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Sinter-resistant metal nanoparticle catalysts
achieved by immobilization within zeolite crystals

via seed-directed growth
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Lingmei Liu®, Yu Han
and Feng-Shou Xiao"23*

6, Guoxiong Wang'?, Chengtao Wang'?, Dang Sheng Su?, Bruce C. Gates®

Supported metal nanoparticle catalysts are widely used in industry but suffer from deactivation resulting from metal sinter-
ing and coke deposition at high reaction temperatures. Here, we show an efficient and general strategy for the preparation
of supported metal nanoparticle catalysts with very high resistance to sintering by fixing the metal nanoparticles (platinum,
palladium, rhodium and silver) with diameters in the range of industrial catalysts (0.8-3.6 nm) within zeolite crystals (metal@
zeolite) by means of a controllable seed-directed growth technique. The resulting materials are sinter resistant at 600-700 °C,
and the uniform zeolite micropores allow for the diffusion of reactants enabling contact with the metal nanoparticles. The
metal@zeolite catalysts exhibit long reaction lifetimes, outperforming conventional supported metal catalysts and commercial
catalysts consisting of metal nanoparticles on the surfaces of solid supports during the catalytic conversion of C, molecules,
including the water-gas shift reaction, CO oxidation, oxidative reforming of methane and CO, hydrogenation.

logical applications. Because they are expensive, dispersions

in the form of nanoparticles on porous supports are often
used to maximize the metal surface area and the number of atoms
accessible for catalysis'~. A major challenge during application is
catalyst deactivation, which results from metal sintering and sur-
face area loss, accompanied by the formation of surface-covering
deposits of coke’'“. Regeneration of supported metal catalysts is
complex and expensive, often requiring metal leaching, purifi-
cation and redeposition'>'’. To minimize sintering, researchers
have learned to strengthen metal-support interactions®”*'* and,
alternatively, have coated the metals with thin shells of porous
oxides'’** or carbon”. However, the pores are poorly controlled,
and many active sites remain covered and do not participate in
reactions. Researchers have addressed this challenge by encapsu-
lating metal catalysts in materials with small, stable, rigid and uni-
form pores—zeolites”**—to hinder sintering and provide access
through three-dimensional (3D) pore networks*-*. In these cases,
organic additives (for example, sulphur- or nitrogen-containing
organic compounds) are necessary for stabilizing metal species
during the zeolite crystallization, because the metal species easily
aggregate into larger particles under the harsh crystallization con-
ditions (for example, high temperature and strong basicity). These
general routes fail to control the diameters of the metal nanopar-
ticles, which are either smaller than the diameters of the zeolite
cavities or larger than 5nm. To date, it is still challenging to fix
metal nanoparticles with controllable sizes inside zeolite crystals;

N oble metals are dominant among catalysts used for techno-

for example, to create desirable diameters in the range of industrial
catalysts (that is, 1.5-4.0 nm)*-%.

Here, we demonstrate a general methodology for zeolite encap-
sulation of metal nanoparticles to prevent metal sintering. The key
for the preparation of these metal@zeolite catalysts is the use of
zeolite seeds that already contain metal nanoparticles, and which
are then placed into aluminosilicate or silicate gels to form a crys-
talline zeolite sheath around the metal-containing seeds. This
strategy works without the use of organic stabilizers and leads to
metal nanoparticles in the widely useful size range of 0.8-3.6nm.
The resultant catalysts exhibit extraordinary sinter resistance in the
high-temperature water-gas shift (WGS) reaction at 300 °C, CO oxi-
dation at 200 °C, oxidative reforming of methane at 600°C and CO,
hydrogenation at 350 °C.

Results

Synthesis and characterization. A model of metal@zeolite catalysts
and catalytic strategy is presented in Fig. 1. Zeolite seeds are criti-
cal in the synthesis (Supplementary Fig. 1); if they are absent from
the starting gels, the resultant encapsulated metal nanoparticles
have larger sizes™*. In this work, platinum, palladium, rhodium
and silver nanoparticles were loaded onto the surfaces of the zeolite
seeds (Supplementary Fig. 2), then used for seed-directed growth
to give larger zeolite crystals. The resultant structures include the
zeolites Beta and MOR, as well as pure-silica silicalite-1 (S-1) zeo-
lites. Thus, Pt@Beta (Fig. 2 and Supplementary Fig. 3), Pt@ MOR
(Supplementary Fig. 4), Ag@Beta (Supplementary Fig. 5), Ag@
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Fig. 1| Schematic model of metal nanoparticles fixed within and on the
outer surfaces of zeolite crystals. The metal nanoparticles (yellow) in
metal@zeolite catalysts are sinter resistant, whereas those in metal/zeolite
catalysts easily aggregate into larger particles in the WGS, CO oxidation,
oxidative reforming of methane and CO, hydrogenation reactions.

