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Localization of Small Metal (Oxide) Particles in SBA-15 Using Bright-Field Electron
Tomography
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Small gold (5 nm) and zirconia {23 nm) particles inside the mesopores of SBA-15 were visualized with
bright-field electron tomography. Due to the ordered nature of the mesopores and the related diffraction
contrast present in the tilt series, the 3D-reconstruction is difficult to interpret. Unequivocal information has
been obtained, however, on the presence of the particles in certain pores, while others pores are empty. This
nonuniform distribution of particles over the mesopores explains the two-step desorption isotherm in nitrogen
physisorption experiments.

Introduction limitations of the use of bright-field electron tomography for

rdered mesoporous materials. The obtained results on the

In the past decade there has' been a huge Increase in resear(%cation of the particles are compared with nitrogen physisorp-
on ordered mesoporous materiafWith their unique textural tion experiments

properties (uniform pores with diameters of approximateha@
nm) these materials bridge the gap between (microporous)
zeolites on the one side and amorphous meso- and macroporou
oxides on the other side. Recently it was shown that a tilt series  Materials. The synthesis of the SBA-15 sample is described
taken in a bright-field transmission electron microscope gives in refs 5-7. A brief description of the synthesis is as follows.
valuable information on the shape of the mesopores on aThe material was prepared by dissolyi4 g of Pluronic P123
mesoscopic scale (31000 nm)? To locate small metal (oxide)  (nonionic triblock copolymer, EQPO;,0EQ,) in 150 mL of a
particles inside the mesopores, electron tomography, sometime® M HCI solution. Subsequently, TEOS (tetraethyl orthosilicate)
referred to as three-dimensional transmission electron micros-was added to obtain a molar ratio of TEOS/surfactant of 59.
copy (3D-TEM), seems to be the most suitable technique to The solution was stirred fd8 h atroom temperature and then
image these materials in three dimensions. However, one ofaged for 16 h at 353 K. The white solid was filtered, washed,
the basic assumptions in the standard 3D-reconstruction ap-and calcined at 823 K.

proaches is that image intensity is related to a projection of the The synthesis of Zr@inside the mesopores of SBA-15 is
mass density (or phase density) of the material. This is a valid described in ref 8. In short, the Zs@articles were synthesized
assumption for specimen producing scattering- or weak-phasepy incipient wetness impregnation of SBA-15 with an acidic
contrast images. Unfortunately, the theory of electron tomog- aqueous solution of ZrOghnd urea. By heating to 9T for
raphy does not account for diffraction contrast in the tilt series. 3 h the urea decomposes under formation of hydroxyl ions, thus
For zeolites the distance between the lattice planes is muchcausing zirconia to precipitate inside the mesopores. Finally,
smaller than the resolution in the TEM images at low magni- the samples were calcined.

fication. As a consequence, the diffraction contrast does not The synthesis of gold particles inside the mesopores of SBA-
hamper the 3D-reconstruction and good results have beenjs js described in ref 9. Briefly, SBA-15 was first functionalized
obtained on the localization of small silver particles on a zeblite. i3 silylation (without passivation of the small external surface),
For ordered mesoporous materials, the structures that give risgpys introducing positively charged groups on the pore surface.
to the diffraction contrast (i.e. the ordered pores) are of the sameNext, gold was introduced by ion exchange from an HAUCI
order of magnitude as the resolution of the 3D-reconstruction. gq|ution. After washing and drying, the samples were reduced
Earlier we showed that TEM tilt series can be very useful for jn pydrogen at 150C.

the study of the mesoscopic shape of the mesopores in ordered 3p_TEM. For electron microscopy, a droplet of a colloidal
mesoporous materialsHere we show the first bright-field gold suspension (Sigma, 5 nm gold) was dried on a copper-
electron tomographic reconstruction obtained for ordered me- grid-supported carbon film, thus providing markers for the
soporous materials. From the localization of small metal (oxide) alignment of the data set. The sample was suspended in ethanol
particles inside the mesopores we show the possibilities and sing ultrasound, after which a droplet of the suspension was
dried on this grid. From a representative crystal a tilt series of

gxperimental Section

:ggge:?ﬁgtﬁt‘t% author. E-mail: k.p.dejong@chem.uu.nl. ca. 141 images was taken from abetif0® to —70° with 1°
E Maxyp|anck Institut fu Kohlenforschung. inter\(als at magnification; between 11.5k gnd 19k on a Tecnai
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10.1021/jp034750h CCC: $25.00 © 2003 American Chemical Society
Published on Web 07/16/2003



Small Metal (Oxide) Particles in SBA-15 J. Phys. Chem. B, Vol. 107, No. 38, 20080553

2

Z Z

Figure 3. Two YZ slices (54 x 54 nm) through the 3D-TEM
reconstruction of Figure 2 showing an apparent change of contrast in
the reconstruction.

