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Abstract

Supported metal nanoparticles are widely used as heterogeneous catalysts but often deactivated
due to sintering under harsh conditions, especially at high temperatures. Sintering can be prevented
by confining metal species into a porous matrix, although supports rarely provide additional
stabilization effects. Herein, we used silanol-rich layered zeolite, IPC-1P, to stabilize ultra-small
Rh nanoparticles. By adjusting the interlayer space of the precursor through swelling, we prepared
various architectures, including microporous Rh@IPC-4 C12 and disordered mesoporous
Rh@IPC C22. By in-situ scanning transmission electron microscopy, we confirmed that
immobilized Rh nanoparticles are resistant to sintering at high temperatures (650 °C for 2hrs). Our
density functional theory (DFT) calculations indicated that small Rh clusters strongly bind to the
surface silanol quadruplets at IPC-1P layers through hydrogen transfer to the metallic particles,
while high silanol density hinders migration on the surface. Ultimately, combining swelling with
long-chain surfactant and utilizing metal-silanol interactions resulted in a novel, catalytically

active zeolitic material termed Rh@IPC_C22.
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IPC-1P, alayered zeolite precursor with a relatively high density of surface silanols can be swollen
using docosyltrimethylammonium hydroxide and simultaneously functionalized with ultra-small
Rh nanoparticles. The resulting mesoporous zeolitic material Rh@IPC C22 has a high layer
disordering without microporosity. In-situ heating STEM imaging and DFT simulations show that

metal-silanol interactions strongly stabilize Rh nanoparticles against thermal sintering.

Highlights:

» Sintering-resistant ultra-small Rh nanoparticles were incorporated into the layered zeolite

precursor [PC-1P

» Various tunable architectures, including microporous Rh@IPC-4 C12 and delaminated

mesoporous Rh@IPC_C22, were prepared by adjusting the interlayer molecule size

» Nanoparticle evolution and changes in material architecture were tracked by in-situ heating

STEM

» Mesoporous Rh@IPC C22 is a suitable model for studying metal-zeolite interactions thanks

to its defined silanol nests and lack of micropore confinement effects

Introduction

Supported metal nanoparticles (MNPs) are effective heterogeneous catalysts in many chemical
processes, such as aerobic oxidation, hydrogenation and dehydrogenation, reforming, and water-
gas shift reactions.!'! However, these catalysts are deactivated due to leaching or sintering under
harsh conditions.!”) The most promising strategy for avoiding MNPs aggregation and further
deactivation is to confine highly active metal species into porous matrices, such as metal-organic

frameworks, polymers, carbon materials, metal oxides or zeolites.!*) Among these porous supports,



zeolites have several appropriate features for encapsulation, including rigid frameworks, physical
and chemical stability, high surface areas, ordered microporous channels, and tunable acid sites.!*!

As such, zeolites are ideal supports, with a high degree of tunability.

Various metal encapsulation methods, such as ion-exchange, impregnation, protective organic
ligand coordination, and seed-directed transformation have been developed.[® The main
challenges of an efficient metal@zeolite preparation lie in stabilizing metal precursors under
synthesis conditions and avoiding their agglomeration.!”) Recently, subnanometric Pt clusters were
encapsulated into MWW zeolite during the transformation of a swollen 2D zeolite layer precursor
into 3D zeolites, showing notable stability against agglomeration (Pt clusters still below 2 nm after
4 cycles of oxidation-reduction treatments at 650 °C), albeit significant loss of metal (~70%).[%!
Further studies have indicated that the size of the resulting MNPs can be tuned by adjusting the
size of the surfactant used for swelling.””! This strategy also works in the Assembly-Disassembly-
Organization-Reassembly (ADOR) synthesis approach through 3D-2D-3D zeolite layer
transformation!'”), with two key advantages. On the one hand, post-synthesis modifications avoid
harsh hydrothermal conditions. On the other hand, 2D zeolite layers have a defined structure, hence

enabling a precise design of daughter zeolites.'!!

