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ABSTRACT: The high-energy electron irradiation effects on
Fe-loaded, zeolite-supported catalyst were examined by
transmission electron microscopy. In the original sample
under little beam irradiation, no nanoparticles larger than 1 nm
can be observed, and about half of the loaded Fe is identified
as being in a positive ion state (ie., iron oxides). Metal Fe
nanoparticles in neutral state Fe’ were then found to
precipitate quickly under beam illumination with an electron
dose of ~2.4 X 10’ nm ™ or above at room temperature. Since
electron microscopy is widely applied in the characterization of

Fe atom
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all sorts of catalysts supported on zeolites, the current observations could be treated as a model system to distinguish the metal
nanoparticles existing in the original catalyst from those precipitated by electron beam irradiation. It was the ionization effect of
electron radiation, other than temperature rise, that played an important role in the formation and growth of the metal
precipitates. In the current system, the induced nanoprecipitations were identified as pure Fe metal clusters by electron energy
loss spectroscopy (EELS), high-resolution transmission electron microscopy (HRTEM), and electron diffraction. As in current
modeling system, although only metal Fe nanoparticles can be observed by EELS if the irradiation effect is ignored at the first
place, the functional component in the loaded catalyst is actually a mixture of Fe-oxide and Fe.
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1. INTRODUCTION

Zeolites are microporous crystalline aluminosilicates with
framework structures composed of Si(A1)O, tetrahedral
units."” They have the framework structures of submicroscopic,
highly uniform channels and pores and are suitable to be used
as molecular sieves. Zeolites are commonly used supports for
nanoparticle catalysis. It has been found that encapsulating
metal-oxide particles inside zeolite cages is essential to having
the selective catalytic properties of the metal species.”
Recently, iron-loaded zeolites have attracted lot of interest
because of remarkable catalysis properties in the reduction of
nitrogen oxide (NO,) emission.* ™’ Long and Yangé reported
that Fe-ZSM-$ catalyst exhibited remarkably high activities for
reducing NO and NO,, which is one of the major sources for
air pollution and acid rain. Jisa et al.” recently reported superior
activity of Fe-FER zeolite for decomposition of nitrous oxide
(N,0), a strong greenhouse gas. Qi et al® reported that Fe-
exchanged zeolites as catalysts converted over 99% NH; to N,
and obtained nearly 100% N, selectivity at 400 °C. It was also
found that Fe-zeolites were able to convert NO, to N, with
high selectivity and activity even in the presence of water.” The
latter is a useful and important attribute as diesel fuels, and the
current modern engine, can contain up to 10% water vapor in
the exhaust fumes. The catalytic activity of metal species is
system dependent and affected by many factors such as particle
size, geometry, composition, oxidation state, and chemical/
physical environment.'® Characterization of the metal nano-
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particles, as well as the zeolite, is crucial to understanding the
structure function relationship between the metal complexes
and its catalytic properties.

Transmission electron microscopy (TEM) has been
extensively used for structure analysis of zeolites.”"' ™" High
resolution TEM (HRTEM) has been used successfully to reveal
fine structural features such as intergrowths, twinnings, and
stacking faults in many zeolites.''~'* In particular, the most
effective technique for detection of the small metal nano-
particles supported on zeolites is scanning transmission
electron microscope (STEM) imaging with a high angle
annular dark field (HAADF) detector, which shows Z-contrast.
Z-contrast is related to atomic number via a square relationship:
the higher the elemental number, the brighter it is. This makes
it easy to find the heavy metal nanoparticles embedded inside
zeolites consisting mainly of light atoms. Furthermore, coupled
with electron energy loss spectrometry (EELS) and X-ray
dispersive spectrometry (EDX), analytical STEM can not only
image the metal nanoparticles but also extract the composition
and electronic state of the nanoparticles. The effect of electron
irradiation in modifying the structure and property of zeolite
had long been observed under S/TEM. It was known that
zeolites can be amorphized easily upon electron irradia-
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tions."*™'® The open, cage-like structure of zeolite is susceptible

