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Abstract
This review gives a brief description of the most sensible information obtained from
x-ray scattering techniques represented by SAXS and WAXS, and also analyzed the
most applicable systems for these characterization techniques accordingly. The
analysis combines the application of theories and the examples from their most
common applications, polymers. Then the typical examples of their application in
catalysts materials are analyzed also in terms of the possible information to obtain.
Finally the prospect of further application in catalysis processes and heterogeneous
catalysts is reasonably predicted.
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Introduction
Small Angle and Wide Angle X-ray Scattering (SAXS and WAXS), belonging to total
scattering techniques, works on a similar principle with X-ray diffraction, both
utilizing the scattering behavior of X-ray beam to probe the distribution of electron
density and thus obtain spacial structural information of the probed object. Whereas
the signals depend on the lattice sum of the scattering intensity in X-ray diffraction,
X-ray Scattering spectroscopy can give information through much less repeated unites
than a single crystal, in other words, upon low crystallinity, at a much larger sample
size and thus also work well in liquid phase or for soft materials and polymers. In fact,
the main application of X-ray Scattering has been centered on polymers for years. [1]
Unlike diffraction spectroscopy, which focuses on the position of Bragg peaks
representing a few lattice planes, in total scattering spectroscopy, the scattering
intensity is taken as continuous and sum over all isotropic scattering entities in a
homogeneous sample, to provide information on a long-range scale like surface, size
and shape of crystalline particles and the correlation between them. [2]

Heterogeneous catalysts are widely of interest because it’s easier to control and
separate. In the synthesizing process of catalysts, the design of active sites and spacial
structure are determining factors for catalyzing efficiency and often the challenges. In
the catalyzing process, the monitoring of the configuration transform in real time and
in situ is crucial for understanding the mechanism and thus instructs the design of
catalysts. Both of these processes need detailed information about the surface of
catalyst particles at a nanometer scale and in real time and environment. [3]

Nowadays the main characterization techniques include XRD for identification,
electron microscopy (SEM and TEM) for morphology and size, Raman spectroscopy
and IR for binding with reagents and transition species, and X-ray absorption
spectroscopy (XANES, EXAFS) for valence and local environment at atomic scale.
Due to the environment of chemical reactions (reagents, liquid phase, etc.), the in-situ,
operando and high resolution characterization remains challenging. As a consequence,
data about the mechanism of the growth, catalyzing and deactivation processes is in
deficiency, which may greatly help the evaluation and future development of
catalysts.

SAXS and WAXS has already been in use for nanoparticles for years, which is the
main form of heterogeneous catalysts. Due to the noninvasive nature of X-ray
spectroscopy, there is great facility in its in situ operation in real reaction
environments and especially special environments such as high pressure, high
temperature and microwave. G. A. Tompsetta et al. monitored the growth of zeolites
using the combination of SAXS and Raman spectroscopy. [4] It also provides
flexibility to be combined with other characterization techniques such as Raman
spectroscopy, IR, X-ray absorption spectroscopy, etc. [1]
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Information offered by X-ray scattering spectroscopy

1. Working principle of SAXS andWAXS
The scattered X-ray beam gives information in reciprocal space, where two scattering
entities separated apart by r contribute to the intensity in the form of eiQr (Q=4πsinθ/λ,
is the wave vector transfer, θ is the scattering angle). Bigger features on a longer
range has a big distance r which leads to a small limit of wave vector transfer Q or
scattering angle θ beyond which the beams completely scatter out of phase. So outline
information about crystal domains, for example, the surface, shape, size of
nano-particles and the interaction between them, only survives in a low angle or small
Q of <1Å-1. This part of total scattering spectroscopy is called Small Angle X-ray
Scattering spectroscopy (SAXS). Wide Angle X-ray Scattering spectroscopy (WAXS)
covering the range from Q <1Å-1 to Q >10Å-1 contains information about the
arrangement of atoms in the highly dispersed crystalline domains.

2. PDF analysis of SAXS
The most universal analyzing method for scattering techniques is atomic pair
distribution function (PDF) analyzing, which directly converts the scattering intensity
function I(Q) into the electron density function i(r) around one core through Fourier
transform [5], as shown by (1)(2) for SAXS [6].