200nm

Figure 1. Conventional TEM image of SBA-15.
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Figure 2. Three orthogonal slices through the 3D-TEM reconstruction
of the small SBA-15 particle of Figure 1. Two black arrows next to
the XZ plane indicate the place of the two other crosscuts.

(pixel size= 14 um), using software for automated electron Figure 4. Gold particles in SBA-15: (a) conventional TEM image,
tomography. To further improve the quality of the reconstruction (b) slice through the 3D-TEM reconstruction, (c) three orthogonal slices
for an SBA-15 particle without metal (oxide) particles, a second through the 3D-reconstruction.

tilt series of the same particle was taken frer@0° to —70° ) ) ) )
with 1° increment after the sample grid had been rotated 2 different orientation of the pores relative to the electron beam

manually over ca. 90 (double tilt series approach). After the ordered nature of the SBA-15 material is not as visible as
alignment of the two tilt series, a combined 3D-reconstruction for the specimen in Figure 1. In a movie of a tilt series of this

of the two tilt series was calculated as a stack of thinZlm) material (see Supporting Information) the ordered nature is

slices using IMOD'? evident. Next to one big gold particle, many small gold particles
are visible in Figure 4a (some are indicated with an arrow), but

Results their location, inside the mesopores or on the external surface,

. . . remains unclear. Next to the SBA-15 particle 5 nm gold beads
In Figure 1 a TEM image of the SBA-15 sample without are visible that were deposited on the sample grid for the

metal (oxide) particles is shown. The pores in the large particle . . ) . ;
are U-shaped, whereas the pores in the small particle are straight""l'gnment of the it series. In Figure 4b a slice through the

In Figure 2 three orthogonal slices through the 3D-TEM (double 3I.D-recons.truct|on of the right par'F of the SBA-15 partlcl_e .Of
tilt) reconstruction of the small SBA-15 particle in Figure 1 Ti9ure 4a is shown. The gold particles (black dots) are visible
are given. These slices show that the mesopores are almosfd also the mesopores (white lines) can be distinguished,
straight (XY and XZ) and hexagonally packed (YZ). Figure 3 although they are not clear in the middle of the particle. Figure
gives an enlargement of the XY and YZ slice from Figure 2 4c shows three orthogonal slices through another part of the
(YZ slice 2) together with another YZ slice (slice 1) through 3D-TEM reconstruction. In the XY slice the gold particles inside
the same 3D-reconstruction. YZ slice 2 shows a hexagonal the mesopores can be distinguished. The gold particles appear
arrangement of white pores surrounded by black pore walls, to be larger than the white lines, which could suggest that their
whereas YZ slice 1 suggests a hexagonal arrangement of blacksize exceeds the size of the mesopores. However, one should
pores surrounded by white pore walls. keep in mind that the diameter of the white line does not
In Figure 4a a conventional TEM image of the SBA-15 necessarily correspond to the diameter of the mesopores (see
sample with gold particles in the mesopores is shown. Due to below). The size of the gold particles is-6 nm. In the XZ
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Figure 5. Zirconia particles in SBA-15: (a) conventional TEM image,
(b) three orthogonal slices through the 3D-reconstruction (the black
arrows indicate the same zirconia particle in the three orientations),
(c) slice through the 3D-TEM reconstruction showing U-shaped pores
and zirconia particles inside the mesopores (black arrow).

slice the hexagonal packing of the mesopores is not visible and

the gold particles are elongated.

The conventional TEM image in Figure 5a shows small ZrO
particles on SBA-15. The ordered nature of the SBA-15 material
is not clear from this image, as the tilt angle of the sample was

chosen such that diffraction contrast was (almost) absent, to

allow imaging of the small zirconia particles. Some of the largest
ZrO, particles (5-6 nm) are indicated with an arrow. The

ordered nature of the material is evident from a movie of a tilt
series of this material (see Supporting Information). In Figure
5b three orthogonal slices through a part of the 3D-TEM
reconstruction of the SBA-15 particle from Figure 5a are shown.