ADOR is based on topotactical layer transformation. This method exploits the chemical
weakness of the original material (germanosilicate) to separate its constituent layers and form a
2D precursor.!'?! The first ADOR parent zeolite was UTL. Because UTL consists of dense 2D
silica layers connected by double-four-ring (D4R) building units,!"*! preferentially occupied with
Ge atoms,*its 3D framework can be hydrolyzed into a 2D layered zeolite precursor (IPC-1P) by
removing germanium. The degradation of D4Rs leads to the formation of four silanols (quadruplet
silanol nests) on the IPC-1P layer surface. The resulting 0.95-nm-thick layers have a relatively
high silanol density (1 silanol per 43 A?) and are kept together through hydrogen bonding between
surface silanols. Nevertheless, the interlamellar space of IPC-1P can be expanded by swelling with
long-chain surfactants. During swelling, a metal source can be introduced between IPC-1P layers,
as shown by the encapsulation of platinum nanoparticles into ADOR zeolites, i.e., Pt@IPC-2 and

Pt@IPC-4. [!°]



Research on interactions between metal nanoparticles and zeolites reported thus far has
considered two main factors, namely the steric hindrance of metal nanoparticles in micropores and
metal-silanol interactions, which are usually challenging to asses.!!®! Combining density functional
theory (DFT) calculations with integrated differential phase contrast scanning transmission
electron microscopy (iDPC-STEM) imaging, Liu et al. evaluated local metal-zeolite strain in a
zeolite framework by studying isolated iridium atoms and clusters in MWW zeolite
(Ir@MWW).!'"] Notwithstanding their efforts, it is still challenging to precisely define the metal-
silanols interactions and the steric hindrance effects of nanoparticles confined in micropores.
Therefore, further research combining experimental data with theoretical calculations should be

conducted to describe metal-silanol interactions in zeolites.
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Scheme 1. Synthesis procedure of Rh@IPC materials with different architectures.

In this study, we report the synthesis of a set of rhodium-doped materials (Rh@IPCs) with a
tunable architecture prepared from a layered zeolite precursor (IPC-1P), in turn derived from UTL
germanosilicate (Scheme 1). For this purpose, we encapsulated rhodium nanoparticles when
swelling IPC-1P with surfactants of various lengths. During swelling and subsequent calcination,
we investigated structural changes of these materials. Since in-situ STEM imaging allow us to
track the same crystals during thermal treatment, we used this method to analyze the evolution and
thermal stability of Rh nanoparticles, thereby gaining insights into the size and distribution of

metal species and into interactions between metal species and surface silanols. IPC-1P is an



appropriate candidate for studying metal-silanol interactions given its ordered surface silanols in
the form of quadruplet silanol nests. By contrast, single layers of IPC-1P do not have intralayer
micropores, ruling out micropore steric hindrance effects on the formation and stability of rhodium
nanoparticles. Our experimental approach was supported by DFT calculations, furthering our
understanding of the influence of surface silanol nests on the stabilization of metal species and of

nanoparticles on layer connectivity/ disordering in final IPC materials.

Results and discussion

Surfactants with hydrophobic carbon chains of various lengths (dodecyltrimethylammonium
hydroxide @~ —  Ci2OH,  cetyltrimethylammonium  hydroxide @~ —  CisOH, and
docosyltrimethylammonium hydroxide — C22OH) were used to prepare materials denoted as
Rh@IPC-4 C12, Rh@IPC_C16, and Rh@IPC_C22, respectively. Their structures were analyzed
by powder X-ray diffraction (PXRD). Tracking the position of dominant (002) interlayer peak (Fig.
1a, ¢), we followed changes in the layer spacing of these materials. The PXRD pattern of UTL
zeolite showed an interlayer peak at 6.2 °20, which corresponds to an interlayer d-spacing of 1.42
nm. Acid hydrolysis removed Ge from the UTL structure, producing a layered precursor IPC-1P,
as confirmed by the shift of the interlayer peak to 8.3 °20 (d-spacing of 1.06 nm). IPC-1P swelling
at an alkaline pH with surfactant molecules of various lengths (Ci20H, CisOH, and C2OH)
increased the interlayer space, as indicated by the shift of the interlayer diffraction peak towards

lower °20 angles (Fig. S1).

The interlayer distance of swollen samples affected the ordering of the layers, and thus interlayer
porosity, in the calcined, final material, as shown by the decrease in the dominant peak intensity
with the increase of the surfactant length. Using a shorter-chain surfactant (C12OH) led to relatively
small interlayer distances. Accordingly, during calcination, surface silanols can form oxygen
bridges (Si-O-Si) between consecutive layers, yielding IPC-4 (PCR) zeolite, with 0.9 nm d-

spacing.!1%]

Increasing the length of the surfactant increased the disorder of the layers, as shown by the
significant decrease in the intensity of the dominant interlayer peak. When further increasing the

surfactant length to C22OH, the interlayer peak disappeared after calcination, implying the



formation of a highly disordered structure, albeit with preserved layers, as indicated by the
comparison of the simulated PXRD pattern of the IPC-1P monolayer with that of Rh@IPC C22.

