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A series of antimony-doped tin oxide (ATO), Sn(Sb)O,,
nanophase catalysts (containing 43 mol% Sb calcined at tempera-
tures of 250, 600, and 1000°C, respectively) have been studied by
correlated electron energy-loss spectroscopy (EELS) and Z-contrast
imaging in a scanning transmission electron microscope (STEM)
and by high-resolution electron microscopy (HREM). As reference
materials, pure SnO,, Sb,03, and Sb,0s are also analyzed. Results
show that the particle size of these ATO catalysts increases with the
calcination temperature. At low calcination temperatures, the cata-
lyst contains crystalline nanoparticles surrounded by amorphous
material, while the nanoparticles become well crystallized when
calcined at higher temperatures. EEL spectra acquired from these
ATO catalysts are qualitatively interpreted using ‘fingerprints’ from
the reference materials. Results suggest that at low calcination tem-
peratures (250°C), Sb exists in the pentavalent state Sb (V) ei-
ther incorporated into the SnO; lattice or as an amorphous layer
surrounding the SnO, crystals. At higher temperatures (>600°C),
Sb segregation occurs as trivalent Sb (IIT) at the surface and Sb
(V) in the core of the majority of the nanoparticles. However, it
should be noted that nearly no Sb was detected in some particles.
The surface Sb (III) ions are proposed as active sites in the ATO
catalysts. (© 2002 Elsevier Science

Key Words: EELS; Z-contrast imaging; STEM; HREM; ATO;
catalysts; valence state; nanophase materials.

1. INTRODUCTION

Pure tin oxide (SnQ;) is used for either the deep oxi-
dation (1) or the oxidative dehydrogenation (2) of lower
olefins. When doped with antimony (Sb), it can be used for
the oxidation of propylene to acrolein, the ammoxidation of
propylene to acrylonitrile, the oxidative dehydrogenation
of butanes to 1,3-butaliene (3), and for the selective oxi-
dation of olefins (4). The difference in properties between
ATO catalysts and pure SnO; implies that Sb plays an im-
portant role in ATO’s catalytic performance. Understand-
ing the structure—activity relationship of ATO catalysts is
therefore of key technological importance.
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Previously the structure of ATO catalysts was charac-
terized by various spectroscopic techniques, such as X-ray
photoelectron spectroscopy (XPS) (5-9), Mdssbauer spec-
trometry (10-13), ultraviolet photoelectron spectroscopy
(UPS), high-resolution electron energy-loss spectroscopy
(HREELS) (7), infrared (IR), Raman, and Auger spec-
troscopy (14), X-ray fluorescence spectrometry (15), and
X-ray absorption spectroscopy (XAS) (16). In addition
X-ray diffraction (XRD) (5, 10, 14-16), neutron diffrac-
tion (17), transmission electron microscopy (15, 18-20), and
extensive computer simulations (21) have been employed.
However, despite this intensive effort, the distribution and
the valence states of Sb in ATO catalysts have been the
subject of debate for many years. It has been generally
agreed that surface enrichment of antimony occurs, and
trivalent Sb (III) ions are formed during calcination. Fur-
thermore, at high calcination temperatures, tin (IV) oxide
is thought to contain pentavalent Sb (V) within the bulk lat-
tice and Sb (I1I) located at surface sites, although no direct
experimental evidence for either of these features has been
provided.

The majority of research into the valence states and
distribution of Sb in ATO catalysts has utilized XPS and
Mossbauer spectrometry. The advantage of these two tech-
niques is that different oxidation states show separate core-
level signals. However, XPS, like other surface techniques
(HREELS, for example), samples only a thin surface layer
of a solid material. It therefore needs to be performed in
combination with other techniques, such as X-ray diffrac-
tion, to obtain bulk structure information. The poor crys-
tallinity of technologically relevant materials in this case
precludes accurate structural investigation by X-ray diffrac-
tion. Mossbauer spectrometry, like many other spectro-
scopic techniques, also cannot separate surface signals from
bulk ones, thereby limiting the ability to determine the spa-
tial distribution of the various valence states of Sb. While
conventional microscopic imaging methods in TEM can
give accurate estimates of particle size and crystallinity
(i.e., the information missing from the spectroscopic tech-
niques), they cannot give composition and electronic struc-

