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3D Raman Spectroscopy of Large Zeolite ZSM-5 Crystals
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/Abstract: Hydrothermal treatment is a common method
used to modify the physicochemical properties of zeolite-
based catalyst materials. It alters the number and type of
acid sites through dealumination and increases molecular
diffusion by mesopore formation. Steaming also reduces the
structural integrity of zeolite frameworks. In this study,
Raman microscopy has been used to map large zeolite ZSM-
5 crystals before and after steaming. 3D elemental maps of
T—O (T: Al or Si) sites of the zeolite were obtained. The

-

Raman active vibrational bands were determined, which are
indicative of (non-) framework Al, as well as of structural in-
tegrity. Zeolite steaming caused the introduction of addi-
tional heterogeneities within the zeolite framework. Al mi-
gration and the formation of extra-framework Al species
were observed. The described experiments demonstrate the
capability of 3D Raman spectroscopy as a valuable tool to
obtain information on the spatial distributions of framework
elements as well as defects within a zeolite-based material.

Introduction

The catalytic properties of zeolites are strongly determined by
their Brgnsted acidity, which is governed by the Si/Al ratio of
the zeolite framework. Additionally, the spatial distribution of
framework and extra-framework Al affects the overall reactivity
of zeolites.""*! Hydrothermal treatment (i.e., steaming) causes
pore enlargement by modifying the zeolite microporosity,
which enhances the diffusion properties of the zeolite frame-
work through dealumination. Upon steaming, framework Al
species are removed forming non-framework Al sites.”! There-
fore, steaming alters the overall activity of zeolites.*'¥ A fine
balance is required between the number of Brgnsted acid sites
(i.e., the amount of active sites) and the mesopore volume
formed through steaming (i.e., improving the accessibility to-
wards the active sites).

It is fair to state that vibrational spectroscopies are (one of)
the major characterization tools utilized in zeolite science and
technology as they can provide structural and bond informa-
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tion about the zeolite frameworks.">'"® In particular, infrared

(IR) spectroscopy has been one of the most common spectro-
scopic methods used to study the structure and reactivity of
zeolite-based materials, often in combination with probe mole-
cules, such as pyridine, ammonia, CO, and NO. In comparison
to IR spectroscopy, Raman spectroscopy is rather under-utilized
in zeolite science, mainly because of the difficulty of obtaining
Raman spectra with reasonable signal-to-noise (S/N) ratio.
However, the principle of confocality that is lacking in IR mi-
croscopy, makes Raman microscopy a useful tool for zeolite
characterization."®'” The major difficulty of measuring Raman
spectra of zeolites is attributed to the often-encountered
broad fluorescence, which is an intrinsic property of zeolites."®
Moreover, the presence of small amounts of organic molecules
(mainly coming from template molecules used for the synthe-
sis of zeolites) can also overshadow the characteristic (weak)
Raman bands of the zeotype frameworks. This is because the
spectrum of these organic molecules is massively enhanced
when the laser frequency matches with the frequency of their
electronic transitions; a process which is known as the reso-
nance Raman effect."” High-temperature treatments under an
oxidative atmosphere are reported to resolve the issue of or-
ganic impurities, as it is considered that these conditions are
able to remove the hydrocarbon species responsible for fluo-
rescence.””

The problem of broad fluorescence could be (partially)
solved by using lasers of appropriate wavelength with respect
to the type of materials researched."® Especially, UV lasers
have helped to overcome the fluorescence problem in Raman
spectroscopy of zeolites. Some active groups in this field of re-
search include those of Li,"¥ Dutta,”” and Stair,”? as well as of
Lamberti, Zecchina and Bordiga®®® and we refer here to some
of their seminal papers for further information. For example, it
has been possible to probe the dealumination extent within
the MFI framework using UV-Raman spectroscopy.” Similarly,
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Table 1. Literature survey of the Raman band assignments of zeolite ZSM-5.

Band position [cm™"] Vibrational mode assignments® Ref. Band position [cm™] Vibrational mode assignments'® Ref.
294 d (T-O-T) of 6MR [32] 617 D4R [33]
360 d (D6R) [15] 673 d (Si-O-Al) [34]
380 n, (T-O-T) [21] 723 n, (T-0) [35]
408 d (O-T-0) [36] 745 n (Si-O-Al) [24]
438 n (Si-O-Si) [37] 800 n; (Si-O-Si) [38]
454 d (O-Si-O(Al) [39] 814 Nyas (A-0) [36]
470 d (Si-0) [40] 832 (AI*-0) [41]
548 D5R [42] 890 d (O-Si-H) [38]
590 n; (Al-O-Si) [29] 901 n,, (D6R) [36]
598 n (Al-O-Sj) [21] 967 d,, n, (T-0) [43]

[a] Notation for the various motions of atoms within the normal modes is defined as follows: n, stretching; d, bending; s, symmetric; as, asymmetric. #MR
stands for the # membered ring vibration and D#R stands for the # membered double ring vibration.

temperature-dependent coke formation under hydrocarbon
conversion process conditions in zeolites ZSM-5 and USY was
also studied with Raman spectroscopy using a UV laser."?

