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Abstract: Due to surface effects and quantum size effects, nanomaterials have properties that are
vastly different from those of bulk materials due to surface effects. The particle size distribution plays
an important role in chemical and physical properties. The measurement and control of this parameter
are crucial for nanomaterial synthesis. Dynamic light scattering (DLS) is a fast and non-invasive
tool used to measure particle size, size distribution and stability in solutions or suspensions during
nanomaterial preparation. In this review, we focus on the in situ sizing of nanomaterial preparation
in the form of colloids, especially for metal oxide nanoparticles (MONs). The measuring principle,
including an overview of sizing techniques, advantages and limitations and theories of DLS were
first discussed. The instrument design was then investigated. Ex-situ and in situ configuration of
DLS, sample preparations, measurement conditions and reaction cell design for in situ configuration
were studied. The MONs preparation monitored by DLS was presented, taking into consideration
both ex situ and in situ configuration.

Keywords: dynamic light scattering; in situ sizing; photocatalyst; sol-gel; colloids

1. Introduction

Modern industrial production pursues high efficiency and energy saving. By increas-
ing the rate of chemical reaction, catalysts have become the core of chemical technology
and more than 90% of chemical industrial processes cannot be separated from catalysts.
Nanoparticles, especially metal oxide nanoparticles (MONs) are currently of great interest
to scientists and engineers due to their prospective uses in the majority of industrial chemi-
cal processes, mainly in catalysis [1], electronics [2] and optics [3]. It has been shown that
the size and shape of nanocatalysts have a main impact of catalytic reactions by tailoring
the nanoparticle at molecular level [4]. In particular, semiconductor MONs have been
widely used for the photocatalytic degradation of various organic pollutants [5]. Since
the photo-induced decomposition of water on TiO2 electrodes was discovered [6], MONs
(e.g., TiO2 [7], ZnO [8], Fe3O4 [9], V2O5 [10] and CeO2 [11]) photocatalysis has attracted
extensive interest. For photocatalytic reactions, the generation of a hole-electron pair is
a significant stage of photo reactions. When the energy of the photon is larger than the
band gap of semiconductor nanoparticles, the electrons in its valence band will be excited
to the conduction band leaving the holes in the valence band. The electrons and holes
diffuse to the surface of the particle, thus creating a strong redox potential to induce the
photocatalytic reaction.

According to the available literature, many different chemical processes have been
used to create metal oxide nanoparticles, including sol-gel [12], hydrothermal method [13],
co-precipitation [14], solvothermal synthesis [15], plasma treatment [16], and others [17–19].
Among these techniques, the sol-gel process is the most popular because it produces highly
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homogenous materials, processes at low temperatures and provides the possibility to
efficiently control particles’ size and morphology [20]. With the sol-gel method, a wide
variety of materials can be produced in different forms, including thin films, ceramics,
fibers, powders, monoliths, porous gels, etc. Furthermore, the sol-gel synthesis resulted in
the ability to regulate the physico-chemical characteristics of the resultant compounds by
careful adjustment of the factors controlling the various synthesis processes.

In the photocatalytic applications involving the use of MONs, the particle size remains
the most important parameter. Firstly, one of the distinguishing characteristics of the MONs
is their high surface-to-volume ratio, which is inversely proportional to the diameter. Sec-
ondly, there is a quantitative correlation between particle morphology and photocatalytic
activity [21]. The increase of the particle size has a negative effect on the light interaction
efficiency with catalyst, photoinduced carriers’ mobility and effectiveness of transfer to
the active surface sites. Finally, the consequences of exaction quantum confinement in the
volume are significant for photocatalysis. In particles, the energy of the photogenerated
charges increases with the decrease of the size of the particles [22]. For either reason, the
MONs’ size is one of the determining factors.

Fundamentally, if the particle size distribution is polydisperse, size determination
will be disturbed, which hinders the size evolution kinetics. Therefore, preparation of the
monodispersed colloids becomes essential for the understanding of the nucleation-growth
mechanisms and definition of the most stable material building unit—the nucleus. From
the engineering viewpoint, this task is related to the creation of the point-like reaction
conditions and to the successful realization of the physical reagents’ micromixing and
conducting process at low Damkohler numbers Da ≤ 1 [23]. This number is used to
describe the relative time scale of chemical reactions compared to other phenomena in
the same system. In chemical engineering, Da is defined as the characteristic mixing time
(diffusion rate) divided by the characteristic chemical time (reaction rate). In this respect, in
situ particle sizing is also of critical importance in terms of providing necessary feedback to
researchers about the reaction conditions.

Numerous analytical techniques have been employed to determine the size of MONs [24],
such as dynamic light scattering (DLS), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction (XRD) and
acoustic spectrometry measurement. Among them, the technique of DLS can be widely
employed for in situ measuring of MONs’ size in the liquid phase during the preparation of
the catalysts due to several advantages: high precision, reliable analysis and modest costs.
Some excellent reviews [25–34] have already been published with emphasis on the theory,
data analysis and applications of DLS. In this review, we focus on in situ measurement of
nanoparticles’ size during their synthesis process, especially for the sol gel process. The
measuring principle, instrument design and an update on applications of DLS in studying
nanoparticles will be investigated in this review.

