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Crystalline inorganic solids show intriguing properties of im-
portance in many technological applications, such as ferromag-
netism, semiconductivity, gas sensing, and catalysis. A great deal
of attention has been and continues to be focused on understanding
why these materials possess these properties. When such phenomena
are fundamentally understood, it becomes possible to improve their
performance, and this can potentially lead to the development of
new “designer” materials to meet the challenges of the future.
However, the concept of a designer solid is still some way from
being realized since the critical stages of inorganic solid crystal-
lization are still not sufficiently understood.

Time-resolved in situ experimentation represents the most likely
means by which the key stages of inorganic solid crystallization
can be unraveled. Many studies using a variety of analytical
techniques on a range of samples have been reported in the literature
with the area of microporous material crystallization receiving a
lot of attention.1-3 However, such studies often focus on data
acquired using a single technique, which rarely provides all of the
necessary information from which new insight can be obtained.
This is because changes occur over the molecular (local coordination
state), nano (primary units), and microscale (crystallite formation)
dimension during crystallization, whereas the techniques are often
only able to probe limited size regimes. In other words, with
separate in situ studies, it is sometimes difficult to obtain consistent
and corroborative information. One way to overcome these limita-
tions is to intelligently combine complementary techniques into one
experimental setup, and this approach often yields new insight.
Some examples include the observation of primary units in zeolite
MFI formation and the importance of a coordination state change
of Co2+ before the formation of CoAlPO-5 molecular sieves.2,4 In
addition, a combination of techniques has several advantages.5 One
being the possibility to evaluate if the probing technique may
influence the state of a sample. Furthermore, you circumvent the
need to repeat identical experimental conditions for recording
separate measurements; although seemingly a trivial point, it is far
from easy to achieve experimentally.

In this communication, we present a novel setup, which combines
SAXS, WAXS, and XAFS to study the crystallization processes
of inorganic solids in depth. This study aims to follow the changes
that occur with time at the molecular, nanoscopic, and crystalline
level, with a time resolution in the order of a few minutes. The
setup enables us to observe the various stages of zinc-substituted
microporous aluminophosphate formation in one experiment and

represents, to the best of our knowledge, the first data of its kind
acquired in such a manner.

A scheme of the setup is given in Figure 1. In Figure 2, we
show the raw data collected during the heating of the zinc-doped
aluminophosphate gel. Data analysis suggested that the initial
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Figure 1. Schematic of the SAXS/WAXS/XAFS multi-technique setup
with an enlarged “inside” image of the hydrothermal reactor cell. Data were
collected on a bending magnet in transmission mode using a beam with
dimensions of 150 (H)× 3000µm (V) through a sample cell (tilted at ca.
30°) containing a gel∼1.5 mm thick. A wavelength of 1.3098 Å was used
for collecting angular dispersive SAXS and WAXS data over a maximum
theoreticalk range of 0.3< q < 2 nm-1 and 2θ range of 11-45°,
respectively. XAFS data were collected from 9.465 to 10.30 keV.

Figure 2. In situ XANES with arrow marking the multiple scattering feature
at∼9.685 keV (a), WAXS with reflections indexed to CHA (b), raw SAXS
data (c), andI(q) × q2 - log(q) plots (Kratky type plot) (d) from the SAXS
data collected during crystallization.
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synthesis gel contains predominantly tetrahedral Zn2+ (XAFS edge
position ∼ 9.666 keV)6 and appears diffraction amorphous. The
SAXS scattering profile did not appear to contain any marked
features, which could be associated with the presence of clear
primary units. However, the intensityI(q) closely follows a power
law decayq-n (wheren ∼ -2), which is slower than the asymptotic
behavior of I(q) with n ∼ -4 predicted by the Porod law for
compact particles with sharp interfaces, indicating that this system
was more complex. However, by focusing on theq range from
0.025 to 0.1 nm-1 and after removing the leadingq-2 decay, the
I(q) × q2 dependence, the plots exhibit a broad maximum (qmax)
which can be fitted with a Gaussian function and approximated to
the inverse of the typical size of possible gel aggregates/precursors
leading to AlPO crystallites. The corresponding reciprocal value
of 2π/qmax approximates to ca. 11.5 nm. When heating to 90°C,
peaks at 13.14, 14.65, 17.01, 21.35, and 25.28° 2θ started to appear
(and eventually grow) in the WAXS pattern, which are indicative
for the formation of cubic AlPO-34 (CHA) molecular sieves.7

Crystallization of CHA was preceded by small variations in the
SAXS profile before a feature in the XANES (a multiple scattering
feature) at 9.685 keV was observed to form and grow. Importantly,
these changes in the XANES data are consistent with an ordering
around the Zn2+ environment and incorporation into the crystalline
AlPO-34 structure. Analysis of these data is shown in Figure 3,
where we plot the changes in 2π/qmax observed in the SAXS data,
the intensity of the{-111} reflection in the WAXS, and the results
from a simple first shell analysis of the EXAFS data during heating.
Growth of the final ZnAlPO-34 appeared to be characterized by
two stages: a gradual shift to larger 2π/qmax values from∼11.5 to
∼12.3 nm before crystallization of ZnAlPO-34 began at a temper-

ature of ∼96 °C, and continued crystal growth (the S-type
crystallization curve is typical for AlPO4 materials)2 occurred until
∼160 °C, at which point the crystallite size had grown from∼12
to ∼54 nm (estimated from a Scherrer analysis). A Sharp-Hancock
analysis of the crystallization curve (0.15< R < 0.8)2 yielded
an Avrami exponent ofn ∼ 3.30, which appears consistent with
a phase boundary controlled 3D growth process with a de-
creasing nucleation rate. However, in contrast to previous work on
SAPO-34 materials, no layered 2D-type intermediate phases were
observed.8 EXAFS analysis revealed that the Zn2+ species remained
four-coordinate, hinting of some initial interaction with the
amorphous aluminophosphate since [Zn(H2O)6]2+ was not seen.6

In conclusion, the formation of a ZnAlPO-34 material has been
studied using a novel combined SAXS/WAXS/XAFS setup. Most
importantly, it was observed that growth occurred via a two-step
aggregation/crystallization process. The similarity of the average
aggregate size measured by SAXS (∼12.3 nm) and WAXS (also
∼12 nm) suggested that size retention occurs during crystallization,
implying that either critical sized aggregates form in the gel structure
or else a sort of amorphous-to-crystalline transition leads to CHA
formation.3 The growth of this crystalline phase began in preference
of AFI despite the synthesis gel and conditions being typical of
those used previously for AFI formation.2 Zn2+ ions, therefore,
appear to both act as nucleating agents and exert some structure
directing effect for the formation of the CHA phase. Clearly, this
setup is capable of providing a lot of congruous information in
one experiment, making it a new and powerful tool for studying
crystallization processes of molecular sieves. However, its applica-
tion need not be restricted to this field alone since it could also
provide information on the assembly processes of other crystalline
and nanostructured materials.9
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Figure 3. Analysis of the data presented in Figure 2: (a) Zn-O EXAFS
data, (b) change of 2π/qmaxposition, and (c) extent of crystallization obtained
from the reflection intensity change in the WAXS. The increase in the
Debye-Waller factor at the onset of crystallization (illustrated by the black
line in (a)) is probably artificial and due to fluctuations in sample density
as the sample moves in the hydrothermal vessel.
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