tural information.
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The limitations in the techniques described previously
are that they only address one aspect of the problem at
hand. Therefore, the best way to characterize atomic and
electronic structures of nanoscale catalysts is to use a set
of techniques where imaging and spectroscopic techniques
can be performed simultaneously. One means of achieving
this correlation is through Z-contrast imaging and EELS
in the STEM (22). Electron energy-loss spectroscopy is a
powerful technique used to investigate electronic structures
of materials (23). EELS performed in a modern electron
microscope has one advantage over X-ray spectroscopy
and other techniques: it can be performed at atomic reso-
lution. This makes it possible to individually analyze the
atomic and electronic structures of nanoparticles, defects,
and interfaces. Through the combination of Z-contrast and
HREM imaging and EELS techniques, we can get not
only size and crystallinity information but also composi-
tion and electronic structure data from individual nanopar-
ticles.

In the research presented here, a series of ATO cat-
alysts (containing 43 mol% Sb calcined at temperatures
of 250, 600, and 1000°C, respectively) have been stud-
ied. Using Z-contrast images as references, EEL spectra
were collected by placing the electron probe at both the
edges and the centers of particles in the ATO catalysts.
This is the first time that correlated atomic resolution elec-
tron microscopy and spectroscopy techniques were used for
characterizing these types of catalysts. These spectra were
qualitatively interpreted by fitting the spectra using the ref-
erence spectra collected from pure SnO;, Sb, 03, and Sb,O5
materials through a multiple-linear-least-squares (MLLS)
process, from which we directly probe the distribution and
valence states of Sb in ATO catalysts calcined at different
temperatures. HREM imaging was also used for analyz-
ing the particle size and crystallization of the ATO cata-
lysts.

2. EXPERIMENTAL METHODS

2.1. Sample Preparation

Wet chemical techniques were used to synthesize the
ATO nanophase materials. A solution of SnCly - 0.5 H,O
(40.0 g) in deionized water (20 ml) was mixed with SbCls
(25.0 g) in concentrated HCI (20 ml), stirred, and heated;
15% sodium hydroxide solution was then added to keep the
pH value of the final mixture at 2.0. At this point the heater
was turned off, and the mixture, still being stirred, was al-
lowed to cool for 3 h. The white solid precipitates were
then filtered off, washed with deionized water, and dried
at 60°C in a vacuum oven for more than 3 h. The dried
powders were then calcined in an open ceramic crucible
at 250, 600, and 1000°C, respectively, for 3 h. At the end of
the calcination, the sample was removed from the oven and
allowed to cool quickly in air. The final powders of ATO
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catalysts calcined at 250, 600, and 1000°C showed light gray,
light green, and dark gray colors, respectively. Specimens
for electron microscopy analysis were prepared by plac-
ing the powders directly on holey-carbon-coated copper
grids.

2.2. Electron Microscopy and Spectroscopy

The methodology used in this study for characterizing the
ATO nanophase catalysts involved combining atomic reso-
lution imaging and spectroscopic techniques in the electron
microscope. HREM (performed in a JEOL 3010 HREM)
and Z-contrast imaging techniques were used to charac-
terize particle size and crystallinity, while EELS combined
with Z-contrast imaging was used for analysis of the valence
states and the distribution of antimony. Z-contrast imaging
and EELS were performed in a JEOL 2010F field emission
STEM/TEM operating at 200 kV in STEM mode (22). The
lens conditions in the microscope were defined for a probe
size of 0.2 nm, with a convergence angle of 13 mrad and
a collection angle of 52 mrad (24). The energy resolution
of the energy-loss spectra was 1.2 eV (defined by the full-
width at half-maximum of zero-loss peak) at a dispersion of
0.3 eV/channel. To reduce the effects of the beam damage,
short acquisition times (0.2 s for low-loss spectra and 0.5
or 1 s for core-loss spectra) were used to collect indivi-
dual spectra from all the materials analyzed, and then
these spectra were summed up to increase the signal-
to-noise ratio. In addition, a different collection manner
was used, i.e., with the probe scanning continuously over
a larger area. This acquisition method was suggested to
avoid potential problems in interpreting the spectra due
to beam damage (36). The Gatan PEELS system and
EL/P 3.3 software were used for EELS data collection and
processing.

