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High resolution electron microscope images of zeolites recorded with the incident electron beam
parallel to the main channels show an optical antifact. The ¢ontrast in the center of the channels is
severely disturbed by dark spots caused by some Bragg reflections being insufficiently transferred by
the objective lens. Since zeolites are being used as containers for other materials, the spots in electron
micrographs will screen any materials located in the large zeolite channels. With experimental micro-
graphs and image simulations it is shown that by changing the focus conditions the spot can be
climinated and hence, confined material can be imaged. Two representatives, mordenite and zeolite
Y, are described in detail for the cases of one-dimensional and three-dimensional channel systems,

respectively. © 1993 Academic Press, Inc.

Introduction

Zeolites are used in a wide variety of ap-
plications such as selective catalysis, water
adsorption, and ion-exchange. They can be
represented by the general formula
M.,..Si,_,ALO, - nH,0, where M is an ex-
changeable cation of valence m, and n is
the number of water molecules. The zeolites
investigated in this work were mordenite
(MOR) and the ultrastable form of zeolite
Y (FAU). The three capital letter notations
follow the rules set up by a IUPAC Commis-
sion on Zeolite Nomenclature (). Many of
the important properties of zeolites are di-
rectly related to the framework structures
which consists of corner-sharing SiO,- and
AlO tetrahedra that form large cavities
and/or channels in the crystals. The chan-
nels ¢can be one dimensional (MOR), two
dimensional, or three dimensional (FAU).
{(We refer to dimensions as the number of
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directions in which molecules can move.)
The sizes of the channels and cavities are
comparable to those of small molecules/
metal clusters.

High resolution electron microscopy
(HREM)} is a very useful technique to char-
acterize zeolites (2—4), even though there is
a serious problem with zeolites being very
electron beam sensitive materials, The
beam stability can be noticably enhanced in
two major ways, with a higher Si/Al ratio
(or a lower water content) (5) and with a
higher accelerating voltage of the electrons.
It has also been found that a zeolite with
confined materials in the channels/cavities
tends to have a better beam stability (2, 6).

Zeolites are being used as containers for
molecular clusters (6, 7) and such materials
should be characterized before and after in-
corporation of the clusters. The local infor-
mation, on an atomic scale, can only be ob-
tained by HREM together with electron
diffraction studies. It is possible to get infor-
mation about the distribution of guest mole-
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cules in the zeolite lattice (6) and also to
examine if the zeolites are still ¢rystalline
after the incorporation.

The type of information that we are inter-
ested in is on an atomic scale; i.e., the fine
details in the micrographs are essential.
Hence, the microscope needs to have a high
resolution. The contrast transfer function
(CTF)}, that determines the resolution of the
microscope, can be changed in two ways.
The zero-cross of the CTF determines the
structural resolution limit {r) of the micro-
scope. The resolution depends on the spher-
ical abberation (C,) of the objective lens and
the wavelength (M) of the electrons (which
decreases with an increase of the accelerat-
ing voltage) and is given by (8)

r = 0.66C, "\,

As the stability of the zeolites is enhanced
with higher voltage a higher resolution is
thus preferably obtained by means of a
shorter wavelength.

In this work another problem, that is en-
countered when zeolites are imaged in cer-
tain directions with HREM, is described.
Micrographs taken with the large channels
aligned parallel to the electron beam are se-
verely disturbed by an artifact. This is seen
as a dark spot in the center of the unoccu-
pied channels (9).

Earlier works have shown that small
metal particles can be imaged with conven-
tional HREM when the zeolite has disinte-
grated or by using minimum contrast condi-
tions (/0). Metal particles have also been
detected by STEM but also in this case the
information from the zeolite lattice is lost
due to beam damage (/7). The aim here is
to locate confined material in relation to the
zeolite framework structure. It will here be
shown that such information can be ob-
tained. With experimental micrographs and
image simulations the existence of the arti-
fact spot is pointed out and also how it com-
plicates the interpretation of images. The
problem can be avoided by choosing experi-
mental conditions other than the ones ordi-
narily used for HREM. Two cases are de-
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scribed, MOR which represents the zeolites
with one-dimensional channels and FAU
which has a three-dimensional channel
system.