MOR (Supplementary Fig. 6), Rh@Beta (Supplementary Fig. 7),
Rh@MOR (Supplementary Fig. 8) and Pd@S-1 (Supplementary
Fig. 9) were prepared. The metal loadings (0.39-1.01 wt% by induc-
tively coupled plasma analysis) are summarized in Supplementary
Table 1. Notably, these syntheses were performed in the absence of
organic stabilizers, which makes them environmentally friendly.
Significantly, the sizes of metal nanoparticles on the zeolite seeds
could be adjusted. Consequently, the sizes of the metal nanopar-
ticles in the final metal@zeolite catalysts are controllable, as shown,
for example, for Pt@Beta (platinum nanoparticle diameter range:
0.8-3.2nm; mean diameter: 1.6nm (Fig. 2c); platinum nanopar-
ticle diameter distribution: 1.2-3.6nm; mean diameter: 2.0nm
(Supplementary Fig. 10a); platinum size distribution: 1.6-6.0 nm;
mean diameter: 3.6nm (Supplementary Fig. 10c)). More impor-
tantly, this route is general, allowing stable fixation of silver, rhodium
and palladium nanoparticles in the zeolite crystals (Supplementary
Figs. 11-13 and Supplementary Table 1), making the method supe-
rior to state-of-the-art techniques.

Figure 2a represents Pt@Beta schematically. The platinum
nanoparticles are firmly fixed within the zeolite Beta crystals.
Scanning transmission electron microscopy (STEM) (Fig. 2b) and
high-resolution transmission electron microscopy (HR-TEM)
(Fig. 2¢) images of Pt@Beta provide direct evidence of the nanopar-
ticles in the 0.8-3.2nm size range. Characterizations with scanning
electron microscopy (SEM) (inset in Fig. 2b), X-ray diffraction
crystallography (Supplementary Fig. 3) and N, sorption isotherms
(Supplementary Fig. 14) show that Pt@Beta has high purity and
crystallinity. The STEM image of Pt@Beta shows the distribution of
metal nanoparticle diameters in the zeolite crystals (Fig. 3a), where
region I in the image is rich in platinum nanoparticles and region
IT has almost none observable, indicating a non-uniform distribu-
tion of platinum nanoparticles. Because the outline of region I has
a shape similar to that of a zeolite crystal, we infer that the Pt/Beta
zeolite seed (region I) was localized within the newly formed zeolite
Beta framework that encapsulated it (region II).

We propose that the platinum-containing zeolite seed (Pt/Beta
seed) directed the growth of zeolite crystals during the synthesis
of Pt@Beta, as confirmed by the transmission electron microscopy
(TEM) characterization of the crystallization process of the Pt@
Beta sample (Supplementary Figs. 15-23). Thus, the newly formed
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zeolite grows around the seed crystals, supporting platinum
nanoparticles and fixing them inside the newly formed zeolite
framework (Fig. 3b,c and Supplementary Figs. 22 and 24), leading to
a significantly lower platinum loading of Pt@Beta (0.41 wt%) com-
pared with the Pt/Beta seed (2.0wt%). Owing to the significantly
different Si/Al ratio between the Pt/Beta seed (Si/Al ratio: ~12) and
the newly formed zeolite Beta framework or amorphous Si-Al gel
(Si/Al ratio: ~5.3), the location of the zeolite seeds in the final Pt@
Beta crystals was also identifiable by energy dispersive spectrometry
analysis, indicating the distinguishable Si/Al ratios (Supplementary
Fig. 22b). As shown in the STEM image (Supplementary Fig. 22), the
region with brighter contrast is obviously surrounded by less bright
regions. The energy dispersive spectrometry analysis demonstrates
that the Si/Al ratio in the bright region (region 2 in Supplementary
Fig. 22a) is obviously higher than in the less bright region (regions 1
and 3 in Supplementary Fig. 22a). Similar results were also observed
in randomly selected regions of Pt@Beta samples crystallized at
various times (Supplementary Figs. 19-21), indicating that the
seeds are encapsulated by the Si-Al gel and/or newly formed Beta
zeolite framework.

