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A R T I C L E  I N F O A B S T R A C T

T h is  a rt ic le  d e m o n stra te s  p re p a ra t io n  o f  m e ta l fu n c t io n a liz e d  z e o lite  c a ta ly sts  v ia  a  n e w  h o m o g e n e o u s s o lu t io n  

p a t h w a y  e n a b le d  b y  th e  re c e n tly  re p o rte d  e x fo lia t io n  o f  z e o lite  M W W  in to  s o lu t io n  o f  u n ila m e lla r  n a n o sh ee ts. 

T h e  p re p a ra t io n  is  c a r r ie d  o u t b y  m ix in g  s o lu t io n s  o f  e x fo lia te d  M W W  m o n o la y e rs  a n d  Pt n a n o p a rt ic le s  w it h  

in it ia l  s iz e  o f  c a  3  n m  a n d  is o la t io n  o f  s u c h  h y b r id  c a ta ly sts  b y  fre e z e -d ry in g . O p tio n a lly , th e M W W  la y e r  so­

lu t io n s  w e re  p u r if ie d  b y  d ia ly s is  p r io r  to m ix in g  w it h  th e m e ta l s o lu tio n , w h ic h  tu rn e d  o u t to be b e n e fic ia l fo r 

q u a lit y  a n d  te x tu ra l c h a ra c te ris tic s. H o w e v e r, c a ta ly t ic  p e rfo rm a n c e  in  th e m o d e l re a c t io n  -  3 -n itro to lu e n e  

h y d ro g e n a tio n , w a s  m o s tly  d e te rm in e d  b y  th e Pt le v e l, i.e. at le a s t 0 .3 % , a n d  le ss  a ffe cte d  b y  th e  a p p a re n t 

q u a lit y  o f  th e  f in a l z e o lite  su p p o rt. T h e  c a ta ly sts  re v e a le d  a g g lo m e ra tio n  o f  th e  P t n a n o p a rt ic le s  fro m  r o u g h ly  3  

n m  to b e tw e e n  5  a n d  1 0  nm .

1. Introduction

Crystalline microporous solids with uniform, nanometer size pores, 
represented by zeolites, have exceptional value and usefulness in het­
erogeneous catalysis with many large-scale applications in the chemical 
and petroleum industries [1 ,2 ]. As they combine suitable high activity 
and selectivity with durability, lack o f toxicity and ease o f production, 
they are one o f the leading catalysts for green chemistry. Zeolites are 
used by themselves and as supports or active components with other 
active moieties like metals. The main impediment to the broader 
application o f zeolites has been related to their relatively small pore 
sizes constrained within rigid immutable frameworks. One o f  the 
attempted solutions was creation o f additional, usually non-uniform, 
secondary porosity within zeolite structures by soft- or 
hard-templating, partial framework elimination, and other methods 
[3 -8 ]. A  more controlled approach was presented by the discovery that 
zeolites can form not only rigid 3D rigid frameworks but also layered 2D 
structures [9 -13 ] that were amenable to structure modification, espe­
cially expansion [14-17 ]. One among many new capabilities enabled by 
layered zeolites has been the preparation o f noble metal nanoparticles