The latter showed intralayer peaks without the interlayer dominant peak, in line with SEM imaging.

IPC-1P preserved the morphology of the parent UTL (Fig. S2) due to hydrogen bonding
between surface silanols. Increasing the surfactant length weakened the hydrogen bonding,
noticeably changing the crystal morphology. Plate-like crystals were not preserved in
Rh@IPC_C22 (Fig. S2e&f), which did not contain Rh or Rh2O3 particles, as confirmed by lack of
peaks around 41.1 °20 in PXRD patterns.!'®!
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Figure 1. (a) PXRD patterns and (b) argon adsorption—desorption isotherms of UTL, IPC-1P, IPC-
4, Rh@IPC zeolitic materials; (c) enlarged PXRD patterns of Rh@IPC-4 C12, Rh@IPC C16 and
Rh@IPC _C22, and simulated PXRD pattern of monolayer IPC-1P.

The textural parameters of the materials were calculated based on argon sorption isotherms

(Table 1 and Fig. 1b). Rh@IPC-4 C12 had a higher BET area than standard IPC-4 (236 and 198



m?/g, respectively) due to incomplete layer connections caused by Rh nanoparticles in interlayer
spaces. Rh@IPC_C16 had 162 m?/g Sger, 122 m*/g Smestext, 0.01 cm3/g Vimic and 0.12 cm3/g Vior.
The significantly lower microporosity indicates that the layers were disordered in the final material.
This effect was even more visible in the material swollen with the longest carbon chain molecule
(C220H). The resulting Rh@IPC C22 had 626 m?/g Spe, and 0.51 cm3/g Vio. In contrast to
Rh@IPC-4 C12, the textural parameters of Rh@IPC C22 were mainly attributed to sorption in
mesopores and at the external surface, demonstrating that the layers were not connected orderly.
The micropore volume was negligible in comparison with that of the parent UTL and daughter

IPC-4 zeolites. These findings support our conclusion based on the analysis of PXRD patterns.

The increase in the Sper and Vi parameters, as well as the shape of the Rh@IPC C22
adsorption-desorption isotherm (showing significant H> hysteresis), suggests that its layers are
mostly disordered and that the interlayer voids are of mesopore size. Conversely, the other IPC
materials showed a higher layer ordering, indicating microporosity. For comparison, we prepared
a material without Rh particles, denoted as IPC_22. Its structure and texture analysis are shown

(Fig. S3-S5) and discussed in SI.

Table 1. Textural parameters of UTL, IPC-4, and Rh-incorporated IPC zeolitic materials'®

SBET Smes+ext 1] Vmic Vtot d] le] dZ [dj
Material

[m?/g] [m?/g] [em®/g] [em®/g] [nm] [nm]
UTL 492 25 0.21 0.25 - 1.42
IPC-4 198 7 0.09 0.10 - 0.91
Rh@IPC-4 C12 236 24 0.09 0.13 2.6 0.91
Rh@IPC C16 162 72 0.04 0.12 33 0.91
Rh@IPC_C22 626 540 0.02 0.51 4.0 .

[a] Supplementary note in SI; [b] Sum of mesopores area and external surface area (Smes+ext) Was

calculated by t-plot method; [c] d-spacing of a swollen precursor; [d] d-spacing of the final material
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The annular dark field scanning transmission microscopy (ADF-STEM) images shown in
Fig.2a-c reveal the architectures of Rh@IPC-4 C12, Rh@IPC Cl16, and Rh@IPC C22. In
Rh@IPC-4_C12, the IPC zeolite layers were relatively well ordered, most of which connected by
oxygen bridges. However, some bonds were disturbed by the Rh nanoparticles. These
nanoparticles, with an average size of 1.83 nm, were uniformly distributed in the material and
mostly located between layers (Fig. 2a). The Rh nanoparticles acted as “pillars”, preventing a full

connection of the layers into uniform 3D crystals, in line with textural data.
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Figure 2. STEM images and corresponding Rh particles size distribution histograms of Rh@IPC-
4 C12 (c), Rh@IPC C16 (d), and Rh@IPC C22 (e). Average nanoparticle diameters were

evaluated using Sauter mean diameter drem =Xnidi®/ Znidi%.

