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Abstract

Hierarchical micro/nano-structured FePOs (FP) particles were environmental-friendly and
controllable synthesized through synergistic intensification of ultrasound and impinging
streams. Nano-scale FP seeds were firstly synthesized via ultrasound irradiation intensified
impinging stream reaction (UISR), where the enhanced turbulent micromixing in the impinging
streams benefits the nucleation process while the application of ultrasound to the impinging
streams further intensifies such micromixing. The ultrasound frequency and power applied
were 20 kHz and 600 W. The hierarchical micro/nano-structured FP particles are obtained
when taking sufficient reaction time and stirring FP nano-seeds in a continuous stirring tank
reactor (CSTR). Effects of the sonochemical pre-treatment, mean residence time and rotation
speed on the physical-chemical properties of FP were investigated systematically. The
characterization revealed that under the optimum operating condition, the FP particles
presented near-spherical hierarchical micro/nano-structure, consisting of nanoscale primary
grains. The mechano-chemical effects on the synthesized FP particles during different
synthesis process were also studied.
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Re Reynolds number

d hydraulic diameter (m)

u mean velocity (m/s)

Np power number

n rotation speed (rpm)

m mass of solution (kg)
Da impeller diameter (m)

P power (W)

Greek letters

£ turbulent dissipation rate (J/s-kg)

p density of reactive solution (kg/mq)
M viscosity (kg/(m:-s))

Vins kinematic viscosity of the mixed solution (Pa-s)
T turbulent shear stress (Pa)

1. Introduction

In recent years, mechanical force from fluid dynamic plays more important role in transferring
energy to chemical bonds and driving chemical reactions during manufacturing process [1-3].
The chemical-physical properties and yield of as-synthesized products are significantly
affected by local shear stress and micromixing intensity provided by fluid dynamics. In 2020,
Nature reported that growth rate of crystals can be accelerated dramatically by local stirring
rate and shear stress generated by fluid dynamics (physical effects) rather than surface-energy
effects in classical Ostwald Ripening (chemical effects). Application of classical stirring
method can influence the final size and quality of synthesized particles through modulating the
shear rate, secondary nucleation and particle growth process [4]. Cell (2018) introduced that
strong local shear stress generated by turbulence can promote the yield of platelet to enable
clinical scale ex vivo manufacturing, which can not be achieved in laminar flow [5]. In terms
of micomixing intensity, Liu et al. carried out that micromixing provided by different flow

behavior (including laminar, vortex, and turbulent) influenced particle size, particle size



distribution, production rate, and reproducibility of core/shell nanocomposites (PTX@HF and
SFN@HF) significantly [6,7]. Hu et al. developed turbulent mixing method in confined
impinging jet device, and investigated how competition between micromixing time and
assembly time adjusted size, composition, and pDNA payload of plasmid DNA/polycation
complex nanoparticles [8]. Besides, it has been demonstrated that strong correlation is existed
between local turbulent dissipation rate and physical properties of synthesized products. Both
local shear stress and micromixing performance can be enhanced through increasing stirring
rate [9].

The local shear stress and micromixing performance can be modulated by using hybrid reactor
systems combined with different intensification method. Impinging streams has been
recognized for a long time which can achieve very effective micromixing within an extremely
short residence time when keeping the feeding rate steady [10,11]. Localized turbulent eddies
and strong shear stress can be enhanced by violent collision between impinging streams [12].
In a synthesis process, efficient micromixing due to turbulent eddy motion can remarkably
improve mass transfer rate among mixed solutions and increase reaction rate. Meanwhile, the
local pressure fluctuations can also influence energy and mass transfer in the solution [13].
Furthermore, ultrasound-irradiation intensified synthesis method is a promising technology
which can effectively enhance turbulence intensity and intensify the micromixing in the reactor
so as to achieve the stronger turbulent shear stresses [14]. Such ultrasonic intensification can
be applied in the industrial scale manufacturing process and material synthesis because of its
fast, cost-effective and environmental-friendly features [15,16]. Ultrasound-intensified
crystallization, or sonocrystallization, has shown to be able to improve crystal purity and
product homogeneity, to shorten crystallization time and to enhance process stability [17,18].
When the liquid is irradiated by ultrasound, ultrasonic wave can induce acoustic cavitation and
generate a large number of cavitation micro-bubbles. Instantaneous collapses of the cavitation
micro-bubbles can create extremely high pressure (up to 1000 atm), temperature (up to 5000
K), and the heating/cooling rate (greater than 10%° K-s) in the cavitation zone, leading to the
chemical and physical changes of the solution [19]. In addition, the application ultrasound
irritation can help to prevent the agglomeration among particles and interaction between
particles and reactor surface due to locally enhanced turbulence [20].