Experimental and Image Simulations

The microscope used was a JEM-4000EX
operated at 400 kV. It has a spherical abbe-
ration of 1.0 mm and a structural resolution
limit () at 1.6 A. The micrographs were
recorded at 150,000-200,000 times magnifi-
cation on electron microscopy film from Ko-
dak {(SO-163). A TV camera with an image
intensifier (Gatan, 622) was used to allow
focusing at a low electron beam intensity.
The electron dose used during focusing was
about 10-20 electrons/(sec-A?) and a
slightly higher dose was needed for film ex-
posure (20-30 electrons/(sec- 13\'2)). The
films were underexposed (4 sec instead of
20 sec) because of the zeolites® limited life-
time in the electron beam. The micrographs
were recorded in focus series with steps of
100 or 200 A.

The zeolite samples were prepared by
grinding the powder under methanol or ¢tha-
nol in an agate mortar and were then col-
lected on a holey carbon grid.

The image simulations were made with
the multislice method, using the SHRLI pro-
grams (/2) on apersonal computer. The slice
thicknesses were put between 1.5 and
2.0 A. Microscopy parameters correspond-
ing to the microscope were used; accelerat-
ing voltage = 400 kV, spherical abbera-
tion = 1.0 mm, semiangle of incident beam

_convergence = 0.3 mrad, and halfwidth of

Gaussian spread of defocus = 70 A, The
number of beams used in the multislice cal-
culations were 1427 for MOR and 1139 for
FAU. The size of the objective aperture was
put to 0.7 A~". The experimental images
lose some details during irradiation because
of some loss in crystallinity and also if there
are some mechanical vibration of the micro-
scope. For this reason a vibration parameter
was used in the programs. Different values
of this parameter were tested (Fig. 1) and
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Fii. 1. Simulated images of MOR along [001] with different magnitude of the vibration parameter
(VIB) used in the SHRLI programs. The focus is 500 A and the thickness is 45 A. (2) VIB = 0 A,
(b) VIB = 0.4 A, (¢) VIB = 0.8 A, (d) VIB = 1.2 A, and (e) VIB = 1.6 A. Images calculated with
VIB = 08 A correspond most closely to the experimental micrographs. The unit cell is outlined

(a = 18.1 Aand b = 20.5 A).

the one imposing the best match between
the simulated images and the experimental
ones was used in the simulations.

In Table I, information about crystal
structure and composition of the zeolites is
listed (I, {3-15). The channels of FAU are
formed by supercages (/6) linked together.
This creates zigzag shaped channels with a
center slightly displaced from the center of
the supercages. In MOR the channels are
straight,

The CTF’s were calculated by the EMS
programs (/7). We will refer to the underfo-
cus condition with a positive value.

Results and Discussion

Figure 2 shows the dependence of HREM
images of MOR as a function of specimen
thickness at Scherzer focus. The thickness
dependence is not very drastic in this wide
range {15-105 A) and the experimental im-
ages obtained in this work are most likely

very thin, at least the outmost edges (within
the interval of Fig. 2). The simulated images
were therefore calcutated for a thickness
around 45 A. Zeolite frameworks are weak
clectron scatterers, as they contain only
light elements (Si, Al and O) with small
atomic scattering factors. A discussion
based on a weak-phase object approxima-
tion (thin crystal and weak scatterer) may
thus be informative. By considering the
CTF we can then say to what extent each
Bragg reflection has been transferred to the
image formation. The appearance of the
CTF changes with defocus, and conse-
guently the contnbution to the image forma-
tionfromeach Braggreflection will be altered
in magnitude and in some cases in phase,

Zeolites have large unit-cell dimensions
(10-20 A): reflections with small scattering
vectors will thus have large structure factors
and be important for creating an image with
a close correspondence to the projected po-
tential. Many of these reflections are essen-

TABLE 1
STRUCTURE INFORMATION AND ELECTRON BEAM INCIDENCE FOorR MOR anp FAU

Zeolite Space group Cell Si/Al Incidence
parameters ratio direction
Mordenite Crmem g =18.1A =12 [0o1]
(MOR) Orthorhombic b=205A
c=1754
Faujasite Fdim a=2434 Ao [110]
(/9)
(FALU) Cubic




226

ALFREDSSON, TERASAKI, AND BOVIN

o
'

Y
Wl

W

::‘n'i i
o

FiG. 2. Simulated images oE MOR along [001] at a defocus of 500 A for different thicknesses. (a)
15, (b) 45, (c) 75, and {(d) 105 A. The images do not change significantly in this rather large thickness
interval. Further simulations were made for both zeolites at a thickness of about 45 A. The unit cell

is outlined (¢ = 18.1 A and & = 20.5 A).