with controlled dispersion and accessibility via 2D-to-3D zeolite trans­
formation for shape-selective catalysis [1 8 ]. In general, 2D zeolites 
could be manipulated spatially and intercalated with guest molecules 
and particles larger than their framework pores sizes. The intercalation 
and layer manipulation processes involve solid-liquid interactions and 
are also subject to limitations due to charge, layer affinity, reactant 
solubility and apparently crystal intergrowths. These constrains and the 
potential to design new catalysts have been further expanded by the 
complete exfoliation into monolayers in solution demonstrated with 
zeolite MCM-56 with the M WW  topology [1 9 ]. The exfoliation is carried 
out as a soft chemical process by reacting MCM-56 with tetrabuty- 
lammonium hydroxide (TBAOH) in water that produces zeolite mono­
layers dispersed in a liquid as effectively homogeneous solutions [1 9 ]. 
They allow combination with any additional component ‘at w ill ’, sub­
ject to compatibility and mutual affinity, which can be also considered 
adjustable. This work explores the combination o f dispersed zeolite 
layers with Pt nanoparticles as alternatives to the aforementioned 
2D-to-3D transformation. One o f the differences/advantages worth 
pointing to is elimination o f the swelling, which requires large excess o f 
surfactant as generally complicated and, i f  possible, avoidable step.
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Metal nanoparticles (NPs) are o f great interest for catalysis and have 
been extensively studied [20-27 ]. Nanoclusters and subnanoclusters o f 
platinum (<  1 nm) have shown superb catalytic properties, which result 
from the small particle size and thus, high dispersion o f active compo­
nents [2 8 ]. Decreasing size o f metal nanoparticle usually results in 
higher and faster conversion o f substrates, but as shown by Guo et al. 
[29 ], there is typically an optimum size for best performance. Addi­
tionally, there is a tendency for irreversible aggregation o f nanoparticle 
clusters resulting in a considerable recent effort to prevent that [30,31 ]. 
Dispersing metal particles on solid supports remains the most effective 
way to alleviate metal aggregation. Much attention was already given to 
promising solid supports, such as graphite [32 ], polymers [33 ], metal 
oxides [34] and zeolites [3 5 -3 8 ].

The model reaction used in this study is hydrogenation o f 3-nitroto- 
luene. Transformation o f nitroarenes to anilines is o f great practical 
importance owing to the usage o f resulting anilines for dyestuffs and 
pharmaceuticals [39,40]. Furthermore, catalytic hydrogenation using 
high-pressure hydrogen w ith supported Pt as a catalyst is the preferred 
process [4 1 ]. Various support materials prepared by different methods 
exhibit substantial differences in catalytic activity. Zeolite based 
Pt-MWW materials can compete with different systems by showing fast 
conversion and high selectivity to m-toluidine as the only product [1 8 ].

The solutions o f zeolite monolayers that are currently available with 
the M WW  topology but are possible with other frameworks, can be 
combined with prepared metal nanoparticles in a second solution and 
eventually isolated as intimately mixed solids/catalysts. Such processes 
have many parameters that need investigation for optimized perfor­
mance and benefits, e.g. synthesis and cost, that are very likely to 
depend on a particular catalytic reaction. Herein, we demonstrate high 
catalytic activity o f the catalysts prepared from exfoliated monolayers 
and Pt nanoparticles and examine the effects o f some basic properties 
and treatments during preparation.

2. Materials and methods

A ll reagents used in the experiments were purchased from Sigma- 
Aldrich except trimethylacetonitrile (Avantor Performance Materials 
Poland), trisodium citrate dihydrate (TSC, Avantor Performance Mate­
rials Poland), ammonium nitrate (NH 4NO3, Avantor Performance Ma­
terials Poland), sodium aluminate (40-45%  Na2O, 50-56% A l2O3, 
Riedel-de-Haen).

2.1. Synthesis of MCM-56

MCM-56 was prepared by the published procedure [19,42]. The 
synthesis mixture comprised the follow ing reagents: silica (nanopowder 
with particle size 10-20 nm), 50% NaOH solution, sodium aluminate, 
98% hexamethyleneimine (HM I) and deionized water combined with 
the molar ratios: 1 SiO2: 0.04 A l2O3: 0.093 Na2O: 0.3 HMI: 16 H2O. The 
hydrothermal synthesis was carried out in a sealed Teflon-lined auto­
clave with rotation, initially by aging for 12 h at room temperature, and 
then with heating at 145 °C for 38 h. The solid product was isolated by 
filtration, washed with deionized water and dried at room temperature. 
Its quality was verified by powder X-ray diffraction (XRD) and textural 
parameters.