STEM images and nano electron diffraction data characterizing
Pt@Beta crystallized for 4h (for example, Fig. 3d,e) and contain-
ing partially crystallized Pt@Beta and still unconverted amorphous
aluminosilicate gel show significantly different contrasts. The zeo-
lite seeds are covered in aluminosilicate gel in a core-shell structure
(Fig. 3d) that is evidenced by a series of tilt images (from —70° to
70° with 1° intervals; Supplementary Video 1). These data further
confirm the proposed core-shell growth mechanism directed by
the platinum-containing zeolite seeds, whereby the amorphous
aluminosilicate covers the seeds and isolates individual platinum
nanoparticles (Supplementary Video 1 and Supplementary Fig. 23),
thus hindering their aggregation during the crystallization process
(Supplementary Videos 2-4; Pt@Beta is shown with a platinum
nanoparticle diameter of 0.8-3.2 nm in Supplementary Video 2 and
1.6-6.0nm in Supplementary Videos 3 and 4).

In contrast, a conventional Beta-zeolite-supported platinum
nanoparticle catalyst (Pt/Beta) was prepared by the impregna-
tion method to have a platinum loading of 0.98 wt% and found
to incorporate platinum nanoparticles only on the external zeolite
surface (Fig. 2e-g).

Our synthesis strategy extends to other samples, illustrated by
Pt@MOR (Supplementary Fig. 4a,b), Ag@Beta (Supplementary
Fig. 5ab), Ag@MOR (Supplementary Fig. 6ab), Rh@Beta
(Supplementary Fig. 7a,b), Rh@MOR (Supplementary Fig. 8a,b)
and Pd@S-1 (Supplementary Fig. 9). Again, the TEM tomographic
images (Supplementary Fig. 25) show that the metal nanoparticles
are enveloped by the zeolite crystals.

Stability evaluation. Figure 2d shows a TEM tomographic image
of Pt@Beta calcined at 600°C for 240 min in air—conditions that
challenge the survival of nano-sized metal particles**. Significantly,
the platinum nanoparticles in this calcined Pt@Beta remained in
the 0.8-3.2 nm diameter range, matching that of the as-synthesized
Pt@Beta. Equivalent results were observed for Pt@MOR, Ag@
Beta, Ag@MOR, Rh@Beta, Rh@MOR and Pd@S-1 (Supplementary
Fig. 26), demonstrating the outstanding resistance of each of them
to thermal sintering. These data confirm that the rigid zeolite
framework fixes the metal nanoparticles, preventing their sinter-
ing. In contrast, the metal nanoparticles on the external surfaces
of zeolite crystals readily aggregate into larger metal particles after
the same treatments (Fig. 2h, Supplementary Figs. 27 and 28, and
Supplementary Videos 5-7).

The zeolite provides not only a stabilizing matrix for the metal
nanoparticles but also channels in the open micropore system
that allow access of reactant molecules to the metal sites, facili-
tating catalysis®°. This point is illustrated by the data of Fig. 4a
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Fig. 2 | TEM images of supported platinum catalysts. a-c, Proposed model (a), STEM image (b) and HR-TEM tomographic image (c¢) of Pt@Beta. d, HR-TEM
tomographic image of Pt@Beta after calcination at 600 °C for 240 min. e-g, Proposed model (e), TEM image (f) and TEM tomographic image (g) of
Pt/Beta. h, TEM image of Pt/Beta after calcination at 600 °C for 240 min. Inset in b: SEM image of Pt@Beta. Insets in ¢, d, f and h: platinum nanoparticle size
distributions. The yellow ellipses in g highlight the platinum nanoparticles. Scale bars: 50nm in b, f, g and h, 20 nm in ¢ and d, and 200 nm in the inset in b.

Fig. 3 | TEM characterization of Pt@Beta. a, STEM image characterizing
the platinum nanoparticle distribution. Region | is rich in platinum
nanoparticles and region Il has almost none observable. The dashed line
shows the boundary of Region I. The inset shows the model of the Pt@Beta
sample. b, HR-TEM image of Pt@Beta. ¢, Enlarged view of the red square

in b. The white circle highlights the microdomains of polymorph B (BEB) of
zeolite Beta, overlaid by a BEB structure model viewed along [110]. d, STEM
image of a Pt@Beta sample crystallized at 4 h. e, Corresponding electron
diffraction pattern of the circle in d. Scale bars: 50 nm ina, 20 nm in b, 25 A
incand 500nmind.

