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1. Introduction

ABSTRACT

In this work we provided an overview about the use of small-angle X-ray scattering (SAXS)
technology for non-invasive characterisation of nanostructured and functionalised parti-
cles. Firstly, we demonstrated our modular-designed laboratory SAXS camera with different
options and possibilities for quick in-situ measuring various disperse particulate systems
including powders and suspensions as well as aerosol nanoparticles which can be deposited
on a certain substrate. The detection angle reaches 90°, allowing simultaneous wide-angle
X-ray scattering (WAXS) measurement on the crystalline structures. Further extension of
the sample-to-detector distance enables multi-level structural characterisation of particle
systems ranging from about one nanometer to several hundred nanometers. The use of an
on-line X-ray detector makes on-line in-situ analysis possible. Secondly, different data pro-
cessing methods and models have been introduced for analyzing the acquired scattering
data and retrieving the structural parameters of the investigated particle systems. Finally, we
presented some selected experimental results obtained by SAXS-WAXS, including commer-
cial nanoparticles, and laboratory-synthesized nanostructured and functionalised particles
such as silica multiplets, silica-magnetite core-shell nanocomposites, metallic nanoparti-
cles and catalyst nanodots on oxide support particles in different liquid- and gas-phase
synthesis processes as well as nanostructured particles in particle handling processes like
high pressure dispersion and high temperature calcination.

GISAXS, is often used for characterisation of nanostructured films and
surfaces (Renaud et al., 2009). In this work we focus on the transmission
SAXS by placing the sample normal to the incident beam. The samples

Nanostructured and functionalised particles possess unique properties
(e.g. optical, chemical, physical, electrical, etc.) and find many appli-
cations due to their sizes, morphologies and structures. Knowledge
of their structural parameters helps to improve the performace and
control product quality during synthesis and/or in post-handling pro-
cesses. These particle systems can be studied with different techniques
like imaging, scattering, centrifugal, gas adsorption, spectroscopy, and
so on. Among them, small-angle X-ray scattering (SAXS) is a non-
invasive technique and has proven to be a very powerful tool for
structural characterisation of particle systems under their native or
realistic conditions (Guinier and Fournet, 1955). Basically, two scatter-
ing modes, transmission and reflection (grazing incidence), are used
for SAXS measurements. Grazing incidence mode, generally called
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to be analysed can be dry powders, particle suspensions, aerosol par-
ticles, which are sometimes deposited on a certain substrate, or other
two-phase disperse systems. SAXS measures the excess electron den-
sity, i.e. the density difference between particles and their surrounding
medium, thus porous structures can also be probed just by consider-
ing a pore as an “inverse” particle. This implies that SAXS can also
probe the closed pores which are not accessible to gas adsorption (BET)
instrument. The scattering intensity is measured as a function of the
scattering angle 26. To better understand the interaction of the X-ray
with materials, a brief physical background of SAXS will be given in
Section 2. In general, SAXS detector records elastic scattering of X-
rays at angles close to the direction of incident beam, say, 26 < 5°. This
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limit depends on the SAXS setup. SAXS experiments give information
on objects in the size range between 1 and 100nm. However, use of
the Bonse-Hart configuration (Bonse and Hart, 1965) or a very long
sample-to-detector distance can achieve ultrasmall-angle X-ray scat-
tering (USAXS), which is capable of probing structures in the size range
of 1-1000nm. SAXS data contain the information on primary particle
and agglomerate size, their size distribution, structure, specific surface
area and functionalisation like coating layer thickness or the structure
of nanocomposites.

This article wants to give an overview concerning the possibilities of
using the SAXS technology for particle characterisation on the nanome-
ter scale. Starting from the physical background, detailed information
is given about the development of modular-designed SAXS laboratory
cameras. Although the high intensity of the X-rays in a synchrotron
facility is preferable for X-ray scattering measurements, especially for
characterizing weaker scatters, laboratory cameras have their advan-
tages considering the permanent availability and unlimited design
options. The main physical relations for analysis of scattering curves
with different methods and models are presented starting from single
spheres via aggregates to the analysis of mulitplets and size distribu-
tions. Furtheron the X-ray scattering methods have been extended for
the description of nanoscale coatings, nanodots on nanospheres and
nanocomposites as well as for investigations on crystalline structures
and crystal phase transformation at wide angles.

2. Physical background of SAXS

The basis process of the scattering of X-rays by materials
is the photon-electron interaction. In the SAXS experiments
performed in transmission mode, the maximum scatter-
ing intensity is related to the sample thickness which is
approximately inverse proportional to the linear absorption
coefficient (Sakka, 2005). For long wavelength (A>>0.1nm), a
very thin sample should be used due to very high absorption,
whereas for very short wavelength (» « 0.1nm), the scattering
concentrated at extremely small angles will make practi-
cal analysis very difficult. Therefore, SAXS usually utilizes
monochromatic X-rays with wave lengths in the range of ca.
0.05-0.25nm. Detailed information about the SAXS theory is
provided in some classical SAXS books (Guinier and Fournet,
1955; Glatter and Kratky, 1982). Here we will not go into detail
but intend to give a very brief description of the physical back-
ground of SAXS, which will help readers to better understand
the analysis and interpretation of SAXS experimental data
later.

The interaction of X-rays with electrons of matter leads to
different processes such as refraction, diffraction, absorption
and scattering. The refractive index of all materials is close to
1 for X-rays and thus the refraction can be neglected. In the
transmission SAXS mode, the transmitted beam will be atten-
uated through inelastic scattering, fluorescence and thermal
effect, depending on the material density and composition.
Absorption can be corrected in the SAXS experiment. The
diffraction can be neglected. Low diffraction of X-rays and the
geometry of the measurement set-up, where the sample-to-
detector distance is much larger than the particle size, which
itself is much larger than the wavelength, allow for simplifica-
tion of the analysis by the Fraunhofer approximation (Guinier
and Fournet, 1955; Wengeler, 2007). Thus, scattering occurs
solely at the electrons of the material investigated. These elec-
trons are accelerated by X-rays and emit secondary spherical
waves with identical frequency (or wave length 1) but different
phases. The scattered X-rays of a large number of scattering
centres superimpose to the scattering intensity.
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Fig. 1 - Scattering geometry represents the incoming
X-rays with the wave number vector Eo and the scattered
X-rays with the wave number vector kata scattering angle
2¢. The difference between both wave vectors is described
by the scattering vector §.