The first assignments of vibrational bands of zeolites, how-
ever, were proposed by Flanigen and co-workers”’ They
based their assignments on a series of systematic IR investiga-
tions of silica, as well as non-zeolitic (silicate) minerals.*® Over
time, researchers categorized the variety of zeolite framework
topologies and composition of bulk zeolite materials using vi-
brational spectroscopies.*'%2372527-%% The most intense Raman
bands of zeolites are located between 300-600 cm™ """ The
bands in this spectral region are highly structure-sensitive,
which means the occurrence of differently sized building units
in the zeolite structure corresponds to different frequencies.®"

As zeolites are generally constructed from TO, tetrahedra (T:
tetrahedral atoms, such as Al, Si, P...), the most intense band
in this spectral region is assigned to the vibration of an
oxygen atom in a plane perpendicular to the T-O-T bonds."'
It was shown that for zeolites containing only even-membered
rings (MR) (i.e., 4MR, 6MR, 8MR.) this band is found at
500 cm™~'. Examples include CHA and FAU. In contrast, the
presence of a 5MR lowers the main frequency of the band to
390-460 cm™". For instance, FER has an intense Raman band at
430 cm™', whereas MFI has this Raman band at 380 cm™'.12"
Similarly, vibrational bands at 500-650 cm™' and 300-420 cm™'
are due to external linkage vibrations, namely vibrations of
double four-membered rings (D4R), double five-membered
rings (D5R), or double six-membered rings (D6R), and pore
opening vibrations, respectively.*” The other dominant bands
are reported to occur in the ranges 650-790 and 950-
1250 cm™', which are tentatively assigned to the asymmetrical
stretching mode of (O-T-O) and to the symmetrical stretching
mode (O-T-O) of the TO, tetrahedra, respectively. Further band
assignments for zeolite ZSM-5, as reported in various studies,
are listed in Table 1. However, some of the Raman vibrational
modes of zeolites are not clearly assigned due to the very simi-
lar physicochemical properties of Al and Si atoms, which are
difficult to differentiate by vibrational spectroscopies. There-
fore, some of the vibrations in the literature are stated as T-O
where T refers to Al or Si atoms; they can be considered as
tentative.
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Here, we have studied the effect of steaming on the integri-
ty of the structure of large zeolite ZSM-5 crystals with Raman
microscopy. It is known from previous studies that the large
zeolite ZSM-5 crystals used in this study (and synthesized
using a TPA™ template) have Al enrichment on the crystal
edges and the outer surface.*® In this work, parent (non-
steamed) zeolite ZSM-5 crystals (further denoted as P-ZSM-5)
are compared with two sets of steamed ZSM-5 crystals that are
either mildly treated at 5008C (further denoted as MT-ZSM-5)
or severely treated crystals at 7008C (further denoted as ST-
ZSM-5). Previous studies with scanning electron microscopy
(SEM) and atomic force microscopy (AFM) have demonstrated
that there is no significant change in the overall morphology
of the zeolite ZSM-5 crystal upon steaming under the above-
written conditions." It was also demonstrated that the central
regions of the crystal do change their surface topography at
the nanometer scale after steaming, whereas the tip regions
show minimal alteration. These findings are summarized in sec-
tion S1 (Figure S1) of the Supporting Information, whereas fur-
ther details on these large zeolite ZSM-5 crystals can be found
in the literature.***

By using the confocality of Raman microscopy, it becomes
possible to map the spatial heterogeneities within the zeolite
ZSM-5 crystals in 3D that are introduced by steaming. Further-
more, through a detailed comparison of the Raman spectra
collected, we collected a set of fingerprint spectra along with
plausible assignments of Raman bands related to framework
and extra-framework Al, as well as defect sites, which could
serve as inspiration for theoreticians to further refine the as-
signments of vibrational modes of zeolite-based materials.

