethane than the

Pt-Al2O3/H-ZSM-22 catalyst with nanoscale proximity. The
formation of methane and ethane could be indicative of
hydrogenolysis or the formation of primary carbenium ions.[5]

Choudhury et al. attributed the formation of methane and
ethane to an (s,p)-b-scission reaction, which was described as
the acid cracking of secondary alkylcarbenium ions into
primary ones inside the H-ZSM-22 micropore channels
(Figure S9 b).[23] It is only under the severe confinement
inside narrow micropores with a high density of acid sites that
the energetically unfavorable (s,p)-b-scission contributes
significantly to the overall product distribution. The forma-
tion of smaller n-alkanes is a confirmation that cracking
reactions over H-ZSM-22 catalysts take place inside the
narrow micropore channels to a large extent,[23] otherwise the
cracking products with + 4 carbon atoms should be mostly
branched. Therefore, placing Pt sites (even a fraction of them)
inside the H-ZSM-22 crystals imposes more undesired crack-
ing reactions than on the binder.

H-MOR-Based Catalysts with 12-MR Micropores with Different
Micropore Lengths

The mordenite structure contains straight 12-MR chan-
nels of 0.65 X 0.70 nm size interconnected by 8-MR pores of
0.34 X 0.48 nm size. Because the 8-MR channels are inacces-
sible to molecules larger than methane, the mordenite
structure is generally considered to be one-dimensional.[24]

H-MOR-S with small crystals has an average crystallite size of
& 200 nm, as evidenced from measuring the long sides of
scattered crystals (Figure 4a). The 1D micropore channels of
mordenite are also oriented along the c-axis, as in H-ZSM-22,
but the quantification of the micropore length for H-MOR-S
is difficult due to the irregular morphology (Figure 4a). H-
MOR-L with a plate-like morphology was synthesized by
a seed-induced method using H-MOR-S as a starting materi-
al, which can also be regarded as an epitaxial-growth process
on the parent H-MOR-S planes. Thus, the diffusion length of
H-MOR-L (Figure 4b) should be longer than in the parent
compound H-MOR-S. The fast Fourier transform (FFT) of
the HRTEM image suggests that the surface of the plate-like
crystals is essentially the ab-plane, which is perpendicular to
the 12-MR channels (Figure S10). The average micropore
length for H-MOR-L is& 300 nm, which is significantly larger
than the average crystallite size of H-MOR-S (& 200 nm). In
fact, the actual difference in the diffusion length of H-MOR-S
and H-MOR-L should be much more than 100 nm due to the
irregular morphology of H-MOR-S. These two mordenites
have very similar crystallinities and Si/Al ratios (Figure S11
and Table S1), so the crucial difference is the average
diffusion length through the micropore channels.

In contrast to Pt-H-ZSM-22/Al2O3, which shows a non-
uniform distribution of platinum particles, the HAADF-
STEM image of the catalyst sections confirms that Pt particles
with diameters of 1.5–1.6 nm are well-distributed across the
zeolite crystals for Pt-H-MOR-S/Al2O3 and Pt-H-MOR-L/
Al2O3 (Figure 4c,d and Table S2). One could expect that
Pt(NH3)4

2+ ions (0.48 nm) can easily diffuse into mordenite
micropores (0.65 X 0.70 nm) in the ion-exchange step. The fact

Figure 3. Product selectivity over Pt-H-ZSM-22/Al2O3 (black) at 330 88C
with an n-heptane conversion of 81.6%, and over Pt-Al2O3/H-ZSM-22
(red) at 32088C with an n-heptane conversion of 78.1%. C8+ denotes
hydrocarbon products with 8 or more carbon atoms.
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that the Pt particle size is larger than the MOR micropores
points to a local collapse of micropores upon particle
growth[15] when platinum particles are still surrounded by
micropores, as shown in position 4 of Figure S3. Additionally,
platinum particles were also exclusively deposited on the
alumina binder for Pt-Al2O3/H-MOR-S and Pt-Al2O3/H-
MOR-L (Figure 4e,f). The average Pt particle sizes of these
four samples are in the range of 1.5–1.8 nm, while the Pt
loadings are in the range of 0.5–0.6 wt % (Table S2). NH3-
TPD confirms very similar acidities for the four catalysts
(Figure S12). Therefore, these four catalysts with identical
metal function and acid density allow us to evaluate the
impact of nanoscale intimacy between metal and acid sites,
and the effect of crystal size on n-heptane hydroisomeriza-
tion.