to breakdown if part of the network is disrupted because of
ionization. Wang et al.'* reported that the electron doses for
amorphization of three types of zeolites by a 200 keV electron
irradiation at room temperature (RT) were from 7.0 X 10° to
3.4 x 10° nm™% Typical HRTEM imaging needs an electron
flux of about 7.0 X 10° nm? s~.'7 which can cause
amorphization of most zeolites in a short time. The electron
beam irradiation effects on solute were also reported, that is,
various types of nanoprecipitation formed out of amorphous or
crystalline matrix. Wang et al.'® observed irradiation-induced
three-dimensional nanophase formation by in situ TEM for a
number of polycrystalline intermetallic compounds and ceramic
materials. Precipitation of amorphous Si;N, from super-
saturated a-Fe solid solution with 1.6 at% Si because of
favorable interface energy between the precipitates and the
matrix was reported by Mittemeijer et al."” Qin et al.*° reported
formation of nanocrystalline Fe—B intermetallic phase by
electron beam irradiation from amorphous FegBs at a
temperature far lower than the thermal crystallization temper-
ature. The structure of the nanoprecipitation depends on many
factors such as beam energy, bulk energy of matrix and
precipitates, atomic diffusivity, and interface energy. With
precise beam control, irradiation-induced nanoprecipitation
could be finely controlled for beneficial modifications of the
system. For example, Pribytkov et al.*' reported that electron
irradiation of hetereogenous catalysts was a promising method
to modify the structure and activity of catalysts by affording
new types of active sites on the catalyst surface possessing
higher activity and/or selectivity.

Despite many reports on the electron irradiation effect on
zeolites, literature reports on effects of electron irradiation on
the nanoprecipitation in metal-loaded zeolites in TEM has been
surprisingly rare. Considering the extensive application of S/
TEM in studies of metal-loaded zeolites and potential system
modification, a better understanding of the electron irradiation
effects on metal-loaded zeolites is of significance to both
fundamental research and practical applications. In this report,
we present our observations of electron beam irradiation on Fe-
loaded Mordenite (MOR)-zeolite catalyst in S/TEM operating
at 200 KV in a temperature range from 100 K to 973 K with
either liquid nitrogen cooling sample holder or an in situ
heating holder. Fe nanocrystals were observed to precipitate
from the Parent Mordenite (MOR) zeolite quickly upon
electron irradiation at either low or high temperatures.

2. EXPERIMENTAL SECTION

Parent Mordenite zeolites were provided by Dr. Jeffrey Miller
of Argonne National Laboratories. The as-received MOR is a
one-dimensional (1-D) zeolite with orthorhombic structure and
pores sized 6.7 A in diameter. The proton zeolites (Silica/
Alumina ratio = 50) were first calcined at 550 °C for S h in a
solid state furnace in air to remove the organic framework.
Loading of Fe was conducted by the chemical vapor deposition
(CVD) method previously described by Chen and Sachtler.”
The hydrogen zeolite was loaded into a double fritted U-tube
reactor on the downstream side. Iron precursor was then
loaded onto the other, upstream porous frit, and a dry-argon
gas stream (120 mL/min) was flowed through the reactor.
Zeolites were heated using heating tape to a temperature of 320
°C for 3—S5 h to remove excess water from the zeolite. Next, the
iron precursor was heated to the sublimation temperature (100
°C for ferrocene) for 12 h. Finally the whole reactor was heated
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to the sublimation temperature for 2 h. Loaded zeolites were
then washed sufficiently and dried in air at 550 °C for S h.

