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Platinum Sintering on H-ZSM-5 Followed by Chemometrics of CO
Adsorption and 2D Pressure-Jump IR Spectroscopy of Adsorbed
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Platinum catalysts are important materials for green chemis-
try and car exhaust treatment.) Under working conditions,
Pt nanoparticles, reported as the catalytic centers of the
reactions, are unfortunately subject to deactivation due to
migration and further Pt agglomeration. From this so-called
sintering mechanism, many important points remain a matter
of debate, especially since conventional optical character-
ization methods do not provide crucial parameters such as Pt
location.*! For example, CO chemisorption sheds light on
the metal dispersion and its combination with infrared (IR)
spectroscopy can improve the accuracy of the results.'! This
technique is, however, only fairly sensitive because it only
yields an average value of dispersion and only one type of Pt
nanoparticle is generally considered, whereas transmission
electron microscopy (TEM) often reveals the presence of
various Pt nanoparticles, differing in size and shape,'>"
depending on the preparation, support, and thermal treat-
ment.**2 None of these techniques gives clear information
on where the Pt nanoparticles are positioned on the zeolite
support, although they constitute the core of the catalytic
reactions. The location of the Pt nanoparticles on the ZSM-5
support could be tuned (mesoporosity, microporosity, outer
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surface) and could result in distribution in different classes of
Pt nanoparticles (after thermal treatments, catalytic process-
es). This control of the location of the catalytic center is also
likely to affect strongly the efficiency of the catalyst, first
because it may influence the accessibility of the Pt metal to
the reactant gas, and second because it could also limit the
agglomeration when Pt is confined into the pores.

In order to gain information on the sintering mechanisms
of Pt nanoparticles supported onto ZSM-5 zeolites (2.0 wt. %
Pt), we report herein the combination of chemometric
analysis of CO chemisorption with two-dimensional pres-
sure-jump IR spectroscopy of adsorbed species (2D PJAS-
IR)?3% to shed light on the distribution and location of the
metal particle.

Three different methods were used for dispersing Pt on
the zeolite (Table 1). TEM of the samples prepared by zeolite
wet impregnation (WI) (Figure 1) shows two classes of Pt
nanoparticles differing in size. The particles we detected have
an average size larger than 2.5 nm and are not expected to be
located in the micropores but rather in the mesopores and on
the outer surface. For samples prepared from colloidal
impregnation (CI), no Pt nanoparticles are expected inside
the pores of the ZSM-5 support (the colloid is too large),
whereas for samples prepared after ion exchange (IE), the
larger agglomerates are long, thin cylindrical particles prob-
ably shaped by the mesoporosity.”!

CO chemisorption®" (Table 1) confirms the TEM obser-
vations that the Pt particles greatly sinter with around three
times lower dispersion after air treatment, whereas the
surface and pores of the zeolite matrix (Table 1) remain
stable (and encapsulation of Pt into plugged pores can be
neglected). Chemometric analysis® of the TR data was
performed to check for any possible distribution into n
different Pt particle species (n=1 to 5). The decomposition
result obtained with n=2 appears as the most appropriate
and explained up to 98 % of the variations in the spectra on
such WI samples.”!! The two separate contributions are
identified in the spectra (Figure 2a) for Wl,, as shown by
the area normalized reference spectra (Figure2b). The
relative contributions of the absorbance at low and high
wavenumbers vary with increasing doses of CO introduced.
This proportion is expressed by the respective concentration
profiles (Figure 2¢).

The two reference spectra obtained after decomposition
(Figure 2b) validate the previous suggestion about the main
presence of two populations of Pt nanoparticles. The shape of
the two reference spectra gives clues about the size and shape
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Table 1: BET, CO chemisorption, and TEM measurements on Pt/ZSM-5 catalysts.

Pt/ZSM-5 samples Textural properties CO chemisorption TEM
Pt loading Si/Al Ageing Seer Pore Micropore Dispersion Al dhyig yna
method® conditions [m?g™] volume volume (%] [nm] [nm]

[m’g] [m’g]

Wigear 28 fresh 331 0.24 017 3.9 1.6 6.0 2.5
Wleo 28 CO, 1073 K 338 0.25 0.16 34 2.1 12.0 2.5
Wy, 28 N,, 1073 K 337 0.20 0.16 2.9 2.5 12.0 2.5
Wi, 28 air, 1073 K 331 0.21 0.15 1.4 1.6 20.0 5.0
Cl 50 fresh 389 0.29 0.18 29.4 - 2.0
IE 50 fresh 373 0.28 0.17 16.4 - 5.01

786

[a] WI=wet impregnation; Cl = colloid impregnation; |IE=ion exchange. [b] Platinum surface ratio between pores and external surface. [c] Cylindrical
shape with [>d.