2. Measuring Principle
2.1. Overview of In Situ Sizing Techniques

Two types of methods are commonly known for particle size analysis: measurement of
individual particles or measurement of the properties of a number of particles. The major
techniques for nanoparticles’ distribution measurement are based on sedimentation [35],
electrical and optical sensing zones [36], image analysis [37,38], light diffraction [39] and
light scattering [40]. The common nanoparticle sizing techniques and their characteristics
are presented in Table 1.

The size of a particle obtained by different techniques is often not the same and
this reflects the different properties of the particulate system. For example, a number
distribution (from electron microscopy) will be much smaller than an intensity distribution
(from DLS) for a polydisperse sample. For a metal colloid coated with surfactant, the size
measured by DLS will be a reflection of the center and the shell. However, using electron
microscopy or SAXS, only the inner part will be seen and the size is smaller.
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Table 1. The common sizing techniques and their characteristics.

Technique Type of Size Size (2R) Range

Dynamic light scattering Hydrodynamic radius 1 nm–1 µm
Electrical mobility Electrical mobility 2 nm–1 µm
Laser diffraction Scatter diameter 100 nm–104 µm

Optical microscopy Shape/Structure 800 nm–150 µm
Scanning electron microscopy Shape/Structure 10 nm–5 µm

Transmission electron microscopy Shape/Structure 0.5 nm–1 µm
X-ray diffraction Crystallite size 1 nm–1 µm

Ultrasound attenuation Ultrasound attenuation 10 nm–3000 µm

2.2. Theories of DLS

Dynamic light scattering (DLS) is a non-destructive spectroscopic analysis technique
that allows measuring corresponding to (i) light intensity scattered by the nanoparticles
and (ii) size of particles suspended in a liquid from 1 to 1000 nm.

The detection of scattered light from light-matter interactions provides information
related to the physical properties of the sample. John Tyndall [41] observed and studied
light scattering experiments in the late nineteenth century. Moreover, the scattering light
is not angle-dependent when the particles are smaller than λ/10 (λ is the wavelength
of incident light), named Rayleigh scattering [42]. When particles are larger than λ/10,
Gustave Mie proposed that the scattered light is angle-dependent (inelastic scattering) [43].

The particles suspended in a liquid experience a random movement: Brownian motion.
Typically, the DLS measurement is based on the principle of the Doppler effect, which states
that the frequency of light scattered from a particle is shifted depending on the particle
velocity. Small particles move more quickly in the medium than big particles, resulting
in a faster varying intensity signal as shown in Figure 1a and b. The DLS measures the
characteristic time of variations in scattered intensity, which is dependent on the diffusion
coefficient of the particles.
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Figure 1. The effect of particles’ size on the fluctuations of the scattered light intensity (a,b), the
corresponding autocorrelation function—ACF (c,d) and the particle size distribution (e,f).

The form of the spectrum of light scattering may be changed not only because of the
Brownian motion of scattering centers, but their number in the observation volume is of im-
portance; in opaque colloids the multiple scattering events prohibit reliable measurements.
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Thus, analysis based on the temporal autocorrelation function (ACF, or G(t) in Figure 1c
and d), allows obtaining information about its radius from the spectrum of light diffusion
intensity. By experimentally studying the ACF of colloids, relation between the diffusion
coefficient and form of the spectrum is generally used (see, e.g., in [44,45]):

G = A + B e−2kτ (1)

with k = Dq2 and the light scattering vector q =
4πn
λ

sin(θ/2) (n is refraction index and θ

is diffusion angle) defined by the experiment geometry.
To obtain the hydrodynamic radius measurements, the Stokes–Einstein equation is

used, which describes the relationship between particle radius RH and diffusion coefficient
D (in the case of spherical particles):

D =
kBT

6πµRH
(2)

where µ (Pa.s)—dynamic viscosity of the medium, T(K)—medium temperature and
kB = 1.3806 × 10−23 J*molecule−1.K−1 is Boltzmann constant.

It is important to note that the hydrodynamic radius RH is hypothetical. In DLS
calculation, it assumes the particle to be a hard sphere, which is almost non-existent in
suspensions and this radius is an indication of how a particle behaves in a fluid.

The real nanoparticle samples contain a distribution of particle sizes. The PSD (particle
size distribution) enables the display of size by intensity, volume or number, as well as
the calculation of peak means. The intensity-based distribution (fundamental size) could
convert to volume- and number-based distribution, but huge errors may be generated after
the conversion.