Specimens for S/TEM were prepared by light grinding the
catalyst powders in liquid nitrogen using a mortar and pestle.
Small amount of dispersed powders separated by boiling liquid
nitrogen was picked up by using either copper or nickel TEM
grids supported with lacey carbon film. Cooling and heating
stages were used for in situ TEM observations at 100 K and at
elevated temperatures up to 973 K, respectively. In situ STEM
analysis was carried out on a Hitachi HD-2300 STEM operated
at 200 KV with probe resolution of 0.34 nm. The STEM images
were taken by using either bright-field (phase contrast) or
HAADF detector (Z-contrast) with electron flux ranging from
1.0-9.4 X 10° nm™2 s™'. Electron energy loss spectrometry
(EELS) was conducted with a post column Gatan Enfina EELS
spectrometer. The energy resolution of the spectrometer was
measured to be about 1 eV for zero-loss peak. X-ray energy
dispersion spectrometry (EDX) was conducted using two
integrated Thermo Scientific Si(Li) EDX detectors with energy
resolution of 129 eV (Mn). In situ TEM experiments were
conducted at 100 K, 297 K, 623 K, and 973 K, respectively.
HRTEM and selected area electron diffraction (SAED) analysis
were carried out to determine lattice structure of the beam-
induced precipitates by a JEOL 2100F TEM operated at 200
KV with a lattice resolution of 0.10 nm and a point-to-point
resolution of 0.19 nm. For most of the controlled irradiation
experiments on the JEOL 2100F TEM, the specimens were first
irradiated for 10—20 min under STEM imaging mode with an
electron flux of ~2.4 X 10° nm™2 s™*. After irradiation, the beam
induced precipitation was subject to HRETM and SAED
analysis under TEM imaging mode.

3. RESULTS AND DISCUSSION

Precipitation of Nanoparticles. An overall view of the
original Fe-MOR zeolite at room temperature (RT) was shown
in Figure 1(a), which is a bright-field STEM image taken at
electron flux of 4.1 X 10° nm™ s™%. Tt can be seen from the
lattice fringes that the zeolite has crystalline structure. The
original specimen is composed of many rectangular crystalline
blocks and plates with sizes of about 0.2 to 1 gm. One of the
magnified Fe-zeolite plates is shown in the inset in Figure.1b. It
was taken in HAADF mode on HD-2300 STEM with a low
electron flux of 1 X 10° nm™? s~' immediately after focusing (in
several seconds). This was to ensure that the region under
examination underwent minimum electron exposure so that the
irradiation effect could be minimized. The dark contrast was
likely from porosity which was common to this Fe-zeolite.”*
Although Fe content measured by ICP was around 0.8 wt %, no
Fe-rich precipitates, which would have appeared as bright spots
in Z-contrast STEM, could be observed across the plate. The
Fe could be identified by using EELS as shown in Figure I,
where clear Fe-L,; edges could be seen. Details on the
quantification of the EELS spectrum will be discussed later
along with that of nanoprecipitations.

Figure 2 shows precipitation under irradiation for 60, 150,
390, and 1200 s, respectively, at RT with an electron flux of 4.1
X 10° nm™2 s™! which is in line with those for typical HRTEM
conditions. It was found that some nanoparticles appeared in
just 60 s of irradiation. In fact, a few nanoprecipitates were
observed even as early as during the fine focusing. The
precipitates grew larger as irradiation (illumination) proceeded,
as shown in Figure 2b—d. EDS results in Figure 3 showed that
the precipitates were Fe-rich. Figure 3 shows a comparison
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Figure 1. (a) BF STEM showing the original Fe-MOR zeolite with
minimum beam irradiation. (b) HAADF STEM image on a single
plate where no nanoparticles were observed. (c) EELS spectrum
obtained from the original Fe-MOR zeolite with minimum beam
irradiation showing clearly Fe edges.

Figure 2. HAADF STEM images showing progressive precipitation of
Fe-rich nanoparticles at room temperature after electron beam
irradiation for (a) 60 s, (b) 150 s, (c) 390 s, and (d) 1200 s.

between the spectra obtained from the precipitates and the
zeolite matrix close to them. The spectra were averaged over 12
different locations to reduce noise. The Cu signal was from Cu
TEM grid. The dashed line in Figure 3 shows the averaged Fe
count measured from the overall original specimen normalized
with the Si peak. The fact that the matrix adjacent to the
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Figure 3. Averaged EDX spectrum obtained at RT from 12
nanoparticles and from the matrix close to these particles, respectively.
The dashed line indicates Fe intensity obtained from the original
specimen normalized by the Si peak.