Fig. 1 shows the scattering geometry. Incident X-rays are
characterized by the wave number vector Eo with a mod-
ulus of 27/i and the secondary waves are described by the
wave number vector E Their difference results in a scatter-
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ing vector of q = k — ko = 4n/A-sind for small angles. The
scattering amplitude results from the superposition of waves
scattered from all single scattering centres considering the

- — — .
phase difference q - r = (k - ko) T Thus, the total inten-
sity stems from the integration of scattering intensities of all
electrons in a scattering volume. Because of the large num-
ber of electrons in scattering objects even on the nanoscale
a continuous description is commonly used. The scattering

amplitude A <El>) can mathematically given by the Fourier

transform of the electron density distribution pe (?) in the

real space

A(E) A /V pe (7) AT (1)

with A, as the amplitude of a single electron. The Fourier
transform allows in the transformed space the analysis of peri-
odic structures of the electron density in the real space due to
phase differences. For example, regularly ordered particlesin a
homogeneous media are such structures. The resulting scat-
tering intensity is given by the square of absolute values of
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the scattering amplitude I (q) =]A (q) | . Therefore ampli-

tudes of all scattering centres ?i and all possible distances to

the scattering centre 71- — 7 are integrated. This corresponds
to the Fourier transform of the autocorrelation function of the
electron density

I(E) =1 / 2 (?) e T gy @)
v

where [, is the scattering intensity of one single electron.
The vectorial autocorrelation function 52 is the Patterson
function:
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This equation can be simplified by introducing the excess
electron density Ap, (7 as the difference between elec-
tron density of the particles and the surrounding matrix.
For isotropic systems the expression (e*iq'7> =sin(qr)/(qr)
can be averaged in all spatial directions (Glatter and Kratky,
1982). The Patterson function can also be averaged in space,
which results in an angular averaged autocorrelation function



y (r) = (0f (7)) and the scattering intensity I (q) is normalized
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where the characteristic function yq (r) = y (r) /¥ (0) describes
the spatial distribution of particles. It is interpreted as proba-
bility that a point in a distance r from any other point in space
is inside a particle. Thus for scattering of a single particle it is
monotonously decreasing, positive and takes the value 0 for
T >dmax, With a maximum particle extension of dmax. In SAXS
measurements, usually different models are used to analyse
experimental scattering curves and retrieve the information
on the structures and sizes. Details on the data processing and
interpretation will be given and further discussed in following
sections by means of some selected application examples.

3. Experimental

3.1.  Development of laboratory SAXS camera systems

Since the first so-called Kratky SAXS camera was developed
in the 1950s (Kratky, 1954), it has become one of the most
widely used laboratory equipments for structural analysis
(Glatter and Kratky, 1982). Its main components are the X-ray
tube, the X-ray collimation and the detector. For characterisa-
tion of large structures of particles the original SAXS camera
has been optimized and extended with different features
(Dingenouts and Ballauff, 1998). Fig. 2 shows some labrora-
tory SAXS camera systems which have been designed and
further developed to meet different requirements on struc-
tural characterisation at our laboratory in recent years. A fine
focus X-ray tube equipped with a copper cathode (Cu-K, radi-
ation, A =0.154 nm) is selected for measurements. The X-rays
are collimated by a block collimation system, which allows
the resolution of very small angles. Compared to point colli-
mation, the block collimation almost completely suppresses
parasitic scattering for small angles and leads to a higher
intensity of the X-ray beam. Despite of the block collimation
the measurement time of the equipment for in-situ charac-
terisation was much too long (several hours), depending on
the count rate of detector and the electron density contrast of
particle systems. To focus the diverging beam and to increase
the intensity even more, a specific X-ray optic, called Gobel
mirror (AXO, Dresden GmbH, Germany) was installed between
X-ray tube and the collimation system, as schematically illus-
trated in Fig. 2a. The camera was originally equipped with
a one-dimensional position sensitive gas-filled detector (PSD
50m, MBraun) which has a resolution of 25.4 pm at 2048 chan-
nels and a dynamic range of about four decades (Fig. 2b). The
elliptic curved Goebel mirror transforms the divergent, poly-
chromatic X-ray to a monochromatic, focussed primary beam
with a defined wave length. Furthermore, a beam stop was
designed and installed in front of the detector so that the pri-
mary beam is partly absorbed for determination of the zero
point of the scattering vector (q=0).

The gas-filled detector has been replaced with a two-
dimensional imaging plate detector to improve the detection
of the scattered signal (Fig. 2c). According to preliminary sug-
gestions (Fritz and Bergmann, 2006), these devices lead to a
significant reduction of measurement time, an improvement
on spatial resolution regarding the scattering vector and an

increase of the dynamic range. Later on, the SAXS camera
configuration has been further developed by extending the
measuring range of scattering angle 20. Imaging plate can
be arranged in a curved manner so that the configuration is
able to determine the intensity at small and large scattering
angles up to 90°, as shown in Fig. 2d. This allows simultane-
ous measurement of the SAXS signal with a wide-angle X-ray
scattering (WAXS) detection (Guo et al., 2015a,b). So, besides
the determination of agglomerate and particle structure, crys-
tallinity or even the chemical compostion of the sample can
be determined. The disadvantage of the imaging plate is the
offline data acquistion via an external laser scanner (Fujifilm
FLA-7000). In case of measuring reacting particle systems on
a short time scale, the imaging plate can be replaced with
an online X-ray detector (Dectris Pilatus 100K, Switzerland),
which operates in “single photon counting” mode based on
advanced CMOS technology with no dark current or readout
noise but a high dynamic range. Dynamic in-situ experiments
are possible when the sample chamber is designed for a flow
configuration. This modular design allows continuous passage
of the reactants through a sample cell inside the measurement
chamber and thus direct observation of the particle formation
process.

Above laboratory SAXS-WAXS camera system allows char-
acterisation of nano-structured materials and functionalised
nanoparticles with a size of up to approximately 80nm as
well as their crystalline structures. By further increasing the
sample-to-detector distance from 230 mm up to 1300 mm by
means of a new GoObel mirror with long focus lengths, as
depicted in Fig. 2e, the minimum scattering vector q can be
decreased by a factor of 10 down to a value of 0.008 nm~? cor-
responding to a structure size of up to 780nm. The modified
ultrasmall- and wide-angle X-ray scattering (USAXS-WAXS)
laboratory setup enables structural analysis of particle sys-
tems on multiple scales ranging from about one nanometer to
several hundred nanometers (Gutsche et al., 2017). Neverthe-
less, the intensity of usual laboratory X-ray sources is limited
so thata synchrotron radiation facility with a higher X-ray flux,
e.g. ESRF in Grenoble, is the best alternative for even further
extension of detectable size to larger structures and reduction
of measurement time. The availability of synchrotron X-ray
sources is limited, whereas the laboratory equipment is usu-
ally available with no restriction. Those recently developed
and further optimized laboratory measuring systems are very
suitable for investigation of different nanostructured mate-
rials and functionalised nanoparticle systems in the fields of
chemical reaction, process engineering, particle synthesis and
post-handling as well as material science.

3.2. SAXS measurements

SAXS measurements can be performed by using an easily
accessible laboratory camera system and/or a synchrotron
beamline. To achieve high scattering intensity, a 2D area detec-
tor is usually used to detect the angle-resolved signals which
are elastically scattered by the investigated samples. To pro-
vide an overview of the possibilties of using laboratory SAXS
instruments for particle characterisation on the nanometer
scale, some selected nanostructured materials and function-
alised nanoparticles have been investigated by means of our
recently developed and further optimized laboratory camera
systems, as depicted in Fig. 2. For the characterisation of sus-
pensions, particle systems were dispersed in a solvent and
stabilized, and then filled into a thin-walled quartz capillary
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Fig. 2 - Development of laboratory X-ray scattering camera systems for characterisation of nanostructured materials and

functionalised particles. (a) Schematic ray tracing of modifie

d Kratky camera with Goebel mirror and collimation system

together with an optional USAXS modul. (b) SAXS camera with a PSD gas-filled detector; (c) SAXS camera with a PSD

gas-filled detector and an alternative imaging plate detector;

; (d) SAXS-WAXS camera with a curved imaging plate detector

for simultaneous measurements at scattering angles 26 up to 90° with an alternative adaption to a PSD gas-filled detector
and an online Dectris Pilatus detector; (e) USAXS-WAXS camera equipped with an online Dectris Pilatus detector.

with an internal diameter of 1mm using a syringe. For the
measurements of powders or aerosols, the samples under
study were first carefully distributed or deposited onto a sam-
ple substrate, such as an adhesive tape (tesa SE), and then
positioned in a specially designed sample holder inside the
measurement chamber. Besides, corresponding particle-free
solvent and sample substrate were also measured under the
same conditions so as to realize the background subtraction
later. For dynamic in-situ experiments, syringe pumps were
used for continuous passage of the reactants through the
sample cell inside the measurement chamber, allowing direct
observation of the particle formation process.

