Lawrence Berkeley National Laboratory
Recent Work

Title
DAMAGE OF ZEOLITE Y IN THE TEM AND ITS EFFECTS ON TEM IMAGES

Permalink
https://escholarship.org/uc/item/4v4348b7]

Authors

Csencsits, R.
Gronsky, R.

Publication Date
1987

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4v4348b7
https://escholarship.org
http://www.cdlib.org/

-

>
Ld

l“"{w

LBL-22695
Preprint < a

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Materials & Chemical =~:; 7ve»

Sciences Division o
Ary 09 1387
Center for Advanced Materials LI v -

CCCUINTS SZCTIOM

Submitted to Ultramicroscopy

DAMAGE OF ZEOLITE Y IN THE TEM AND ITS EFFECTS
ON TEM IMAGES ) o w

R. Csencsits and R. Gronsky | TWO-WEEK LOAN COP

January 1987

€2

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

S hyer ~ 147



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Damage of Zeolite Y in the TEM and its Effects on TEM

Images
R. Csencsits and R. Gronsky

National Center for Electron Microscopy
Center for Advanced Materials
Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720

ABSTRACT

Electron diffraction has been used ‘to study the vitrification of Y zeolite in the transmission elec-
tron microscope V(TEM). Calculations and experimental evidence have confirmed that in the range
80-200kV, the damage of Y zeolites is radiolytic in the TEM. Incident beam electrons interact
with specimen electrons which leads to a rearrangement of the structure. The proposed mechan-
ism for this transformation involves enhancement of structural relaxation at Al sites due to the

presence of a charge compensating cation.

Computer image simulation was used to assess the effects of damage on high resolution electron
microscope (HREM) images of Y zeolites. Simulated images of perfect Y zeolite revealed that
only for a specimen 10-20nm thick would the HREM image be a structure image at Scherzer de-
focus (-60nm); at thickness greater than 20nm the images contain non-structural detail due to
second order interferences. At larger defocus values (-100nm), thicker crystals (60nm) “with 30-
50% of their thickness amorphous’’ produce images which can be ;elated to the structure because

the presence of the amorphous material decreases the visibility of the non-structural detail.
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Damage of Zeolite Y in the TEM and its Effects on TEM Images
R. Csencsits and R. Gronsky

National Center for Electron Microscopy
Center for Advanced Materials
Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720

INTRODUCTION

High resolution electron microscopy (HREM) is a valuable technique for studying catalyst sys-
tems because it gives direct information about the structure and the types and distribution of defects
present in the structure. The vitrification of zeolites (and other silicates) during observation in the
transmission electron microscope (TEM) has been well documented.’® Observations show that the
damage rate of zeolites depends on the Si/Al-ratio, on the size of the cations,? and on the extent of
hydration.! This work is a systematic investigation of the damage of zeolite Y in the TEM; the goals of
this study are to propose a mechanism for damage of zeolite Y in the TEM and to access the effects of

damage on HREM images using computer simulation.

The types of damage possible in an electron microscope can be classified under two general head-
ings: knock-on and radiolytic.’ “Knock-on”” damage involves the interaction of t‘he incident electron
with the core of an atom in the specimen. An atom is “knocked” from its site, thereby changing the
structure. Radiolytic damage involves the transfer of energy from the incident electrbn to the elec-
trons in the specimen. The increase in energy of the specimen electrons results in bond breakage and

consequently the possible alteration of the structure.
Knock-on Damage

The cross-section for direct interaction of the probing electron and the nuclear core of an atom in

the specimen is called the knock-on cross-section. For relativistic electrons this cross-section is given.
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U, is the incident beam kinetic energy (keV), and mc? is the rest energy of the electron (511 keV).
Mc? is the rest energy of the nucleus, « is Z/137, Z is the atomic number, Uy is the Rydberg constant
(0.0136 keV), and a, is the Bohr radius (0.053 nm). The maximum energy that an incident electron
can transfer to a nucleus is Ty ,,. The minimum energy necessary to move an atom off its lattice site

into some metastable position is Ty, which depends directly on the atomic number.

