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Understanding nucleation and growth phenomena in solution
remains elusive partly due to the challenges involved in available
sample preparation and characterization techniques. Such phenom-
ena are of fundamental and practical significance for the synthesis
of various materials including zeolites and other templated porous
materials.1-12 In this context, the synthesis of pure silica MFI (TPA-
silicalite-1; hereafter referred to as MFI), in optically clear sols,
has been studied extensively as a model system.13-18 The synthesis
mixture is prepared from tetraethylorthosilicate (TEOS), water, and
tetrapropylammonium hydroxide (TPAOH). Upon hydrolysis of
TEOS, nanoparticles with typical size ∼5 nm form spontaneously.18

The nature of these nanoparticles and their role in early stages of
MFI growth are still under debate.18-20 Recently, we proposed a
mechanism for the early stages of MFI growth.21,22 It includes
evolution of precursor nanoparticles to nuclei and crystal growth
by aggregation of a fraction of the evolving nanoparticles (Figure
1). The precursor nanoparticles (denoted A) are known to initially
have a disordered silica-core/TPA-shell structure.16 We hypoth-
esized that they evolve through intermediates (denoted B1 to Bm)
to nuclei C1. A unique aspect of the proposed mechanism is that
intermediate nanoparticles B1 to Bm, although not yet fully
transformed to MFI, can contribute to aggregation with different
rates of attachment. This distributed population of nanoparticles,
exhibiting diversity toward aggregative crystal growth,21 was
proposed to explain the prolonged induction period observed in
MFI nucleation and the presence of relatively large crystals at low
yield at the early stages of crystal growth. The proposed mechanism
was based on the characterization of room temperature aged TPA-
silica sol by a number of techniques such as atomic force
microscopy (AFM), small-angle X-ray scattering (SAXS), and high-
resolution transmission electron microscopy (HRTEM) and a
phenomenological population balance mathematical model. Al-
though room temperature aging may not be practical for commercial
production of MFI, it enabled us to capture the complex steps
involved in zeolite crystallization by ensuring slow evolution and
avoiding complications that may be introduced during quenching
before characterization. However, information regarding the struc-
ture of intermediate nanoparticles (B1 to Bm), nuclei (C1), and early
aggregates (Cx) is still very limited since they are minor components
of the sols at early stages of growth.

Here, we present a cryogenic transmission electron microscopy
(cryo-TEM) study on sols, with a similar composition to those
studied in ref 21, prior to and during the early stages of MFI
formation. Cryo-TEM images with structural resolution are obtained
and yield new insights in MFI growth. The TPA-silica sol used

has a molar composition 20SiO2/9TPAOH/9500H2O/80C2H5OH
and corresponds to a relatively small excess of silica beyond its
solubility limit. It is one of the most dilute compositions that
nucleates MFI and is used here because it is known to yield MFI
crystals at room temperature over a reasonable time scale (i.e., ∼7
months). This slow time frame is ideal for attempting to discern
structural differences in the evolving particles just before and during
the early stages of crystal growth. At higher temperatures, the
transition from isolated primary particles to MFI crystals occurs
over days (ca. 40 °C) to hours (ca. 80 °C) for this silica sol
composition. We believe that other more concentrated sols could
also be studied using cryo-TEM to obtain images with structural
resolution.

Before describing the results, we provide a brief description of
difficulties in imaging at cryogenic temperature such as frost
formation, film-thickness control, and specimen drift.23-25 Frost
formation during sample preparation (and transfer) is unavoidable
but can be minimized by careful sample handling in a clean
environment. Film thickness was controlled by adjusting the number
of blots (by trial and error) and blot time. Specimen drift is caused
by the temperature gradient around the specimen. Its affect can be
minimized by adjusting exposure time and binning. Furthermore,
zeolites are challenging materials to observe in TEM as they are
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Figure 1. Schematic illustrating the proposed growth mechanism.

Figure 2. SAXS scattering profiles from sols after various times at room
temperature.
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sensitive to the electron beam.26-28 The electron dose to the
specimen was kept to a minimum (by spreading the electron beam
as much as practical) to minimize beam damage to MFI crystals.
The binning and exposure time were optimized to gain adequate
contrast while minimizing the effect due to drift. The imaging was
performed at -178 °C using an FEI Tecnai G2 F30 TEM operated
at 300 kV. The microscope has a twin-pole piece with a point-to-
point resolution of 0.24 nm and enabled us to obtain images with
structural resolution.

The detection of the onset of aggregation could be accomplished
by DLS and/or SAXS.21,29,30 Here we use SAXS because it can
capture the very early stages of aggregation without uncertainties
due to dust contamination and can effectively monitor the aggregate
and precursor nanoparticle populations simultaneously. SAXS data
(Figure 2) show the presence of ca. 5 nm precursor nanoparticles
and the emergence of a second population of larger particles
(evident by the rise in the low-q scattering intensity) after ∼200
days, in agreement with the previous report.21 Representative cryo-
TEM data of the sols after the detection of larger particles (200
days) are shown in Figure 3a. A small number (by comparison to

precursor nanoparticles) of aggregate-like larger particles (30-50
nm), indicated by arrows, are present in a sea containing dark dots
(contrast due to the ca. 5 nm precursor nanoparticles). The magnified
image of an aggregate is shown in Figure 3b. The Fast Fourier
Transform (FFT), shown in the inset, shows no evidence for
crystallinity in these aggregate-like particles. No evidence of
crystallinity was observed in 20 such aggregates that were
examined. Their stability under the beam suggests that these features
are not artifacts due to surface contamination but rather the silica
particles responsible for the low q scattering intensity in the SAXS
data. This was also suggested by the location of these particles
inside the vitrified sol rather than on its surface. We conclude that
the larger particles detected by SAXS (here, after 200 days) and
denoted by Cx in Figure 1 are predominantly amorphous. This new
finding could not be obtained in our previous work employing
conventional (noncryogenic) TEM and dialysis for sample prepara-
tion because, most likely, the aggregates dissolved during dialysis.21