To describe the size distribution of sample, Z-average is the most used DLS technique
associated with the polydispersity index (PI) to estimate the width of the distribution.
In fact, Z-average is the intensity-weighted mean hydrodynamic size of the ensemble
collection of a sample. For a monodisperse sample, the Z-average should be equal to the
mean of the single peak of the distribution. For a polydisperse sample, the Z-average will
be a single number, but the intensity distribution will display two or more peaks with its
own mean and width. In the following sections, the size obtained by DLS is obtained from
the mean of the intensity-based distribution.

2.3. Advantages and Limitations

Among the techniques mentioned in Table 1, dynamic light scattering is a very power-
ful tool for studying the diffusion behaviors of nanoparticles in solution and has a number
of advantages over other methods.

The main advantages of DLS techniques are as follows:

â DLS is a non-invasive method with a short experiment duration.
â Low numbers of samples and less sample preparation are required.
â Repeatability of the diameter obtained by DLS is very good.
â Analysis could be achieved with a wide range of temperature and modest develop-

ment costs.

Although this technique displays numerous advantages, it has the following limitations:

â Temperature and solvent viscosity have a significant impact on DLS results. Therefore,
the temperature must be maintained at a constant level and the solvent viscosity
should be determined.

â Resolution of DLS technique is limited by the cumulants procedure.
â Artifact peaks from bubbles, opalescent and reflective particles, optical mode.
â Inability to study concentrated solutions/systems with the classical device design.
â Strong distortion of results in the presence of even minimal numbers of larger particles

in the system.
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â Low concentration DLS measurements can be difficult to make due to the low signal-
to-noise ratio. To improve the accuracy, it is important to use a high-sensitivity
detector, to equip a sample cell with a large volume and to employ a sample that is
well dispersed and has a high refractive index.

3. Instrument Design
3.1. Ex-Situ and In Situ Configuration

Conventionally, in a dynamic light scattering experiment, the sample is placed in a
glass cell. A laser beam is applied to the sample and the scattered light intensity can be
collected and measured, as shown in Figure 2. Theoretically, DLS measurements can be
carried out with the detector positioned at any angle. For large particles, back scattering
detection (173◦), side scattering (90◦) and forward scattering (15◦) are suitable for large
particles and highly concentrated samples, small particles and transparent samples and
samples containing small particles with few large particles, respectively. The presence
of double and multiple light scattering events can significantly affect the accuracy of
particle size distributions obtained from laser diffraction measurements. Multiple light
scattering occurs when light is scattered multiple times by particles of different sizes,
resulting in a broadening of the diffraction pattern. This can lead to an overestimation of
the particle size distribution, as the broadening of the diffraction pattern will be interpreted
as larger particles. To limit the influence of multiple scattering, diluting down the sample
or shortening the light path length are the most common methods. Moreover, using a larger
detection angle or a higher laser power can help to reduce the impact of multiple scattering
on the measurement.
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Figure 2. Block diagram of ex-situ DLS configuration.

The ex-situ configuration is not suitable for in situ measurement because it is bulky
and sampling is necessary for this configuration. A colloidal solution obtained by a sol-
gel process is very sensitive to humidity and temperature. Accordingly, more versatile
systems have been developed by using optical fibers to avoid any sampling or transfer
of the solution. As shown in Figure 3, the incident light from a laser is focalized on the
observation zone with the help of an emission fiber probe and the diffused light is collected
with a reception fiber probe. A proper alignment of the two fibers allows fixing the obser-
vation volume as small as ~10−6 mL, which can be considered as transparent neglecting
multiple scattering phenomena and thus permitting the measurements in generally opaque
suspensions with high concentration of nanoparticles. Furthermore, perturbations due to
undesirable scattering events by rare large dust particles can be avoided by adjusting time
window of the accumulation series and data processing. This experimental set allows in
situ measurements after the first moments of reaction.

To our knowledge, a fiber-optic Doppler anemometer was first developed by Dyott et al. [46]
in 1978 to investigate Brownian motion in colloidal suspensions. A 5 mW HeNe laser was
employed into a graded-index multimode optical fiber. The fiber end was immersed in
the colloidal solution. This experimental setup was suitable for in situ characterization of
moving particles in solution. However, if the medium itself was flowing, turbulence at the
fiber tip prohibited proper flow measurement. To overcome this inconvenience, Auweter
and Horn [47] present a fiber-optical setup where all the conventional optical components
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are replaced by their fiber-optical counterparts. Since the fiber-optics-based DLS equipment
was developed, it was widely used for in situ sizing during catalysts’ preparation by differ-
ent processes. A fiber-optics-based multiangle light scattering instrument was presented by
Egelhaaf and Schurtenberger [48]. It shows the advantages in particle form and structure
factors’ determinations, particularly for aggregation phenomena study.
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3.2. Sample Preparation and Measurement Conditions

The classic DLS measurement requires transferring the sample to the cuvette. In some
cases, sample preparation is necessary to ensure the reproducibility and reliability of the
measurements. The measurement principle of DLS is based on Brownian motion. As a
result, the sample to be measured by this method is colloids, including solid particles,
proteins and polymers in an appropriate solvent. Sample preparation and measurement
conditions are summarized in Table 2.