Figure 1. TEM images of Wlg.y,, Wly,, and Wi, samples (from left to
right).
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Figure 2. a) Difference IR spectra after CO additions on Wi, and

b) corresponding MCR decomposition into two reference spectra.

c) Concentration profiles. C is dimensionless and expressed as the
relative contribution of the two reference spectra in (b) to the spectra
displayed in (a) (the dotted line corresponds to saturation).

of the particles. The reference spectrum (1) is essentially
centered on the 2095 cm™' IR band; it corresponds to large
particles for which CO is mainly adsorbed on Pt® planes
(highly coordinated surface platinum atoms). The reference
spectrum (2) is red-shifted and peaks at 2085 cm™' with a
broad shoulder at lower frequencies. It can be ascribed to
smaller Pt particles for which CO adsorbs abundantly on less
coordinated Pt atoms (at edges and corners) in the 2080-
2050 cm™! wavenumber range.'** The spectra corresponding
to these small particles (2) grow faster in intensity during the
first CO doses (Figure 2¢), indicating a preferential adsorp-
tion on small particles. Figure 3 reports the reference spectra
from the chemometric analysis for the fresh and CO, N,, or air
aged samples. The chemometric analysis done on CI and IE
samples only gives relevant decompositions with n=1,
indicating a homogeneous distribution of Pt particles in only
one population on these samples.

The clear blue-shift (up to A¥cg=5cm™') observed for
the second reference spectrum after ageing indicates agglom-
eration of small Pt particles (Figure 3b). Figure 3¢ shows the

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2100.

a) b) )
|0‘2 |02 =
Wi W ] .
™
A Wi, Wi, o/em O
L™ Wi,
o
Wiy Wiy 2085.
2150 2100 2050 2000 1950 2150 2100 2050 2000 1950 0 5 10 15 20
~— s/cm™ ~— o/cm™! d/nm—

Figure 3. The 2150-1950 cm™' range of the normalized reference
spectrum of CO chemisorbed on a) large and b) small Pt particles of
WI samples, as computed with the MCR-ALS method. Note that the
CO and N, treatments lead to similar Pt particle distributions.

c) Relationship between the frequency of the IR band (vc) and particle
size.

relationship between the frequency of the IR band (v¢o) with
particle size, determined as explained for Figure4 (and
detailed in Ref. [31]). The phenomenon is more pronounced
on the mid-aged sample, and even more in the air aged
sample—the broad shoulder corresponding to low coordi-
nated Pt atoms is not visible anymore. The first reference
spectrum (Figure 3 a) corresponds to larger agglomerates; it is
also blue-shifted and sharpened upon ageing, which also
indicates sintering.

The Pt particle size was evaluated for both populations
(assuming minimal Pt migration between the two distinct
locations), considering a reference sample with known
particle size (from TEM). The WI,;, sample was preferred
as starting point to calculate the sizes of large and small
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Figure 4. Determination of Pt particle sizes for the large (squares) and
small particles (circles) from chemometric calculations (solid symbols;
with W1, as reference) and after TEM observations (empty symbols).
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particles (“d;” and “ds”) of the three other samples as
difference between the two populations are the most obvious.
These results agree very well with the TEM observations
(Figure 4). It is also possible to have direct access to the ratio
of large versus small Pt particles. It appears that 70 % of Pt is
present as large particles (above 6 nm) for W1, thus explaining
the initial low dispersion on fresh sample.

The 2D PJAS-IR technique is capable of locating
adsorption sites by Fourier analysis of the evolution of the
IR spectrum after a sudden change in the pressure of
adsorbed species over a porous material.”! The pressure
jump of adsorbed CO was studied on some of the samples to
investigate the Pt location. In the corresponding 2D maps
(Figure 5), two different frequency regions appear for the IR
bands of both CO gas (2140-2120 cm™'; high wavenumbers,
HW) and adsorbed CO on Pt (2100-2000 cm™'; low wave-
numbers, LW). One resonance is at high frequency (HF) at
130 Hz or 250 Hz, depending on the Si/Al ratio and textural
properties (Table 1), and a second one is at low frequency
(LF; below 50 Hz). The IE sample, which should mainly
contain platinum in the pores, exhibits essentially one single
response at 130 Hz, that is, higher than on CI sample
(<50 Hz). This latter frequency should be addressed to the
CO adsorption—desorption oscillation process occurring on
the external surface, as the colloid precursor is too large to
penetrate into the zeolite pores. The difference in frequency
observed between the two resonances can be explained in
terms of the mean free path, which is shorter in the pores than
on the outer surface. The Wl sample leads to oscillations at
HF and LF, which confirms the presence of both Pt particles in
the mesopores and on the external surface. Furthermore, the
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HF signal appears below 2070 cm™
appears at higher wavenumbers.