tial for generating the contrast in the zeolite
channels, because the channels are regu-
larly arranged with a period comparable to
the cell parameters. Considering the CTF
(Fig. 5) at approximately Scherzer focus
condition (500 A), it is evident that reflec-
tions at small reciprocal distances are very
poorly transferred by the objective lens.
The Bragg reflections are, for simplicity,
divided in two subgroups depending on their
phases. Reflections which contribute to light
contrast in the center of the channels are
called L-reflections and those with a phase

difference of w compared to the L-reflec--

tions and which thus create a dark contrast
are called D-reflections. An image with the
closest correspondence to the projected po-
tential would be an image in which informa-

TABLE 11
THE MosT IMPORTANT BRAGG REFLECTIONS FOR
IMacIiNG MOR

Bragg Type d* Number of

reflection Amplitude L/D A~' reflections
a (1, 1,0 1.0734 L 0073 4
b (0,2, 0) 1.1798 L 0.098 2
c (2,0,0) 2.4892 L 0.110 2
d (1,3,.0) 0.7302 L 0156 4
e (3, 1,0 0.8726 D 0173 4
f (3.3,0 1.6822 D 0.221 4

tion of the reflections was transferred with-
out changing their relative magnitudes.
Such a situation is not possible to achieve
in an electron microscope but can be ob-
tained by image processing of observed
clectron micrographs (i8). Nevertheless,
the amount of transfer for the reflections in
the microscope can be modified by changing
the defocus and a contrast corresponding
more closely to the projected potential in
the center of the channels can be produced.

Untreated Zeolites

In Tables 11 and 111 the Bragg reflections,
which are most important for creating the
image contrast of the channels, are listed.
The tables also show whether the reflections
are L- or D-reflections and the number of
equivalent reflections lying on the reciprocal

TABLE 1II

THE MosT IMPORTANT BrRAGG REFLECTIONS FOR
IMAGING FAU

Bragg Type d* Number of
reflection  Amplitude L/D A~' reflections
a (-1, 1,1 1.4436 L 0.070 4
b (-1, 1,3 0.5529 L 0.134 4
c (=33 D 0.8201 D 0176 4
d (-1, 1,5 0.5028 D 0.210 4
e (—3,3,5% 07975 D 0.265 4

Nore. The amplitude, type (if they are light- or dark-
forming}, and the length of the scatiering vectors (4%}
are also shown. The last column mentions how many
structurally related reflections contribute to image for-
mation in the [001] direction,

Note, The amplitude, type (if they are light- or dark-
forming), and the length of the scattering vectors (d*)
are also shown. The last column mentions how many
structuraily related reflections contribute to image for-
mation in the [110] direction.
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plane that contribute to image formation in
the electron beam directions considered.
Mordenite (MOR). Figure 3 shows a
through focus series (steps 200 A) of micro-
graphs of MOR taken with [001] incidence.
The crystal thickness increases so rapidly
that only the outmost edge can be consid-
ered. The image in Fig. 3a is recorded at
conditions very close to Scherzer focus as
can be judged by the good fit with the simu-
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latedo image calculated for the focus of
500 A. The spots in the channels are very
strong, but they get weaker as the focus is
lowered, as can be seen in Fig. 3b (approxi-
mately 700 A), and will finally almost disap-
pear at 900 A (Fig. 3c).

Two sets of reflections, e and f(Table 1),
are the most important for creating the dark
contrast in the channel because of their high
transfer at 500 A (Fig. 5). The four L-
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Fi1G. 3. Micrographs of a crystal of MOR recorded with the electron beam paratlel to [001]. The
focus values are approximately 500 (a), 700 (b), and 900 A (c). Inserted are the simulated images at
these focuses calculated for a thickness of 45 A. The crystal gets thicker very quickly so only the

(a

18.1 A and » = 20.5 A).

edge is interpretable. The spot contrast weakens when the focus is lowered. The unil cell is outlined



228

Y
P
21

¢

%
AT LR Rl

[
”‘5#* e =
o

e

; ":;: #';:; % ;‘.'

AR A R
YEE 8y S

|

¢ &340 § 334 €

k

*
A

"!‘

foig

LR FRR Rl Rl

ALFREDSSON, TERASAKI, AND BOVIN

L0 51
3 G I D il @8

1

Va4 ¥ iy ¢y § ..-‘.l"ﬁ'
N b B

T ek

ol

o §in &
*. ?‘i.t

¢’

L FAcR RES
iRy ean g

LARLAT

)
RS B

F1G6. 3—Confinued

reflections mentioned have low transfer at
this focus. This makes the dark contrast out-
weigh the light one resulting in the appari-
tion of the spots. The spots disappear quite
quickly when going to a lower underfocus
(Fig. 4). At 900 A the spots are very weak

and at 1000 A they have vanished com-
pletely. The f-reflections, which are the
strongest D-reflection, have lost some trans-
fer at 1000 A at the same time as the L-
reflections all have enhanced their transfer.
This is enough, as can be seen in Fig. 4k,