I Q = 4π 0
∞ �(�) sin ��

��
��� (1)

� � = �0 �, �� + 0
∞ ��� �, ��, � ℎ � 3�

4��
3�

4�2��� (2)

p0(r, Rs) is the pair distance distribution function (PDDF) of a single sphere as a
function of r and the homogeneous sphere radius Rs . � is the volume fraction of

particles and 3�
4��

3�
is the particle number density, which multiplying with 4�2���,

the volume of a spherical shell at an increase of radius da, gives the total density in
completely disorder. ℎ � is the total correlation function, representing the difference
of the number of spheres in the shell brought by order. ��(�, ��, �) is the cross-term
coming from the finite size of of the particle centred at a distance a which causes
broadening of the total correlation function ℎ � . [6]

The first minimum of i(r), corresponding to the zero-point of �0 �, �� when there is
no correlations, can be used to estimate the diameter of particles. The estimation gets
worse at high concentration or small �0 �, �� . The interaction between particles can
also be deduced from i(r). Strong repulsion can bring severe lowering of the first
minimum and shift of its position to a bigger r, which also brings a kink as an
indication of the radius in the place of the original first minimum. Conversely,
attraction or screened charge make the first minimum shallower and shifts its position
to a smaller r, which is less trivial. [6]
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With a pseudo-crystalline or super lattice structure caused by the assembly of particles,
there is strong oscillations in i(r) extended to a very big r, with peak positions as
analogy to Bragg peaks. In this case the positions of the peak can give the positions of
neighboring particles in the real space, otherwise the peak position doesn’t directly
equal the distance between particles although can act as an indication of nearby
particles.

3. Form factor and structure factor
The pair distance distribution function p(r) is related to the form factor P(Q) through
Fourier transform.

P Q = 4π 0
∞ �(�) sin ��

��
��� (3)

Likewise, the correlation function h(r) is also related to the structure factor S(Q)
through Fourier transform.

S Q = 1 + 4πn 0
∞ ℎ(�)�2 sin ��

��
��� (4)

n is the particle number density.

n =
�
�

I Q = n��
2 ∆� 2� � �(�) (5) [2][6]

4. Porod’s Law and Guinier Law
Apart from size and distribution, another most commonly obtained information is
surface roughness of scattering entities. The differential scattering cross section
follows a power law of Q. [2][8]

lim
�→∞

��
�� = � � = 2�|∆�|2���−� (5)

|∆�|2 = �� − ��
2 = ��

2 � 2 (6)

�� is the surface area per unit volume. |∆�| is the excess scattering intensity of the
particle �� after the subtraction of the environment ��. re is the scattering length of
a single electron also known as Thompson radius. � 2 is the mean square atomic
factor.

For a smooth surface, the power x is 4 and when surface roughness increase, the
power x decrease to <4. The regime that this law is applicable is called Porod Regime,
which requires Qr>10, Q ≲ 0.1Å-1, usually at the tail of the SAXS curve.

Guinier Law is used at low Q values for extension or interpolation of the SAXS curve
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to below the Q resolution. [5][8]

I Q = (��)2exp ( − (���)2

3
) (7)

ln Q = ln �� 2 − �2 ��
2

3
(8)

Rg is the gyration radius and QRg<1.

5. WAXS and Extended Range-PDF analysis(ER-PDF)
The signal from WAXS, usually covering the Q range from 0.5 Å-1 to 10Å-1 and up to
20 Å-1, is more traditionally interpreted by crystal planes corresponding to Bragg
peaks. The advantage of WAXS compared with XRD is that the total scattering
technic can be used for characterization of low crystallinity domains that are even
well-separated by or highly dispersed in amorphous regimes or in liquid environment.
For example, WAXS can be used to monitor the growth of crystal particles or the
phase transform while XRD needs high degree of crystallinity to show distinguishable
signals in solid samples. The angle resolution of WAXS is also bigger than SAXS due
to the bigger range. However, it’s the maximum Q of WAXS that determines the
resolution of real space.