The Pt-H-MOR-S/Al2O3 with closest intimacy between Pt
and acid sites provided a similar activity as Pt-Al2O3/H-MOR-
S with a nanoscale distance between the sites (Figure 5a).
Regarding the yield of desired C7 isomers, similar to H-ZSM-
22-based catalysts, the Pt-Al2O3/H-MOR-S exhibited a higher
yield of C7 isomers and lower yield of cracking products than
Pt-H-MOR-S/Al2O3 (Figure 5c). The yield of dibranched
isomers over H-MOR-S-based catalysts is much higher than
over H-ZSM-22-based catalysts (Figure 2 d and 5c), because
the consecutive skeletal isomerization can take place inside
the 12-MR micropore channels.[25] Specifically, the maximum
yield of dibranched isomers over Pt-Al2O3/H-MOR-S was
9.4% at a n-heptane conversion level of & 80%, while the
corresponding value over Pt-Al2O3/H-ZSM-22 is 1.3%.
However, the dibranched isomers are susceptible to cracking
into C3 and C4 hydrocarbons (Figure S9b). The maximum
yield of C7 isomers over Pt-Al2O3/H-MOR-S is 57%, which is
significantly lower than the value of 68 % over Pt-Al2O3/H-

ZSM-22. Placing Pt particles inside the H-MOR-S crystals
(Pt-H-MOR-S/Al2O3) further decreases the yield to 51 %.
Therefore, placing Pt particles inside H-MOR-S crystals is
also detrimental for the yield of C7 isomers.

Compared with the two H-MOR-S-based catalysts, the
activities of the two H-MOR-L-based catalysts are lower
(Figure 5a,b). Considering that the density of Pt and acid sites
are similar for these four catalysts (Table S2 and Figure S12),
the difference in activity between H-MOR-S and H-MOR-L
should be caused by the accessibility of active sites: the acid
sites deep inside the H-MOR-L crystals do not significantly
participate in the isomerization reaction.[26] It was revealed
that the adsorption of linear alkanes in the zeolite is
dominated by van-der-Waals interactions, but linear alkenes
are additionally stabilized by the formation of a p-complex or
alkoxide with BAS with stronger adsorption energies.[27] Here,
the oxygen atoms (Si-O-Al) on the zeolite framework can act
as nucleophilic centers, interacting with the carbon atoms of
alkenes to form alkoxides. This phenomenon was experimen-
tally confirmed by propene-TPD and propane-TPD (Fig-
ure S13), which confirmed the enrichment of immobile
olefinic species in acid zeolites. The activation energies for
the H-MOR-L-based catalysts were systematically lower than
for the H-MOR-S-based catalysts (Figure S7), which suggests
mass-transfer limitations over zeolites with large crystals.[9,28]

The apparent turnover frequency (TOF) based on BAS was
also lower over H-MOR-L-based catalysts than H-MOR-S-
based catalysts (Figure S14), indicating that the effective
utilization of acid sites is influenced by the diffusion length of
the zeolite crystals. The lower activity of Pt-Al2O3/H-MOR-L
in comparison to Pt-H-MOR-L/Al2O3 is not understood well,
but it is probably due to the long diffusion-path length
between active platinum and acid sites for Pt-Al2O3/H-MOR-

Figure 4. SEM images of a) H-MOR-S and b) H-MOR-L. HAADF-STEM images with ultramicrotomy of c) Pt-H-MOR-S/Al2O3 and d) Pt-H-MOR-L/
Al2O3 (closest proximity), e) Pt-Al2O3/H-MOR-S, and f) Pt-Al2O3/H-MOR-L (nanoscale proximity).
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L, in line with the criterion by Weisz. It should be noted that
at low reaction rates, that is, at low conversion levels, placing
platinum inside H-MOR-L crystals was found to be beneficial
for the TOFBAS value (Figure S14).