Janssen et al.

particle of Figure 1 show that the pores are almost straight and
hexagonally ordered. Our eyes interpret the YZ slice in Figure
2 as showing a hexagonal ordering of white pores surrounded
by a black pore wall, just as is expected from a system with
empty pores. In contrast to this, YZ slice 1 in Figure 3 seems
to show a hexagonal ordering of black pores surrounded by
white pore walls. However, we postulate that this is not the
case but rather a contrast effect due to the diffraction contrast
in the original TEM images (below). The white areas in this
YZ slice are still the pores and the black areas are still the pore
walls. When a single pore is followed from 2 to 1 in the XY
slice, the corresponding YZ slices along that trajectory show
the pore always in white. However, going from 2 to 1 in the
XY slice the pore walls become more pronounced in the
reconstruction. In YZ slice 1 these strongly pronounced pore
walls are visible as large black spots, rather than a continuous
black pore wall around the white pores. This is caused by the
assignment of gray areas to belong to either the “white part” or
to the “black part” of the image. Our eyes focus strongly at the
black spots in YZ slice 1 and easily regard the rest as “white”,
which leads to a picture of black spots surrounded by white.
This is shown in Figure 7a, where a threshold has been applied
to the data to show the gray pixels in white. A closer look at
YZ slice 1 in Figure 3 reveals that the white spots are surrounded
by three black spots that are connected to each other with gray
areas. If these gray values are regarded as belonging to the
“black part” of the image, one ends up with white spots
surrounded by black. This is shown in Figure 7b, where a
threshold (with a different value than for Figure 7a) has been
applied to the data. In principle, one would expect the pore walls
to have the same gray value (black) everywhere. This is,
however, not the case. In YZ slice 2 of Figure 3 the pore walls
also differ strongly in gray value, although our eyes interpret
the image as white pores surrounded by gray/black pore walls.
It is not exactly clear why the pore walls are not uniform in
gray value. A likely explanation could be the fact that diffraction
contrast plays a role in the image formation of the original TEM
images. As has been mentioned in the Introduction, the theory
of electron tomography has not been developed for images that
have been formed with diffraction contrast. Although it is not
exactly clear what the effect of the diffraction contrast is on
the final reconstruction, the XY slice of Figure 3 shows
enormous changes in contrast. This is even more clear when

In these three orthogonal slices the zirconia particles are visible . k _ ¢
as small black dots, whereas the mesopores are visible as lightef® Subsequent XY slices are displayed in a movie (see
regions. The arrows in the three orthogonal slices indicate the SUpporting Information). The contrast changes seem to run as
same zirconia particle. In Figure 5¢ another XY slice through & Wave through the reconstruction.
the reconstruction is given, showing some pores with many Crystalline materials give rise to diffraction contrast in certain
zirconia particles in it, while other pores do not contain zirconia orientations. Above it was shown that for SBA-15 this can
particles. In this XY slice also the curved nature of the hamper the interpretation of the 3D-reconstruction. However,
mesopores (U-shape) can be seen. for zeolite samples the reconstructions show a uniform gray
In Figure 6 the nitrogen adsorption and desorption isotherms value for the zeolite materiah12 Although zeolites are crystal-
of the SBA-15 samples with gold and zirconia particles, line and give rise to diffraction contrast in the electron
respectively, are shown. The isotherm shows a distinct hysteresismicroscope in certain orientations, the distance between the
loop with a two-step desorption branch. In contrast, the isotherm |attice planes (in the A range) is smaller than the resolution of
of the parent material corresponds to the one expected forthe TEM images. Instead of lattice planes being visible in certain
cylindrical mesopores with a sharp size distribution, i.e., it has orientations, the entire zeolite crystal is imaged somewhat darker
a single capillary condensation step. BJH analysis of the i the orientations where diffraction contrast occurs. In the 3D-
desorption branch allows one to calculate a size distribution TEM reconstruction this does not result in contrast changes
with the majority of the pores lying between 6.5 and 7.5 nm. ithin the zeolite crystal. For ordered mesoporous materials,
however, the distance between the lattice planes is in the
nanometer range. At the low magnifications used, also the
3D-Reconstruction of SBA-15.The three orthogonal slices  resolution of the TEM images is in the nanometer range. This
in Figure 2 through the 3D-reconstruction of the small SBA-15 results in the diffraction-based imaging of the lattice planes in

Discussion
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Figure 6. Nitrogen adsorption and desorption isotherms of Au/SBA-15 (bottom) and/B2-15 (top).

than the thickness of the pore walls. Apparently, diffraction
contrast in the tilt series results in the 3D-reconstruction in an
exaggeration of the thickness of the pore walls at the cost of
the diameter of the pore. Further evidence for intact mesopores
is that the gold particles are rather uniform in size. Their
diameter does not exceed 6 nm, which is slightly below the
- diameter of the mesopores determined with nitrogen physisorp-
Figure 7. Thresholding of YZ slice 1 from Figure 3: in part a all  tjon. We do not need to give a reference for the diameter, since
gray pixels are converted to white, while in part b all gray pixels are we have determined it from the isotherm data. If the pore walls
converted to black. . . .