Table 2. Sample preparations and measurement conditions of DLS technique.

Designation Criteria

Device

Light source Monochromatic light (Laser): semiconductor laser is preferable for the low cost and long lifetime.
Angle 90◦ or another specified angle

Detector Sensitive photomultiplier
Optical fibers Single and multimode
Calibration Latex standard

Sample

Concentration Dilution or Enrichment (10−2–10−3% (v/v))
Sample Colloids
Solvent No influence of samples’ properties Good particles dispersion

Temperature Constant: Room or others (up to 275 ◦C [49]).
Viscosity of solvent Known

DLS measurements require clear and homogeneous samples and the sample prepa-
ration is crucial to obtain accurate particle size distribution. The following steps are
recommended: (1) choose a solvent that is compatible with the sample and does not in-
terfere with measurement; (2) ensure that the sample is in a homogeneous solution with
a known concentration; (3) filter the solution, if necessary, to remove any large particles
or aggregates.

3.3. Reaction Cell Design for In Situ Configuration

As mentioned in Section 3.1, the optic fiber DLS system was considered the most
suitable for in situ configuration. Several reaction cells for nanoparticle preparation were
designed to integrate the optic fiber module, as shown in Figure 4. The main characteristics
of three common reactors which integrate DLS system are shown in Table 3.
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Table 3. The main characteristics of three common reactors which integrate DLS system.

Integrated Separated Microfluidics

Reference [50] [51] [52]
Laser He–Ne laser 632.8 nm DPSS 532 nm MGL-III 532 nm

Optical fiber Mono et multi mode SEDI LPC-07 series single mode single-mode fiber probe,
Angle 90◦ 90◦ 30◦ and 45◦

Observed Volume(nL) ~1 7 ~1

Calibration 100 and 300 nm latex spheres
35 nm TiO2 sols

107.6 and 64 nm latex spheres110
and 140 Carboxylated latex

362–710 nm polystyrene
particles

The integrated reactor has been used by Rivallin et al. [50] in order to investigate
the sol-gel process for catalyst preparation under atmospheric and temperature control
conditions. Two optical fibers (sender and receiver) were fixed to a stainless steel at an
angle of 90◦. The mono-disperse TiO2 sols were produced by this reactor and the induction
kinetics was studied. The good reproducibility of particle size and scattered light intensity
has been obtained, which confirmed the results of Soloviev et al. [53]. This rector is a kinetic
device to analyze the rate of aggregation in the sol-gel process.

Pristinski and Chastek [51] have presented a separated set-up for better adaptation
than existing reactors, e.g., standard three-neck flask for in situ sizing during catalyst
preparation. By incorporating the fiber optics into the conventional reactors, the silica
particle growth could be characterized in situ.

In addition to being used directly for nanoparticles’ preparation in a batch reac-
tor, there are other in situ DLS experimental set-ups combined with microfluidics chips.
Chastek et al. [54] have presented five designs for a miniaturized DLS instrument. These
instruments could accurately analyze the size of 10–100 nm particles in the solvents less
than 150 µL. Chen et al. [52] have integrated combined fiber optic probes with microfluidic
chips to measure sub-micrometer particles at high concentration.

3.4. Latest Methods and DLS Setups

As discussed, DLS is a very versatile approach that may be use in situ to characterize
samples in a variety of phase states and physico-chemical environments. Additionally,
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more DLS configurations were developed and further varied that could be potentially
adapted for in situ cases.

Multi-channel DLS enables the simultaneous recording of multiple DLS data [55]. The
laser source was typically the same as conventional DLS and the scattered light is captured
in four statistically independent detectors. This enables the observation of small variations
at different positions in a solution.

The depolarized dynamic light scattering (DDLS) method analyzes the depolarization
of the scattering light with the help of additional optical components [56]. This method
is widely used for nanoparticle rotational diffusion studies and applied for non-spherical
nanoparticles with strong morphology anisotropy (nanorods, nanotubes, etc.) [57].

4. Nanoparticle Preparation Monitored by DLS
4.1. Ex-Situ Cases

DLS is widely used to determine the particle size distribution and stability of various
catalysts, as shown in Table 4.

Table 4. Hydrodynamic diameter of different catalysts determined by DLS.

Catalysts Synthesis Method Hydrodynamic
Diameter (nm)

Catalytic
Application Ref.