precipitates had lower Fe intensity than the original specimen
could be due to depletion of Fe from the matrix to the
precipitates. It is reasonable to infer from Figure 3 that Fe
diffused from the rest of matrix into the area where precipitates
nucleated and grew during irradiation. Apart from the
precipitation, it is worthy to mention that the zeolite rapidly
amorphorized upon irradiation, that is, the lattice fringe in
Figure 1 completely disappeared within 10 s of irradiation.
We found that the formation of Fe-rich precipitation was a
direct result of ionization effect of electron beam irradiation,
which played a much more important role than the temperature
rise. The Fe-loaded sample was heated up to 973 K inside the
microscope, and the regions with different amounts of electron
radiation are shown in Figure 4. The region in the upper-right

Figure 4. HAADF STEM image showing comparison between
electron irradiated region (surrounded by the red dashed line) and
non-irradiated region at 973 K.
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corner of Figure 4 (as shown by red dashed line in Figure 4)
was illuminated by the electron beam for 10 min while the
lower region was excluded from irradiation as much as possible.
It is seen that the vast majority of the precipitates were located
within the irradiated region. Because of the necessary focusing
process, beam spreading, and spurious irradiation in the
column, it was impossible to completely exclude electron
radiation from the lower region. This could have led to the
formation of a few precipitates as well inside the area: the less
the beam irradiation, the fewer precipitates formed. Meanwhile,
the zeolite in the less-irradiated region still kept a crystalline
structure, as indicated by the lattice fringe in Figure 4. It is fair
to say that the ionization effect, other than the temperature rise,
is the key factor in precipitation nucleation.

Growth of Nanoparticles. Furthermore, electron radiation
is also important in the growth of nucleated precipitates. In
another experiment, one typical region was irradiated for 2 min
at 973 K to induce some precipitation. Then the electron beam
was removed from this region while the specimen was held for
2 h at 973 K inside the TEM. Figure 5 shows the results before

Figure 5. (a) Region after 2 min of irradiation showing a few
precipitates at 973 K; (b) the same region held at 973 K for 120 min
without beam irradiation showing almost identical precipitates.

and after 2 h annealing at 973 K with no beam, and after initial
2 min exposure to the irradiation. It can be seen from the two
images that there were almost identical precipitates, which
implies that neither new precipitation formed nor did the
previously formed nanoparticles grow in 2 h at 973 K without
beam irradiation. It was also observed that the MOR zeolite
retained crystalline structure at a temperature range from 100 K
to 973 K when there is no electron beam irradiation. It is likely
that the loss of crystalline structure in the zeolite matrix could
prompt the diffusion of metal atoms which accelerated the
formation and growth of the nanoparticles.
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The observed nanoprecipitation was likely diffusion-con-
trolled which involved long-range Fe redistribution across the
zeolite matrix. The diffusion-controlled gzrowth rate for small
spherical precipitates can be expressed as”*

4> — (%) =Dw x t (1)

where d is average particle size, d* is the critical size when the
precipitates nucleate at t = 0, D is effective diffusion coefficient,
and ¢ is dimensionless supersaturation. The size distributions
of the nanoparticles for various durations and temperatures
were measured in this study. A typical size distribution of the
precipitates formed at RT after 20 min of irradiation is shown
in Figure 6. A statistical analysis of 93 particles exhibits a size
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Figure 6. Typical particle size distribution for the irradiation-induced
precipitation. The sample was irradiated at RT for 20 min.

distribution peaking around 2.3 nm, with a standard deviation
of 0.66 nm.