In some cases, the absolute scattering intensity is neces-
sary for determination of particle number concentration and
mean molecular weight. Calibration of absolute instensity can
be done using standard calibrating materials such as, water,
pure liquids, monodisperse colloidal suspensions and glassy
carbon (Orthaber et al., 2000; Dreiss et al., 2006; Fan et al., 2010;
Zhang et al., 2010; Gutsche et al., 2016). The use of absolute
instensity has advantages like independence of measurement
time, sample thickness and camera geometry. The absolute

instensity is not necessary for determination of the correlation
function and structural parameters, i.e. in this case the mea-
sured scattering intensity is often reported in arbitrary units.
In the SAXS experiments, the background signal originating
from the sample cell or support substrate and optics itself
should be taken into consideration. Usually the background
effect can be removed by subtracting the scattering intensity
of the used empty sample cell or support substrate. The scat-
tering intensity from particles in a dilute suspension can be
corrected by subtracting the scattering of solvent in cell from
that of particle suspension in cell. Consequently, the obtained
scattering curves are analysed with different approaches and
models to retrieve the information on the structures and sizes
of the studied particle systems, which are given below, respec-
tively.

To observe the surface property and particle size, a trans-
mission electron microscope (TEM, Philips CM12, operating at
120kV) was used to characterize the samples which were pre-
pared by dipping the carbon-coated TEM grids into the diluted
dispersions and drying in air. In addition, other measurement
techniques such as analytical ultracentrifuge (AUC, Beckman



Coulter Optima XLI) and nitrogen adsorption (BET, Autosorb-1,
Quantachrome instruments) have also been utilized for parti-
cle size analysis and characterisation of specific surface area,
respectively.

3.3.  Data processing

The resulting scattering curves are analysed with differential
and integral parameters for the appoximation of the charac-
teristic function (Guinier and Fournet, 1955; Glatter and Kratky,
1982; Feigin and Svergun, 2013). The radius of gyration R is an
important integral parameter, defined as follows

) o volrrtdr
Rg = Y (5)
2. [ yo(r)r2dr
which is equivalent to the mass specific radius of gyration of
classical mechanics. Rg can be considered as the electronic
radius of gyration of the particle about its electronic centre of
mass. The geometric diameter d, can be determined by d, =
2\/%&;. The relationship between the scattering intensity
Ip (q) of a single particle at low q and the radius of gyration R¢
can be described with Guinier law (Guinier and Fournet, 1955)
2R2

7%
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It results from a series of potentials applying a Taylor
series expansion (Glatter and Kratky, 1982). Additionally, the
scatteringintensity at high q is characterised by the Porod con-
stant Cp, which is defined for systems with interfaces between
phases with a discrete jump in the electron density. The Porod
constant Cp is determined by the surface of the particle Sy, and
the excess electron density A pe.

Cp = lim1(q) - q* = 27ApZSp. )
q—>00

From this relation the mass-related specific surface area
(SSA) for a single particle or an aggregated configuration can
be calculated

SsA = i & ®)

where pp is the particle density and Q is the so-called scatter-
ing invariant

Q= / qzl(q)dq = 27r2Ap§Vp, ©)
0

accounting for the total particle volume Vy.

Single particle scattering is described by the form factor
P(q) =1Io(q) /Io (0). For the special case of a spherical particle
with a radius R and uniform denisty, the form factor can be
given by

—qRco (qR) 2

sin (qR)
3 q3 R3

P(q) = (10)

The interference is included by a structure factor S (q). The
scattering of a multi-particle system results from the single

particle scattering and the interference of the single particle
scattering patterns

(@) = 5 ARVEP ()5 () (1)

with N/V as the particle number concentration.

P(q) and S(q) consist of an integral part, which is deter-
mined by constructive interference of the scattered X-rays,
and a structural part of scattering, where accidential interfer-
ence occurs (Sorensen, 2001). The integral part, called Guinier
range, is given by Guinier law and is limited by qRg <1. The
structural part is characterized by power-law behaviour of the
scattering function I (q) ~q~* for qRg > 1. In this way, the parti-
cle size and specific surface area can be dertermined.

The structure factor S(q) results from the interference of
the scattering pattern of the primary particles. For agglomer-
ate with known primary particle sizes and positions the total
scattering intensity I(q) is calculated as (Debye, 1915; Guinier
and Fournet, 1955)

Zrol )+2- ZZAk S“;(YZ“) (12)

i=1 k=i+1

where ry; is the distance between particles i and k. The cor-
responding structure factor S(q) is defined using the primary
particle pair correlation function g (r)

S(q) =1+ 4an/Vp/oo[g(r) - 1]%7’%1' (13)
0

The behaviour of the structure factor of fractal agglom-
erates can be characterized by different regimes (Hyeon-Lee
et al,, 1998; Sorensen, 2001). For qRg, agg < 1, the structure fac-
tor approaches 1. For qR; agg <L the structure factor results
in the Guinier equation for the agglomerates. Its great util-
ity is that it allows for measurement of the agglomerate size.
For RclA g9 <4< RG b fractal agglomerates show a power-law
scattering with a structure factor proportional to (qR; Agg)fo
and a fractal dimension Dy. For q > RG p» the scattering curve
holds information on the total surface in the scattering vol-
ume, which is described by Porods law I (q) ~q~*. The transition
between the regimes is described mathematically by cut-
off functions and can be adapted to experimental results by
scattering simulations. Differences between various cut-off
functions can often be distinguished only by numerical cal-
culations. Thus, scattering curves of nanoscale agglomerates
can be devided into three g ranges, which deliver the informa-
tion on the primary particle and agglomerate sizes as well as
the fractal dimension by fitting the experimental data, respec-
tively.

Alternatively, a wunified exponential and power-law
approach proposed by Beaucage et al. allows analysis of
the acquired SAXS curve for complex systems containing
multiple levels of related structural features (Beaucage and
Schaefer, 1994; Beaucage, 1995)

n _ ZRé
() = Y [Gi-exp(—5—) +B;
i=1
*quZ' _p,
exp(— ) (— ) (19
[erf ()]
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where erf () is the error function, and i refers to the differ-
ently sized structures. For instance, the scattering intensity
of two structural levels (i=2) such as fractal agglomerates can
be modelled as the combination of two Guinier fits and two
power-law fits with Eq. (14). Thus, fitting the unified model to
experimental data leads to the radii of gyration of the primary
particles (Rgp =Rc1) and agglomerates (Rg,agq =Rc2), the mass
fractal dimension of agglomerates (Dm =Dy =P,), and the sur-
face fractal dimenaion of particles (Ds =6 —P1) at large q. For
ideal two-phase particle systems with sharp boundaries and
smooth surface, Ds equals 2, which corresponds to Porod’s law
(P1=4).