A representative cryo-TEM image of the sol after 220 days is
shown in Figure 3c. Again, as expected from the SAXS data, larger
particles as well as precursor nanoparticles are present. In contrast
to the aggregates observed in specimens collected after 200 days,
the aggregates observed at 220 days exhibit lattice fringes consistent
with the MFI crystal structure (Figure 3d). White lines serve to
highlight the crystal perimeter and indicate the absence of well
developed facets. The FFT (inset of Figure 3d) indicates that the
crystal is oriented along either the [100]- or [010]-axis, with the
dots inside the highlighted perimeter representing the sinusoidal
or straight MFI channels. Ten of such particles were closely
inspected. To our knowledge, this is the first time such resolution
has been achieved for zeolites imaged in the parent sol by cryo-
TEM. The crystals do not have the typical MFI morphology. Instead
they are aggregate-like and are in the similar size range (∼30-50

Figure 3. (a) A representative cryo-TEM image of the sol kept for 200 days at room temperature. A magnified image of a representative aggregate with
FFT inset is shown in (b). (c) A cryo-TEM image of sol after 220 days; a high-resolution cryo-TEM image of a representative crystal with FFT inset is
shown in (d). A cryo-TEM image of dialyzed sol after 220 days is shown in (e). A conventional (noncryogenic) TEM image of a dry crystal isolated from
the dialyzed sol is shown in (f).

Figure 4. SAXS patterns from the original and dialyzed sols after 220
days at room temperature.
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nm) as the predominantly amorphous aggregates shown in Figure
3a-b. This observation suggests that the particles observed at ∼200
days continue to transform and give rise to MFI crystals sometime
between 200 and 220 days (a relatively short period). This
observation adds a new element to the aggregation mechanism we
have proposed before (Figure 1) in that early aggregates (Cx) do
not have, to say the least, a well developed MFI structure. The
transformation takes place in a relatively short period of time.
However, we cannot state if it is a sudden or gradual transformation
or if it is taking place simultaneously or starts localized and
propagates through the particle. More in-depth studies with
improved time resolution as well as sol characterization by other
techniques, such as nuclear magnetic resonance (NMR),31 mass
spectroscopy (MS),32 and infrared spectroscopy (IR),33 are required
to further elucidate the zeolite nucleation events.

One of the challenges faced in the present work was due to very
low aggregate and crystal yield (<5%) imposed by our desire to
observe the very first nucleation and growth events. The low
aggregate and crystal yield made it difficult to find particles other
than the 5 nm precursor nanoparticles on the TEM grid. Further-
more, high-resolution imaging requires an incident electron beam
on a relatively smaller area of the sample. So, there is a fair chance
that while imaging a certain crystallite, other nearby ones are
amorphized. Therefore, although we can state with certainty the
presence of only predominantly amorphous aggregates in 200 days,
we cannot make similar strong statements regarding the coexistence
of amorphous with crystalline aggregate-like particles in 220 day
aged sols.

We further examined the sols containing MFI crystals (220 days)
after using a dialysis procedure previously reported21 so as to isolate
MFI crystals from precursor nanoparticles and dissolved species.
SAXS patterns from the original and dialyzed sol are shown in
Figure 4. A representative cryo-TEM image from the dialyzed sol
is shown in Figure 3e. The SAXS pattern agrees with the cryo-
TEM observation; i.e., only the larger particles are present in the
dialyzed sol. Moreover, crystals in the dialyzed sol exhibit
characteristic swiss-cheese morphology, while voids are not evident
in the crystals present in the original sol. For comparison, a high-
resolution conventional (noncryogenic) TEM image of a (dry)
crystal isolated from the dialyzed sol is shown in Figure 3f. White
lines serve to highlight the crystal perimeter. The FFT, shown in
the inset, shows that the crystal is oriented along the [010]-axis.
We attribute the voids created by dialysis to the dissolution of
partially transformed regions distributed within the crystals. SAXS
may not detect a change in the particles due to the formation of
such voids because the overall size and shape of the postdialysis
crystals is similar to those of the predialysis aggregates. In this
respect, the statement we made in ref 21 “SAXS analysis indicated
that the crystals are not affected significantly by the dialysis
procedure” is not precise as now we have clear evidence that dialysis
results in the partial dissolution of the aggregates. However, the
presence of such regions is in agreement with the mechanism
proposed in ref 21: aggregative MFI growth by attachment of ∼5
nm nanoparticles that do not have a well developed structure.21

The importance of this study is twofold. First, it provides
evidence supporting the recently proposed mechanism of evolution
of nanoparticles followed by aggregative crystal growth while
adding a new element. The new element, not included in the
previously proposed model, is the formation of predominantly
amorphous aggregates before MFI crystallization and points to the

importance of intra-aggregate rearrangements in nucleation and
growth.7,34 Second, it demonstrates that, in addition to metal
nanoparticles,35 electron-beam sensitive materials such as zeolites
can be imaged by cryo-TEM with structural resolution in their
parent sols. Similar studies for other zeolites under different
conditions may reveal useful structural information for the under-
standing of hydrothermal nucleation and growth.
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