Fe3O4 Coprecipitation 16 nm Benzylic and allylic C-H oxidation [58]
ZnO Microwave irradiation 370 nm Transesterification conversion [59]
CeO2

CoS2-CeO2
ultrasonic method 56 nm

62 nm Photocatalysis [60]

TiO2 Sol-gel 215 nm Photocatalysis [61]
Au/Al2O3 Deposition–precipitation 5–2000 nm CO oxidation [62]

Fe3O4/Al2O3 Coprecipitation 196 nm Transesterification reaction [63]
ZIF-8 Solvothermal 143 µm Knoevenagel reaction [64]

Fe-polymer Thermal decomposition 2–932 nm Fischer–Tropsch Synthesis [65]
Ni-POM Deposition–precipitation 700–1300 nm Water oxidation [66]
Au-Ag Successive reduction 10–5000 nm Methanol oxidation [67]

Ag Reduction 0.2–30 nm 4-Nitrophenol Reduction [68]

The sizing competence of DLS is generally compared with TEM, as shown in Table 5.
The former is an intensity-based hydrodynamic particle size measurement giving an “av-
erage” size of all particles, while TEM is a number based one showing an “individual”
geometric size of one particle. Although it is not the same parameters that are measured
(intensity-based versus number-based diameter), several studies [69–72] have shown a
good agreement between DLS and TEM measurement.

Table 5. Diameter of nanoparticles determined by DLS and TEM.

Catalysts DLS (nm) TEM (nm) Difference % Ref.

TiO2
77.2

224.8
39.3
66.2

49.1
70.63 [69]

Fe3O4

16.9
21.1
43.1

7.2
14.5
20.1

57.4
31.3
53.4

[73]

CoFe2O4
27.9
84.5

10.8
45.8

61.3
45.8 [69]

SiO2 64 53.5 16.4
[71]ZrO2 small

ZrO2 Large
17.8
54

3.8
15.2

78.7
71.9

SiO2/TiO2

28
59

108

26
57

105

7.1
3.4
2.8

[70]



Colloids Interfaces 2023, 7, 15 9 of 18

The DLS measurement often overestimates the particle size compared to TEM. The
difference between these two techniques is due to: (1) the adsorbing layer on the particle
surface, which is not presented in TEM, (2) the contribution of the large particles to the av-
eraged diameter, (3) light scattering cross-section dependence on particle size and (4) shape
irregularity and polydispersity. DLS is more representative than TEM in terms of size
distribution because it measures a large number of particles, ~1017 cm−3 (TEM measures a
few hundred). Researchers should also pay attention to the concentration of the samples for
DLS measurement. As DLS analyses the scattering light, a high concentration of particles
leads to multi-scattering events and results in underestimating the size [74]. Moreover,
agglomeration is more likely to occur at high concentrations, and different surfactants have
been applied to ensure colloid stability [75]. On the other hand, employing samples that are
overly diluted cannot provide enough scattered light for the analysis. Therefore, it is crucial
to find the optimal conditions for DLS measurement. In addition to size determination,
DLS could be used to study the stability of the samples and even the fractal dimensions of
the aggregation process [53].

4.2. In Situ Cases

As mentioned in Section 3.1, DLS displays the capacities of size measurement and
stability that make this technique a perfect tool to study the kinetics of nucleation, growth
and stabilization of nanoclusters. Moreover, in situ and real-time particle size measurement
is crucial to establish the relationship between the experimental parameters and the particle
sizes for measuring the size of nanoparticles in a range of colloidal suspensions. In this
section, the size measurement of nanoparticles has been investigated, including TiO2,
doped TiO2, ZrO2, ZrxTi1-xO2, VxTi1-xO2 and others, as shown in Table 6.

Table 6. Hydrodynamic diameter of different catalysts determined by in situ DLS.

Catalysts Precursor of Sol-Gel Hydrodynamic
Diameter (nm)

Catalytic
Application Ref.

TiO2 Tianium tetraisopropoxide 0.9–2.6 nm Photocatalysis [50]

Fe–TiO2
Iron(acetylacetonate)3

Tianium tetraisopropoxide 6 nm Photocatalysis [76]

N–TiO2
Hydroxyurea

Tianium tetraisopropoxide 3.0–6.7 nm Photocatalysis [77,78]

ZrO2 Zirconium n-butoxide 1.5–2.1 nm Esterification [79]

ZrxTi1-xO2
Zirconium n-butoxide

Tianium tetraisopropoxide 2.0–2.7 nm Photocatalysis [80]

VxTi1-xO2
Vanadium(V) oxytripropoxide

Tianium tetraisopropoxide 2–7 nm Photocatalysis [81]

Silicalite TEOS, Cab-O-Sil, Ludox LS 2–50 nm Petrochemistry [82]
Au hybrid

gel HAuCl4
32 nm

260 nm
Au-catalyzed

reaction [83]

4.2.1. TiO2

Because of the accuracy size control and sol stability in colloids by means of in situ
DLS [50,53,77,84], numerous applications using size-controlled TiO2 nanoparticles mon-
itored by in situ DLS have been developed, e.g., photocatalysis [85,86], hybrid mate-
rial [87–89], toxicity experiments and plasma catalysis [90–93].