The square of the average particle size against irradiation
time (with normalized electron flux of 7 X 10° nm™ s7!) is
plotted in Figure 7a for temperatures of 100, 298, 623, and 973
K. It is found that at each temperature, the particle growth was
initially fast, then slowed down, and finally stagnated at a rather
stable size after about 30 min of irradiation. Even at a low
temperature of 100 K, precipitates with a size larger than 1 nm
were observed within 1 min of irradiation. The initial stage of
the precipitate growth (up to 10 min) obeyed the parabolic
growth law of diffusion-controlled growth (eq 1). The critical
precipitate nucleation size at extrapolated zero time is around
1.5 nm, which increased slightly with temperature. It is noted
that the slope, D¢, increases with temperature in Figure 7a. As
¢ does not vary with temperature, the increase in slope is due
to an increase in Fe diffusivity at high temperature. Figure 7b
shows the experimental values of D¢ as a function of 1/T. It
can be seen that the growth parameter D¢ does not obey a
simple Arrhenius relationship. In fact, the growth parameter
showed only a moderate increase from 0.14 at 100 K to 0.62 at
973 K. This is by no means close to the exponential increase,
which would be expected for a thermally controlled diffusion.
The activation energy of Fe in Fe-rich amorphous alloys was
reported to be about 1.5 eV.>*>?° If the Fe diffusion in
amorphous zeolites had been thermally controlled, the increase
in Fe diffusivity, and thus the growth parameter, should have
increased by tens of orders of magnitude when the temperature
rose from 100 K to 973 K, rather than a negligible 4-fold
increase as was experimentally observed. Considering the fact
that precipitation nucleation and growth also only occurred in
the irradiated region, it is concluded that the observed Fe
diffusion was not thermally controlled. This agrees with
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Figure 7. (a) Growth of the nanoparticles vs irradiation time at 100,
298, 623, and 973 K. (b) Dependence of the precipitate growth
parameter, D¢, on inverse temperature.

literature reports that the irradiation-induced nanocrystalliza-
tion from amorphous alloys is often isothermal in nature. For
example, Qin et al. described® irradiation-induced crystal-
lization of amorphous FegsB; alloy at temperatures much lower
than required for thermal crystallization. It has been
reported””® that high-energetic irradiation can substantially
enhance the atomic diffusivity in the amorphous state and assist
short-range order even at liquid nitrogen temperature. Apart
from these, the crystalline structure of the zeolites, in which
metal atoms are located, may have limited the Fe diffusivity. As
shown in Figure 4, the crystalline structure of the zeolite was
not modified even after heating at 973 K, but easily transformed
into amorphous structure upon electron irradiation. It is also
observed in Figure 7a that the irradiation-induced precipitate
growth stagnated after about 30 min of irradiation, which
deviates from the classical parabolic growth. After certain time,
Fe could not be supplied to the irradiated region where the
matrix was gradually depleted of Fe during the precipitation
process. After the majority of iron had been depleted from the
matrix, the growth of the nanoparticles virtually stopped. In
short, we found that in the current Fe-loaded zeolite the growth
of the nanoparticles was controlled by beam irradiation-induced
diffusion, other than by thermally controlled diffusion.

Identification of Nanoparticles. It was shown in Figure 3
that the irradiation-induced nanoparticles were Fe-rich. The
nature of the precipitates, whether they were crystalline or
amorphous, iron or iron-oxide compounds, was not clear. We
then characterized the irradiation-induced Fe-rich precipitates
by using EELS, HRTEM, and SAED.

We applied EELS to identify the Fe oxidation state of the
irradiation-induced nanoparticles. It has been previously
reported that Fe atoms of different oxidation state exhibit
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different intensity ratio of the white lines of the Fe L-ionization
edge (Fe L, and L;).”*™>" Table 1 summarizes the literature

Table 1. Values of Fe-L; upon Fe-L, for Fe, Fe,0;, Fe;0,,
and FeO Reported in Literature

literature Fe a-Fe,0; -Fe,0; Fe;0, FeO
L,/L, 2.0 6.0 S.5 5.2 4.6
Ly-Ly ~12.2 13.0 13.0 12.9 129

data on L,;/L, intensity ratio for Fe, FeO, Fe,O; and
Fe;0,.°”*° The Ly/L, intensity ratio ranges from 2 for Fe to
6 for a-Fe,O;. A typical EELS spectrum obtained from an
irradiation-induced nanoparticle was shown in Figure 8a. The

10000 —— EELS Signal
- Exvacted Fe Signal

— Backgund

Intensity [a.u]
g

e ' 1
600 850 700 750 80C
Energy Loss [eV]

(a

Figure 8. (a) Typical EELS spectrum obtained from an irradiation-
induced nanoparticle; (b) Quantification of the Fe-L;, lines using
Pearson’s method. The inset showing subtraction of background below
Fe-Ls, lines; (c) BF image of an irradiated region with SAED pattern
(inset, left); (d) HRTEM image of the irradiation-induced nano-
particles (among which one is circled).