Figure 1 shows a schematic diagram of the optical ar-
rangement in a STEM. The key to the STEM is that elec-
trons emitted from the gun are focused into a small probe
(typically 0.13-0.3 nm). When the focused probe scans over
the specimen, electrons are scattered in a large-range of
angles. For Z-contrast imaging, only the high-angle scat-
tered electrons are collected using an annular detector
(25-28). Since the annular detector collects mainly ther-
mal diffuse scattering, which is generated by each atom in
proportion to the electron intensity close to its site, lat-
eral coherence between the atomic columns is destroyed,
and the coherence between atoms in the same column is
reduced to residual. Therefore, each atom can be consid-
ered as an independent scatterer. Scattering factors may be
replaced by cross sections; the cross section for HAADF
scattering approaches the Rutherford cross section, thus
approaching a Z?> dependence on atomic number Z of
the intensity. Therefore, there is no phase problem for
Z-contrast imaging. This cross section effectively forms an
object function that is strongly peaked at the atom sites
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FIG.1. Schematic diagram of the optical arrangement for Z-contrast
imaging and EELS analysis using a scanned probe in the TEM.

(~0.02 nm). Thus, for a very thin specimen when there is no
dynamical diffraction, the scattered intensity (I (R)) can be
written as

I (R) = O(R) ® P*(R), (1]

where O(R) is the object function and P?(R) is the probe
function; i.e., the Z-contrast image can be considered as
a simple convolution between the probe intensity pro-
file and the specimen object function (25-28). The spa-
tial resolution is only controlled by the probe size due
to the small width of the object function. For thin crys-
talline materials in zone-axis orientations, if the probe
size is smaller than the atomic column spacing, atomic
columns can be illuminated individually, and atomic res-
olution Z-contrast images are obtained. This result also
holds true for thicker specimens due to channeling effects
(29).

Since the annular detector does not interfere with low-
angle scattering, the low-angle scattering can be used for
either EELS or bright-field imaging (Fig. 1). For the ma-
jority of edges accessible by conventional energy-loss spec-
trometers (A <2 keV) the object functions are localized
within 0.1 nm of the atom core (23). Similarly, for crys-
talline materials in zone-axis orientations, the spectrum
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can also be described as a convolution of the probe with
an object function similar to that of Z-contrast imag-
ing, thereby atomic resolution EELS can be achieved
(29-33).

The arrangement in Fig. 1 shows that atomic resolution
EELS and Z-contrast imaging can be performed simulta-
neously; i.e., a spectrum is acquired by using the Z-contrast
image to position the electron probe over a particular struc-
tural feature.

3. RESULTS

3.1. HREM Results

Figure 2a shows low magnification and Fig. 2b shows
high-resolution images (along the [111] direction) taken
from the pure SnO; reference material. It can be seen that
the particle size of pure SnO; is in the range of several to
30 nm and that SnO, has a cassiterite structure. The ma-
jority of the particles are single crystals and faceted with
(110), (111), and (001) planes exposed. No twinned parti-
cles were found in this pure SnO, sample. Figures 2c and
2d are HREM images of the Sb,O3 and Sb,Os reference
materials taken along their [100] and [110] directions, re-
spectively (with their basic lattice directions indicated by
arrows in the images). The Sb,O3 and Sb,Os powder mate-
rials were obtained from Aldrich and are composed of mi-
cron or submicron particles. Crystals in Sb,O3 have needle-
like structures, while those in Sb,Os5 have cubic structures.
Selected-area electron diffraction analysis indicates that the
Sb, 03 has an orthorhombic structure with its lattice param-
eters of a = 0.493 nm, b = 1.248 nm, and ¢ = 0.543 nm
(34). The Sb,0s has a face-centered cubic structure with
a = 1.022 nm (35).