However, it is worth noting that for particles with rough
surface the power-law exponent P; at large q is smaller than
four (3 <P1 <4). When particles have a diffuse phase boundary,
the electron density profile on the surface is not scharp but
changes gradually between two phases. In this case, the mea-
sured parameter P; will deviate from Porod’s law and have a
value greater than four. Based on two electron density profile
models, sigmoidal electron-density gradient model (Ruland,
1971) and linear electron-density gradient model (Vonk, 1973),
the thickness E of the diffuse boundary nanostructured layer
canbe determined by processing the scattering data in the plot
ofln [I (q)- q4] versus g2 at large values of scattering vector (Guo
et al., 2013a)

In[l(g) - q*] = InCp — 0¢>. (15)

The slope of —¢? in Eq. (15) gives the value of the thickness
E =2V30.

Real particle systems are often polydisperse in size. The
scattering intensity of a polydisperse system with a particle
size distribution Dy (r) is the contribution from each size frac-
tion. Thus, Eq. (11) can be further written as

1(0) = 5 403 / D (r)V2(r)P(a. S(a. ) (16)
0

The scattering pattern of a monodisperse suspension is
characterized by maxima and minima resulting from the sinc-
function in Eq. (4). The shape of each maximum is defined
by the characteristic function yg(r). The structure in the
scattering pattern becomes less pronounced with increasing
polydispersity, while the mean particle size determined from
the scattering curve does not change. In practice, different

particle size distribution functions are used to fit the exper-
imental SAXS curves of nanostructured and functionalised
particle systems such polydisperse spheres and core-shell
nanocomposites (Dingenouts et al., 1994; Goertz et al., 2009b;
Gutsche et al., 2014).

The wide-angle X-ray scattering signals simualteneously
acquired with the SAXS-WAXS laboratory setup, as shown in
Fig. 2, allow characterisation of crystalline structures of parti-
cles, such as identification of crystal phases, determination of
crystal sizes and study on crystal phase transformation in the
synthesis and/or after-treatment. The relationship between
the mean crystal size D and the width of X-ray diffraction peak
at wide angles can be described with the Scherrer equation
(Klug and Alexander, 1974)

K-a

D= FWHM - coso

(17)
where K is the Scherrer constant (0.9), 6 is half of the scattering
angle and FWHM is the full width at half maximum of the X-ray
diffraction peak.

4, Results and discussion

Some commercial nanoparticles have been firstly used as
test samples to validate the SAXS results, which have been
compared with those obtained with other measurement tech-
niques. Fig. 3 exemplarily shows the experimental results
for commercial silica dispersion Ludox HS40 (Grace Davision,
Worms, Germany) studied by TEM, AUC and a SAXS camera
equipped with a PSD gas-filled detector (Goertz et al., 2009b;
Goertz, 2011). From the TEM micrograph (inset in Fig. 3a), it
is seen that those silica particles are spherical and have a
norrow size distribution. Further imaging analysis of the TEM
micrograph leads to the particle size distribution (PSD) (his-
togram in Fig. 3b). As mentioned above, the scattering curve of
a monodisperse suspension shows a typical structure charac-
terized by maxima and minima. It is obvious that the acquired
SAXS curve shows the oscillations with a somewhat less pro-
nounced structure due to the polydispersity of the sample
HS40 itself and can be well modelled with a Gaussian dis-
tribution function (solid line in Fig. 3a). Corresponding PSD
by SAXS is displayed in Fig. 3b (solid line). Besides, the sam-
ple was also characterized by analytical ultracentrifuge via the
measurement of the sedimentation behaviour and the result-
ing PSD is depicted with solid-dotted line in Fig. 3b. The mean
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Specific surface area (SSA) for silica agglomerates from nitrogen adsorption (BET), as compared to SAXS measurements after

high pressure dispersion at different pressure drops.

diameters by SAXS and AUC agree very well, while the mean
diameter by TEM is somewhat bigger. This slight deviation is
probably due to the poor contrast of particles and background
in the TEM micrographs. In addition, manual image analysis
of the chord length of every particle may also potentially lead
to some errors. Nevertheless, the mean diameters measured
with three different methods are very comparable. None of
the distributions determined by TEM, SAXS or AUC is asym-
metrical in terms of the mean diameter. In the whole, SAXS
result is in good agreement with those by other measurement
techniques. Furthermore, besides modelling of the scattering
curve with a Gaussian distribution function, the PSD can also
be retrieved with other methods such as log-normal model
and maximum entropy method (Goertz et al., 2009b), as shown
in Fig. 3b. Those results show that if a fixed distribution is used
for the calculation of the scattering curve, a small scattering
vector range around the first maxima is sufficient to determine
the distribution parameters. In this scattering vector range the
background noise is low and also minor interactions do not
influence the results. In case that the size distribution is get-
ting broader, the structure of the scattering curve gets less
distinctive and the error of the results is increasing. Thus, the
acquired SAXS curve can be further analysed with Guinier law,
power law and/or so-called unified fit model to retrieve the
structural parameters of the invesitaged samples.

In many particle handling processes, the knowledge of par-
ticle sizes and structures plays an important role in design,
further optimization and utilization of the nanostructured
particulate materials. For instance, high pressure dispersion of
nanoscale particles and agglomerates can reduce the degree of
agglomerates to generate small agglomerates or even primary
particles in suspensions, which thus affects the material per-
formance. To better understand the dispersion process and
quantitatively characterize structural parameters, commer-
cially available pyrogenic silica powder (Aerosil 200, Evonik,
Germany) has been used and dispersed by high pressure rang-
ing from 200 to 1400bar, and the resulting suspensions were
then investigated by USAXS (Wengeler, 2007; Wengeler et al.,
2007). Due to the large agglomerate structures, the use of
a synchrotron beamline (e.g. beamline ID02 ESRF, Grenoble,
France) enables the accessibility of a smaller scattering vector
g and thus a larger structure (Narayanan et al., 2001). Fig. 4a
shows typical scattering curves for the resulting suspensions

at different pressure drops. It is seen that high pressure
dispersion process only has an impact on the low g-range,
representing the Guinier regime of the agglomerates. Suspen-
sions before dispersion and at low pressure drop of 200bar
show no pronounced Guinier regime where larger structures
are still present. At higher pressure drops the slope at low q
descreases, showing the reduced size of maximum agglomer-
ates. Thus a Guinier fit can be applied to determine the radius
of gyration Rgage. The inset shows a close up of the power
law regime. The order of the scattering intensities is inversed
here compared to the Guinier regime. That is, high inten-
sites in the Guinier region are lowest in the corresponding
power law region, while low intensities for dispersed agglom-
erates are highest. In the power law regime, all curves have the
same slope (I~q~2') and thus they have the same mass frac-
tal dimension Dy, =2.1. In the Porod regime (I ~ g~%), the curves
join into a single line which means that the primary particles
are not affected and the Porod constant is unchanged. The rest
of the curve is insensitive to dispersion. The corresponding
parameters such as mass fractal dimension, primary particle
size and the polydispersity are unchanged.