WAXS and SAXS signals can be connected on Q in reciprocal space to give a
full-range real-space pair distribution function by performing ER-PDF analysis.
Although this analysis doesn’t provide more information than separate analysis of the
two spectroscopy, it can present more intuitive picture in real space of the micro- to
mesoscopic structure of the system. The condition for performing ER-PDF analysis is
that the SAXS signal needs to be sufficiently higher than WAXS signal and there need
to be an overlap of the Q range. In the overlap region, SAXS signals are used to
replace WAXS signal after normalization and leveling because of its smaller (higher)
resolution. [2]

J.K.R. Weber et al. performed ER-PDF analysis for the SAXS and WAXS data of
nano-alumina, nano-diamond, SBA-15, MCM-41, etc. samples at X-ray Science
Division of the Advanced Photon Source of Argonne National Laboratory, USAwith
Beamline 6-ID-D. [2]
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Figure 1 (left). Extended X-ray structure factors for (a) nano-Diamond (solid line) and
nano-Alumina (blue dotted line), offset for clarity and (b) amorphous mesoporous
silicas SBA-15 (solid line) and MCM-41 (blue dashed line).[2]
Figure 2 (right). Top: The SAXS–WAXS extended range X-ray pair distribution
functions of (a)nano-Alumina and (b) nano-Diamond (solid lines) compared to the
conventional PDF analysis using WAXS data only (dotted lines, note this curve for
nano-alumina has been scaled by x10). Bottom: The PDDF for (a) nano-Alumina
(solid line) and (b) nano-Diamond (blue dashed line). The maxima are marked by
dotted vertical lines. Reprinted from [2], Copyright (2022), with permission from
Elsevier.

Figure 3. The extended range X-ray pair distribution functions, �(�), for amorphous
mesoporous silicas SBA-15 and MCM-41 (solid black curves). In the lower part of
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the figure the X-ray MCM-41 is compared to the published neutron pair distribution
function for MCM-41 silica from Bowron et al. [9] (blue dotted line, scaled for
clarity). Reprinted from [2], Copyright (2022), with permission from Elsevier.

As is shown in Figure 1 to Figure 3, the ER-PDF gives a more intuitive presentation
of the distribution of scatter entities and hierarchical structures. The overlap of p(r) of
the broad peaks coming from SAXS and Bragg peaks from WAXS also shows the
intensity of correlation that is not trivial from WAXS signal itself. ER-PDF also gives
better characterization of the particle diameter as compared with TEM pictures. [2]

6. Long-range and low-crystallinity applicable
The most advantageous feature for SAXS and WAXS is their applicability for
long-range and low-crystallinity systems. One of the most typical systems is polymer,
which is usually composed of small-sized crystalline domains dispersed in amorphous
phase. SAXS and WAXS can be used to characterize their crystallinity. Co-polymer
building blocks can also form super-structures like lamellar, cylinder, BCC or FCC
structures that can be most sensitively captured by SAXS. [10]-[13]

A.J. Ryan and W. Bras et al. used the combination of time-resolved SAXS and WAXS
for the degree of crystallinity and its variation with temperature and lamellar thickness
of polyethylene on beamline 8.2 of the SRS at the SERC Daresbury Laboratory,
Warrington, UK. [10]
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Figure 4. Spatial information available from SAXS and WAXS experiments on
semi-crystalline polymers. The SAXS experiments allow calculation of the lamellar
spacing from the peak maximum. The crystal structure may be deduced from the
positions of the peaks in the WAXS pattern. The camera geometry is also shown.
Reprinted from [10], Copyright (2022), with permission from Elsevier.

As is shown in Figure 4, the thickness of the lamellar layer can be obtained from the
first peak in SAXS and the crystallinity can be calculated from the ratio of the
integrated Bragg peak intensity versus the total intensity integration from WAXS.

7. Time-resolution, Operando characterization and combination with

other techniques
Although SAXS and WAXS can be used for low crystallinity, the low scattering
intensity still result in bad signal-noise ratio. Therefore, synchrotron source is
commonly used because of its brightness, especially for polymers that need a strong
penetration. Synchrotron source also provide the possibility for in-situ, time-resolved
and operando characterization and the combination with other techniques such as
Raman Spectroscopy, Fourier-transform Infrared Spectroscopy (FTIR),
Ultraviolet-Visible Absorption Spectroscopy (UV-Vis), Differential Scanning
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Calorimetry (DSC) and Differential Thermal Analysis (DTA)
The set up combing multiple techniques and under synchrotron source has been
widely used for monitoring the transition processes of polymers with the change in
temperature or under strain, etc., which is an important study for industrial processes.
[10],[14], [16]-[19]

S.Saidi, G.Portale et al. combined Raman spectroscopy and DSC with time-resolved
SAXS and WAXS for the phase transition of PVDF/fluoroelastomer blend with
temperature on DUBBLE, BM26, at European Synchrotron Radiation Facility,
Grenoble, France. [14]

Figure 5. The simultaneous SAXS/WAXS combined with both Linkam DSC and
Raman spectroscopy setup at the Dutch-Belgian Beamline (DUBBLE, BM26) at the
European Synchrotron Radiation Facility (ESRF). Reprinted from [14], open access.