showing the dependence of catalytic activity on reaction tem-
perature in the WGS reaction catalysed by Pt@Beta (the cata-
lyst incorporated platinum particles 0.8-3.2nm in diameter)
and, for comparison, Pt/Beta. The two catalysts have almost the
same average rates in the temperature range 200-400°C, but
their catalytic stabilities differ markedly. After a reaction time of
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6,000 min (Fig. 4b), Pt@Beta remained highly active (average rate:
561 mol., mol,, " h™"), having lost only about 10% of its activity (the
average reaction rate of the fresh catalyst was 615 mol., mol,, " h™").
In contrast, after reaction for 2,640 min, the conventional Pt/Beta
catalyst was sharply deactivated, with the average rate decreasing
from 630 to 435 mol., mol,'h™. TEM images show that the used
Pt@Beta still incorporated platinum nanoparticles in the original
diameter range of 0.8-3.2nm (Supplementary Fig. 29), whereas
the used Pt/Beta incorporated much larger nanoparticles (2-8 nm;
Supplementary Fig. 30).

Significantly, calcination in air of the used Pt@Beta brought
the activity (610 mol.,mol,'h™") back, within error, to the value
characterizing the fresh catalyst (615 mol., mol,*h™) because the
carbonaceous deposits (coke) that had accumulated on the active
sites were burned off. The full regeneration of the activity demon-
strates the superior stability of the Pt@Beta catalyst; in contrast,
the equivalent calcination of the used Pt/Beta catalyst led to a fur-
ther reduction of its activity caused by further aggregation of the
platinum nanoparticles. Even the catalyst recently reported by Liu
et al.”®, which consisted of pre-made platinum nanoclusters encap-
sulated in the siliceous zeolite MCM-22 (despite offering resistance
to metal sintering under harsh conditions of reduction and oxida-
tion at 650 °C) was characterized by some platinum sintering, as the
smallest clusters aggregated into larger clusters with diameters in
the range of 1-2nm. This was accompanied by an approximately
10% loss of catalytic activity for propane dehydrogenation over five
reaction-regeneration cycles”.

We carried out a further comparison with the commercial
catalyst commercial Pt/ZSM-23 (Pt/ZSM-23-com—ZSM-23 zeo-
lite-supported platinum nanoparticles; Supplementary Fig. 31),
commercial Pt/AL,O, (Pt/Al,0,-com—AlLO;-supported platinum
nanoparticles; Supplementary Fig. 32) and Pt/Beta-ion (zeolite-Beta-
supported platinum synthesized by ion exchange of commer-
cial zeolite Beta with Pt(NH,),(NO,),; Supplementary Fig. 33).
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Fig. 4 | Catalytic evaluation of metal@zeolite catalysts in flow reactors. a,b,

Average rates as a function of temperature (a) and time (b; at 300 °C)

for reactions catalysed by various catalysts. Reaction conditions: 50 mImin™ of reaction gas (15% CO + 5% CO, + 30% H,0 + 40% H, + 10% He);
GHSV =1,875,000 ml g, "h™. The average rates with error within +2% were calculated as the number of moles of converted CO per mole of platinum per

hour. ¢, CO oxidation catalysed (at 350 °C for 1,200 min) by fresh and used P
Beta as a function of time on stream at 200 °C. Reaction conditions: 20 ml mi
The errors of CO conversions were within +2%. e,f, Oxidative reforming of m

t@Beta, Pt/Beta, Pt/SiO, and Pt/Al,O;. d, Conversion of CO catalysed by Pt@
n™ of reactant gas (1% CO + 19% O, + 80% He); GHSV =120,000 ml gy, "h™".
ethane catalysed by Pd@S-1 (e) and Pd/S-1 (f). Reaction conditions:

20 mimin™ of reactant gas (7% CH, + 3.3% O, + 79.7% He); GHSV =480,000 ml g, h™; 600 °C. The errors of conversions and yields were within +3%.
The black arrows highlight the calcination treatment to regenerate the catalysts.

Testing these catalysts as mentioned above for the WGS reaction,
we found that they all exhibited irreversible activity losses in quite
short times of operation (<700 min) as a consequence of sinter-
ing of the platinum nanoparticles (Fig. 4b and Supplementary
Figs. 31-34). Reductive pre-treatments (650°C, H,, 600 min) were
also performed with these catalysts to evaluate the sinter resistance
of the platinum, and the data show that significant aggregation of
the platinum nanoparticles occurred (Supplementary Figs. 31-33).
In contrast, the platinum nanoparticle sizes of Pt@Beta were almost
unchanged as a result of the same treatment in H,; Supplementary
Fig. 35). The remarkable stability of Pt@Beta compared with the
commercial catalysts in the WGS reaction indicates its potential
technological value; for example, for the production of hydrogen
from syngas, the purification of hydrogen in fuel cell applications
and balancing of the H,/CO ratio in syngas'-*.