The mordenite-based catalysts produced almost no meth-
ane and ethane (< 0.2%) even at 320 88C, and most C4–C6

products were iso-alkanes from acid cracking (Figure 6). This
distribution suggests that b-scission reactions with tertiary-to-
secondary and secondary-to-tertiary modes are favored over
mordenite catalysts (Figure S9b). Additionally, the formation
of C5, C6, and C8+ products (without formation of methane
and ethane) indicates that dimerization cracking also con-
tributes to a low extent. Regarding the impact of proximity,
the Pt-H-MOR-L/Al2O3 catalyst with Pt sites inside the
zeolite crystals displays a maximum yield of C7 isomers as low
as 38 % (Figure 5d). In the case of the bifunctional catalyst
with Pt sites inside H-MOR-L crystals, conversion of n-
heptane has to take place inside the narrow micropores due to
the fact that the majority of Pt and acid sites are inside the
mordenite crystals. The long diffusion channels cause strong
diffusion limitations, especially for branched alkene inter-
mediates, leading to severe acid-cracking reactions. The
selectivity of cracking products in the C3–C6 range over the
Pt-H-MOR-L/Al2O3 catalyst was two times as high as that
over Pt-Al2O3/H-MOR-L. Interestingly, the maximum yield
of C7 isomers over Pt-Al2O3/H-MOR-L was 55%, which is
close to 57% over Pt-Al2O3/H-MOR-S, which features a short
diffusion length. Aside from this, the product selectivity was

almost the same for these two Pt-on-binder catalysts (Fig-
ure S15). Based on these findings, we believe that in the case
of Pt-on-binder catalysts, most isomerization reactions take

Figure 5. Impact of the platinum location on n-heptane conversion over Pt-H-MOR-S/Al2O3, Pt-Al2O3/H-MOR-S, Pt-H-MOR-L/Al2O3, and Pt-Al2O3/
H-MOR-L. a),b) n-heptane conversion vs. reaction temperature. c),d) Yields of total C7 isomers (solid lines with solid circles), dibranched C7

isomers (solid lines with open triangles), and cracked products (dashed lines with open squares).

Figure 6. The impact of the platinum location on the product distribu-
tion. Product selectivity over Pt-H-MOR-L/Al2O3 (black) at 290 88C with
an n-heptane conversion of 69 %, and Pt-Al2O3/H-MOR-L (red) at
305 88C with an n-heptane conversion of 74%. C8+ denotes hydrocarbon
products with 8 or more carbon atoms. Catalytic behaviors at identical
temperatures are listed in Table S3.
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place in the pore-mouth region of the zeolite, even for
mordenite with long 12-MR micropore channels.

Reaction Mechanisms

We have investigated the nanoscale intimacy in 1D
zeolite-based bifunctional catalysts for n-heptane hydroiso-
merization. Our findings demonstrate that the intimacy
between Pt and acid sites, especially at the nanoscale, has
a significant influence on catalytic activity and selectivity.
Specifically, when using H-ZSM-22 with 10-MR channels, the
controlled deposition of Pt particles exclusively on the
alumina binder is beneficial for both catalytic activity and
yield of C7 isomers. Most C7 isomers are monobranched due
to the mechanism of pore-mouth catalysis. The diffusion of
both n-heptane and iso-alkenes to platinum sites is fast when
platinum is located on the alumina binder (Figure 7a). Once
the n-heptenes are isomerized in the pore mouths of the
zeolite, it is faster for iso-heptenes to diffuse out of the
channels and back to platinum sites for hydrogenation than to
diffuse into the H-ZSM-22 channels for further isomerization
and cracking. For the Pt-H-ZSM-22/Al2O3 catalyst, the spatial
distribution of platinum over Pt-H-ZSM-22 is non-uniform
with around 25% of platinum particles inside the crystals. The
Pt particles on the external surface of the H-ZSM-22 crystals
can still catalyze the (de)hydrogenation, acting the same as Pt
particles on the alumina binder. We propose that platinum
particles inside the H-ZSM-22 crystals lower the yield of C7

isomers because n-heptane feedstock can diffuse relatively
rapidly inside its channels and get converted, giving rise to
secondary cracking reactions due to diffusion constraints
(Figure 7a). The formation of linear butane and pentane over
the H-ZSM-22 catalysts, especially with platinum particles

inside the zeolite crystals, strongly suggests that a significant
fraction of cracking reactions takes place inside the zeolite
channels.