Figure 3 shows HREM images taken from the ATO
nanophase catalysts calcined at (a) 250°C, (b) 600°C, and
(c) 1000°C, respectively. Notably, at 250°C, the catalyst is
not well crystallized with small crystals (~5 nm) surrounded
by amorphous material. The ATO catalyst calcined at 600°C
contains well-crystallized larger particles (~10 nm). How-
ever, there is still a small amount of amorphous material
at the edges of some nanoparticles. For the ATO cata-
lyst calcined at 1000°C, the particle size becomes larger
(~10-50 nm), and the catalyst is well crystallized without
amorphous surface layers. It is notable that some twinned
particles were observed in the catalyst calcined at this tem-
perature, as indicated by the arrow in Fig. 3c. Figure 3d
shows an HREM image of the twin viewed along a di-
rection parallel to its twin plane. Analysis of the Fourier
transform of the image (inset in Fig. 3d) shows this parti-
cleis a (101) twin, consistent with previous observations of
ATO catalysts by other groups (18-19). HREM observa-
tions also indicate that most particles facet with their (110),
(100), and (001) planes exposed. This observation agrees
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along its [100] axis and Sb,Os along its [110] direction, respectively.

with simulations, which suggested that these three planes
were the most thermodynamically stable (21).

3.2. Z-Contrast Imaging and EELS Results

Figures 4a and 4b are low-loss and core-loss EEL spec-
tra acquired for the SnO,, and Figs. 4c and 4d are low-loss
and core-loss spectra of the Sb,O3 and Sb,Os reference
materials. The core-loss spectra were obtained by process-
ing the experimental spectra in the following manner: sev-
eral experimental spectra were acquired using short acqui-
sition times and summed up to increase the signal-to-noise
ratio. The background of the summed up spectra was then
removed by fitting the pre-edge to a power law function
of the form AE" (where E is the energy loss and A and
r are constants) (23). To remove multiple scattering, this
spectrum was deconvoluted by its corresponding low-loss
spectrum using the Fourier ratio method. Finally, all spec-
tra were normalized to the continuum interval 30 eV after
My 5 edges (630-660 eV).
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(a) Low magnification and (b) HREM images (viewing along its [111] direction) of pure SnO,. (c) and (d) HREM images of Sb, O3 viewing

The main feature of the low-loss spectrum of the SnO,
is that it contains the Sn: Ny s peak and peaks at energies
of 12 and 20 eV, respectively. The spectra for Sb,O3; and
Sb, 05 are similar except that plasmon (at 21 eV) shapes
are different; however, they are both readily identifiable
from the SnO, spectrum. The main features of the core-
loss spectra of these three reference materials are that they
are composed of two sharp oxygen K peaks (marked as
A and B) overlapping with delayed Sn: My s for SnO, or
Sb:M, s (marked as C) for both Sb,O3 and Sb,0s. Using
the carbon K edge (284 eV) to calibrate the EEL spectra,
we identified the A peak positions in the oxygen K edge at
540 eV for all three reference materials. The B peak posi-
tion is 546.5 eV for SnO,, 545.5 eV for Sb, O3, and 543.5 eV
for Sb,0s. The C peak is 562 eV for SnO,, while those for
the Sb, O3 and Sb, 05 are 572 and 576 eV, respectively. The
oxygen A peaks of SnO; and Sb,Os have lower intensities
than B peaks, while the A peak of Sb,O3 has a higher in-
tensity than the B peak. Normally, for a semiquantitative
interpretation of a spectrum to obtain the valence states, it
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4 nm

(a) and (b) HREM images of the ATO catalysts calcined at 250 and 600°C, respectively. (c) Low magnification image of the ATO

calcined at 1000°C showing a twinned particle. (d) HREM image of the twinned particle. Its Fourier transform is inserted in the upper right

corner.