2.2. Exfoliation and purification o f MW W  monolayer solutions

The published two-step procedure was followed [1 9 ]. 0.5 g o f 
MCM-56 was stirred for 1.5 h with 27 g o f 11% tetrabutylammonium 
hydroxide (TBAOH) solution and centrifuged for 20 min at 10,000 rpm 
in a 50 ml falcon tube (Kartell, non-sterile). The supernatant was dec­
anted and discarded. 40 ml o f water was added to the w et sediment, 
stirred for 1.5 h and centrifuged like before. The obtained translucent 
supernatant solution containing unilamellar M WW  nanosheets [19 ], 
was carefully decanted and used, as-is or after dialysis, for combination

with Pt-nanoparticle solutions described below. Typical pH was 12.

2.3. Dialysis o f the MW W  nanosheet solutions

The dialysis was carried out as an optional purification/pH reduction 
step. Supernatant solutions with M WW  layers were poured into a dial­
ysis tubing cellulose membrane with the cutoff o f 14,000 Daltons 
(Sigma-Aldrich) and immersed in excess deionized water. The external 
solvent was stirred and changed repeatedly, until the desired pH was 
obtained.

2.4. Synthesis o f the platinum nanoparticles

Citrate-capped platinum nanoparticles were synthesized with the 
protocol described elsewhere [4 3 ]. In a typical procedure, 2 ml o f 
H2PtCl6 (16.0 mM) and 2 ml o f TSC (40.0 mM) were added to 76 ml o f 
deionized water and stirred for 30 min at room temperature. Next, 200 
pl o f NaBH4 (50.0 mM) was added dropwise and the reaction mixture 
was stirred vigorously for 1 h at ambient temperature. The typical 
particle size was 1.5-3.5 nm.

2.5. Preparation o f MWW zeolite-Pt samples

Solutions with platinum nanoparticles were added dropwise to 40 ml 
o f  the solutions o f M WW  nanosheets with stirring. The mixture was 
stirred for additional 20 min and lyophilized. The follow ing solution 
ratios were used to obtain desired Pt contents: 1:1.175 (0.8% Pt w/w), 
1:0.44 (0.3% Pt w/w), and 1:0.30 (0.2% Pt w/w).

2.6. Freeze-drying

The solutions o f Pt nanoparticles and M WW  monolayers (50-90 ml) 
were frozen for 30 min in a shell bath freezer to — 42 °C, with integrated 
rotate system and then attached to the lyophilizer (Labconco®) and 
maintained under vacuum (0.1 mbar) for overnight, affording low  
density powder.

2.7. Sample preparation for catalysis

The obtained Pt-MWW zeolite samples were calcined at 540 °C for 6 
h to remove the template and other organic residue, and ion exchanged 
into the NH4+ form, by stirring with 1 M solution o f NH4NO3 for 1 h at 
room temperature (20 ml o f NH4NO3 per 0.5 g zeolite). The exchange 
was carried out three times, then samples were filtered, washed with 
deionized water and dried at room temperature.

2.8. Catalyst characterization

Fourier-Transform Infrared Spectroscopy (FT-IR) was used to deter­
mine the concentration o f Br0nsted (BAS), Lewis (LAS) and external 
Br0nsted (BASext) sites. Pyridine (kinetic diameter 0.54 nm [44 ]) 
adsorption allowed to determine BAS and LAS concentration, using in­
tensity o f the 1545 cm~1 band o f  protonated pyridine, and the 1450 
cm~1 band o f coordinatively bonded pyridine with respective absorp­
tion coefficients: e(BAS) =  0.044 cm2/pmol, e(LAS) =  0.165 cm2/pmol 
[4 5 ]. Trimethylacetonitrile (pivalonitrile, kinetic diameter 0.62 nm 
[4 4 ]) interacts only with Br0nsted acid sites at the external surfaces and 
pore mouths. External Br0nsted acid sites (BASext) concentration was 
estimated by integration o f the 3620 cm~1 maximum, characteristic o f 
Si-OH-Al group, i.e. BAS [46] measured before and after trimethylace­
tonitrile adsorption. Self-supporting pellets o f  mass between 15 and 20 
mg were prepared from zeolite powders, and transferred to a 
home-made FT-IR cell, allowing activation and adsorption inside FT-IR 
spectrometer. Samples were calcined at 490 °C for 1 h under vacuum (~  
10_ 5 mbar). Before the adsorption o f probe molecules the system was 
cooled to the proper adsorption temperature: 170 °C for pyridine,