Further comparisons demonstrating the advantages of the Pt@
Beta catalyst are illustrated by the data in Fig. 4c, which show the
dependence of CO conversion on the reaction temperature for
various catalysts, confirming the high activity of Pt@Beta. For
example, Pt@Beta gives a CO conversion of 48% at 20 °C and >99%
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conversion at 30°C, whereas nearly complete conversion of CO
with the conventional oxide-supported catalysts Pt/SiO, or Pt/
Al O, required temperatures >120°C. Figure 4d shows the cata-
lytic activity of Pt@Beta for CO oxidation at 200 °C in experiments
in which the temperature was periodically decreased to 20°C for
short periods and then increased back to 200°C. Pt@Beta is char-
acterized by stable performance at both high and low temperatures.
Furthermore, after reaction at 350°C for 1,200 min, the used Pt@
Beta catalyst was characterized by a CO conversion nearly match-
ing that of the fresh catalyst (Fig. 4c). TEM images of the used Pt@
Beta catalyst (Supplementary Fig. 36) provide evidence of a plati-
num nanoparticle size distribution matching that of the fresh cata-
lyst (within error), indicating the extreme sinter resistance of the
platinum nanoparticles in Pt@Beta. In contrast, the activities of the
conventional catalysts (Pt/SiO, and Pt/Beta; Supplementary Figs. 37
and 38) decreased markedly in operation as a result of sintering of
the platinum nanoparticles. Similar results were also obtained in
experiments with the silver-catalysed CO oxidation. Ag@Beta dis-
played stable activity in a test for 2,880 min at 400 °C (Supplementary
Fig. 39a), with the used catalyst having silver nanoparticle sizes
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essentiallyunchanged from those of the fresh catalyst (Supplementary
Fig. 40). In contrast, the activities of silver nanoparticles supported
on Beta zeolite (Ag/Beta) and ALO, (Ag/ALO,) by the impreg-
nation method decreased markedly as a result of silver sintering
(Supplementary Figs. 39b,c and 41). Thus, also for CO oxidation
catalysis, our results demonstrate a strong resistance to sintering of
metal nanoparticles, in contrast with the performance of conven-
tional supported metal catalysts, which undergo sintering facilitated
by CO44,43.

Further evidence of the benefits of the new catalysts is demon-
strated by the results obtained with samples incorporating promot-
ers. For example, iron promoters increase the activities of platinum
catalysts for CO oxidation**. We introduced iron cations into Pt@
Beta by ion exchange to form Pt@Beta-Fe (1.49wt% Fe), finding
that this catalyst shows much higher activity than Pt@Beta, giv-
ing essentially complete conversion of CO at 25°C (Supplementary
Figs. 42 and 43).

Further results were obtained for oxidative reforming of meth-
ane—a typical high-temperature reaction that challenges catalyst
stability’®*. Figure 4e,f and Supplementary Fig. 44 show the per-
formance in oxidative reforming of methane catalysed by Pd@S-1
(Supplementary Figs. 3g, 9 and 45; the sample with a palladium
particle diameter distribution of 0.8-3.0nm), Pd/S-1 and com-
mercial Pd/AlO; (palladium nanoparticles supported on alumina,
designated as Pd/Al,O;-com). At 600°C, Pd@S-1 gives an initial
methane conversion at 89%, and this value increased to 97% after
an induction period of 120 min (Fig. 4e), with CO and H, formed
as major products (CO yield: 89%; H,/CO ratio: 2.09) and a low
CO, yield (<8%). When the reaction catalysed by Pd@S-1 was car-
ried out continuously for >960min in a flow reactor, the CO yield
decreased because of coke formation (confirmed by thermogravi-
metric analysis; Supplementary Fig. 46b), but a facile calcination
in oxygen brought back the activity fully. Even after the reaction at
600°C for 2,280 min, the palladium nanoparticle size distribution
in Pd@S-1 still matched that of the fresh catalyst (Supplementary
Fig. 47). In contrast, the conventionally made Pd/S-1 lost signifi-
cant activity in a short time (Fig. 4f; 63% at 900 min) because of
the combined effects of coke formation (Supplementary Fig. 46a)
and palladium aggregation (Supplementary Fig. 48). Furthermore,
the commercial Pd/AlO;-com exhibited much lower selectivity for
CO formation (54% with a CH, conversion at 65.8%) than Pd@S-1,
as a consequence of over-oxidation, to give CO, (Supplementary
Fig. 44). After oxidative reforming of methane at 600 °C for 840 min
catalysed by Pd/AlL,O;-com, the CO selectivity decreased to 41.4%
with a CH, conversion at 55.1% (Supplementary Fig. 44). A calcina-
tion treatment recovered 90% of the CH, conversion, but the CO
selectivity was much lower (42.2% after the second calcination) as a
consequence of the aggregated palladium nanoparticles, shown by
TEM (Supplementary Fig. 49). Thus, our data show that encapsu-
lating metal nanoparticles in zeolites produces catalysts that offer
the practical advantages of resistance to both coke formation and
metal sintering.