spectrum has an energy dispersion of 0.3 eV and contains the
iron L,s-ionization edges. The ionization edge of Fe sits on a
strong background which must be removed before quantifica-
tion. This was done by using the standard power law method
provided in the Gatan Digitalmicrograph software. The pre-
edge energy window selected for the fitting, traces of fitted
curve, and the extracted signal after background removal were
also drawn in Figure 8a. To quantify the iron L,;-edge and to
measure the L;/L, intensity ratio, the method developed by
Pearson>” was used in this study. A linear function was fitted
from the edge onset to the first minimum to subtract the
background below the L;- line, and a second linear function was
fitted from the first to the second minimum to subtract the
background below the L,-line, as shown in the inset in Figure
8b. Subsequently, two Gaussian peaks were fitted to each line
to account for the line asymmetry. The two Gaussian peaks had
better fitting to account for the edge asymmetry than single
Gaussian or Lorentzian fitting.”* The peak fitting was
conducted using XI-SDP 4.3 software. The intensity of each
L-line was then calculated by adding the areas below the two

dx.doi.org/10.1021/cs300002c | ACS Catal. 2012, 2, 384—390
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corresponding Gaussian peaks, as shown in Figure 8b. EELS
spectra were collected from those particles near the thin edge of
zeolite to enhance matrix Fe depletion and minimize any
remaining contribution of Fe signal from the zeolite matrix.
The Fe L;/L, intensity ratio in Figure 8d was measured to be
2.03. To increase statistical reliability, EELS data were collected
from 15 nanoparticles formed in different zeolite blocks after
irradiation. Their EELS spectra were quantified similarly using
the Pearson’s method. It was found that the measured L;/L,
intensity ratios of the 15 particles have an average of 2.06 with a
rather small standard variation of 0.12. Therefore, the EELS
results gave further evidence that the irradiation-induce
precipitates observed in this study are pure metal Fe. Similar
quantitative analysis has been applied to the EELS spectrum
obtained from the original sample with very little electron beam
irradiation as shown in Figure 1c. The measured L;/L, intensity
ratio of the original sample is 3.5. A straightforward
interpretation of the value is that almost half the Fe atoms in
the original sample exist as positive ions, mostly likely bonded
with oxygen by forming iron oxides.

The nanoprecipitation was studied by using HRTEM and
electron diffraction. Figure 8c shows a TEM image of
nanoparticles formed after 20 min of irradiation at RT. The
inset in Figure 8c is the corresponding SAED pattern. The two
rings in the pattern correspond to spacing of 0.209 and 0.122
nm, respectively, which in principle can be indexed by either
body-centered cubic (bcc) or face centered cubic (fecc) Fe
lattice. The slightly diffuse appearance of the rings was a result
of the nanometer size of the particles. Figure 8d is a HRTEM
image of the irradiation-induced nanoparticles of about 2—3
nm; the crystalline lattice can be clearly seen (i.e., the circled
nanoparticles in the figure). The structure of metal nano-
particles smaller than 2—3 nm may be complex polyhedrons
since large portion of the atoms are on the surface,” before
they can be slowly evolved into a defined lattice with either bcc
or fcc structure.

4. CONCLUSIONS

Fe-MOR zeolite was subjected to electron irradiation at
temperatures from 100 K to 973 K in S/TEM operating at
200 KV. While no nanoparticles larger than 1 nm could be
observed under a low-dose imaging condition, Fe nanoparticles
of 2—3 nm were found to form quickly under common imaging
conditions inside S/TEM at all temperatures. In the original
sample, about half of the Fe atoms are positive ions bonded
with oxygen. After beam irradiation, the Fe-rich precipitates
were neutral Fe as measured by EELS indicating that Fe-ions
have been reduced. The precipitation was strictly confined to
the irradiated region. The irradiation-induced precipitation
growth obeyed a parabolic law in the beginning, and was
controlled by beam irradiation-induced diffusion, other than by
thermally controlled diffusion. The precipitation growth
stagnated after about 30 min of irradiation because of depletion
of Fe from the matrix. HRTEM and diffraction analysis show
that the precipitates are crystalline. As electron microscopy is
an effective and widely used method in catalyst characterization,
the effect of electron irradiation should be taken into
consideration to correctly interpret S/TEM observations.
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