S c h e m e  1 . Preparation steps leading to P t-M W W  materials.

ambient temperature for pivalonitrile. After adsorption o f the vapors (at 
ca. 20 mbar equilibrium pressure) the gas phase together with weakly 
adsorbed species were evacuated at the adsorption temperature for 20 
min. FT-IR measurements were carried out using the Bruker Tensor 27 
spectrometer equipped with an MCT detector having the spectral reso­
lution o f 2 cm~1.

The solid products were characterized by X-ray diffraction (XRD) 
using Rigaku MiniFlex diffractometer in refection mode, CuKa radiation 
(Я =  0.154 nm) in the ranges 20 =  3-35°. The XRD patterns were usually 
collected with steps o f 0.02° .

Adsorption/desorption isotherms o f nitrogen at — 196 ° C were 
determined using static volumetric Autosorb IQ apparatus (Quantach- 
rome Instruments). A ll samples were activated under vacuum for 1 h at 
80 °C, 1 h at 120 °C and 8 h at 350 °C (2 °C/min). Specific surface area 
values were determined using the BET method, based on the recom­
mendation concerning characterization o f  microporous materials [4 7 ]. 
The t-plot method was used to determine the external surface area and 
micropore volume values.

TEM measurements were performed using an FEI S/TEM Titan in­
strument operating at an accelerating voltage o f 300 kV. TEM visuali­
zation was also carried out using JEOL NeoARM 200 F operating at 200 
kV. STEM images were collected using annular dark field detector. 
Powder samples were deposited on the EMR Holey Carbon support film 
on copper 300 square mesh. Microscope was aligned by the standard 
method using sample covered with gold nanoparticles. The measure­
ments were carried out to assess the morphology and size distribution o f 
the synthesized platinum nanoparticles. TEM images were analyzed

using the Java open-source ImageJ 1.51k software [4 8 ].

2.9. Catalytic testing

The model catalytic reaction was performed in PID 4 Parallel Stirred 
Tanks Ppcstr19003. Before the reaction, the Pt-MWW catalysts were 
reduced in a tube oven with 150 ml/min H2/N2 (v :v  =  1:1) at 500 °C for 
5 h (4 °C/min). Catalytic reactors with 50 ml volume were loaded with 
~  7.5 mmol o f 3-nitrotoluene (Sigma Aldrich, 99%), ~  50 mg catalysts 
(Pt-MWW  or Pt/Al2O3 -  Sigma Aldrich, 1% loading), ~  2.5 mmol n- 
dodecane (Sigma Aldrich, 98%, internal standard), and 30 ml n-hexane 
(VW R Chemicals, 100%). After reaching 100 °C, the autoclave was 
pressurized with 6 bar H2 and stirring was fixed at 800 rpm. Samples o f 
the reaction mixture were withdrawn after 0, 15 min, 30 min, 1 h, 2 h, 4 
h, and 6 h o f the reaction. The samples were centrifuged to remove the 
catalyst and analyzed by gas chromatography using a gas chromato­
graph Agilent 7890B GC equipped with HP-5 column (length 30 m, 
diameter 0.32 mm, and film thickness 0.25 pm).

The conversion o f 3-nitrotoluene (Conv.) and was calculated ac­
cording to Eq. (1 ):

Conv(% ) =  N3n f “ d N3n ̂N,t • 100% (1)

where N3n feed is the amount o f 3-nitrotoluene (moles) in the feed; N3n pr 
is the amount o f 3-nitrotoluene (moles) in the products mixture. A ll N 
values used in Eq. (1 ) were calculated based on the internal standard 
calibration method, using n-dodecane as an internal standard and
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Fig . 1. XRD patterns o f  M CM -56 w ith  platinum nanoparticles and their 

parent (M W W ).

commercially available 3-nitrotoluene. For identification o f the product 
m-toluidine (Sigma Aldrich, 99%) was used.