In the case of mordenite-based bifunctional catalysts, the
yield of dibranched isomers for mordenite-based catalysts is
generally higher than that for H-ZSM-22-based catalysts. The
activity is not affected by whether the Pt particles reside on
the alumina binder or inside the 12-MR channels when using
small mordenite crystals. Different to Pt-H-ZSM-22, the vast
majority of platinum particles for Pt-H-MOR-S is located
inside zeolite crystals, because the micropore size of morden-
ite is larger than Pt(NH3)4

2+ ions. The n-heptane feedstock
and alkene intermediates can diffuse quickly to active sites for
(de)hydrogenation and isomerization (Figure 7b). However,
locating Pt particles inside the zeolite crystals with closest
intimacy produces more acid-cracking products than for Pt-
on-binder catalysts. This detrimental influence is intensified
when using mordenite, which has a long diffusion length. The
similarity in product selectivity for the two Pt-on-binder
catalysts with distinct crystal sizes suggests that the isomer-
ization reaction over mordenite also follows the general pore-
mouth-catalysis mechanism.

Our previous study based on Y zeolite (crystal size 0.5–
1.0 mm) with a 3D micropore network and 12-MR channels
showed that placing platinum particles inside zeolite crystals
favors the cracking reaction compared with placing platinum
on the alumina binder in the hydroconversion of C10–C19

paraffins.[10] Recently, Moussa et al. also reported a nanosized
beta-zeolite system, where placing platinum on the alumina
binder outperformed embedding platinum particles inside the
crystals of the beta-zeolite in n-heptane isomerization at
atmospheric pressure.[11b] Therefore, the influence of nano-
scale intimacy still exists when using 3D crystals, albeit in
interplay with the molecular size of the reactant.

Figure 7. Schematic representation of the impact of spatial organization of platinum inside or outside the zeolites on n-heptane hydroisomeriza-
tion. a) H-ZSM-22-based catalysts with different proximity between Pt and acid sites. b) Mordenite-based catalysts with different proximity
between Pt and acid sites.
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To further investigate the scope of nanoscale proximity on
n-heptane hydroisomerization, we evaluated the effect of
platinum location over H-ZSM-5-based catalysts with a 3D
micropore network. H-ZSM-5 consisting of aggregates of
& 40 nm crystals was used to construct bifunctional catalysts
to minimize the diffusion limitations (Figure S16). We have
controlled the platinum location either inside the H-ZSM-5
crystals or on the alumina binder (Figure S17). The catalytic
performances show that the location of the platinum particles
does not affect the activity and the iso-C7 yield for n-heptane
hydroisomerization (Figure S18). However, it should be
noted that the iso-butane-to-n-butane ratio over Pt-H-ZSM-
5/Al2O3 is significantly lower than over Pt-Al2O3/H-ZSM-5
(Figure S18c), indicating that the energetically unfavorable
secondary-to-secondary cracking reactions (Figure S9 b) tend
to take place more extensively inside the H-ZSM-5 micro-
pores. Therefore, the platinum location still has an influence
on product selectivities for H-ZSM-5 with a 3D pore
structure. Vandegehuchte et al. reported that in n-hexane
hydroconversion, branched isomers would suffer from strong
intracrystalline diffusion limitations in H-ZSM-5 crystallites,
but the limitations could be mitigated by decreasing the size
of the H-ZSM-5 crystals.[29] In fact, decreasing the effective
crystal sizes of zeolites and building hierarchical structures
has often been employed to increase the isomer selectivity
over H-MOR and H-beta catalysts without considering the
platinum location.[30] We think that the detrimental effect on
product selectivity imposed by placing platinum particles
inside the zeolite crystals in hydroisomerization reactions is
generalizable for zeolites with 1D pore systems and 3D
zeolites with long diffusion channels.

Conclusion

In summary, we succeeded in placing platinum particles
either on the alumina binder or inside 1D zeolite crystals, as
confirmed by TEM-based characterization using ultramicrot-
omy. The Pt-on-binder catalyst provides a nanoscale prox-
imity between platinum particles and acid sites, while the
catalyst with platinum sites inside the zeolite crystals offers
the closest proximity. The catalysis results suggest that
embedding the platinum particles imposes undesired cracking
reactions inside the narrow micropore channels, so the closest
proximity between platinum and acid sites is detrimental for
the product selectivity. The extent of the influence of the
platinum location is strongly dependent on the dimensionality
of the zeolite, the size of the molecules, and the reaction
conditions. In the context of numerous efforts being made to
place metal particles inside the zeolites, our findings suggest
that placing metal particles on the alumina binder may bring
many benefits for catalysis. Earlier, this was demonstrated for
bulky feedstock molecules while we have now shown this to
hold for light reactant molecules, too.
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