All materials undergo direct displacement of atoms above their specific threshold energy. Above
the threshold energy for the knock-on process, the cross-section for knock-on increases with increasing
accelerating voltage. The potential damage due to electron- nuclear interaction becomes more severe
as the incoming electron gets more and more energetic. At higher accelerating voltages the electron

max

has enough energy to cause multiple damage events. The quantity, Ny = T,
th

, takes into account

the possible cascade of damage events. The knock-on damage cross-section includes the cross-section
for displacement of an atom directly due to interaction with the electron wave and the probability of
being displaced by another “knocked” atom, i.e., oy g==0, X Ny. Its variation with accelerating vol-

tage is shown for aluminum in zeolite Y in figure 1.
Radiolytic Damage

The relativistic cross-section for the interaction between the incident electron and the specimen

electron is given by®
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where: T,’h is the minimum energy that must be transferred to the electrons of the solid to produce
atomic nuclear movement, Z is the number of electrons (usually the atomic number) belonging to the

target atom, and a,, Ug, mc? and B have the meanings described previously. The minimum energy Te,
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is specific to each unique atomic site within the specimen and is related to the bond strength and the
coordination number of the atom. The behavior of the cross-section for electronic interactions with
accelerating voltage is determined by the parameter 82 This dependence is illustrated in figure 2 for
the case of aluminum in zeolite Y. Note that the cross-section for ionization decreases significantly
with increasing accelerating voltage up to 500 kV, then levels off to a constant value.

The experimental efficiency factor, ¢, for fadiolysis in silicates is 0.0001.%°

That is, for every ioni-
zation event that occurs, the probability of structural rearrangement is 1 in 10,000. The cross-section

for radiolytic damage is thus given by
g, = 0, X ¢ (3)

For zeolites the cross-sections for knock-on and radiolytic damage are of the same order of magnitude,
and should both be considered when studying zeolites in the TEM, especially when accelerating vol-

tages above 200 kV are used.
EXPERIMENTAL

Samples of Y zeolite (with sodium cations) with Si/Al-ratios = 2.4, 18 and oo and REY (with
rare earth cations) with Si/Al-ratio = 3.7 were investigated. Specimens for the TEM were prepared
by embedding the zeolite powder in LR White acrylic resin and thin sectioning (50-80nm) with a dia-
mond knife on a Dupont-Sorvall MT-6000 microtome.!! The specimens were stored in a dessicator to

reduce the readsorption of water.

Experiments were carried out in a JEOL 200CX HREM operating between 80 and 200 kV.
Incident beam current was measured at the image plane with an electrometer and the current density
at the specimen was determined using @upecimen=(M28)°bimage ($=current density). This dependence
was verified by measuring the current density at the image plane while maintaining a constant current
density at the specimen. Over the magnification range 19,000 to 100,000, the measured current den-

sity varied inversely with the square of the magnification.

The crystalline to amorphous transformation was monitored by recording on photographic film

the loss of intensity in the Bragg reflections in the selected area diffraction (SAD) pattern with time.



The SAD pattern was taken from a 5um? region in the center of a 20um? area of uniform current den-
sity. For each specimen at every accelerating voltage, the transformation was monitored several times
to insure the reproducibility of the data. The dose to vitrification was calculated by multiplying the

current density by the total time of exposure.
RESULTS AND DISCUSSION

The dose to vitrification is plotted as a function of accelerating voltage for the three samples con-
taining sodium cations in figure 3. For all sample.s, increasing the accelerating voltage improves their
radiation tolerance. This iﬁdicates that the damage is radiolytic and that knock-on damage is not
significant up to 200 kV accelerating voltage. The difference between the dose to vitrification for the
samples with Si/Al-ratios 2.4 and 18 is about 25%; for the sample with Si/Al =oo, the dose to
vitrification is 3.5 and 5 times greater than that for the samples with Si/Al-ratios 18 and 2.4, respec-
tively. Total replacement of all the aluminum by silicon produces a zeolite that is significantly more

stable to electron irradiation.

Radiolytic degradation of SiO, in the TEM has been explained as the weakening of Si-O bonds
by the incorporation of H,O in the structure.® If this mechanism is responsible for degradation of zeol-
ites then the increase in dose to vitrification with Si/Al-ratio should be explained by the different
cross-sections for radiolytic damage for Si and Al in the zeolite structure. Using equation 2, the ratio

of the radiolytic cross-sections for an all Si containing zeolite versus an all Al containing zeolite is

Osi . . . . . -
——0.80. This predicts that a zeolite structure containing only aluminum atoms (all silicon atoms
oAl

replaced with aluminum atoms) should degrade with a dose to vitrification 80% that for degradation of
the same zeolite containing only silicon atoms (all aluminum atoms replaced with silicon atoms). This
does not explain the data shown in figure 3, where the sample containing 29% Al (Si/Al=2.4) has a

dose to vitrification 20% that of the Si/Al=o00 sample.

The data in figure 3 indicate that the mechanism and therefore the efficiency of radiolytic dam-
age in zeolites is different from that in quartz. The important difference with aluminum in the struc-
ture is that each Al has a cation associated with it to balance the framework charge. This cation facil-

itates a different mechanism for the degradation of aluminum-containing zeolites.