is important to know the energies and the relative inten-
sities of each of the peaks in the spectrum. The spectrum
acquired from SnO, consists of an oxygen K edge (532 V)
and tin My 5 edges (482 eV). They overlap together. In the
spectra acquired from antimony oxides, the oxygen K edge
overlaps with antimony My s edges (524 eV). This makes
their interpretation complicated. Nevertheless, the differ-
ene between the spectrum acquired from Sb,Os and that
from Sb, O3 indicates that these spectra can still be used as
“fingerprints” to identify the presence of Sb (III) and Sb
(V) and their distribution in the ATO catalysts.

Z-contrast images taken from the ATO catalysts cal-
cined at 250, 600, and 1000°C are shown in Figs. 5a, 5b,
and 5c, respectively. The brightest spots in the Z-contrast
image shown in Fig. 5b correspond to atomic columns. As
Sn (Z = 50) and Sb (Z = 51) are neighbors in the Peri-

odic Table, they cannot be separated from each other in
the Z-contrast images. This means that Z-contrast images
alone cannot give accurate information regarding Sb dis-
tribution. However, they can be used not only for EELS
collection but also for beam damage monitoring. By plac-
ing the electron probe at the centers and edges of the par-
ticles in the images, center and edge EEL spectra can be
obtained. Figures 5d—f show the processed EEL spectra ac-
quired from these ATO catalysts calcined at 250, 600, and
1000°C, respectively. These spectra were obtained using the
same procedures as those used for the reference spectra.
All the spectra were calibrated using carbon K edge, which
gives the peak positions of peaks A, B, and C of the edge
and center spectra among the ATO catalysts as shown in
Table 1. It can be seen that at the 250°C calcining temper-
ature there is not much difference between the center and
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FIG. 4. Processed (a) low-loss and (b) core-loss spectra acquired from

Sb,Os, respectively.

the edge spectra. They both show that the A peaks have less
intensity than the B peaks and that the C peaks have sim-
ilar positions. For the ATO calcined at 600°C, the A peak
of the edge spectrum has a higher intensity than that of
the B peak, while the B peak of the center spectrum has a
higher intensity than that of the A peak. Also it seems that
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the pure SnO,. (c) Low-loss and (d) core-loss spectra of the Sb,O3 and

the C peak of the edge spectrum has a lower energy than
that of the center spectrum. The main features of both the
center and the edge spectra of the ATO calcined at 1000°C
are that the A peaks have lower intensities than those of
the B peaks, while the intensity difference between the A
and B peaks in the edge spectrum is smaller than that in

TABLE 1

Peak Positions of the ATO Catalysts and Reference Materials®

ATO calcined ATO calcined ATO calcined
at 1000°C at 600°C at 250°C Reference materials
Peaks (eV) Edge Center Edge Center Edge Center SnO, Sb,O3;  Sb,Os
A 537.5 538.5 539.5 540 540.5 540.5 540 540 540
B 544 545 545 545.5 546 546 546.5 545.5 543.5
C 562 564 566 571 570 570 562 572 576

@ Calibrated by carbon K edge, AE = £1.5 eV.
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FIG.5. Z-contrast images taken from the ATO catalysts calcined at (a) 250°C, (b) 600°C, and (c) 1000°C, respectively. (d), (e), and (f) Processed
EEL spectra taken from the particles in (a), (b), and (c), respectively.
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the center spectrum. The C peak of the edge spectrum has
a lower energy than that of the center spectrum. As men-
tioned earlier, due to the overlaps of the edges, it will be
difficult to interpret these spectra based on these “fine”
structures.