3. Results and discussion

The primary goal o f this work has been the preparation and valida­
tion o f a new type o f zeolite-metal nanoparticle catalysts that have been 
enabled by the availability o f exfoliated zeolite monolayer solutions. 
The liquid dispersions o f  zeolite monolayers and metal nanoparticles in 
solutions are prepared separately and combined into homogeneous so­
lutions from which intimate solid mixtures can be isolated. Freeze- 
drying was the chosen method o f isolation as it ensured full recovery 
o f all components. Before the reported exfoliated zeolite layers in so­
lution [19] become available the only possible synthetic pathways were 
based on solid-liquid treatments [44,49], which are constrained in many

ways, especially by size and charge as obstacles to mutual component 
penetration and intimate mixing. These impediments are in principle 
absent and the synthesis is readily implemented in the systems presented 
herein, because they are based on forming homogeneous liquid solu­
tions. One o f the important parameters that may be critical for activity 
and cost, is the relative amount the metal, so it was investigated as the 
primary variable, between nominal 0.2-0.8% Pt metal. The preparations 
proved to be straightforward and produced the desired outcome o f 
Pt-nanoparticles with representative sizes below  10 nm well dispersed 
within the zeolite matrix. This was confirmed by TEM and more detailed 
physical characterization. Most notably, the obtained catalysts showed 
potential for high activity, dependent on Pt level, in a model reaction -  
3-nitrotoluene hydrogenation, with performances comparable to a 
commercial catalyst. The preparation and differences between the pro­
duced catalysts are shown in Scheme 1. The adopted sample designation 
includes %Pt and optional -dl at the end (as dialysis i f  applied, e.g. 
0.2Pt-MWW-dl).

In all preparations the original framework was preserved but there 
was some variation in basic zeolite characteristics: XRD, textural prop­
erties and acidity, which turned out to be less crucial for high catalytic 
activity.

Powder X-ray diffraction patterns o f the Pt-nanoparticle-MWW 
layers (Pt-MWW ) after calcination, shown in Fig. 1, contain the finger­
print reflections at ca. 7.1°, 14.2°, 25° and 26°20 (CuKa radiation; d- 
spacing: 1.25, 0.625, 0.356, 0.342 nm) confirming the M WW  structure 
[5 0 ]. The original MCM-56 samples show the characteristic broad band 
between 8° and 10°20, assigned to disorganized M WW  layers but with a 
slight dip, interpreted as partial ordering due to calcination [5 1 ]. In the 
Pt-MWW this band is not well defined because there is an additional 
distinct broad maximum arising near 10°20. The latter was already re­
ported in our previous publication concerning M WW  layers isolated 
after exfoliation [52] but its origin and assignment are obscure. One o f 
the possibilities may be that it is related to the 003 reflection. The

Fig . 2. Particle size distribution (PSD ) in the original platinum nanoparticles solution, in calcined and amm onium exchanged Pt-M W W  m aterials (darker co lors) and 

after reduction w ith  H 2 (striped).

Pt nanoparticles 0.2Pt-MWW-dl

0.8Pt-MWW-dl0.3Pt-MWW

particle size, nm particle size, nm



0.2Pt-MWW-dl 0.3Pt-MWW 0.8Pt-MWW-dl

Fig . 3. Selected TEM  images fo r the Pt-M W W  materials (row s 1 and 2), close-up v iew  o f  selected samples o f  the Pt nanoparticles (bottom  le ft) and SAED o f  the zeo lite  

(bottom  right).

T a b le  1

A cid  sites concentration based on the sorption o f  pyrid ine (tota l Br0nsted and Lew is acid sites, BAS and LAS) and p iva lon itrile  (external Br0nsted acid sites, BASext) 

determ ined by FT-IR spectroscopy, and textural properties calculated from  n itrogen  adsorption isotherms (specific surface area BET, m icropore volum e, and external 

surface area).