Figure 4a shows Al tetrahedrally coordinated to four oxygen atoms in the zeolite framework.
When one Al-O bond is broken (fig. 4b), the Al can remain coordinated to only three oxygens and the
cation can bond to the fourth oxygen. The Al is stable with three bonds and the cation is still near it

for local charge neutrality, but now the structure is permanently changed.

This mechanism explains why zeolite structures are less electron beam sensitive when dehydrated
in vacuo,! when sodium ions are exchanged by larger cations,? or when the Si/Al-ratio is increased. At
an aluminum site the larger the cation, the slower its movement into the proper position to bond to
the dangling oxygen due to steric hindrance, and the greater the probability for reforming the original
Al-O bond and preserving the structure. The stability of a zeolite should improve when the number of
cations in the structure is reduced by using cations with greater ionic charge. Rare earth cations such
as La®" are strongly stabilizing due to their large size and charge, see figure 5. Adsorbed water in the
zeolite structure can fill the role of a cation in the damage mechanism; thus, dehydrating the zeolite
enhances its stability under the electron beam. As the Si/Al-ratio increases the number of possible

degradation sites decreases and the zeolite is more stable to electron irradiation.
COMPUTER IMAGE SIMULATION
Introduction

The effects of radiolytic damage of Y zeolites on their high resolution electron microscope images
is investigated using computer simulation. The goal is to determine how much of a specimen can be
damaged without serious detrimental effects to the image. The high resolution images are computed
using the 81D version of the Simulated High Resolution Lattice Image (SHRLI)'? programs running on

the LBL VAX8600; the dynamical electron scattering calculation uses the multislice method.!®
3.2 Computations

Images were simulated for Y zeolite oriented with the electron beam down the [110] zone axis
parallel to the channels. The atomic coordinates of Y zeolite were taken from work by Baur.!* To

reduce the computation time and since the difference in the scattering potential between Al and Si is

‘ negligible, the structural model used for Y zeolite was a framework consisting of silicon and oxygen

atoms without cations or water molecules.



To simulate damage in the crystal an amorphous computational cell was created by randomiza-
tion of the atoms in Y zeolite. Placement of all atoms was such that the interatomic distance between

atoms was at least as large as their interatomic spacing in zeolite Y.!®

Dynamical electron scattering is used to simulate HREM images; the interactions of all diffracted
beams enter into the calculations to produce the final electron waveﬁeld at the bottom of the crystal.
The number of diffracted beams used in the cdlculations must be sufficiently large to account for this
dynamical scattering. For these computations 2267 diffracted beams were propagated through the cry-
stal. In order to do this, interactions were considered with 9089 phase-grating coefficients out to
25.85nm™!. For accurate representation of the phase-grating by the 128 x 128 array,'® the slice thick-

ness was 0.4998nm.

Images were computed for JEOL 200CX electron microscope (EM) parameters; viz, spherical
aberration coefficient of 1.2mm, spread.of focus halfwidth of 10nm, beam convergence of 0.5mrad, the
objective aperture corresponded to 5.0nm™ and admitted 350 diffracted beams. The maximum speci-

men thickness assumed was 60 nm; in general a good microtomed thin section is 45-60 nm thick.
Results and Discussion

Figure 6 shows the projected potential map of the Y zeolite unit cell and the amorphous compu-
tational unit cell in the [110] projection. This is how the image would look using an ideal microscope
with infinite resolution. In the projected potential map of Y zeolite the large (=20.74nm) and the small
(==0.22nm) tunnels are seen clearly. The projected potential map of the amorphous cell does not show

any periodicities or ordering; the structure is random.

Simulations of the HREM images of perfect Y zeolite (fig. 7, 100% perfect) at Scherzer defocus'’
(-60nm for the 200CX EM) reveal that only for a specimen up to 20nm thick would the image be close
to a structure image.!’® In a structure image the details in the image correspond directly to features in
the specimen; ie., dark areas represent a high potential, many atoms, whereas light areas correspond to
few or zero atoms. A true structure image would look very much like the projected potential map
viewed at the resolution of the microscope. The HREM images of the 100% perfect Y zeolite at

thicknesses 10-20nm are not truly structure images because there are gray patches in the large tunnels

~
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in the images. This anomalous dark contrast is due to the contrast-transfer-function (CTF)!® for the
200CX electron microscope. Figure 8 shows that the lowest frequency reflection from Y‘zeolite ((111)
in the [110] orientation) is largely blocked by phase shifts in the objective lens of the microscope at
-60nm defocus. Only approximately 21% of the amplitude of the {111} reflection is passed to contri-
bute to the image, and it is this missing frequency that produces the dark contrast at the tunnel posi-

tions.®

For specimen thickness greater than 20nm at Scherzer defocus, the computer HREM images con-
tain additional non-structural detail (fig. 7, 100% perfect). This non-structural detail results from
second order interferences of the dynamically scattered electron waves.?! Since most microtomed thin
sections are 50-60nm thick, their electron microscope images should not be interpreted intuitively

because their images will bear little or no direct resemblance to their projected potential.