Figure 6. Three-dimensional plots of the time-resolved SAXS (A) and WAXS (B)
pattern (100), (020), (110) and (021) (hkl) planes of the monoclinic PVDF phase
(pseudo-orthorhombic) [15] and Raman spectra (C), obtained using in situ Raman
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spectroscopy combined with SAXS/WAXS coupled to a Linkam DSC setup, during
the cooling step from the melt to room temperature (RT) of the blend
PVDF/fluoroelastomer sample. (D) Correlation function derived from the SAXS data
of the PVDF blend derivative upon cooling. Reprinted from [14], open access.

The setup which combines SAXS, WAXS, Raman Spectroscopy and DSC using
synchrotron source to study the phase transition of PVDF/fluoroelastomer blend is
shown in Figure 5. Figure 6 shows the phase transition interpreted from the peak
evolution with time (temperature). The information of the boundaries of the lamellar
layers can also be obtained from the correlation function deduced from SAXS data, so
that the crystallization process and the forming mechanism of the lamellar structures
can be studied.

Application in catalysis
From the discussions above, it can be observed that X-ray scattering techniques are
the most sensitive for systems with a hierarchical structure. Since catalyzed reactions
in heterogeneous catalysis mostly happen on the surface and depend on the absorption
of reactants on the surface,[3] the more precise characterization of the surface of
heterogeneous catalysts is the ultimate goal. The surface features described by X-ray
scattering techniques are much larger than atomic bondings but give good description
of the outline of entities and the interaction between them. The best applications in
catalyzing would be catalysts with secondary structures or processes with a revolution
of scattering entities.

1. (Noble) Metal Nanoparticles
(Noble) metal nanoparticles are a class of heterogeneous catalysts. Using SAXS, their
behavior can be studied in terms of size and its distribution, shape, surface charge in a
in-situ and time-resolved way. Therefore, the crystallization and coalescence
behaviors can be captured when monitoring the growth or deactivation processes and
thus offer the chance for better explanation of the mechanism. Compared with
conventional characterization methods that can provide the information about size,
surface and shape, such as TEM and SEM, x-ray scattering techniques can be
performed in real time and environment and thus offer more data and avoid the
influence of further operations like precipitation and drying. Unlike for polymers,
where synchrotron source must be used for high signal-noise ratio, x-ray scattering
experiments on metal nanoparticles can be performed by laboratory-based equipment
with Cu Kαedge beam.

(1) Size distribution and evloution
Cristiano L. P. Oliveira and Matthias Epple et al. performed SAXS for Ag and Cu-Ag
bimetallic nanoparticles in wet-chemical reduction synthesis on laboratory–based
equipment Xenocs XEUSS™ with radiation generated by a GENIX™ source (Cu K
α edge, λ=1.54Å) and the beam focused by FOX2D™ optics. The size distribution
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of nanoparticles is added to I(Q) using Monte Carlo (MC) model, and influence of
large aggregates is included to the model by a Guinier Structure Factor (SG).

I Q = B + ��( 4
3

�)2
�=1
�� ��

��ℎ(�, ��)� ��
(6−��) (9)

�� �, �� = 1 + ��
�exp ( − �2��

2

3
) (10)

�� is the number of spheres accounting for the MC model. The scale factor ��
� is

related to the fraction of aggregates. [20]

Figure 7. SAXS results for Ag nanoparticle synthesis. (a) Experimental in situ SAXS
data (symbols) and theoretical curves (lines) recorded during the synthesis of silver
nanoparticles at 90℃, (b) volume weighted average diameter of distributions 1 and 2,
(c) temporal evolution of the volume fractions and (d) log–log plot of the number
weighted average radius as a function of time. Reprinted from [20], open access.