According to Eq. (8), SAXS allows to measure the specific
surface area (SSA) of nanoparticles or agglomerates as dry
powder or in a liquid suspension. Fig. 4b shows the specific
surface areas of Aerosil 200 samples determined by SAXS
and nitrogen adsorption (BET) method. The Aerosil 200 sus-
pensions subjected to high pressure dispersion at different
pressure drops show a nearly constant specific surface area,
as indicated with a solid line in Fig. 4b. An agreement between
BET and SAXS shows that no internal surface is present which
would contribute to SAXS but is not accessible to nitrogen
adsorption. The BET measurement for the suspension without
any pressure fragmentation shows a slight reduction in SSA,
which might be due to a closed structure inside the agglom-
erates and therefore just visible by SAXS. With high pressure
dispersion no additional surface is produced by desagglomer-
ation. The resulting SSA shows no trend and scatters around
initial SSA with a standard deviation in the range of initial
measurements. Hence, the sintered necks which are broken
do not contribute significantly to the surface area. High pres-
sure dispersion is characterized as a pure desagglomeration
process where comminution, considered as a process of sur-
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Reprinted (adapted) with permission from Small-Angle X-ray Scattering Study of the Formation of Colloidal SiO, Stéber
Multiplets, V. Goertz, A. Gutsche, N. Dingenouts and H. Nirschl, J. Phys. Chem. C, 2012, 116 (51), 26938-26946. Copyright

2012 American Chemical Society.

face production due to the destruction of primary particles, is
negligible (Wengeler, 2007; Wengeler et al., 2007).

Furtheron for the evaluation of experimental data of par-
ticle systems with respect to the aggregate structure and
polydispersity, scattering curves can be simulated for aggre-
gates composed of given numbers of primary particles,
sometimes just two or three spheres (Goertz, 2011; Goertz
et al,, 2012). Because of the required spatial averaging, cal-
culation of scattering intensity is more challenging than for
radial symmetric systems. The scattering amplitude of radial
symmetric systems can be calculated by a sinusoidal Fourier
transformation of radial electron density distribution. How-
ever, for the mentioned non-symmetric multiplets, numerical
methods have to be applied. For this purpose, a finite element
method was applied to describe every particle structure in
an approximate manner (Fedorov et al., 1974). The so-called
sphere method was applied (Glatter, 1980). For the special case
of a spherical particle, the form factor can calculated with
Eqg. (10). The scattering intensity of an aggregate of spheres
is calculated then analytically according to Eq. (12). The first
step of the simulation consists of generating multiplet struc-
tures. Subsequently, the object generation is followed by the
calculation of scattering intensity.

For a SAXS analysis of multiplet structures, the scattering
curves of a doublet and a triplet were simulated and compared
with the theoretical scattering curve of a sphere at identical
volume concentration (Fig. 5, left). The radii of the primary
particles and the distances between the centres of mass have
been fixed for the described configuration. The scattering
curve of the sphere possesses the most pronounced structure.
The larger the multiplet is, the steeper the decline of the scat-
tering curve at small scattering vectors is. Compared to the
scattering curve of the sphere, the intensity minimum and the
first intensity maximum of the multiplets are shifted signifi-
cantly towards smaller scattering vectors. Fig. 5 (right) shows
TEM images of particles obtained from different synthesis
routes V1 to V4 with classical Stober method (Stober et al.,
1968). With a severe control of the mass flow of the precursor
TEOS and the catalyst ammonia it was possible to design dif-
ferent multisphere structures. It can be concluded from the
experiments V1 to V4 that a generation of multiplet struc-
tures by the Stober process is possible. Size could be adapted
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Fig. 6 - Scattering curve dependance on reaction time

during multiplet formation (Goertz et al., 2012).
Reprinted (adapted) with permission from Small-Angle

X-ray Scattering Study of the Formation of Colloidal SiO,
Stober Multiplets, V. Goertz, A. Gutsche, N. Dingenouts and
H. Nirschl, J. Phys. Chem. G, 2012, 116 (51), 26938-26946.
Copyright 2012 American Chemical Society.

by varying the precursor concentration and reaction temper-
ature, with a higher precursor concentration and/or a smaller
reaction temperature leading to a larger end particle size. With
descreasing reaction temperature, hydrolysis reaction slows
down and fewer nuclei were formed. By the adjustment of
the particle-particle interaction (concentration, zeta potential,
ion concentration) the multiplet formation could be controlled
(Goertz et al., 2012).

Fig. 6 shows the scattering curves during the reaction of
the multiplet formation process. At the beginning a distin-
guishable minimum can be observed which is typical for the
spherical primary particles. With increasing reaction time and
progressing growth of particles, the first intensity maximum
and minimum are shifted towards smaller scattering vectors.
This measurement represents the existence and development
of multiplet structures. By an adjustment of the measured
scattering curve with the described simulation, the multi-
plet structure, consisting of a specified number of particles
or mixtures of multiplets, can be determined. As a restriction
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it should be mentioned that primary particles are frequently
polydisperse. This results in a smearing of the scattering data.
Therefore, it is necessary to identifiy to which extent the scat-
tering curve is affected and whether it is still possible to make
a statement with respect to the aggregate structures. In gen-
eral, it can be stated that the scattering curves of spheres have
a much more pronounced structure than the doublet scatter-
ing curves at all distribution widths. The degree of smearing
increases with increasing distribution width (Goertz et al.,
2012).

Besides the above-discussed multiplet structures of sil-
ica particles, modified Stober-process can also be used
to synthesize other nanostructured particle systems, such
as silica-coated magnetite nanocomposites. Such core-shell
magnetite particles have advantages of high dispersibility and
chemical stability, as compared to the conventional magnetic
nanoparticles like Fe;04 nanoparticles. The properties of the
core-shell magnetite nanoparticles are strongly influenced by
the shell thickness. Therefore, time-resolved in-situ monitor-
ing of the shell thickness helps to know the shell growth
kinetics, control the coating process and thus improve the
product quality. To this end, a laboratory SAXS camera (Fig. 2c)
has been used for time-resolved characterisation of shell
growth during the synthesis. As shown in Fig. 7a, at first Fe304
nanoparticles were synthesized with the co-precipitation of
FeCl; and FeCl, in alkaline media. The resulting black precipi-

tate was separated, washed and stablized. The obtained Fe304
nanoparticles were later used as magnetite cores for further
coating with silica using the modified Stober-process (Stober
et al.,, 1968; Gutsche et al., 2014). The resulting compact silica-
coated magnetite nanoparticles can be used as a basis to coat
a second shell, e.g. a mesoporous shell structure formed using
a template like cetyltrimethylammonium bromide (CTAB) or
other shell structures. Details on the synthses can be found in
(Gutsche et al., 2014). Here we focus on the structural charac-
terisation of such different nanostructured particles by means
of SAXS.

Fig. 7b depicts the scatterring curve of magnetite nanopar-
ticles. It exhibits two-level structures without specific side
maxima, indicating high polydispersity of magnetite parti-
cles. With Guinier law, the determined radius of gyration for
primary particle Rgp is 6.2nm. The power-law fit at large
q follows Porod’s law, ie. I~q~%, implying that the mag-
netite nanoparticles have smooth surfaces (Ds = 2). This agrees
well with the TEM observation. Furthermore, in the small q
range the scattering curve can be fitted with Guinier law and
power law, leading to the radius of gyration for agglomerates
(Rg,agg =14.1nm) and the mass fractal dimension (Dy, = 2.3),
respectively. In the coating process, the dynamics of shell
growth was monitored by time-resolved SAXS measure-
ments. For instance, Fig. 7c illustrates the scattering curves
of core-shell magnetite particles changing with reaction time