The IPC-1P zeolite layers in Rh@IPC _C16 (Fig. 2b) were less ordered than in Rh@IPC C12,
but they were still connected by oxygen bridges in some parts of the crystals. This architecture

derived from the molecular length of the CisOH surfactant used in the synthesis. Despite



decreasing the order of the calcined material, this surfactant molecule was not long enough to fully
delaminate layers and prevent silanol condensation during calcination. As in Rh@IPC_C12, well-

dispersed Rh NPs, with an average size of 1.71 nm were clearly visible in Rh@IPC C16.

The C220H surfactant had the strongest effect on the architecture of the final material. STEM
imaging of Rh@IPC_C22 (Fig.2¢) showed a disorganized architecture of randomly stacked layers
with mesoporous voids between them. The Rh nanoparticles were uniformly distributed, which
was also observed in the Rh elemental map by STEM-EDS (Fig.S6). The average size of the Rh
nanoparticles in Rh@IPC_C22 was 1.58 nm. The relatively small and uniform size of the Rh
clusters found in the final materials suggest strong interactions between the metal and the zeolite
support, mainly through silanol nests, which stabilizes the Rh clusters. Although the smallest
particles were produced when swelling the sample with the longest surfactant, the difference in

size was nevertheless small (approximately 10%).

Figure 3. STEM images of cross-sections of Rh@IPC-C22 prepared by ultramicrotomy; general
view of the architecture (a), stabilized Rh nanoparticles (b), delaminated IPC-1P layers at the edge

of crystal domains (c), and top-view of the preserved layers with an intersected FFT pattern (d).



The Rh@IPC C22 architecture was studied in detail by STEM using a sample prepared by
ultramicrotomy STEM images of cross-sections (Fig. 3) showed homogenous internal crystal
domains with a uniform distribution of mesopores and nanoparticles, albeit with some delaminated
layers of IPC-1P at the edges of crystal domains (Fig. 3¢). This architecture further confirms the
high level of layer disorganization and even the unprecedented partial delamination of the IPC-1P
layered precursor, with well-preserved and crystalline layers, clearly visible in the STEM image

and in the corresponding FFT pattern of this image (Fig. 3d).

By in-situ heating with STEM imaging, we experimentally assessed the stability of the
nanoparticles and tracked the evolution of the metal species after swelling. The results revealed
changes in crystal morphology (Fig. S8), with a gradual disordering during heating from RT to
600 °C. Based on TG analysis (Fig. 4f), these changes were assigned to water desorption at an

early stage of heating, followed by decomposition of the organic surfactant and metal complex.

Our detailed investigation of the materials during thermal treatment is shown in Fig. 4. A sample
swollen at room temperature (RT) showed a relatively ordered layer arrangement, with an average
d-spacing of 3.9 nm. At RT, no metal nanoparticles were identified in the sample. Consequently,

rhodium remained in the form of metal complex.
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Figure 4. In-situ heating STEM images showing the formation of rhodium nanoparticles and the
change in architecture: at room temperature (a), after heating at 400 °C for 1 h (b), after heating at
500 °C for 1 h, with the corresponding increase in the contrast profile (c), after heating at 600 °C
for 2 h (d), and enhanced-contrast image (e); TG plot of the Rh@IPC_C22 precursor ().

During heating, which removed the surfactant between layers, the ordering of the swollen
materials was gradually lost, with disordering becoming visible at temperatures above 400 °C. In
turn, the metal nanoparticles became visible after reaching 500 °C. (Fig. 4c) Therefore, this method
allows us to distinguish two structural changes, which occur at different stages of the
transformation of the material upon heating: (1) the disordering of the layers and creation of

mesopores, and (2) the evolution of Rh nanoparticles.

Heating to 600 °C and maintaining the material at this temperature for 2 h showed that the
resulting nanoparticles were stable and resistant to sintering at such a high temperature. In addition,
the IPC-1P layers were well preserved and visible in the STEM image (Fig. 4d) and in its FFT

pattern.
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Figure 5. (a). FT-IR spectra of Rh@IPC C22 and Rh@IPC-4 C12 after CO adsorption; (b, c)
XPS spectra of the Rh@IPC materials and their corresponding materials reduced with hydrogen.