To investigate the growth kinetics during hydrolysis and polycondensation reactions,
Soloviev et al. [53] prepared titanium oxo-alkoxide particles (TOA) using the sol-gel method.
The experiments were carried out using manual mixing. In brief, solutions in isopropanol of
titanium tetraisopropoxide (TTIP) precursor and water were mixed quickly. After stirring
for about 30 s, the colloidal suspension was transferred to a Photocor DLS device, where
the scattering light was measured. These studies also allow defining an induction time
characteristic of the experience corresponding to an intensity of scattered light equal to five
times that of origin. This choice is justified by the fact that the increase of light intensity
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diffused by the suspension is so rapid during precipitation that the difference between 5I0
and 10I0 represents only a small part of the induction period. In this case, the induction
time is defined as the moment of the change in the growth mechanism, from slow kinetics
to rapid kinetics. The normalized data of the hydrodynamic radius and scattered light
intensity by nanoparticles are shown in Figure 5. Rivallin et al. [50] have investigated the
nucleation and growth kinetics of TOA particles in isopropanol, after a TTIP precursor
was hydrolyzed with different hydrolysis ratios. Precursor and water solutions were
mixed by a sol-gel micromixing reactor. The results revealed that the evolutions of particle
sizes and induction times were highly reproducible. The evolution of TOA particle sizes
with temperature was found to be thermally activated with an activated energy equal
to 0.33 ± 0.02 eV. This energy was assigned to hydrolysis reaction of the group Ti-OPri

on the surface. Using a micromixing sol-gel reactor, a relationship between hydrolysis
ratio and particle size was established [94]. The evolution of initial particle sizes as a
function of hydrolysis ratio (H) is given in Figure 6 (blue and star), which can be classed
into four domains. In the domain H < 1.45 (I), the smallest cluster C1 was assigned to the
Keggin-type structure. The cluster C2 with radius R = 1.5 nm was formed in the domain
1.45 ≤ H ≤ 1.75 (II) by condensation of several C1 clusters. With the following increase of
hydrolysis ratio (1.75 < H ≤ 2.0 (III)), C2 clusters agglomerated in short chains, the size of
which increased with H. Once the chain size reached 2R = 5.2 nm (H > 2.0), the particles
were formed and subjected to an irreversible growth until precipitation into TiO2 powders.
The size characterized by in situ DLS was confirmed by TEM [86].
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To obtain a deeper insight into the TiO2 nucleation process, Cheng et al. [84] performed
a comparative study of the appearance of titanium oxo-alkoxy nanoparticles in n-propanol
and isopropanol solvents via DLS/SLS methods. Stable particles with a hydrodynamic
radius of 1.6 nm were a common feature of both systems in the early stage of the sol-gel
process. These species were stable in a large parametric domain of CTi and H and not
sensitive to the solvents. At larger hydrolysis ratios H > 2, this basic unit converts to a larger
nanoparticle, the size and growth kinetics of which were sensitive to the solvents. In partic-
ular, the hydrodynamic radius of the TiO2 nanoparticles in n-propanol and isopropanol
solvents were 1.9 nm and 2.6 nm, respectively.

Through a pH adjustment protocol, highly dispersed and stable suspensions of TiO2
were synthetized [95]. The in situ DLS measurements confirms the lack of presence of sedi-
mentation over 17 h in both the concentrated stock suspensions and their dilution into Luria
Bertani medium. Moreover, the DLS results were correlated with SAXS measurements.
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Figure 6. Initial sizes of particle (R) during the induction period of sol–gel process for different
hydrolysis ratios with blue star for TOA, circle for ZOA and red square for ZTOA (Reprinted/adapted
with permission from Refs. [80,81,94], Copyright © 2023, American Chemical Society, © 2023 Elsevier
B.V. and © 2023 Royal Society of Chemistry).

4.2.2. Doped-TiO2

Tieng et al. [76] have reported on the nucleation and growth process of titanium-oxo-
alkoxy nanoparticles doped with iron acetylacetonate (Fe(acac)3). It has been observed
that Fe(acac)3 significantly reduced the rate of the particles’ growth, which was explained
by the formation of a large particle coordinated by the acetylacetonate group slowing
down the rates of hydrolysis and condensation. Even though the iron doping notably
affects the induction rates, doped oxo-particles’ sizes were not significantly different from
pure TOA. The photocatalytic activity of oxo-Fe-TiO2 particles on a SiO2 support for
the ethylene removal was studied [96]. The maximum efficiency was obtained for a
photocatalyst treated at 350 ◦C with a Fe/Ti molar ratio of 0.005 at.%. The comparative
study of catalytic performance with the TiO2-P25 reference photocatalyst showed that the
elaborated material is seven times more active than the reference material. The optimum
size of the TiO2 photocatalyst was estimated to be ~8 nm and explained by the differences
in the photoinduced charges (e− and h+) motilities.