Sample Surface area, m2/g Pore volume, cm3/g

Vmicro

Acid sites concentration, ^mol/g

SBET Sext BAS LAS BASext

MWW 504 201 0.104 1028 142 376
0.2Pt-MWW-dl 507 291 0.092 826 158 196
0.3Pt-MWW 255 329 0 554 98 254
0.8Pt-MWW-dl 431 269 0.070 831 141 253
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F ig . 4. N 2 adsorption isotherms fo r parent M W W  and Pt-M W W  samples.Pt-MWW materials show amplified low  angle reflections at 3.8°29, 

which are not the 001 reflections but due to non-Bragg diffraction 
caused by thin crystal dimension along the z axis [53,54]. The observed 
intensity amplification may indicate that due to Pt-nanoparticles the 
layers reveal more unilamellar character that when they condense 
without intervening particles. The sample obtained without dialysis o f 
the solution with M WW  layers has visibly lower crystallinity, which is 
also reflected in lowered textural parameters. Evidently, dialysis is 
conducive to higher crystallinity and porosity, but these parameters are 
not crucial for the eventual overall catalytic performance.

Particle size distributions o f the Pt nanoparticles are shown in Fig. 2. 
The original nanoparticles in solution are not larger than 3.5-4 nm. The 
dominant size fractions are 2.5 nm (62% ) and 1.5 nm (30%). The size o f 
Pt nanoparticles in the zeolite matrix after calcination is increased to 
between 5 and 10 nm for the most abundant fraction and the size dis­
tribution is broadened. There is evident agglomeration and the resultant 
particles have continuous crystalline structure. Larger amount o f Pt, 
namely 0.8%, leads to bigger particles overall, so the smaller amounts, 
like 0.3% seem optimal (for cost reasons too) (Fig. 3).

The combined results o f textural properties calculated from nitrogen 
adsorption isotherm (specific surface area BET, micropore volume, and 
external surface area) and concentration o f Brpnsted active sites are 
summarized in Table 1.

For the Pt-MWW samples the final textural properties are greatly 
influenced by pre-purification o f the M WW  nanosheet solutions by 
dialysis: the dialyzed ones, 0.2% and 0.8% Pt, showed significant 
micropore volume and BET surface areas, comparable to the source 
MCM-56 materials. In contrast, the undialyzed M WW  solution resulted 
in the end in depressed textural properties and also lowered apparent 
crystallinity (0.3%Pt). The dialyzed Pt-MWW samples showed ca. 30% 
higher external surface area and ca. 50% higher Brpnsted acidity with 
respect to the sample not subjected to dialysis. The observed differences, 
especially the apparent lower quality o f  the undialyzed sample were not 
critical for catalytic performance.

There is a visible qualitative change in the isotherms ( Fig. 4) between 
the original MCM-56 and the Pt-MWW products. The former show large 
vertical hysteresis above p/p0 >  0.8, attributable to relatively large 
interparticle voids -  it is type H2b due to pore blocking/percolation in a 
wide range o f pore openings [4 7 ]. The dialyzed Pt-MWW samples 
showed very similar adsorption isotherms with a H3/H4 horizontal 
hysteresis loops, often exhibited by non-rigid agglomerates, 
platy-shaped microporous materials (H3) or aggregates o f zeolite crys­
tals (H4) [4 7 ]. The isotherm observed for the undialyzed sample is 
shifted down, which indicates significantly lower microporosity, and 
exhibits slightly larger slope indicating larger external surface. The fact 
that the BET surface is lower than the external surface areas is surprising

200 
time, min

F ig . 5. Catalytic test results o f  3-nitrotoluene hydrogenation.

but not erroneous, because both values were calculated using different 
formalism based on different geometrical models, therefore they have 
limited physical meaning and are not commensurate. 0.3Pt-MWW 
sample shows discrepancy between the data from nitrogen adsorption 
measurements (in which this material appears as non-porous) and 
acidity and catalysis data (which indicate considerable content o f 
accessible acid sites, typical for zeolitic frameworks). A  possible expla­
nation o f this effect is blocking the micropores by Pt nanoparticles, 
effective at liquid nitrogen temperature and ineffective at higher tem­
peratures (due to thermal expansion and framework dynamics).