To reveal the oxidation states of Rh species intercalated in different IPC architectures and hence

various chemical environments,!!”! we performed X-ray photoelectron spectroscopy (XPS) (Fig.
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Sb&c). The binding energy of the rhodium species (3ds2) was 309.2 eV in Rh@IPC-4 C12 and
308.9 eV in Rh@IPC-C22 (Fig. 5b).

The open architecture of Rh@IPC-C22 allowed Rh species to interact with the silanol-rich
zeolite layer surface, increasing the formation of Si-O-Rh bonds compared with Rh@IPC-C12. It
shifted the spectra of Rh 3d to a lower oxidation states. Conversely, Rh@IPC-4 C12 had a much
lower density of silanols because most layers were connected by Si-O-Si bridges, so the Rh-
support interaction was weaker, as further confirmed by 2°Si SS NMR analysis (Fig. S9). The
lower oxidation state of Rh in Rh@IPC-22 suggests that Rh binds to the support stronger in
mesoporous Rh@IPC-C22 than in microporous Rh@IPC-4 C12.

This phenomenon was also confirmed by qualitative FTIR CO adsorption studies. CO
adsorption resulted in the appearance of carbonyls associated with various Rh species: i) Rh' ions
represented by Rh*(CO), complexes (vs(CO) at ~2100 cm™! and vas (CO) at ~2035 cm™); and ii)
metallic Rh® (~2070 cm™) and iii) Rh?" confirmed by the presence of O---Rh*"--CO complexes
(2125 ¢m™).?%1 The angle between carbonyl groups in gem-dicarbonyl species (Rh*(CO),) is
linked with the ratio of integrated absorbance of asymmetric (~2035 cm™") and symmetric stretches
(~2100 cm™).2" In our both analyzed materials this angle is similar (~60°, Table S2), suggesting
that the geometry of nanoparticles is analogous regardless the layer connectivity. The existence of
the Rh?" complex was conditioned by the presence of oxygen in the vicinity. Considering
differences in the intensities (~35%) of the Rh*" band, Rh@IPC_C22 had a higher population of
O---Rh*"---CO species than Rh@IPC-4_C12, suggesting the influence of the local environment
on the stabilization of Rh™" complexes. The spectra of Rh@IPCs zeolites are presented in Fig.5a.

Rh*" species were not detected by FTIR using CO as a probe molecule. The high charge of these
ions hinders n back-donation, suggesting the low stability of the corresponding carbonyls. Rh*" do
not give rise to bands assigned to Rh**--CO complexes, that are possible to observe only under
certain conditions, as previously shown in the literature. >/ Given that most rhodium occurred in
the form of Rh®" based on our XPS analysis, the higher number of O---Rh*"---CO complexes in
Rh@IPC_(C22 indicated the stabilization of Rh** species by neighboring silanol groups. Moreover,
XPS is a surface-sensitive technique (around 10 nm of in-depth information), which explains the

significantly higher contribution of Rh** species in this part of the sample. Further analysis of two
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materials reduced in H> supported our assumption of stronger Rh interactions with partially
delaminated layered supports with a higher concentration of surface silanols. The reduction
procedure led to the appearance of the metallic form (Rh’) of the metal species, with a binding
energy of 307.4 eV, coexisting with the previously observed oxide form (Fig.5¢). The formed Si-

O-Rh makes metal species more resistant to H> reduction.

The amount of reduced Rh® varied with the Rh@IPC architecture. Therefore, in silanol-rich
Rh@IPC-C22 significantly less of rhodium is reduced, suggesting that silanol nests stabilize Rh
nanoparticles. To assess the stabilization of ultra-small Rh particles and the high silanol density
effect on the support, we calculated the structures and migration energetics of rhodium atoms and
clusters in isolated IPC-1P layers using DFT. Considering the high computational cost of
nanoparticles on supports, we used the icosahedral Rhiz cluster as a model for the three-
dimensional, pseudo-spherical particles observed by STEM. This cluster was large enough to
occupy all four silanol groups of a single quadruplet but not to trigger interactions between clusters

in adjacent quadruplets.

Our DFT calculations also showed that initially reduced Rh; and Rhis strongly bind to the
hydroxylated surface (around -2 eV), indicating effective immobilization by silanol nests. For Rhis,
all four silanol oxygen atoms of one silanol nest can be simultaneously bound to Rh, which lies at
the center of the quadruple (Fig. 6). For the experimentally observed particles, with a mean
diameter < 1.9 nm, silanol groups from adjacent silanol nests will unlikely have a significant

contribution; however, this contribution cannot be ruled out for larger particles.