were crushed, also gold particles with diameters larger than the

the tilt series, which gives rise to a nonuniform gray value for mesopore diameter are expected.
the pore walls in the calculated 3D-reconstruction. The three orthogonal slices through the reconstruction of the
Location of Metal and Metal Oxide Particles in SBA-15. ZrO,/SBA-15 sample (Figure 5b) show that it is possible to
The slice through the 3D-reconstruction in Figure 4b shows the Visualize 2-3 nm ZrQ; particles in the mesopores of SBA-15
gold particles to be distributed over the sample. However, there in the 3D-reconstruction, despite the occurrence of diffraction
is an uneven distribution of the gold particles over the individual contrast in the tilt series. Analogous to the discussion of the
pores: some pores contain several go|d partic|es’ while OtherAU/SBA-].S Sample abOVe, it can be concluded that the zirconia
pores are empty Also the three orthogona| slices through theparticles are inside the mesopores, nOtWithStanding the fact that
3D-reconstruction shown in Figure 4c show that the gold the particles are elongated in the YZ slice and that the hexagonal
particles are indeed located in the mesopores of the SBA-15arrangement of the mesopores is not visible in the XZ slice. In
support. In both the XY and the YZ slice the gold particles the XY slice several zirconia particles are present in the same
(black spots) and the mesopores (white lines) are visible. In mesopore, while other mesopores are empty. The size of the
both orientations the gold particles are visible inside the SBA- zirconia particles is smaller than the pore diameter. Therefore,
15 particle. The middle of the gold particle coincides with the the pore volume of the mesopore between two zirconia particles
middle of the pore. So, although the hexagonal arrangement ofin one mesopore is only accessible through a small pore neck.
the mesopores is not visible in the XZ slice, it can still be This explains the two-step hysteresis loop in the nitrogen
concluded that the gold particles are present inside the meso-Physisorption experiments of these materials (Figure 6). The
pores and not on the external surface of the SBA-15 particle. €mpty mesopores behave like cylindrical mesopores with a
The hexagonal arrangement of the mesopores in the reconstruchysteresis at higher relative pressures(p#®.6), whereas the
tion in Figure 3 is much more clear than for this reconstruction. Mmesopores with zirconia particles inside behave like inkbottle
This is caused by the smaller thickness of the sample and thetype mesopores with a hysteresis loop that closes around a
use of a double tilt series for the reconstruction in Figure 3, relative pressure of ca. 0%A similar argument holds for the
both of which increase the resolution of the reconstruction. ~ AW/SBA-15 sample, although here the size of the mesopores is
The fact that in both the XY and YZ slice the diameter of Only slightly larger than the size of the gold particles. But even
the gold particles is larger than the diameter of the white lines if the mesopores would be fully blocked by the gold particles,
visible in the reconstruction does not necessarily mean that thethe observed double hysteresis loop can still be explained by
gold particles have crushed the pore wall locally. The diameter the fact that SBA-15 contains micropores. If part of the
of the white line is much smaller than the diameter expected mesopore volume were “blocked” by the gold particles, it would
on the basis of the nitrogen physisorption data. Also the pore be accessible for nitrogen via the micropores. Similar observa-
wall in the image is much thicker than expected. It was checked tions have been reported for modified SBA-15 containing
that the slice through the 3D-reconstruction cuts through the microporous silica plugs that partially block the mesopéres.
middle of the pores. Otherwise, if the slice through the 3D-  Limits of Bright-Field Electron Tomography. It is clear
reconstruction cuts through the top of a pore, the width of the from Figure 5b that it is possible to reveal the three-dimensional
white lines will always be smaller than the diameter of the pore location of small metal (oxide) particles in ordered mesoporous
and the width of the black lines will, consequently, be larger materials with bright-field electron tomography. However, the
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3D-reconstruction is close to the limits of the technique and  Supporting Information Available: Movies of the tilt series
care has to be taken that artifacts are not misinterpreted. Forof SBA-15 (Figure 1), Au/SBA-15 (Figure 4a), and Z/SBA-
this type of sample&-contrast tomography seems to be even 15 (Figure 5a) and movies of the XY slices of the 3D-
more powerful. The three-dimensional location of small metal reconstructions of an SBA-15 particle (Figure 2) and the Au/
particles inside the mesopores of ordered mesoporous materialSBA-15 and ZrQ/SBA-15 samples (Figures 4b and 5b,

have been imaged before usiigontrast tomography?:*With
this technique the tilt series is taken with the transmission

electron microscope in the scanning mode, while a high angle

annular dark field (HAADF) detector is used to collect the

images. The use of a HAADF detector has the advantage that

the recorded images do not suffer from diffraction contrast.

Furthermore, the contrast difference between heavy and light

elements is enhanced as the recorded HAASKFEM signal

respectively) are included. This material is available free of
charge via the Internet at http:/pubs.acs.org.
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