The coalescence of small crystal grains of 3nm to form an aggregation of 36nm is
proved through the temporal evolution of the two size distributions in volume
weighted average diameter and volume fraction. The transition of the growth
mechanism from coalescence to Ostwald ripening is proved by the growth rate as
revealed by Figure 7.(d) of log–log plot of the number weighted average radius as a
function of time. The transition point is indicated by the kink in the slope representing
the growth rate.

K. M. Ø. Jensen et al. used SAXS for the size distribution of Os nanoparticles with a
diameter from 0.3nm to 1.3nm from surfactant-free synthesis using a JJ-XRay
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instrument with a Rigaku 100 XL+ micro focus and sealed tube X-ray source
(wavelength of 1.54 Å) at Niels Bohr Institute at the University of Copenhagen. They
also combined x-ray total scattering with a Q range of up to 21 Å-1 and performed
PDF analysis for fitting with a hcp structure model at beamline 11-ID-B at the
Advanced Photon Source, Argonne National Laboratory. [21]

C. Tsao and T. Lin used the indirect transform method [23] and included the
interaction of particles using depleted-zone model upon hard sphere model (ITM +
HS) to simulate the SAXS intensities of Al-Li alloy during δ’ precipitation. They
performed SAXS experiment to test the simulation at the X-ray scattering laboratory
of the Department of Engineering and System Science, National Tsing Hua University
at Hsin-Chu. The X-ray source at this facility is an 18 kW rotating-anode X-ray
generator equipped with a Cu target. [22]

More applications on SAXS for nanoparticle size characterization can be seen from
[24] to [26]. Although there is already significant development in nanoparticle
synthesis that can provide monodispersity in size and all other surface properties in
great precision, the information about size distribution and evolution can still be
useful for the mechanism of growth or aggregation processes, which are directly
related to the production and deactivation of catalysts. Especially for industrial
catalyzing processes, where a big amount of samples is present, the in-situ and
high-penetration real-time characterization from x-ray scattering techniques can be
extremely useful. From the study on precipitation in Al-Li alloy, it can be seen the
potential of applying SAXS in supported catalysts, which are composed of metal
nanoparticles dispersed on a solid substrate. The fact that x-ray scattering experiments
for metal nanoparticles can be performed in laboratory-based setups also provides
feasibility for these applications.

(2) Shape and morphology control
i) Inducing form factors
The most common way for fitting SAXS data to certain shape or morphology is using
structure factor. P. Mulvaney et al. monitored the growth of nearly monodispersed
gold nanorods using in-situ SAXS and tracked its transition from spherical to ellipsoid
and then to a spherically capped cylinder. The SAXS experiment was performed at
Australian Synchrotron in Melbourne and in combination with UV-Vis absorption
spectroscopy. The form factors used for fitting of SAXS data are shown in (11) to (14).
[27]

I Q = �����
�

�(�)2 + ��������� (11)

�(�)2 = [3V(∆ρ) ∙ sin �� −Qr∙cos ��
�� 3 ]2 (Sphere) (12)

�(�)2 = 3
��

[V�(ρ� − ρ�) ∙ sin ��� −Qr�∙cos ���
���

3 + V�(ρ� − ρ����) ∙ sin ��� −Qr�∙cos ���
���

3 ]2

(Core-Shell Sphere) (13)
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�(�)2 = [3V(∆ρ) ∙ sin ��(��,��) −cos ��(��,��)

��(��,��) 3 ]2 (Ellipsoid)(14)

For ellipsoid there is � ��, �� = [��
2 + ��

2]
1
2 (15) and V = 4

3
�(����)2 (16). ��

is the polar radius along the rotational axis of the ellipsoid and �� is the equatorial
radius perpendicular to the rotational axis.

For spherically capped cylinder, with r as radius and R as cap radius, define

h=− �2 − �2<0 when R≥r.