We then considered an alternative model for the cluster in which successive silanol hydrogen
atoms are transferred to the rhodium particle, leading to Rhi3[Hx]J@IPC-1P[H4x] (x = 0-4). The
transfer of hydrogens is significantly exoenergetic, resulting in a maximum binding energy of
approximately -5 eV for Rhi3[H4]@IPC-1P (Table S3). In this configuration, the Rhis cluster
obtains a charge of +3.25 (formal charge + 4). This charge separation mechanism in which a
positively charged metal sub-hydride is electrostatically pinned to the negatively charged surface
most likely enhances the stability of the particle against sintering. Yet, despite the strong binding
of the atoms and clusters to the layer, particle growth should be thermodynamically favorable

given the high cohesive energy of rhodium (5.75 eV/atom for bulk Rh).
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Figure 6. Calculated Rhy configurations on IPC-1P layer; top: structures of Rhiz clusters atop the
silanol quadruplet in Rhiz@IPC-1P[H4] (left) and Rhi3[Hs]@IPC-1P configurations (right);
bottom: reaction profile of direct Rh; migration across a silanol quadruplet; Rh, Si, O and H are

represented in silver, yellow, red and pink, respectively.

Considering the above, we analyzed the role of the hydroxylated surface in hindering Rh
migration, and thus sintering, via kinetic control. We calculated a pathway assuming an Ostwald
ripening mechanism in which Rh; moves across the IPC-1P surface. This route involves direct,
Rh; migration between global minimum O-Rh[H]-O sites (Table S4, Fig S10) across the silanol
quadruplet and proceeds via a single transition state, with a reasonably high activation energy of
1.34 eV (Fig. 6). By comparison, the migration barrier for Rh; across the silanol-free model surface
of silicatene, which consists of a pristine bilayer of Si-O bonds connected in a hexagonal pattern,

is lower than 0.1 eV (Fig. S11). An alternative migration pathway involving hops between adjacent
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silanol groups within a quadruplet also exhibits a barrier of over 1 eV and proceeds via

intermediate structures, which are significantly endoenergetic (Fig. S12).

In conclusion, the presence of silanols grouped as quadruplets severely hinders the migration of
Rh atoms and likely slows Ostwald ripening processes, even under conditions that energetically
favor sintering, in line with our in-situ heating STEM imaging and stability tracking results (Fig.

4 and S8).

To assess the effect of the architecture of our materials on product shape selectivity and Rh NP
stability under reaction conditions, we used benzonitrile (BN) hydrogenation as a model reaction.
The results presented in Fig. S13 suggest that the novel mesoporous Rh@IPC_C22 is an active
hydrogenation catalyst with improved mass-transfer properties thanks to its open structure. In
particular, the STEM images of the spent catalyst and particle size distribution analysis (Fig. S14
and S15) showed no significant sintering of Rh nanoparticles, (which increased by only 10% on
average, confirming the high stability of these metal species under reaction conditions. In short,
metal aggregation is prevented in all three synthesized Rh@IPC materials, regardless of the
presence of micropores (i.e., in Rh@IPC-4 C12).

The smallest Rh species (averaging 1.58 nm) were found in the material swollen with longest
surfactant, that is, Rh@IPC_C22 (without micropores), contradicting previous reports of metal
intercalation and spatial confinement in MWW zeolite ). This finding supports our hypothesis
that stabilization is determined by the local environment and features of the layers, such as silanol
arrangement (e.g., in quadruplets) and density, which differ between MWW and IPC layers as
discussed in detailed in SI). In contrast to MCM-22P, IPC-1P zeolite layers showed decreased
ordering with the increase in surfactant molecule length. In Rh@IPC C22, most IPC-1P layers
were delaminated and separated, thus lacking microporosity. Although the layers were not orderly
connected, this novel material had an excellent distribution of ultra-small metal species. Combined,
these results highlight that Rh stabilization in IPC-1P layers is determined by metal-silanol

interactions, not by spatial confinement.