Azouani et al. [77,78] have reported the synthesis of nitrogen doped TiO2. Different
from iron doping, this doping accelerates the kinetics rate in both nucleus and aggregation
stages. The N-doping at the nucleation stage of oxo-alkoxy nanoparticles was found to
be very effective. In contrast, it has been observed that N easily leaves the solids during
heating at temperatures close to those required for the anatase phase crystallization. A major
problem of the N-doped photocatalyst preparation by the proposed method is therefore
related to N atoms’ retention at the heat treatment stage. The synthesis of nitrogen-doped
TiO2 nanodeposits on glass beads was employed for photocatalytic tests under visible
light. The nanodeposits are active under visible radiation and the conversion rate of
trichloroethylene is around 40%. The control of the homogeneity and the amount of dopant
(heat treatment) with nitrogen seemed to be the key to the synthesis of a new generation of
active photocatalysts under visible radiation.

4.2.3. ZrO2

The element zirconium is in the same group as titanium, and its alkoxides have
four ligands—OR groups. The parameters, such as pH, reaction medium, synthesis time
and temperature, were investigated for in situ synthesis of zirconia via sol-gel [97]. The
particle sizes and the polydispersion of sols were characterized by in situ DLS. A detailed
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study of the nucleation-growth of zirconium-oxo-alkoxy (ZOA) nanoparticles reported
by Labidi et al. [79] has been carried out in a micromixing sol-gel reactor using zirconium
n-butoxide and zirconium n-propoxide as precursors, and ethanol, n-propanol, 2-propanol
and n-butanol as solvents. It has been found that ZOA oxo-particles were monodisperse
with small sizes and stable when zirconium n-propoxide and n-propanol were used. The
size of ZOA particles prepared from zirconium(IV) propoxide in n-propanol, obtained in
a large range of precursor concentrations and hydrolysis ratios, is equal to 2R = 3.6 nm,
which is significantly smaller than that of titanium oxo-particles TOA (R = 2.6 nm, H > 2,
confirmed by The TEM analysis). The evolution of ZOA sizes obtained from DLS versus
hydrolysis ratios is shown in Figure 6. In domain H ≤ 2: monodisperse nanoparticles
appeared in the millisecond timescales and were very stable (they existed for longer than
24 h) with R = 1.8 nm. In domain H > 2, particles grew quickly with some aggregations after
the injection. This study highlighted similarities and differences between the behaviors of
ZOA and TOA. A remarkable similarity with the results of the nucleation-growth kinetic
monitoring of (TOA) nanoparticles was noted. Specifically, both systems denote near-
instantaneous nucleation as well as accelerated classical growth during the induction step
for hydrolysis rates H > 2.0 and stable colloids for H ≤ 2.0. On the other hand, ZOA
does not show stable sub-nuclear units (clusters), which was observed with TOA, an
aspect that requires a theoretical explanation of quantum chemistry. Monodispersed ZOA
nanoparticles of 3.6 nm size were used as catalysts for the conversion of free fatty acids
(FFA) into biofuel [98]. The solid acid catalyst showed an enhanced activity with a 95–99%
yield of methyl palmitate in the esterification of palmitic acid.

4.2.4. ZrxTi1-xO2 and VxTi1-xO2

The zirconium-titanium oxo-alkoxy (ZTOA) nanoparticles were prepared via sol-gel
process of different elemental compositions 0 ≤ x = CZr/(CZr + CTi) ≤ 1. At the hydrolysis
ratio H = 1.25 and 0.3 ≤ x ≤ 0.6, ZTOA nanoparticles formed with a radius of 2.1 nm, which
differs from pure titanium-oxo-alkoxy (TOA, x = 0) and zirconium-oxo-alkoxy (ZOA, x = 1),
with respective radii of 1.6 and 1.8 nm, as shown in Figure 6. The mixed oxide nanoparticles
were stable at H ≤ 1.5 and underwent an accelerated growth at higher H values during a
common induction period of the sol-gel process. Moreover, the elemental composition x
is related to the material electronic structure, which defines the size of ZTOA nuclei [80].
Based on sol-gel process monitoring by in situ DLS, the size-selected ZTOA particles were
prepared. The band gap of ZrxTi1-xO2 shifts to higher energies with an increase of Zr
content, making the material with 0 ≤ x ≤ 0.2 appropriate for UVA photocatalysis: this
material conserves anatase phase of titania strongly distorted by the addition of Zr. The
best activity showed a composition with x = 0.0425 heat treated at T = 500 ◦C, which was
twice as high as that of to pure anatase TiO2 [99]. The enhanced activity of the material has
been attributed to its open porosity specific to composition x and calcination temperature T.