ty. Solid lines stand for the fitting curves by the core-shell
sphere model (Dingenouts et al., 1994; Gutsche et al., 2014).
Before the coating reaction started, the SAXS curve at t,=0
looked very similar to that in Fig. 7b and did not exhibit any
specific side maxima. After adding a defined amount of precur-
sor TEOS to the prepared mixture (ammonia, ethanol, water
and Fe3O4 solution), the coating process started and a silica
shell grew on the Fes04 particle surface gradually by het-
erogeneous nucleation. Similar to kinetics of particle growth
observed in Fig. 6, the progressing growth of shell thickness
is visible in the SAXS curves after 30min, indicated by a
side maximum. With increasing reaction time, the silica shell
becomes thicker and the side maximum is shifted to smaller
scattering vector gradually, suggesting that the particles grow
gradually with the time. It is also found that the measured
SAXS curves can be well described with a core-shell sphere
model and thus the shell thickness be can determined as a
function of reaction time. Such time dependence of the shell
thickness can be described by diffusion-limited growth kinet-
ics of first order in precursor concentration (Sugimoto, 1987;
Gutsche et al., 2014). The final shell thickness depends on
the TEOS concentration. The SAXS results are in good agree-
ment with TEM observation. Further experiments indicate
that the final shell thickness can be controlled by adjusting
the appropriate precursor concentration and reaction temper-
ature. The synthesized silica-magnetite core-shell particles
can be further coated. For instance, Fig. 7d shows the scat-
tering curves of core-shell magnetite nanocomposites with
compact shell and mesoporous shell structures, respectively.
From the TEM micrograph in the inset of Fig. 7d, we can
roughly distinguish three structures: magnetite core inside,
mesoporous shell outside and compact shell in between. The
characteristic “shoulder” shape for core-shell structures is
visible in both scattering curves. In addition, a peak (100)
occurs at Gpegk =1.75 nm~! in the SAXS curve of core-shell
magnetite nanocomposites with mesoporous shell structures.
This peak results from the diffraction effect due to the
ordered porous structures formed by the used template. The
mean distance between two pore centres can be estimated
by 27/qpeqk 3.6 nm. Therefore, the laboratory SAXS camera
allows for time-resolved study on the shell- and/or particle-
growth kinetics and quantitative determination of structural
parameters.

For dynamic in-situ characterization in particle synthesis
processes operating in a continuous-flow mode, generally the
reactor is connected to the SAXS setup with a tubing and the
mixed reactants continuously flow through the sample cell.
The reaction time, i.e., the delay time between the reactor and
the sample cell can be adjusted by varying the length and
diameter of the tube as well as the flow rate. This allows direct
online observation of the particle formation mechanisms.
It should be mentioned that although there are numerous
studies on in-situ X-ray scattering characterization of parti-
cle systems in various synthesis processes using synchrotron
beamlines (Beaucage et al., 2004; Allen et al., 2008; St. John
et al, 2013; Wu et al., 2018), to the best of our knowledge,
still only very few reports deal with the time-resolved in-situ
characterization of the early nucleation and growth kinet-
ics with a laboratory SAXS instrument (Kehres et al., 2010;
Polte et al., 2010; Chen et al,, 2015). The modular-designed
laboratory SAXS setups (Fig. 2) offer the possibility of in-situ
characterization of nanostructured particles by adapting prop-
erly the reactor to the camera. For example, Goertz et al. used
the laboratory SAXS camera for in-situ measurement of SiO,

nanoparticles synthesized in a microwave-plasma reactor
(Goertz et al., 2009a). Inside the plasma a gas mixture including
TEOS vapour, oxygen, argon, and nitrogen was decomposed
within a few microseconds followed by the formation of SiO,
nanoparticles. The reaction chamber was integrated into the
camera measurement section between collimation system
and detector. The in-situ SAXS results were compared with
online particle mass spectrometry and TEM measurements,
showing a good agreement. Moreover, the lab-based SAXS
camera was utilized for time-resolved in-situ characterization
of aluminium-doped zinc oxide (AZO) nanocrystals in the non-
aqueous sol-gel synthesis (Ungerer et al., 2018). The samples
extracted from a batch reactor continuously flowed into a
glass capillary inside the SAXS measurement chamber. This
allowed time-resolved study of AZO nanoparticle formation
and growth mechanisms, depending on synthesis parameters.
In the continuous liquid-phase synthesis of nanostructured
particles with defined properties like particle size distribu-
tion and morphology, for instance, a laminar flow reactor can
be directly connected to the SAXS setup. Meier et al have
recently used this in-situ setup to gain a better knowledge of
the relevant mechanisms of SiO, nanoparticles via a modi-
fied Stober process (Meier et al., 2018), which helped to know
how to achieve compact and microporous SiO, nanoparticles
by properly mixing the reactants and controlling the reaction
temperature.

Besides the nanostructured particles produced in liquid-
phase synthesis such as sol-gel method, in the past decades
metallic nanoparticles synthesized in gas phase have been
attacting more attention because of their unique size-
dependent physicochemical properties and thus a vast
number of applications. For example, electrical (spark, glow
or arc) discharge synthesis in gases at atmospheric pres-
sure has recently been further developed and optimized for
better upscaling of production of nanoparticles and nanos-
tructured materials in the recent EU-Project (BUONAPART-E:
http://www.buonapart-e.eu/). Various measurement tech-
niques have been further developed for product quality
control and monitoring. Among them, a modified labora-
tory SAXS-WAXS measuring system allows very quick or
quasi-online study of nanostructured materials synthesized
in the gas phase at atmospheric pressure (Guo et al., 2013a,b,
2015a,b).

Fig. 8 exemplarily shows the SAXS-WAXS results of Cu
nanoparticles synthesized by means of electrical discharge
in the carrier gas of nitrogen (glow discharge, I=0.5A, gas
flow rate Q=101/min). The sample was obtained from the
research group of Professor Einar Kruis at the University of
Duisburg-Essen in Germany using an electrical discharge gen-
erator (Hontanén et al., 2013; Hontanén et al., 2014). Scattering
intensity was measured by a laboratory SAXS-WAXS camera
(Fig. 2d) with a wide detection angle 26 up to 90° (Fig. 8a). The
WAXS spectra allow identification of existent crystal phases.
As compared to the background measurement (dashed line),
some characteristic peaks (solid line) are visible in the scat-
tering curve at wide angles. It is worth mentioning that in
the background measurement the peaks visible in the WAXS
curve (Fig. 8a and b) result from the sample holder and the
low parasitical scattering of the measuring system itself. This
effect can be removed by means of background substraction
in the subsequent data analysis procedure. Further compar-
ison with the XRD reference patterns (Lafuente et al., 2015)
indicates that these characteristic peaks of the studied sam-
ple correspond to different crystal phases of Cu, CuO and
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Fig. 8 - Results of Cu nanoparticles synthesized by means of electrical discharge in the carrier gas of nitrogen (glow
discharge, I=0.5 A, gas flow rate Q=10 I/min). (a) Simultaneous SAXS-WAXS curves; (b) WAXS spectra; (c) Determination of
mean crystal size of Cu,0 (220) peak with Gaussian fit of experimental data; (d) SAXS spectra; (e) In [I (q)- q4] versus q2; (f)

TEM micrograph.