4. DISCUSSION

The concepts, “edge” and “center” spectra instead of
“surface” and “bulk” spectra, are used here in describ-
ing the EELS results, as when EELS is performed in the
transmission mode, real “surface” spectra can only be ac-
quired from exact edge-on particles. Pure “bulk” spectra
are impossible to acquire as electrons passing through the
center of a particle, crossing two surface layers and the
bulk material. This means the “center” spectra should con-
tain contributions from both surfaces and from the bulk
structure. To obtain information on the bulk we therefore
needed to determine the ratios of bulk atoms to surface
atoms for particles with different sizes. Considering that
most particles in the ATO catalysts are facetted with some
special planes exposed, we constructed several simple crys-
tal models. As shown in Table 2, four different particles
with sizes of 2 x 2 x 2nm, 5 x 5 x 5 nm, 10 x 10 nm, and
50 x 50 x 50 nm, respectively, were considered to represent
typical particle sizes of the three ATO catalysts we studied.
Assuming that the EEL spectra were collected with elec-
trons passing through the particles along either the [001]
(d = 0.319 (0.159) nm) or the [111] (d = 0.231 nm) direc-
tion (which corresponds to our imaging conditions), and
surface atoms occupy only several atomic layers, e.g., three
atomic layers here, the surface/bulk ratios were calculated
(shownin Table 2). It can be seen that when the particle sizes
were larger than 5 nm, the center spectra were dominated
by contributions from bulk atoms. In fact, if the particles
were smaller than 2 nm, nearly all atoms lay on the sur-
face. The experimental spectra in this study were collected
from particles about 5 nm in diameter or larger, so that the
center spectra could, to a first approximation, be treated as
bulk spectra. This means that by analyzing these center and
edge spectra, Sb valence states and distribution as a func-
tion of temperature could be determined.

To evaluate the distribution of antimony ions in the ATO
catalysts, a MLLS method was used for fitting the experi-
mental spectra using the reference spectra (plotted in Fig. 6)

TABLE 2

Surface/Bulk Ratios of Particles with Different Sizes Viewing
Along Different Directions

Surface/bulk ratios of particles with different sizes (nm)

Viewing

directions 2x2x2 5x5x5 10 x 10 x 10 50 x 50 x 50
[001] ~1/1 ~1/4 ~1/9 ~1/51
[T11] ~2/1 ~1/3 ~1/6 ~1/35
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(23). This method is suitable for interpreting noisy spectra
and spectra containing overlapped edges. Figures 6a and
6b show the experimental edge and center spectra of the
ATO catalyst calcined at 1000°C together with MLLS fitted
spectra. In Fig. 6a the MLLS fitted spectrum was obtained
by fitting the experimental edge spectrum using the stan-
dard spectra of Sb,O3 and SnO,. In this case, the reference
spectrum of Sb,Os resulted in a negative weighting factor,
therefore it was not used in the fitting procedure. In Fig. 6b,
the experimental spectrum could only be fitted by the spec-
tra of SnO, and Sb,0s, while if Sb,O3; were considered we
would have obtained a negative weighting factor. We also
found that both the edge and the center spectra from some
particles could not be fitted by the spectra of Sb,O3; and/or
Sb, 05 together with the spectrum of SnO,. This may imply
either that there is much less antimony in some particles
or that the distribution of antimony in the ATO catalysts is
inhomogeneous.

Figures 6¢ and 6d are the experimental edge and center
spectra of the ATO catalyst calcined at 600°C together with
the MLLS fitted spectra. Similarly, the edge spectrum could
only be fitted by the reference spectra of Sb,O3 and SnO»,
while the center spectrum could only be fitted by the spectra
of SnO, and Sb,0s.

Figures 6e and 6f are the experimental edge and center
spectra of the ATO catalyst calcined at 250°C together with
the MLLS fitted spectra. In this case, the edge spectrum
could be fitted mainly by the reference spectra of Sb,0Os
and SnO,, and if Sb,O3 were considered, it would have had
a very small weighting factor. The center spectrum could
only be fitted by the spectra of SnO, and Sb,Os.