The mixed vanadium-titanium oxo-alkoxy (VTOA) nanoparticles [81] were prepared
in the sol-gel micromixing reactor. The vanadium content x appeared to be a key parameter
for the catalyst preparation. At a low vanadium content of x ≤ 10 mol%, titanium oxo-
alkoxy species first appeared in the colloid solution, and then the vanadium oxo-alkoxy
species was attracted at the surface. However, at the high x > 20 mol%, the subnuleus
TOA species were imprisoned by large VOA species, preventing the appearance of the
nucleus. The increase of the nucleus size was induced by an increase of the precursor
concentration. These results support a new paradigm of the sol-gel process proposed by
Kessler [100], which suggests a profound restructuring of the oxo-metallic species during
their association. The size- and composition-controlled VTOA nanoparticles coated on silica
beads were used, after an appropriate heat treatment, as the photocatalyst in the methylene
blue (MB) degradation in aqueous solutions [101]. The best photocatalytic performance of
VxTi1-xO2 nanoparticle coatings under UVA and visible light illuminations was noted, with
a vanadium content x of 2 mol% and 10 mol%, respectively.
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4.2.5. Zeolite

Nanosized zeolites have been widely used as catalysts for petrochemistry and environ-
mental protection [102]. One of the significant developments in zeolite research has been
the production of microporous nanocrystals in the shape of stable colloidal suspensions
with narrow particle size distribution [103]. Artioli et al. [104] investigated the early stage
of zeolite growth using in situ DLS and synchrotron X-ray powder diffraction. The DLS
results confirmed the formation of an amorphous phase before the development of the
zeolite LTA crystals. The increase of the temperature decreased the induction time and
increased the growth rate. For a more detailed study, Mintova and Valtchev [82] first
applied in situ DLS to investigate the effect of different silica sources in the formation
of nanosized zeolite crystals. It was shown that the type of silica source used strongly
influenced the size of the primary species in the precursor mixture: 2 nm with TEOS, 50 nm
with Ludox LS 30 and 50 nm with Cab-O-Sil. After transforming the amorphous precursor
colloids into crystalline silicalite, the hydrodynamic radius determined by DLS were 15,
25 and 50 nm for TEOS, Cab-O-Sil and Ludox LS, respectively. This study showed the
importance of in situ DLS for the study of the transformation process of the silica precursors
into crystalline silicalite.

4.2.6. Metal and Metal-Polymer

The hybrid microgel (metal-polymer) offers the benefit of embedding metal nanopar-
ticles in a polymer network, which inhibits aggregation with other nanoparticles. The
catalytic activity of nanoparticles could be adjusted by swelling and shrinking the polymer
gels. For this purpose, in situ DLS has an advantage over other techniques. Xiao et al. [83]
investigated the metal–polymer hybrid microgels for the simultaneous modulation and
monitoring of catalysis. In situ DLS indicated the formation of gold microgel with a
larger diameter, 260 nm, than the gold nanoparticles, which had a diameter of 32 nm. The
influence of the solution temperature and pH value on the hybrid microgels was also
investigated by studying polymer gel volume phase transitions in solutions.

4.2.7. Biological Materials

DLS is becoming the most common technique for the characterization of suspensions
in life science and industrial quality control in biotechnology. For example, the different
stages of protein crystallization experiments could be investigated by in situ DLS, as the
size of the crystals can be measured as they grow [105,106]. Despite the difficulties of the
in situ DLS technique in continuous reactors, a flow-connected DLS apparatus has been
developed which couples in situ DLS with SAXS measurements [55]. DLS data could be
collected during an X-ray exposure and provide the dispersion of the solution as well as
the hydrodynamic radius of biological particles in solution. Furthermore, near UV circular
dichroism spectroscopy was used in conjunction with the DLS to analyze the tertiary
structure and consequently the stability of the proteins.

4.2.8. Others

The in situ measurements of carbon nanotubes in suspension could be achieved by
DLS. To understand the influence of sonication procedures, Badaire et al. [56] applied
this in situ technique to determine of the length and diameter of carbon nanotubes and
investigated the sonication power and time. By developing an appropriate model, in situ
DLS could be extended to anisotropic particles (e.g., gold nanorods [107]).

Nanomesocrystals have displayed huge potential as catalysts due to their unique
structural features [108]. Embrechts et al. [109] used ZnO-PVP mesocrystals as a model
system characterized by in situ DLS. With in situ DLS, it is possible to see firsthand
how 10 nm primary building blocks develop early in the synthesis and how they are
subsequently oriented attached to 200–1200 nm mesocrystalline superstructures.
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5. Conclusions

As a non-destructive technique, DLS has been widely applied for determining colloids’
stability and particles’ sizing in the range of 1–1000 nm. To access the in situ and real-time
measurement in the sol-gel process and effective micromixing reactors, DLS instruments
based on an optical fiber probe have been used, which permitted avoiding any sampling or
transfer of the solution and showed good reproducibility of the process kinetics. This in
situ and real-time particle size measurement appeared to be crucial for establishment of
the relationships between the process parameters and particles’ sizes in the sol-gel process.
Different nanomaterials have been investigated up to now, including TiO2, doped TiO2,
ZrO2, zeolite, ZrxTi1-xO2, VxTi1-xO2, metal and biological materials. The use of in situ DLS
methods allowed a successful analysis of the nucleation-growth kinetics, determination of
the nucleus size and establishment of an interesting correlation between the elementary
composition, size and crystallization process. These results show that efficient catalysts
with reproducible functional response can be developed for nanoparticles with the size and
composition control, helped by in situ DLS measurements.
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