Results and Discussion

Figure 1 shows the averaged 3D Raman spectra of the zeolite
P-ZSM-5, MT-ZSM-5, and ST-ZSM-5 crystals in the region of
250-1000 cm™". The first striking difference in the Raman spec-
tra of the three distinct zeolite ZSM-5 crystals is the variety of
spectral intensity of the measurements. The intensity of the
Raman scattered radiation, /, for a sample can be simply ex-

pressed using Equation (1):*°

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Averaged Raman spectra of the zeolite P-ZSM-5 (black), MT-ZSM-5
(red), and ST-ZSM-5 (blue) crystals. The spectral integration time was 7 s. The
inset highlights the 720-900 cm™' spectral region.

lox v*I,N (g%) (1)
where:

n =Frequency of the exciting laser

I,=Incident laser intensity

N=Number of scattering molecules

a = Polarizability of the molecules

Q=Vibrational amplitude

The term g—g ’ describes the change in polarizability caused
by molecular vibrations. For a vibration to be Raman active it
must cause a change in the polarizability. As the term is
squared it becomes greater than zero. Considering a constant
laser intensity and a fixed measurement geometry, the Raman
band intensities are directly related to the number of scatter-
ing molecules, N. The number N depends on the analyte con-
centration and the illuminated volume. Nano- and micro-scale
irregularities and physical defects are known to be present in
zeolite crystals. So, at a given point, the focal volume may vary
due to such defect sites. Furthermore, the Raman signals gen-
erated from a specific volume is expected to be different than
the signal read by the spectrometer due to scattering effects,
which is also dependent on the sample geometry and physical
defects in the analyte volume.

In order to obtain accurate and quantitative spectral intensi-
ty, a normalization procedure was necessary to correct for
overall intensity variations. Amongst the many normalization
methods possible, we have used the method of “normalization
with respect to maximum intensity”.*”® The most prominent
band detected in the spectrum of the parent zeolite ZSM-5
crystal was the O atom vibration within the T-O-T bond plane
at 380 cm.This band also remained the most intense Raman
band in spectra for zeolite crystals that have been steamed.
Therefore, we used the intensity of this Raman band as the de-
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the normalization is shown in Figure 2. The steaming proce-
dure clearly produced spectral differences in the region of
400-500 cm™' (indicated by the yellow area in Figure 2) in
comparison to the parent ZSM-5 crystal. All the prominent

5004
400

2 300

[72] i .

% v(Si-O-Si)

E 200+ 5(Si-0-O(Al))) (AP-0)

/ 8 V(AI-O)

1004 5(Si-O)

0 T T T * T ¥ A? X Al J T % T x
300 400 500 600 700 800 900 1000
Raman shift (cm™)

Figure 2. Normalized and averaged Raman spectra of zeolite P-ZSM-5
(black), MT-ZSM-5 (red) and ST-ZSM-5 (blue) crystals with indicated Raman
band assignments, as summarized in Table 1.

bands in this region, that is, n(Si-0-S)®” at 438 cm™', d (O-Si-
O(AN)® at 454 cm™', and d (Si—0)“? at 470 cm™' were ob-
served to decrease in intensity. The n(Si-O-Si) band became the
most intense of the three peaks observed in the 400 to
500 cm™' region in the steamed crystals, whereas in the parent
crystal the d(Si—O) band at 470 cm™ was dominant. In con-
trast, the bands in the 700-850 cm™' (indicated by the orange
area in Figure 2) were observed to increase in intensity in
steamed crystals when compared to the parent crystal, with
apparent loss of the n(Si-O-Al) peak at 745 cm™' upon steam-
ing. These regions were chosen as the main areas of interest
for further analysis.

The goodness-of-fit was determined with the chi-square test
(c?). Table 2 summarizes the c? results for the average Raman
spectra of each zeolite ZSM-5 crystal under study. Further infor-
mation regarding the goodness-of-fit calculation can be found
in experimental section of the paper. The data collected from
the first 4m starting from the P-ZSM-5 zeolite outer surface
were not included in the chi-square calculation due to the
high level of noise.

In the first part of our study, we have performed a z-stack
analysis for which 5nmmx5mm areas were chosen in the
middle of the Raman measurement layers. The spectra were
averaged in these Raman maps measured for each zeolite

Table 2. Goodness-of-fit for the normalized and averaged Raman spectra
of the zeolite ZSM-5 samples indicated by ¢ values. (c*=1 ideal fit; c*<3
convergence; ¢*>3 minimum without convergence).

: . - : Sample c?
nominator to normalize the spectra. In this way, the compari-
son of the relative spectral differences between the averaged P-ZSM-5 3.08
Raman spectra of the pre- and post-steamed zeolite ZSM-5 MT-ZSM-5 1.58
. ST-ZSM-5 1.66
crystals can be performed with greater accuracy. The result of
Chem. Eur. J. 2019, 25, 7158 -7167 www.chemeurj.org 7160  © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. SEM image of a zeolite ZSM-5 crystal (100X 20x 20 mm). Green
layers indicate the location of the Raman maps of the zeolite ZSM-5 crystal,
whereas the analyzed volume for the z-stack analysis is shown by the indi-
cated red cuboid (5%5x 10 mm).