These results semiquantitatively confirm that Sb (III) is
generated and segregates to the surface of ATO nanoparti-
cles as the calcination temperature is increased. The lower
oxygen A and B peaks’ intensities of the experimental spec-
tra of the ATO calcined at 250 and 600°C than those of the
MLLS fitted spectra may be due to the fact that the surfaces
of these two samples contain a high degree of amorphous
material (24, 36). The Sn/Sb ratios in the edge and center of
the ATO catalysts calcined at different temperatures were
obtained by MLLS fitting (shown in Table 3). It can be seen
that the solubility of Sb in well-crystallized SnO; is no more
than 5%. This is consistent with previous results (no more
than 4%) (15).

Separated antimony oxides were also found by EELS in
the ATO catalyst calcined at 600°C, while XRD only de-
tected separate antimony oxide phases in the ATO materi-
als calcined at 1000°C. That there are fewer separated an-
timony oxides formed at 600°C implies that EELS is more
sensitive than X-ray techniques in detecting a small amount
of second inclusions. Figure 7a shows the low-loss spectrum
and Fig. 7b shows the experimental and MLLS fitted core-
loss spectra of the antimony oxide phase. The low-loss spec-
trum which has a plasmon energy of 16 eV is not similar to
the low-loss spectra of either Sb,O3 or Sb,Os. The fitted
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FIG. 6. (a)and (b) Experimental and MLLS fitted edge and center spectra of the ATO calcined at 1000°C. (c) and (d) Experimental and MLLS
fitted edge and center spectra of the ATO calcined at 600°C. (e) and (f) Experimental and MLLS fitted edge and center spectra of the ATO calcined

at 250°C, respectively.

spectrum was obtained by MLLS fitting using the standard
spectra of Sb,O3 and Sb,Os which give an Sb (II1)/Sb (V)
ratio of 2.4/1. This suggests that this phase contains both Sb
(IIT) and Sb (V) species in its structure. It may be the Sb,O4

phase in which Sb exists as two different oxidation states,
Sb (III) and Sb (V) (37). The Sb (IIT)/Sb (V) ratio in the
reported Sb,Oy4 phase is 1.6/1 (37). This means that more Sb
(IIT) ions are contained in the observed Sb,O4 phase in the
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TABLE 3

Sn/Sb Ratios in ATO Catalysts Calcined at Different Temperatures Obtained
by MLLS Fitting

ATO calcined at 1000°C

ATO calcined at 600°C

ATO calcined at 250°C

Samples Edge Center Edge Center Edge Center
Sn/Sb ratios  Sn/Sb (III)  Sn/Sb (V)  Sn/Sb (III) Sn/Sb(V) Sn/Sb(V)  Sn/Sb (V)
18/1 311 3.4/1 6/1 11.2 111

ATO calcined at 600°C, which may be caused by the charge
balance for oxygen vacancies (inferred from the lower in-
tensity in the oxygen K edges). This may explain why the
oxygen peaks in the experimental spectrum have a lower
intensity than those in the MLLS fitted spectrum (24, 36).
There are several different viewpoints on the active sites
of the ATO catalysts described in the literature: (i) iso-
lated Sb (I1T) species surrounded entirely by Sn (IV) nearest
neighbors (12), (ii) the surface Sb (III)-Sb (V) couples (38),
(iii) the surface Sn (II) 4+ vacancy complex and Sb (1II) +
vacancy complex (8), (iv) an oriented film of Sb,O4 sup-
ported by the Sb (V)/SnO; solid solution (5), and (v) surface
Sb (V) species (39). Our results show that antimony exists
mainly as a Sb (III) state in the surface of these catalysts cal-
cined at higher temperatures. At higher temperatures, Sb
(V) transforms into Sb (IIT) probably by the Sb (V) + V, =
Sb (III) (V,, oxygen vacancy) mechanism. This means that
Sb (III) sites in the surface are coordination unsaturated
sites (40). Coordination unsaturated sites play an impor-
tant role in oxide catalyst performance, because reactants
may bind to these sites and become activated for catalytic
conversion. This has been directly verified recently by low-
energy electron diffraction (LEED) and scanning tunneling

—5h,0,

Counts (Arb. unit)