External acidity o f all Pt-doped samples was significantly lower with 
respect to the source materials. BAS concentration decreased by ca. 25% 
(ca. 200 pmol/g) for the dialyzed samples and this loss is mainly due to 
the decrease o f the BASext concentration, which diminished from 376 to 
200-250 pmol/g even as the external surface area increased. This can be 
accounted for, since Pt nanoparticles are located in the interparticle 
region, and their presence does not influence the internal (intralayer) 
acidity. A t the same time pyridine was able to react with all BAS present, 
since the intensity o f the Si-OH-Al maximum after pyridine adsorption 
disappeared (spectra not shown), which indicated that interior o f the



layers was not blocked by the deposited nanoparticles. Much higher 
decrease o f BAS concentration (ca. 50%) together with negligible 
micropore volume shown by the undialyzed sample highlights the 
importance o f additional purification but is hard to explain in detail. On 
the other hand, such purification, e.g. by dialysis, was not crucial for 
hydrogenation activity as already emphasized above. This indicates the 
importance o f colloid purification, in our case made by dialysis, in 
processes in which acidity is equally important as activity provided by 
nanoparticles.

As the final and most consequential evaluation, the obtained Pt- 
M WW  materials were tested in a model catalytic reaction o f 3-nitroto- 
luene hydrogenation (Fig. 5). The top conversion was comparable to a 
commercial catalyst, validating the general synthetic methodology and 
approach to producing competitive catalyst. The three studied samples 
showed differences in activity (w ith 100% selectivity to 3-aminoto- 
luene), which are difficult to correlate with determined physical char­
acteristics and acidity but point to a rationale that there is a minimum 
level for Pt, 0.3%, to achieve maximum conversion and above that the 
performance levels off. The 0.2% Pt catalyst is visibly less active than 
those 0.3% Pt and up. As already emphasized the nominal quality based 
on XRD, textural properties and acidity are less critical. In the same vain, 
dialysis affords better quality materials based on these properties but 
does not affect catalytic performance at this level. Possible sintering o f 
Pt nanoparticles during activation o f the catalysts in hydrogen at high 
temperature was ruled out on the basis o f particle size distribution by 
TEM imaging. The overall distribution o f the particle sizes was not 
changed considerably as shown in Fig. 2 (corresponding images o f the 
H2-treated catalysts are presented in Fig. S1, Supplementary material).

4. Conclusions

Zeolite M WW  monolayers, 2.5 nm thick, exfoliated into solution 
were combined with solution o f Pt nanoparticles, and isolated as inti­
mately mixed solid catalysts. This represents an unprecedented 
approach to preparation o f bifunctional catalysts, which to date was 
carried out exclusively via heterogeneous solid-liquid interactions. 3 
different levels o f platinum incorporation were targeted: 0.2%, 0.3% 
and 0.8% w/w with optional purification o f the M WW  solutions by 
dialysis after exfoliation. The obtained catalysts were tested in a model 
nitrotoluene hydrogenation and those with Pt content above 0.2% 
showed activity comparable to a benchmark commercial catalyst. 
Physical characterization showed that the applied dialysis was benefi­
cial for XRD quality and textural properties but did not matter much for 
catalytic activity, which depended mostly on the amount o f Pt, specif­
ically to be at sufficiently high level (0.3% in this case). The final cat­
alysts showed moderate increase in size o f the Pt nanoparticles from ca. 
3 nm to between 5 and 10 nm for the most represented size fraction. The 
demonstrated approach can be extended to both other exfoliated layered 
zeolites as they become available and other nanoparticles relevant for 
catalysis. The synthesis itself has many variables for optimization that 
may vary depending on a particular process.
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