Moreover, catalytic data were obtained for CO, hydrogenation—
areaction used to convert this greenhouse gas into useful CO*. Rh@
Beta, Rh/Beta (rthodium nanoparticles supported on zeolite Beta by
the impregnation method) and commercial Rh/ALO, (denoted as
Rh/AlLO,-com) catalysts were all found to be active for CO, conver-
sion, but with different selectivities (Supplementary Figs. 50 and 51).
Methanation was the dominant reaction on Rh/Al,O, and Rh/Beta,
with CH, as the major product, and poor CO selectivity. In contrast,
Rh@Beta exhibited much higher CO selectivity. Supplementary
Figs. 50c,d and 51b show the data characterizing the performance
of various catalysts in the hydrogenation of CO, at 350 °C. The aver-
age rates of the reaction on Rh/Al,O;-com and Rh/Beta decreased
markedly at the beginning of the reaction in the flow reactor, being
41.8 and 75.1 molcy, moly,'h™! after reaction for 1,200min on
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Rh/ALO,-com and Rh/Beta, respectively. These reaction rates are
much lower than the values of 118 and 160 mol.,, moly, ' h=! char-
acterizing the as-synthesized Rh/Al,O;-com and Rh/Beta catalysts
because of the rhodium nanoparticle aggregation evidenced by the
TEM images (Supplementary Figs. 52 and 53). A calcination step
led to partial regeneration of Rh/Al,O,-com and Rh/Beta, and the
average reaction rates increased to 105 and 125 mol.,, moly, ' h™,
respectively. However, these values are much lower than those char-
acterizing the fresh catalysts (Supplementary Figs. 50d and 51b).
Importantly, Rh@Beta displayed stable catalytic performance over
a long reaction period of 6,000 min (Supplementary Fig. 50c), and
rhodium nanoparticles were almost unchanged in size after the test
(Supplementary Fig. 54), again confirming the superior stability of
the Rh@Beta catalyst.

Discussion

The reported data show that zeolite-encapsulated supported cata-
lysts prepared using metal-nanoparticle-containing zeolite seeds
are valuable in practical applications. Metal@zeolite catalysts offer
remarkable advantages over conventional zeolite-supported metal
catalysts, as they are obtained without the use of organic stabilizers
or templates, and feature superior performance, especially in terms
of catalyst stability associated with the sinter resistance properties of
the final composite. A key to the stabilization of these nanoparticles
is the crystallization process: the metal nanoparticles on the sur-
faces of the zeolite seeds are covered and isolated by an amorphous
aluminosilicate gel that prevents nanoparticle aggregation during
the crystallization process and further results in a crystalline zeolite
sheath that stabilizes the nanoparticles even during operation under
severe conditions. It is significant that this synthesis method allows
control of the metal nanoparticle sizes in the typical range required
for industrial catalysts—in fact, the nanoparticles that are formed
on the zeolite seeds retain their sizes in the subsequent preparation
steps, protected by the sheath. The most important advantage of
metal@zeolite catalysts over conventional supported metal catalysts
is the resistance of the metals to sintering, even under harsh condi-
tions. The advantages pertain to a whole set of industrial reactions,
including the WGS reaction, CO oxidation, oxidative reforming of
methane and CO, hydrogenation (Fig. 1), and are quite general. We
anticipate that the method can be extended to supported catalysts
other than metals, such as those containing nanoparticles of metal
sulphides and metal oxides.