Cuy0, as indicated in Fig. 8b. Most contributions come from
the pure Cu element inside nanoparticles; however, other vis-
ible peaks or crystal phases of CuO and Cu,0 may arise from
the insufficient purity of the carrier gas or from the possi-
ble system leakage, leading to the formation of copper oxide.
This helps to further optimize the synthesis process, e.g. by
the use of higher purity carrier gas. On the other hand, a
systematic oxidation of the particle surface can be used for
passivation study. Meanwhile, this hints that it will be possi-
ble to generate metallic oxide nanoparticles by adjusting and
controlling the carrier gas composition. The crystal phase size
can be determined with Eq. (17). Fig. 8c depicts a crystal phase
of Cuy0 (220). The experimental data were modelled with a
Gaussian profile, leading to the peak position and the value
of FWHM. Corresponding mean crystal size is ca. 10.3nm. At

small angles, the experimental SAXS curve was fitted in two
power-law ranges and a Guiner range in between (Fig. 8d). The
mass fractal dimension is 2.2 and the radius of gyration of
primary particles is 7.6 nm, i.e. the mean particle diameter is
19.5nm. The determined mean primary particle size agrees
well with the TEM observation (Fig. 8f). It is interesting to find
that the exponent of power-law fit at large q is greater than
four (I~q~%3°), implying that there exists a diffuse boundary
nanostructure like thin oxide layer formed on the particle sur-
face (Guo et al,, 2013a,b). This diffuse boundary layer causes
a gradual change of electron density and the thickness E is
determined to be 1.5 nm with Eq. (15) in the plot of In [I (q)- q“]
versus q2, as shown in Fig. 8e. This also agrees well with the
TEM observation (Fig. 8f).
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Fig. 9 - SAXS-WAXS results of TiO, nanoparticles in the calcination process under different conditions. Calcination
temperature ranges from 200 up to 1000 °C. (a) SAXS spectra; (b) WAXS spectra; (c) TEM micrographs.

Above experimental results indicate that a wealth of quan-
titative information on the metallic nanostructured particles
measured simultaneously by SAXS-WAXS enables further
optimization of the gas-phase systhesis process and improve-
ment of the product quality. Such SAXS-WAXS measuring
system also allows investigation of other nanostructured
materials, such as crystal phase transformation by calcination
of crystalline nanoparticles at high temperature, and catalyst
nanodots on the support particles produced by the combined
chemical vapour synthesis (CVS) and chemical vapour deposi-
tion (CVD) (Heel and Kasper 2005; Binder et al., 2007; Guo et al.,
2015a).

To study the crystal phase transformation of crys-
talline nanoparticles, a commercial sample titanium dioxide
(AE.ROXIDE® TiO, P25, Evonik, Germany) was used and cal-
cinated at different temperatures ranging from 200 up to
1000°C. Before calcination, the original TiO, sample was
also characterized at room temperature (20 °C). Corresponding
SAXS-WAXS results are illustrated in Fig. 9. At room temper-
ature, SAXS measurement shows a mass fractal dimension
of 2.2 at small q and a mean primary particle size of 29 nm.
The scattering intensity follows a power-law fit (I~q™%) at
large g in the SAXS curve (Fig. 9a), which suggests that the
original sample has a smooth surface. With increasing calcina-
tion temperature, the “shoulder” of the SAXS curve is shifted
to the small q range and the scattering intensity still obeys
the Porod’s law at large q. This suggests that the calcinated
TiO, particles grow and become larger due to sintering at
high temperature and that the calcination process has almost
no effect on the particle surface roughness. That is to say,
the surface fractal dimension remains constant (Ds=2) and
the samples have smooth surfaces. Such structural properties
determined by SAXS are consistent with the TEM observa-
tion (Fig. 9¢c). As compared to the reference XRD database
(Lafuente etal., 2015), original TiO, particles have both anatase
and rutile phases identifiable in the acquired WAXS spectra
(Fig. 9b). No significant difference between the WAXS curves
is visible when the calcination temperature is lower than
600°C. We can see more portion of rutile phase in the WAXS

curve at 600°C. This indicates that the anatase phase starts
to transform into the rutile phase at ca. 600°C. The diffrac-
tion patterns of rutile phase become predominant gradually
and the diffraction peak height or intensity of rutile phase
increases when the calcination temperature was increased
from 600 to 1000 °C. These results clearly show that the phase
transformation from anatase to rutile phase proceeds progres-
sively with an increase in the temperature. It is found that
when the temperature reaches 800°C, the calcinated sample
has only the rutile crystal structures, i.e. the anatase phase
transforms into the rutile phase completely. Further increas-
ing calcination temperature leads to a high crystallinity of the
rutile phase and to an increase of crystal size, which is domi-
nated by quite sharp and strong diffraction peaks of the rutile
phase in the WAXS curve at 1000 °C (see top curve in Fig. 9b).

As regards the sintering effect on nanostructured particles
at high temperature, another typical application example is
the noble metal catalyst like Pt or Pd nanoparticles for auto-
mobile emission control and chemical production. Such metal
catalyst nanodots, often deposited on oxide support parti-
cles, have larger active specific area and thus exhibit much
higher catalytic activity than the bulk materials. Knowledge
of the nanodot size and the morphology as well as the surface
structure of the support particles helps to elucidate the metal-
support interaction for stablization of nanodots, to control and
adjust the surface roughness of support particles and thus to
reduce the sintering at high temperature. For this purpose,
support particles were produced by CVS and catalyst nanodots
were deposited on the support particles by CVD (Heel and
Kasper, 2005; Binder et al. 2007; Guo et al., 2015a). The pre-
pared nanoparticles were characterized by SAXS-WAXS. For
instance, Fig. 10 displays the SAXS-WAXS results of Pt nan-
odots (Pt-SiO;) synthesized by the combined CVS and CVD
process (Guo et al., 2015a). From the TEM micrograph, itis seen
that the Pt nanodots were deposited on the SiO, support parti-
cles and formed small agglomerates (see inset in Fig. 10a). The
mean primary particle size of Pt nanodots was determined to
be 15.8 nm by analyzing the SAXS and image analysis of TEM
micrographs led to a mean size of 13.8 nm. Both agree fairly
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Fig. 10 - SAXS-WAXS results of Pt nanodots (Pt-SiO,) synthesized by the combined CVS and CVD process (Guo et al., 2015a).
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process, pp23-33, Copyright (2015), with permission from Elsevier). (a) SAXS and WAXS spectra for determination of
nanodot size and crystalline structure (Inset shows a TEM micrograph of Pt-SiO,); (b) Comparison of Pt crystal phases
measured by WAXS and reference data base.

Table 1 - Surface fractal dimensions Ds; determined by
SAXS for pure oxide support particles and their

mixed-phase oxides with different mass fractions of
Al 03 (Guo et al., 2014).

Samples Mass fraction of Al,O3 [—] Ds [-]
Al,04 1.00 2.15
Si0, 0.00 2.04
TiO, 0.00 2.01
Si0,-Al, 03 0.06 2.21
0.10 213
0.45 2.12
TiO,-Al, 03 0.40 2.06
0.55 2.08
0.58 2.10

well with each other. Five prominent diffraction peaks at wide
angles correspond to the crystal phases of Pt (Fig. 10a). The
positions 26 of those five peaks correlate well with the ref-
erence data base (Fig. 10b). The mean crystal size determined
with Eq. (17) is ca. 12 nm. This value obtained by WAXS is com-
parable to the mean primary particle sizes obtained by SAXS
and TEM, implying that the primary Pt nanodots consist of sin-
gle crystallites. Proper modification of the surface structures
or roughness of support particles may help to stabilize metal
catalyst nanodots against sintering and thus control the size of
nanodots on the support particles. As proposed by Binder et al.
(2010), introduction of a second oxide phase to the oxide sup-
port particles can modify the surface roughness of the formed
oxide supports.