FiG. 4. Simulated images of MOR along [001] at a crystal thickness of 45 A and the following focuses
(a) 0, (b) 100, {c} 200, (d) 300, (e} 400, (f) 500, (g) 600, (h} 700, (i) BOO, (j) 900, (k) 1000, (1) 1100
(m) 1200, (n) 1300, (o) 1400, (p) 1500, (q) 1600, and (r) 1700 A. The dark spots which are obvious at
focuses close to 500 A are gone at 1000 A. Still lower focuses give images where the channels are
easily discerned. The unit cell is outlined {(u = 18.1 A and b = 20.5 A).
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FiG. 5. The CTF calculated for 500 and 1000 A. The
location of the Bragg reflections for MOR listed in Table
H (a, b, c. d. e, and f) are marked, All reflections
except [ are more strongly transferred at 1000 than at
500 A. The freflection, which is the most important
D-reflection, is, however, weaker. This resulis in the
fact that the dark spot is absent at this focus.

1000 A

-1

to remove the spots. At still lower focuses
the position of the channels can easily be
found without artifact spots.

Zeolite Y (FAU), The center of the chan-
nels does not coincide in projection with
the center of the supercages. The spots are
located in the center of the channels as can
be seen in Fig. 6a. The micrograph shows
a crystal of FAU with the simulated image
at 500 A inserted in the lower right corner.
In Fig. 6b, recorded after Fig. 6a, the crystal
is damaged by the electrons and the image
has tost some details. The simulated image
at 1000 A, which corresponds most closely
to the micrograph, is inserted.

A series of simulated images for FAU are
shown in Fig. 7. The spots in the channels,
which are very strong in the images close
to Scherzer focus, become weaker when the
focus is lowered. Three sets of reflections,
c, d, and e (Table 11I), contribute mainly in
producing the dark contrast. Reflections a
and b are L-reflections. When lowering the
focus from Scherzer focus the first four sets
of reflections will obtain a better transfer
while the e-reflection will start to lose trans-
fer (Fig. 8). A poorer transfer will also be
the result for the d-reflections, which at
900 A, will have the same transfer as at
Scherzer, Further lowering of the focus will
diminish the d-reflections even more and the
spots will accordingly get weaker and disap-
pear completely at 1100 A. The shape of the
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channels is altered at around 1000 A, from
being round or elliptical; they now start to
get a kind of waist. This gets even more
pronounced at still lower focuses.

Zeolites with Iron Cluster

Computer image simulations were also
made with small {six atoms) iron clusters in
the zeolite channels. The iron serve as a
model for the possibility of detecting con-
fined materials. For MOR the clusters were
placed in the center of the channels and for
FAU they were placed in the center of the
supercages. As pointed out earlier this posi-
tion in projection is not the same as the
position of the spots and the clusters are not
expected to be obscured in the same way
as in MOR. The iron constitute approxi-
mately 15 (MOR) and 20 wt% (FAU) of the
total weight of the zeolite with iron cluster.

Mordenite (MOR). The iron atoms were
placed in an octahedron in the channel (in
special positions (0.0, 0.0, 0.237), (0.098,
0.0, 0.0), and (0.0, 0.87, 0.0) with half occu-
pancy). There are 12 Fe atoms in each unit
cell and 48 Si. The contrast caused by the
iron cluster is more distinct than the spots
in the empty MOR. The images for MOR
with Fe change quite drastically at about
900 A (Fig. 9). It is no longer clear where
the channels are situated. There is a pro-
nounced difference at 900 A between the
unoccupied (Fig. 4j) and the iron MOR (Fig.
99). To determine whether or not the crystal
contains confined material it is necessary to
image it at a focus condition between 600
and 900 A. A focus series would be more
instructive as the size of the spot does not
change when it is caused by confined mate-
rial as it does when it is an artifact.

Zeolite Y (FAU). The problem of locating
materials in FAU has been discussed in
some earlier works. Chan et al. (19) have
from studies of simulated images reported
that small Pt-clusters in FAU cannot be de-
tected simulated-image studies at least not
in a 200 kV microscope. In that case the
cluster was placed in the center of the chan-
nels. It has been found possible to detect
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(b). Inserted are the simulated images at these focuses calculated for a thickness of 44 A.