I Q = ∆�2

�
�2 � (15)

A Q = π�2 sin (1
2�� cos � )

1
2�� cos �

∙ 2�1 �� sin �
�� sin �

+ 4��3
−ℎ

�

1 cos � cos � �� + ℎ + 1
2

� ��� ∙ (1 −

�2) �1[�� sin �(1−�2)1/2 ]
�� sin �(1−�2)1/2 (spherically capped cylinder)(16)

F Q = V� ρ� − ρ�
sin 1

2��
1
2��

∙ 2�1��
��

+ ρ� − ρ���� V�
sin �(1

2�+�)

�(1
2�+�)

(core-shell

cylinder)(17)

Figure 8.(A) Two-dimensional, time-resolved SAXS intensity as a function of
scattering vector q for sample S4. The solid lines in the waterfall plot are fits using a
cylindrical form factor. The scattering signal indicates a shift from spherical to
rod-shaped particles and an increase in volume overtime. (B) “Waterfall” plot
showing the shape transition from sphere (orange to red) to ellipsoid (blue) to a
spherically capped cylinder (aqua or green) as a function of the reaction time. The
reaction time was 2 h, with spectra collected every 2 min. Reprinted (adapted) with
permission from [27]. Copyright 2022 American Chemical Society.

As is shown in Figure 8, the evolution of the gold nanorod from spherical to
ellipsoidal and to spherically capped cylinder can be tracked by SAXS with
time-resolution. Upon fitting to the cylinder form factor, the length and width can also
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be obtained from �� and ��. The scattering intensity from the CTAB surfactant at the

surface of nanoparticles in colloidal solution is also accounted for by using a form
factor with core-shell structure. By fitting the more-shell model to the SAXS data, the
thickness of the CTAB layer can be obtained.

ii) Building 3-D models
Instead of fitting the data with form factors, R. Contreras-Caceres et al. built three
dimensional models of scattering centers to account for the scattering intensity. As
shown in Figure 9, the 3D models consist of 30,000 scattering centers which are
enclosed in the morphology of nanotriangles (two bottom connected truncated
pyramid). [28]

Figure 9. Best-fit SAXS models of ensemble-averaged dimensions for AuNTs before
and after gold overgrowth. Each model consists of 30,000 scattering centers,
randomly placed within the boundaries set by the idealized NT geometry of a
triangular bifrustum. The images were plotted using the van-der-Waals radius of Au.
The dashed lines are guides to the eye. Please note that the applied SAXS models also
consider the dispersity in edge length and thickness (not shown). Reprinted from [28],
open access. Further permissions related to the material excerpted should be directed
to the ACS.

The 3D morphology was described by 4 independent parameters, edge length,
dispersity in edge length, thickness, dispersity in thickness. The best fit is found by
the minima point of mean square error (MSE) compared with experimental data upon
the variation of the four parameters. Figure 10 A to F shows the minima in MSE as
indicated by the red cross. G and H shows the uncertainty of the analysis, which is
less than 1nm for length scales of 70nm-80nm.
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Figure 10. SAXS analysis: MSE maps of AuNTs (A) before and after gold overgrowth:
(B) R=2.5,(R indicating the reactant ratio and the size of the nanotriangle) (C) R=5,
(D) R=7.5, (E) R=10, and (F) R=15 (logarithmic color scale, see H). The best-fit
model,indicated by the lowest MSE, is marked x and highlighted in red color
(compare Table 1). The ensemble-averaged NT dimensions can be evaluated with
very low uncertainty (<1 nm) because of the high sensitivity of the scattering response:
exemplary MSE minima for variation of (G) edge length and (H) thickness for AuNT
seeds before overgrowth (cross-sections in A). Reprinted from [28], open access.
Further permissions related to the material excerpted should be directed to the ACS.

In this case SAXS gives better description of the sharpness of the edges of the
morphology than electron microscope. Although electron microscopes are more
commonly used techniques for nanoparticle characterization, small features like sharp
edges or vertex are always rounded because of limited resolution and charging effects.
However, for SAXS, these features are neither limited by the Q range nor limited by
the angular resolution.

More studies on using SAXS for the morphology of nanoparticles can be found in [29]
and [30]. A more thorough analysis of SAXS data interpretation for Au nanoparticles
can be found in [31].
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As can be seen from the second example, the application of SAXS on featuring sharp
edges of nanoparticles exceeds other characterization methods. The sharp features can
become active sites for catalyst reactions because of the Localized Surface Plasmon
Resonances (LSPRs), for example, CO2 photo-reduction. In real synthesizing
experiments, the sharp features are also difficult to obtain. Through the real-time and
in-situ monitoring of the growth especially for these features a better guide for
reproducing the synthesis can be provided.