Methods
Catalyst preparation. The metal nanoparticles fixed inside zeolite crystals (Pt@
Beta, Pt@MOR, Rh@Beta, Rh@MOR, Ag@Beta, Ag@MOR, Pt@Beta-Fe and
Pd@S-1) were synthesized by a two-step process. For example, in the synthesis of
Pt@Beta, commercially available zeolite Beta crystals (Si/Al ~12.5) with diameters
in the range of 150-410 nm were used as the zeolite Beta seeds. In a typical
preparation, 1.0 g of commercial zeolite Beta was mixed with 2.05 ml of aqueous
H,PtCl solution (0.05M). The mixture was subjected to ultrasound for 1h at
room temperature, followed by aging at room temperature overnight, drying at
80°C for 4h, calcination at 400 °C for 4h in air, and reduction at 300°C in 10%
H,/Ar for 2h to give platinum-containing zeolite Beta (Pt/Beta) seeds with a
platinum loading of 2.0 wt%. Separately, an aluminosilicate gel with a molar ratio
of Na,0:A1,0,:510,:H,0 of 11:1:26:270 was prepared using 0.64 g of NaAlO,,
1.12g of NaOH, 4.0 g of fumed silica and 13.6 g of water as the raw materials. After
stirring for 12h, 0.4 g of platinum-containing zeolite Beta seeds (Pt/Beta seeds,
10wt% based on the SiO, source) was introduced into the gel for hydrothermal
crystallization at 120°C for 3 days or at 140 °C for 32h. After filtration, washing
with water and drying, the product Pt@Beta was obtained. The platinum loading
of Pt@Beta was 0.41 wt%, which is much lower than that of the Pt/Beta seeds. Pt@
MOR was obtained using the same procedures, except the hydrothermal treatment
was performed at 140 °C for 4 days. By changing the metal precursors, Rh@Beta,
Rh@MOR, Ag@Beta and Ag@MOR were also prepared following the same route.
In a typical synthesis of Pd/S-1 seeds, we used a molar ratio of
tetrapropylammonium hydroxide (TPAOH):SiO,:H,O of 0.2:1:60 by stirring
2.08 g of tetraethyl orthosilicate, 1.02 g of TPAOH (40 wt%; BASF) and 10.8 g of
H,O at room temperature for 5h, followed by hydrothermal treatment at 180°C
for 3 days. The S-1 seeds were obtained after centrifugation, washing with a large
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excess of water, drying at 80 °C overnight and calcination at 550°C for 4h

(ramp rate: 1°Cmin™') in air. Then, 1 g of the as-synthesized S-1 zeolite was

dried under vacuum at 120°C for 4h, followed by mixing with 4.7 ml of aqueous
Na,PdCl, solution (0.05M). The mixture was subjected to ultrasound for 1h at
room temperature, followed by aging overnight. The water was removed by heating
to 60°C and holding for 12h, followed by 80°C for 4h. After calcination at 400°C
for 4h with a ramp rate of 1 °Cmin™' in static air, then reduction at 300°C for 2h
with a ramp rate of 5°Cmin" in 10% H,/Ar (flow rate: 50 mlmin™'), Pd/S-1 seeds
with a palladium loading of 2.5 wt% were obtained.

In a typical synthesis of Pd@S-1, a solid mixture with a molar ratio of
TPAOH:Pd/S-1 seeds:SiO,:H,O of 0.065:0.67:1:1.1 was obtained by grinding 1.0g
of Pd/S-1 seeds with 1.5g of fumed silica and 0.83 g of TPAOH (40 wt%: BASF).
After grinding for 20 min, the resultant powder was transferred to an autoclave
for thermal treatment at 180 °C for 3 days. The sample was collected by washing
with large excess of water followed by drying at 80 °C overnight. After calcination
at 550°C for 4h (ramp rate: 1°Cmin™") in static air and reduction at 300°C in 10%
H,/Ar (flow rate: 50 mlmin™') for 2h, the product Pd@S-1 was obtained.