Figures 9 and 10 (100% perfect) show the effects of larger values of defocus on the HREM images
of Y zeolite. As the microscope is defocused beyond Scherzer defocus, the image detail can not be
related to the structure except for the white areas corresponding to the large channels. The large
channels are visible at larger defocus values because the CTF changes shape and allows more of the

amplitude of the {111} reflection to contribute to the image.

The effects of damage on HREM images of Y zeolite are visible in figures 7, 9 and 10. The most
obvious effect in the image for a specific thickness and defocus is a continuous loss of image contrast
and sharpness with the loss of crystallinity. At Scherzer defocus (fig. 7) for a specimen with 60% per-
fect Y zeolite at a thickness 30nm or greater, the images have become fuzzy shades of grey without
any discernible detail. - This loss of detail with increased damage occurs for all choices of specimen

thickness and microscope defocus. .

In some cases the loss of detail in the image due to vitrification can be an advantage, particularly
when the details are not related to the structure. A thick crystal (60nm) at a large defocus (-100nm),
with 70-50% of its thickness perfect (fig. 9), produces an image which can be related to the structure.
These images are similar to the images of thin crystals of 100% perfect Y zeolite at optimum defocus

(fig. 7, <20nm); both the large and small channels are visible. This is in contrast to the 60nm thick



crystal with 70-50% perfect crystal at Scherzer defocus (-60nm) which shows non-structural detail, as
does a 60nm-thick 100% perfect crystal. In thick crystals at large defocus values, the amorphous dam-
age in the specimen reduces the visibility of the non-structural detail and produces HREM images that

provide information about the structure.
CONCLUSIONS

Experiments have confirmed that the damage of Y zeolites in the TEM is radiolytic and knock-
on damage is not significant in the range 80-200 kV. Experimental evidence supports a model for the
degradation of zeolites in which structural relaxation is enhanced at Al sites due to the presence of a
cation. When an Al-O bond is broken the aluminum atom remains bound to only three oxygen atoms
and the cation moves into a position to bond to the dangling oxygen atom, thus preserving local

charge neutrality; however, the structure is permanently changed.

Image simulation has shown that only under very specific conditions are HREM images of Y zeol-
ite structure images. These specific conditions are not usually met under normal experimental condi-
tions. The limitation of specimen thickness may perhaps be reduced by ion-thinning of the micro-
tomed thin sections. A reduction in specimen thickness will decrease the non-structural details in the

HREM images which are due to second order dynamical interactions of the electron waves.

The damage of Y zeolites generally results in a decrease in the contrast and the sharpness of the
details in HREM images. If a crystal has less than 20% of its thickness amorphous, it.s HREM images
are not significantly different from those of a perfect crystal and image interpretation is unchanged. As
a specimen becomes more and more damaged there is a loss of detail in the image that can in some
cases be serendipitous. At large defocus values (-100nm), thick crystals (60nm) with 30-50% of their
thickness a,m.orphous, broduce HREM images which can be related to the structure because the pres-
ence of the amorphous material decreases the visibility of non-structural detail. This reduction in visi-

bility of non-structural details can aid the interpretation of the images.

b
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FIGURE CAPTIONS
1. 'Knock-on cross-section versus accelerating voltage for Al in Y zeolite
2. Radiolytic cross-section versus accelerating voltage for Al in Y zeolite

3. Dose to vitrification versus accelerating voltage for Y zeolites containing sodium cations, with
Si/Al = 2.4, 18, o0

4a. Aluminum atom tetrahedrally coordinated to four oxygen atoms in the zeolite structure
4b. Aluminum atom coordinated to three oxygen atoms in the damaged zeolite structure

5. Dose to vitrification versus accelerating voltage for Y zeolites containing sodium cations, with
Si/Al = 2.4, 18, co and REY containing lanthanum and neodymium cations, with Si/Al = 3.7

(=]

. Projected potential map [110] for Y zeolite unit cell and the amorphous computational unit cell.
7. Computer simulated HREM images at ~cherzer defocus (-60 nm) of 100%-50% perfect Y zeolite.
8. Contrast-transfer-function for the 200U\ microscope at Scherzer (-60 nm).

9. Computer simulated HREM images of 100%-50% perfect Y zeolite at -100 nm defocus.

10. Computer simulated HREM images of 100%-50% perfect Y zeolite at -140 nm defocus.
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