2. Framework materials
Framework materials, represented by Metal-Organic Frameworks (MOFs) can not
only act as catalysts themselves by the metal linkages or serve as the substrate or
precursor of substrate for supported heterogeneous catalysts. However, the synthesis
of MOFs are often concerned with uncertainty because of the extreme environment
required by the synthesizing methods. For example, the most common hydrothermal
or solvent-thermal synthesis need heating and creates high-pressure in the sealed
reactor, thus hinders the growth mechanism study. The non-invasive nature of x-ray
scattering techniques make them most appropriate for this case.

Gascon, J. et al. combined time-resolved SAXS and WAXS for the growth of
NH2-MIL-53(Al) and NH2-MIL-101(Al) at the BM16 beamline of the European
Synchrotron Radiation Facility, ESRF (Grenoble, France), and X9 beamline at the
NSLS in Brookhaven (NY, USA). [32]
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Figure 11a. (top left). Time evolution of the WAXS pattern during the in situ synthesis
of NH2-MIL-53(Al) in H2O @130 ℃, with corresponding SAXS decays in log–log
form (inset).
Figure 11b. (top right). p(r) function during the synthesis of NH2-MIL-53. The blue
arrow indicates the increase of intensity and radius of gyration Rg.
Figure 11c. (bottom left) WAXS pattern with the formation of NH2-MIL-101(Al) in
DMF and corresponding SAXS decay (inset).
Figure 11d. (bottom right) p(r) function shows constant scatterer intensity and
morphology during formation of NH2-MIL-101(Al) in DMF, suggesting a slow
solid-to-solid conversion. Reprinted from [32], Copyright (2022), with permission
from
Elsevier.

From Figure 11a and 11c, the surface roughness of the scattering entity can be
indicated from the power of Q (Q in accordance to the discussion above, q in the
figure) according to Porod’s Law. The power that is smaller than 4 indicates a rough
surface which is typical for porous material. The transition of power in Figure 11a can
be interpreted as a two-step growth of porous material, the first step is the
smoothening of the surface and the second is densification of internal structure.

The intermediate species can be identified from the evolution of Bragg peaks with
time in WAXS data. Compared with NH2-MIL-53(Al) synthesized in H2O,
NH2-MIL-101(Al) in DMF has extra peaks standing for the intermediate
NH2-MOF-235 that appear from the very beginning of the growth.
From the p(r) functions in Figure 11b and 11d, the increase of intensity indicates the
increase of crystallinity which corresponds to the growth of crystal grains. The shift of
the peak position can be attributed to the change of local structure, like extension or
shrinkage of the linkers, etc.

G. A. Tompsetta et al. interpreted the SAXS and WAXS data in the same way for the
growth of zeolites but under microwave synthesis. They also combine Raman
spectroscopy to the setup. The experiments were carried out at X10A beamline at
Brookhaven National Synchrotron Light Source in Upton, New York. Figure 12a
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shows a scheme of the setup. Figure 12b shows the way the waveguide system work.
[4]

Figure 12a (left). Schematic of in situ SAXS and WAXS microwave synthesis
waveguide apparatus, (a) setup 1 with water load and (b) setup 2. Schematic shows an
expanded view of the components, which are bolted together at the rectangle flanges.
Figure 12b (right). Schematic of the surface current in a waveguide cross section with
a slot in the wide side. Reprinted from [4], Copyright (2022), with permission from
Elsevier.

Similar work can be found in [33][34].

Conclusion
From the information offered by SAXS and WAXS, outline information can be
obtained, such as size, shape or morphology, surface and interaction between entities.
However, due to the limited Q (momentum transfer) range, real-space resolution as to
bonding information can’t be provided. The most advantageous property is in-situ and
time-resolution and the combination with other characterization techniques like
Raman spectroscopy, FTIR, DSC, DTA, etc. because of its non-invasive nature.

In terms of the information needed for catalysis, the monitoring of the growth and
aggregation of nanoparticles during synthesis, reaction, or deactivation processes is of
great importance especially in industrial processes or in extreme conditions. The fact
that the scattering experiments can be performed in laboratory-based sources and
setups increases the feasibility.

The hierarchical structure of information that is offered by the combination of SAXS
and WAXS indicates its applicability in such systems with multiple scales. There is
great potential in the application of supported heterogeneous catalysts with delicate
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design.
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