Conclusions
We prepared a novel, Rh-doped mesoporous material based on zeolitic layers. Rh nanoparticles

encapsulated in this unprecedented material were ultra-small, well-distributed, and sintering-
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resistant. Swelling and simultaneously functionalizing the UTL-derived layered zeolite precursor
IPC-1P with Rh, followed by calcination, produces Rh@IPC-4 C12, Rh@IPC C16, and
Rh@IPC_C22 materials. The architecture of Rh@IPC materials can be adjusted by controlling the
surfactant length, with the longest surfactant (C22OH) producing mesoporous Rh@IPC C22
without micropores in an unprecedented modification of an IPC-1P layered zeolite precursor.
Ultra-small Rh particles that are resistant to sintering can also be selectively trapped, with STEM
imaging showing the location and size distribution of Rh species in the final materials and in-situ
heating STEM imaging highlighting architectural changes in the materials and the formation of
Rh nanoparticles. The layer arrangement changes independently of nanoparticle evolution because
the swelling agent is removed and the architecture is transformed below 400 °C, whereas the
nanoparticles are formed at higher temperature. The nanoparticles are stable at 600 °C, showing
no clear change in size after 2h. They are also stable under conditions suitable for catalytic
hydrogenation of benzyl nitrile. In particular, the Rh@IPC C22 catalyst is more selective (68%)
to bulky products than the commercial Rh/C catalyst. As shown by in-situ heating STEM imaging
and XPS experiments and supported by DFT calculations, the surface silanols of IPC-1P layers
stabilize Rh nanoparticles. As such, IPC-1P is a benchmark precursor for decoupling metal
confinement from silanol pinning effects. The resulting lack of intralayer micropores allows us to
investigate metal-silanol interactions exclusively dependent on the local environment (layer
arrangement and silanol density), without additional steric hindrance effects. In summary, novel
materials with tunable porosity can be prepared from zeolite layered precursor whose surface
silanols are stabilize ultra-small Rh nanoparticles, producing an active and sustainable

hydrogenation catalyst selective to bulky molecules.
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Experimental Section

Synthesis of IPC-1P and IPC-4: To prepare IPC-1P, calcined UTL zeolites (synthesis procedure

10a, 23

is described in SI) were hydrolyzed in 1M acetic acid as previously reported.!'® 3 Typically,
calcined UTL zeolite was hydrolyzed and stirred in 1M acetic acid at 85 °C overnight (16 hours).
The weight/volume ratio of calcined UTL zeolite to HAc solution was 1 g/1000 ml. The product
was isolated by filtration, washed with an excess of deionized water twice, and dried at 65 °C
overnight. IPC-4 was synthesized as previously reported.!'”! Briefly, 0.3 g of IPC-1P obtained in
the last step was mixed with 20 g octylamine, refluxed at 70 °C for 2 hours and then stirred at room
temperature overnight. The solid was isolated by centrifugation and then washed and dried at 65 °C,

and then calcined at 550 °C for 2 hours.

Synthesis of Rh@IPC C22, Rh@IPC C16 and Rh@IPC-4_C12: Docosyltrimethylammonium
bromide (C2:Br), cetyltrimethylammonium bromide (CisBr) and dodecyltrimethylammonium
bromide (Ci2Br) were dispersed in 25 wt% surfactant solutions and then ion-exchanged to the OH™
form (noted as C12OH, C1s0OH, and C22OH) using an Ambersep 900 OH resin with a weight ratio
of 70 g resin/ 100 g solution. The rhodium-incorporated IPC zeolite material Rh@IPC-4 C12 was
prepared by dissolving of the required amount of rhodium(Il) acetate dimer in 5 ml EtOH, and
treated with ultrasound until homogeneous. Then, 1 ml of ethylenediamine was added to the metal
precursor, subsequently mixing 0.2 g IPC-1P, 10g 25 wt% Ci2OH surfactant solution, 10 g
deionized water, and the Rh ethanol solution and stirring vigorously overnight at room temperature.
The product was separated by centrifugation and washed with distilled water 5 times. The solids

were dried at 65 °C overnight and then calcined in air at 550 °C for 6 h to remove the organics
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with a temperature ramp of 1 °C min'. The final materials were denoted as Rh@IPC-4 C12.
Rh@IPC _C16 and Rh@IPC C22 were synthesized using similar the procedures, except for the

use of different surfactant molecules during the swelling step: C160OH, and C22OH, denoting the

final materials as Rh@IPC_C16 and Rh@IPC_C22, respectively.

Further experimental details are included in Supporting Information.
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