To further study the surface morphology of support par-
ticles, three different kinds of oxide support particles (SiOg,
TiO,, Aly03) and their binary mixed-phase oxides were syn-
thesized in the gas phase by an integrated CVS and sintering
process (Heel and Kasper, 2005; Binder et al. 2007; Guo et al.
2014). Their surface fractal dimensions Ds, which describe the
roughness of particle surfaces, were quantitatively charac-
terized by SAXS. Corresponding results are given in Table 1.
It is seen that the surface fractal dimension of pure Al,03
particles (Ds=2.15) is larger than those of pure SiO, parti-
cles (Ds =2.04) and pure TiO, particles (Ds =2.01). This implies
that the surface of pure Al,O; particles is rougher than
those of both pure SiO; and pure TiO, particles. By mixing
a small amount of Al,03 to SiO,, the surface morphology

of SiO; particles changes and the surface fractal dimension
increases (e.g. Ds=2.21 for a mass fraction of Al,03=0.06),
i.e. the particle surface becomes rougher. Further SAXS mea-
surements indicate that a much larger fraction of Al,03 in
the SiO,-Al,03 mixed-phase oxides does not increase the
surface roughness significantly. Similar surface morpholog-
ical property was observed in the TiO;-Al,0O3 mixed-phase
oxides. Rougher surface structure will help to prevent the
deposited metal nanodots from migrating, colliding and sin-
tering on the support particle surface and hence reduce the
deactivation of supported metal catalysts. For this applica-
tion, another potential alternative possibility is to produce
Si0, nanoparticles with rough “gel-like” surface structures as
support particles. Such SiO, particles covered with gel-like
structured fine units can be prepared with modified Stober
process followed by evaporation of the solvent (Gutsche et al.,
2015). TEM and SAXS analyses indicate that the gel-like sur-
face structures formed by secondary nucleation consist of
individual units of a few nanometers in size, almost indepen-
dent of the reaction time at which the particle suspensions are
sampled and heat-treated afterwards for evaporation of sol-
vent. However, the amount of such surface structures changes
with the reaction time, implying that the surface structure
can be modified and controlled just by sampling and heating
the Stober-produced particle suspension at a proper reaction
time. Above experimental results have shown that SAXS is a
very powerful technique for non-invasive characterisation of
numerous nanostructured materials.

5. Summary and conclusions

In this work we gave an overview about the SAXS mea-
surement technology for non-invasive characterisation of
nanostructured and functionalised particles. We demon-
strated our laboratory SAXS camera system, which recently
has been further developed and optimized for various appli-
cations based on the modular design. Through proper choice
of a sample holder and/or measurement cell, the designed
benchtop camera is suitable for quick in-situ measuring dif-
ferent disperse particulate systems, such as powders and
suspensions as well as aerosol nanoparticles which can be
deposited on a certain sample substrate. The detection angle
of a new system reaches up to 90°, allowing simultaneous



SAXS and WAXS measurements. By extending the sample-to-
detector distance, the available small scattering vector now
enables structural analysis of particle systems on multiple
scales ranging from about one nanometer to several hun-
dred nanometers. In addition, the use of an on-line X-ray
detector makes on-line in-situ analysis possible, too. Further-
more, different data processing methods and models have
been introduced for analyzing the acquired scattering data
and retrieving the structural parameters of the investigated
particle systems.

Experimental results of some selected nanostructured and
functionalised particles studied recently by SAXS-WAXS have
shown that SAXS enables determination of primary parti-
cle size and size distribution, agglomerate size, surface and
mass fractal dimensions describing the roughness of particle
surface and the 3D mass-fractal network structures, specific
surface area and the thickness of diffuse boundary nanos-
tructured layer on the particle surface. Simultaneous WAXS
spectra allow identification of crystal phases, determination
of crystal sizes and investigation of crystal phase transfor-
mation. Particle size and size distribution by SAXS agree well
with those by other techniques like TEM and analytical ultra-
centrifuge (AUC). In particle handling processes, SAXS results
clearly indicated that high pressure dispersion process led to
an obvious reduction of agglomerate size visible in the SAXS
curves at small g, but almost no change of the primary particle
size, the fractal dimension or specific surface area comparable
to BET gas absorption measurement. For crystalline nanos-
tructured particles like TiO,, elevated calcination temperature
from 200°C up to 1000°C led to the shift of the “shoulder”
(Guinier range) in the SAXS curve to the small q range, imply-
inganincrease of primary particle size because of the sintering
of particles. The surface fractal dimensions remain nearly con-
stant (Ds = 2) throughout the calcination process, obeying the
Porod’s law and agreeing with the TEM observation. WAXS
spectra revealed that the anatase phase of TiO, nanoparti-
cles starts to transform into the rutile phase at ca. 600°C and
this phase transformation proceeds progressively with the
temperature. When the temperature reaches 800°C, the cal-
cinated sample has only the rutile crystal structures, i.e. the
anatase phase transforms into the rutile phase completely.
In liquid-phase synthesis processes, SAXS enables investi-
gation on the scattering from multiplet structures of silica
particles and in-situ monitoring of growth kinetics of Stober
silica nanoparticles and core-shell magnetite nanocompos-
ites. In gas-phase synthesis processes, metallic nanoparticles
produced by electrical discharge in the carrier gas at atmo-
spheric pressure were characterized by SAXS-WAXS and a
wealth of structural information was simultaneous obtained.
At wide angles different crystal phases were identified and
corresponding mean crystal sizes were estimated with the
Scherrer equation. Some unexpected crystal phases occuring
in the WAXS curve, e.g. copper oxide crystal phases, revealed
the oxidation due to the impurity of carrier gas or the pos-
sible system leakage, which did help to further optimize the
synthesis process. Besides, the SAXS measurements gave the
structural information on the primary particle size, the mass
fractal dimension of the agglomerates and the thickness of
the diffuse boundary nanostructured layer formed on the par-
ticle surface due to the oxidation. From the point of view
of practical application, those SAXS-WAXS results give us
a hint that proper adjustment of the carrier gas composi-
tion, e.g. presetting of the amount of oxygen in the carrier
gas, allows synthesis of metallic oxide nanoparticles. Another

typical application example in the gas-phase synthesis has
shown that metal catalyst nanodots can be deposited on sup-
port particles by means of the CVS/CVD technique. Nanodot
crystalline structures were obtained from the WAXS spectra,
while the nanodot size and the surface structures of the sup-
port particles were quantitatively analysed by SAXS. Further
SAXS study on the surface fractal dimensions of the oxide and
mixed-phase oxide support particles suggests that the sur-
face structure and roughness can be modified by introducing
a second oxide phase to the oxide support particles. This is
essential for stablization of the nanodots against sintering and
improvement of the catalytic activity and efficiency.

Finally, it should be pointed out that for some special
particulate systems with very low electron density contrast
compared to their surrounding media, such as emulsions,
liposoms, polymeric or organic particles, the scattering inten-
sity from those samples will be very weak using a laboratory
X-ray source and thus a very long measurement time will be
needed. In the worst case, itis even not possible to characterize
such particulate systems due to very bad signal-to-noise ratio
by the use of alaboratory SAXS camera. In this case, utilization
of highly brilliant synchrotron X-ray sources will be a prefer-
able choice. However, considering the easy availability and
unlimited design options, laboratory cameras have their own
unique advantages and find many practical applications in
the fields of material science, chemical reaction, process engi-
neering, particle synthesis and aftertreatment, biomedicine
and many others. On the other hand, the Bonse-Hart con-
figuration enables laboratory pinhole SAXS cameras to probe
ultrasmall-angle scattering signals which commonly occur in
the range behind the beamstop in a conventional laboratory
SAXS camera.
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