ZSM-5 crystal under study. A cuboid volume taken from each
zeolite ZSM-5 crystal was evaluated. The location of the
cuboid, with respect to the total measurement area is indicat-
ed in Figure 3. The first map was measured from the crystal
surface, whereas the last map was measured from the mid-
region (10 nm towards the crystal core starting from the outer
surface).

The z-stack analysis of the normalized Raman spectra of a
zeolite P-ZSM-5 crystal is shown in Figure 4a. In addition, the
zoomed spectral regions of interest are shown in Figure 4b,c.
The spectra measured from the first 4 layers (the first 4 nm
starting from the zeolite outer surface) were too noisy, possibly
due to a smaller amount of material within the laser focal area
or due to lower scattering intensity of materials within the
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Figure 4. a) Normalized and averaged Raman spectra of each 2D Raman
map of a large zeolite P-ZSM-5 crystal from the chosen area for z-stack anal-
ysis. Each map is numbered according to the depth they were measured
from. The zoomed-in spectral region of the zeolite P-ZSM-5 crystal z-stack
for the b) 400-500 cm™" and c) 720-850 cm™~' spectral regions. The zoomed-
in regions in panel (b) and (c) were highlighted in blue and orange, respec-
tively. The spectral integration time was 7 s.
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layers. Therefore, these spectra (spectra number 1-4) are
shown in transparent colors so that they do not obscure the
rest of the Raman spectra (spectra number 5-10).

The Raman band located at 438 cm™', ascribed to the
stretching mode of the Si-O-Si bond, and the Raman band at
454 cm™' that is the bending mode of the (0-Si-O(Al)) vibra-
tion, were observed to increase in intensity when moving to-
wards the inner regions of the zeolite P-ZSM-5 crystal. The
Raman band 470 cm™' (ascribed to the bending mode of the
(Si—0) vibration) showed the opposite behavior with respect
to the measurement depth. In contrast, the spectral intensity
of the Raman band located at 745 cm™', ascribed to the Si-O-
Al bridge stretching mode, has been proposed in the literature
to be a direct indicator of the Brensted moiety (i.e., the
amount of Brgnsted acid sites).”*?

This Raman band decreased in intensity when moving to-
wards the deeper regions of the zeolite crystal, as illustrated in
Figure 4c. We have fitted the Voigt functions of this Raman
band and calculated the area under each function, which was
taken as a direct measure for the amount of Brgnsted acid
sites. Curve fitting details and parameters can be found in sec-
tion S2 of the Supporting Information. We have used a least-
squares polynomial fit to show the relationship between the
amount of Brgnsted sites (by taking the spectral intensity of
the Raman band at 745 cm™) and the depth in the zeolite P-
ZSM-5 crystal.

The results are summarized in Figure 5a. It is clear that the
amount of Brgnsted sites (and therefore the amount of frame-
work Al species®™) is characterized by an exponentially decay-
ing trend when moving from the outer zeolite crystal surface
towards the inner core of the zeolite crystal. The Raman band
at 800 cm™', which was assigned to symmetric vibrations of Si-
O-Si bonds showed an increase in deeper regions of the crys-
tal. This trend possibly indicates the silicalite-rich inner zeolite
core of the zeolite ZSM-5 crystal. The normalized average spec-
tra comparison, shown in Figure 2, does not indicate clear in-
tensity differences of the Raman active band present at
800 cm~'. However, the Raman bands located at 814 and
832 cm™' showed distinctive differences caused by steaming
treatment. Therefore, we have investigated the trend of these
two Raman bands at 814 and 832 cm™' within a single P-ZSM-
5 crystal, as shown in Figure 5b. None of these Raman bands
showed a clear depth dependency.

We have applied the same z-stack analysis to a zeolite MT-
ZSM-5 crystal and the corresponding spectra are shown in
Figure 6. For the zeolite MT-ZSM-5 crystal measurement, the
last 2D Raman map from the depth of 10 nm did not produce
any meaningful results due to an instrumental error, and has
therefore been excluded from our analysis. Unlike the Raman
bands of the zeolite P-ZSM-5 crystal, the spectral intensity did
not differ between the outer and inner regions of the crystal.

However, the Raman spectra themselves showed distinct dif-
ferences when the parent and steamed zeolite crystals were
compared. For instance, the relative spectral intensity differen-
ces for the Raman bands at 454 and 470 cm™' were quite dif-
ferent for zeolite MT-ZSM-5 in comparison to zeolite P-ZSM-5.
In addition, both Raman bands were clearly more intense for
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