8 16 24 32 40
Energy loss (eV)

P | i
48
(a)
FIG. 7.
core-loss spectra of the antimony oxide.

microscopy (STM) on an atomic scale (41). So, the surface-
segregated Sb (IIT) ions may act as active sites in ATO cata-
lysts (12). We did not find surface Sb,Oy4 layers in ATO
calcined at higher temperatures, although Sb,O4 separated
particles were found even in the sample calcined at 600°C.
However, previous reports have ruled out the possibility of
the Sb,O4 phase in ATO catalysts acting as active sites be-
cause of its low activity (even though it has good selectivity)
(10). Recent research on SbVO4/Sb, Oy catalysts showed no
improvement in the activity to acrylonitrile from the me-
chanical mixing of Sb,O4 and SbVOy, catalysts, while the
presence of the Sb,O4 phase formed during the synthesis
of the catalyst enhanced selectivity to more than a factor of 2
(42). Considering the similarity between the Sn(Sb)O; and
the SbVOy systems, which are all-important industrial cata-
lysts used for selective oxidations, the Sb,O4 phase formed
during calcination in the ATO catalysts may also contribute
to the selectivity of the ATO catalysts.

Compared to other techniques such as XAS and
HREELS, EELS performed in an electron microscope has
been much less utilized for the characterization of catalysts.
This may be partly due to “fears” of electron beam damage
effects. However, for the samples studied here this does not
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(a) Low-loss spectrum of Sb,O4 phase formed at the calcination temperature of 600°C. (b) Processed experimental and MLLS fitted
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seems to be a limiting case. For ionic materials, the knock-
on or charge effect is a possible beam-damage mechanism
(43). If Sb,0s, which is the most beam-sensitive material
among those studied, were to undergo knock-on or charge,
the Sb (V) would turn into Sb (III) by either Sb (V) +
Vo, =Sb (III) or Sb (V) + e=Sb (III) mechanisms, which
would make the relative intensities of the oxygen A and B
peaks change. However, by comparing spectra collected at
the spot mode and by scanning a large area, we found beam
damage to be negligible in the spectra used for our analysis
(with a probe size of 0.2 nm and a beam current of 15 pA).
Also it was reported that the features presented in their
low-loss spectra, which suggest the presence of various Sn
species, are Sn—10 and 14 eV; SnO—9, 13.5, and 27 eV; and
Sn0O,—12 and 20 eV (44). The features of low-loss spectra
collected from the SnO; show main peaks at 12 and 20 eV,
which clearly show that beam damage can be decreased and
even avoided. Provided much caution is taken, EELS per-
formed in a STEM with a field emission gun can be used
for characterization of such industrial catalysts composed
of nanoparticles.

5. CONCLUSIONS

In conclusion, EELS combined with Z-contrast and
HREM imaging showed that the particle size and crys-
tallinity of the ATO catalysts increase with calcination
temperature. Using the reference materials, EEL spectra
from the ATO catalysts calcined at different tempera-
tures are qualitatively interpreted. The results show that at
250°C, Sb mainly exists as Sb (V) and may be incorporated
inside the SnO;, lattice or in an amorphous-like phase sur-
rounding the SnO; crystals. For the ATO catalysts calcined
at 600°C, the spectra from the edges of the particles corre-
spond to trivalent Sb (III), while the spectra from the cen-
ters correspond to pentavalent Sb (V). The main features
from the ATO catalysts calcined at 1000°C are consistent
with Sb (V) being incorporated inside the SnO; nanopar-
ticles, while Sb (III) is present within their edges. The
surface Sb (I1I) sites are proposed to be coordination un-
saturated sites and may act as active sites during catalytic
reactions. This is the first time that these techniques were
used to characterize this type of metal oxide catalyst con-
taining nanophase materials using correlated atomic reso-
lution electron microscopic and spectroscopic techniques.
It also demonstrated that EELS combined with Z-contrast
imaging performed in a STEM/TEM is a suitable technique
for characterizing industrial catalysts composed of nano-
particles.
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