Characterization. X-ray diffraction patterns were collected on a Rigaku D/Max
2550 diffractometer with Cu Ka radiation (A=1.5418 A). Metal contents were
determined by inductively coupled plasma analysis (3300DV; PerkinElmer).
Nitrogen sorption isotherms were measured using a Micromeritics ASAP 2020
system. The samples were ion exchanged into the H form before the tests. Some of
the TEM and STEM images were obtained on a JEM-2100F electron microscope
(JEOL) with an acceleration voltage of 200kV. Other phase-contrast TEM, STEM
and electron diffraction measurements were performed using a Tecnai F30
S-TWIN transmission electron microscope equipped with a field emission gun and
operating at 300kV (an FEI Titan probe corrector electron microscope operated
at 300kV was employed for the data in Supplementary Video 3). The tilt series
images were taken from —70° to +70° with a tilt increment of 1-2°. The tilt series
images were first aligned and then reconstructed to a 3D volume using the SIRT
function of FEI Inspect 3D software (https://www.fei.com/software/inspect-3d/).
Further 3D volume rendering, density segmentation and isosurface construction
were achieved with Avizo software (https://www.fei.com/software/amira-avizo/).
SEM experiments were performed with Hitachi SU8010 electron microscopes.
The errors in metal nanoparticle size measurements are within +0.2nm. Thermal
gravimetric analysis experiments were performed on an SDT Q600 V8.2 Build
100 thermogravimetric analyser under air flow with a ramp rate of 10°Cmin™".
X-ray photoelectron spectra were obtained with a Thermo Fisher Scientific
ESCALAB 250Xi photoelectron spectroscopy system using a monochromatic Al
Ko (1,486.6 eV) X-ray source. The binding energy values were calibrated using the
C 1speak at 284.9eV.

Catalytic reaction tests. WGS reactions were carried out using a fixed-bed reactor
with a diameter of 4 mm at atmospheric pressure. The reactor was mounted in a
temperature-controlled oven. The catalysts (commercial catalysts were ground
into powders before use) were pressed, crushed, sieved into particles with a mesh
size of 40-60 and mixed with inert quartz particles in a volume ratio of 1:1. The
reactor was heated in flowing He to 200 °C before the reactant gas flow was started.
Water was injected by a pump, then evaporated and mixed with the dry gas to
ensure that the gas composition was 15% CO + 5% CO, + 30% H,O + 40%

H, + 10% He. The tests were performed at a gas hourly space velocity (GHSV) of
1,875,000 ml g, " h'. After it was passed through a condenser to remove the water,
the product gas was analysed using gas chromatographs equipped with a thermal
conductivity detector (TCD) and a flame ionisation detector (FID). Average
reaction rates were calculated from the number of moles of CO converted per mole
of platinum species (total amount of platinum species in the reactor) in one hour.
The deactivated catalyst was regenerated with 20% O,/He at 400 °C for 2h and 10%
H,/Ar at 400°C for 2h.

CO oxidation was carried out in the same reactor as was used for the WGS
reaction. The catalysts were pressed, crushed, sieved into 40-60-mesh-size particles
and mixed with quartz particles in a volume ratio of 1:1. The catalyst particles
were placed in the middle part of the reactor, then pretreated with flowing 20%
O,/He at 200°C for 1 h. A gas composition of 1% CO + 19% O, + 80% He was used
as feed with a GHSV of 120,000 ml g, ' h! for platinum catalysts and a feed gas
composition of 0.1% CO + 19% O, + 80.9% He with a GHSV of 120,000 mlg,,"h™!
was used for silver catalysts. The product gas streams were analysed with a gas
chromatograph equipped with a TCD. The deactivated catalyst was regenerated
with flowing 20% O,/He at 200 °C for 2 h.

Oxidative reforming of methane to syngas was carried out with the same
reactor. The catalysts (commercial catalysts were ground into powders before use)
were pressed, crushed, sieved into 40-60-mesh-size particles and mixed
with quartz at a volume ratio of 1:1. The catalyst particles were placed in the
middle part of the reactor. The catalyst was pretreated with 20% O,/He at 600°C
flowing for 1h. Gas with a composition of 7% CH, + 3.3% O, + 89.7% He as feed
was introduced into the reactor with a GHSV of 480,000 ml g, h™'. The product
gas was analysed using two gas chromatographs—one equipped with a TCD and
the other with a FID. The deactivated catalysts were regenerated with flowing
20% O,/He at 600°C for 4h.
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Hydrogenation of CO, was carried out in the same reactor. The catalysts
(commercial catalysts were ground into powders before use) were pressed,
crushed, sieved into 40-60-mesh-size particles and mixed with quartz particles
at a volume ratio of 1:1. The catalyst was placed in the middle part of the reactor
and pretreated with flowing H, at 500 °C for 1 h. Feed gas with a composition
0f9.4% CO, + 37.5% H, + 53.1% He was introduced into the reactor with a
GHSYV of 1,920,000 ml gg,, ' h~". The product gas was analysed using two gas
chromatographs—one equipped with a TCD and the other with an FID. The
deactivated catalysts were regenerated by calcination in flowing 20% O,/He at
500°C for 2h and reduction in H, at 500 °C for 1h for the next run.

Data availability. The data that support the plots within this paper and
other findings of this study are available from the corresponding author upon
reasonable request.
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