It can be concluded that Pt particles located in the
mesopores (with a resonant response at HF) are the smallest
(CO peak centered at LW), whereas larger Pt particles (CO
peak centered at LW) are observed on the outer surface of the
zeolite (with a LF resonant response).

The Pt sintering mechanism is supposed to be mostly
related to particle migration and coalescence after such
thermal ageing treatments (1073 K),F? so that Pt migration
from the pores to the external surface must be clearly limited.
Figure 6 depicts the sintering of the Pt particles occurring in

whereas the LF signal

sintering
—

Figure 6. Sintering mechanism on Pt/ZSM-5 catalysts on the external
surface and in the mesopores.

two distinct and separated systems: inside the pores for small
particles and on the external surface for large particles. When
sintering occurs in the mesopores, the particle size is
especially depending on the mean pore diameter, whereas
on the external surface the particles may greatly agglomerate.

IR study of CO chemisorption on Pt/ZSM-5 catalysts has
clearly confirmed the TEM observation of global sintering
occurring after ageing under CO, N,, and air. Chemometrics
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Figure 5. 2D P)JAS-IR maps (at 573 K) of CO adsorbed on Pt/ZSM-5: Wi, at a) HF and b) LF; c) IE at HF; and d) Cl at LF. (IE at LF and Cl at HF

do not lead to any signal.)®"
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evidenced and quantified two separate populations of Pt

nanoparticles differing in size. 2D PJAS-IR measurements

showed the presence of Pt species in two different locations.

Two relaxation frequencies range were found for one series of

samples attributable to Pt particles located in the pores and

on the external surface of the zeolite support. Some other
samples only displayed one frequency because of the unique
location for Pt particles: either in the pores or on the surface.

After combination of the three techniques (chemisorption,

chemometrics, and 2D PJAS-IR), two separate sintering

mechanisms were observed on the ZSM-5 support:

e a limited sintering occurring in the mesopores, where the
Pt particles size is restricted to the mean mesopore
diameter (ca. 5 nm); and

e amuch more pronounced sintering on the external surface,
where severe thermal treatments lead to strong Pt particles
agglomeration (ca. 20 nm) with no control by the support
porosity.

The zeolite porosity, the corresponding Pt location (sur-
face and porosity) after impregnation and thermal treatment,
and possible migration are the key parameters that directly
act on the severity of the deactivation mechanism. The benefit
of the present spectroscopic techniques must now be linked to
catalytic activity in CO oxidation (for example) to determine
the optimum catalyst.

Experimental Section

Three Pt/ZSM-5 samples (2 wt. %) were prepared from colloid and
wet impregnations (CI and WI) or after ion exchange (IE). The CI
process was done from a solution of H,[PtCls] with polyvinylpyrro-
lidone as protective polymer and ethanol as reductant.”® For WI,
ZSM-5 powder was dispersed in distilled water and then added over
the period of 1h to a Pt nitrates solution (under stirring) and then
heated to 363 K. Afterwards, the powder was dried in air at 393 K for
24 h and calcined in air at 723 K for 2 h. For IE, the ZSM-5 powder
was dispersed in deionized water and stirred with a solution of
[Pt(NH,),(OH),] for 2 h. After filtration and washing with deionized
water, the Pt/ZSM-5 powder was finally dried and calcined. For the
whole set of “ageing procedures”, the sample (15 g) was first heated
in a 25 mL cell from room temperature to 1073 K at 20 Kmin ' under
a flow of 5 Lmin~! of dry N,. The atmosphere was then switched to
the desired ageing gas for 5 h at steady temperature and flow rate. At
the end of the ageing treatment, the flowing gas was switched to dry
N, and the samples were cooled to room temperature at 20 Kmin '[!

CO chemisorption experiments were measured with a static
experimental FTIR setup.’!! Subsequent chemometric calculations
were performed by using the multivariate curve resolution/alternating
least squares (MCR-ALS) method.”!!

Two-dimensional pressure-jump IR spectroscopy of the adsorbed
species (2D PJAS-IR) was performed on a Bruker IFS 66 FTIR
instrument equipped with a cryogenic MCT detector and running at
8 cm™! resolution.®!! The sample was in the form of self-supporting
pellets suitable for measurements in transmission mode. A mixture of
CO/He (1:10; 33 Torr) was introduced at room temperature, and then
the sample was heated to 573 K. Afterwards, the 2D PJAS-IR
experiment was performed on Pt/ZSM-5 with five co-additions and
the IR spectra were recorded in step-scan mode with a time
resolution of 1 ms.**% This technique allows fast spectra acquisition
in the first key steps of the process under study.””
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