The micrograph at 1000 A, taken after the one at 500 A, is damaged by the electron beam. The beam

incidence is [110]. Scale bar = 15.2 A.
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FiG. 6. Micrographs of a FAU crystal recorded at two focus values, approximately 500 (a) and

1000 A.
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Fi1G. 7. Simulated images of FAU along [110] calculated for a crystal thickness of 44 A and the
focuses (2) 0, (b) 100, {c) 200, (d) 300, (¢) 400, () 500, {g) 600, (h) 700, (i) 800, (j) 900, (k) 1000, (I) 1100,
(m) 1200, (n) 1300, (o) 1400, (p) 1500, {g) 1600, (r) 1700 A. The spots in the channels remain visible
down to a focus of 1000 A after which the appearance of the images changes drastically. Scale

bar = 15.2 A.

confined selenium in FAU by observing the
crystals in the [211] direction (20). We will
here concentrate on the possibility of de-
tecting materials confined in the center of
the supercages of FAU by observation along
the [110] direction.

48 iron atoms were placed in the unit cell
(in positions 48f (0.553, &, #) based on the
space group Fd3m) which contains 192
atoms of Si. They constitute an octahedra in
the center of the supercages. The simulated
images change appearance drastically when
the iron is implanted. By comparing the sim-

5004
11004

FAN

AN a1
a bcdv 5 \] \ 10"

F1G. 8. The CTF for 500 and 1100 A. The location
of the Bragg reflections for FAU listed in Table III {a,
b, ¢, d and e) are marked. At 1100 A the ¢- and d-
reflections (D) have a poorer transfer than at 300 A
while the others are more strongly transferred.

[=]

Al

ulated images with (Fig. 10}, and without Fe
(Fig. 7), it is clear that confined materials
in the centers of the supercages noticably
change the images, except at 1100 A.

Conclusion

In an earlier work (21} we discussed the
artifact spot problem for the zeolite silicalite
I (MFI). It was solved by using a low un-
derfocus (800 A) and by cutting off higher
order reflections with a suitable objective
aperture. We have now found that higher
order reflections tend to cancel out each
other so it is not necessary to use the smaller
objective aperture, just lowering the focus
seems to be sufficient. This seems o be valid
for MOR which have straight channels and
maintain a quite interpretable image of the
structure when the focus is lowered. For
FAU, which have zigzag shaped channels,
the situation is slightly different. This can be
scen in the simulated images, Fig. 7, which
change appearance considerably with fo-
cus change.

We have shown that materials confined
in the zeolite spaces of MOR and FAU can
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FiG. 9. Simulated images of MOR, with iron clusters in the channels, along [001), calculated for a
thickness of 45 A. The following focuses were calculated (a) 0, (b) 100, (¢} 200, (d) 300, () 400,
() 500, (g) 600, (hy 700, (i) 800, (j) 900, (k) 1000, (1) 1100, {m) 1200, {n) 1300, (o) 1400, (p) 1500,
{q} 1600, and (r) 1700 A. The images correspond approximately to the projected potential down to a
focus of 800 A. Then the images are very difficult to interpret. The unit cell is outlined (g = 18.1 A
and b = 20.5 A).

FiG. 10. Simulated images of FAU, with iron clusters in the center of the supercage, along [110],
caleulated for a thickness of 44 A. The following focuses are calculated (a) 0, (b} 160, (c) 200, (d) 300,
(e) 400, () 500, (g) 600, (h} 700, (i) 80O, (j) 900, (k) 1000, (1) 1100, (m} 1200, {n) 1300, (o) 1400,
(P 1500, (g) 1600, and (r) 1700 A. The images are very different from the ones without iron clusters
(Fig. 7), except at focuses close to 1100 A. Scale bar = 15.2 A.
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be detected with HREM and similar results
were obtained for MFI and zeolite Linde L
{LTL). For these four types of zeolites there
are in all cases quite distinctive differences
between the empty zeolites and the zeolites
with iron clusters confined in their cavities/
channels. The contrast problem with the ar-
tifact spots which we described in the first
part of this work can be avoided by working
at other microscopic parameters than are
normally used. This simple argument is
valid for MOR (and LTL and MFI) with
straight channels parallel to the incident
electron beam, For FAU the position of the
confined material does not necessarily coin-
cide with the position of the spots and this
will make the problem different from those
of the other zeolites.

In our calculations we used iron as a
model for the confined material. This is a
rather heavy scatterer compared to the con-
stituents of the zeolite framework but a
moderate scatterer compared to many other
elements used for catalysts like Pt or Rh.
We can therefore expect a lesser amount of
material to be detectable provided it con-
sists of heavy scattering atoms.
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