Iron (111) phosphate, or FePO4 (FP), has been recognized as an appropriate and promising
material, which is widely used in synthesis of the electrode precursor for lithium ion battery
[21,22], in fabrication of catalyst [23,24], and in production of fertilizers [25]. According to
previous stuides, preparing FP particles with micro/nano hierarchical porous structure can
improve FP performance, especially as precursor for lithium ion battery [26,27]. Some studies
have successfully prepared FP particles with hierarchical structure. However, toxic chemicals
(such as acetonitrile, tetrahydrofuran, etc.) are used as raw materials in these preparation
processes, and this has posed potential risk to the researchers and environment [28-30]. So far,
studies on green and controllable manufacturing of FP particles with hierarchical porous

micro/nano structure are still rarely reported.

In the present study, FP particles of hierarchical micro/nano structure were prepared through
inducing synergistic effect of impinging stream and ultrasound irradiation, instead of using
additional toxic chemicals. Ultrasound-assisted impinging stream reaction (UISR) was used as
pretreatment to enhanced mass transfer and nucleation rate and prepare FP nano-seeds. After
that, FP particles with hierarchical micro/nano-structured morphology can be then obtained
after taking enough reaction time and stirring the particles in a continuous stirring tank reaction
(CSTR). The mechano-chemical effects of jointly applying ultrasound irradiation and
impinging streams in the UISR, stirring rate and reaction time in CSTR on physical-chemical
properties of synthesized FP particles were systematically assessed and discussed.

2. Synthesis and experimental methods

2.1 Synthesis of hierarchical micro/nano-structured FP

The schematic diagram to describe the synthesis process of hierarchical micro/nano-structured
porous FP particles is shown in Figure 1. According to previous research, in the first step,
Fe(NO3)3-9H20 (99%) and (NH4)HPO4 (99%) were dissolved into DI water to prepare
Fe(NOs)3 (1.0 mol L) and (NH4).HPO4 (1.0 mol L) aqueous solutions [31]. The pH value of
(NH4)2HPO4 was kept at required value through adding ammonia solution. FP seed-crystals
were prepared through ultrasound-intensified impinging stream reaction (UISR). Two
peristaltic pumps (BT100FJ, Baoding Chuangrui Ltd, China) were used to pump Fe(NO3)3 (500
mL, 1.0 mol L) and (NH4).HPO4 (500 mL, 1.0 mol L) aqueous solutions into two separate
inlets of T-mixer at room temperature, while the flow rates were precisely controlled (85.74 ml
min?t). In the meantime, the T-mixer was irradiated by applying an ultrasonic wave

piezoelectric vibrator (600 W, 13 mm in diameter) with a resonance frequency of 20 kHz,



where the ultrasonic wave piezoelectric vibrator is inserted into an expanded chamber in the
downstream of the T-junction. The pH value of mixed solution was kept at 1.80 by pH
automatic controller through adding ammonia solution. All of the chemicals were purchased
from Sinopharm Chemical Reagent Co., Ltd.

The nano-scale FP seed crystals were then immediately transferred into a continuous stirring
tank reactor and stirred for up to 48 hours. The stirring system used in CSTR is a traditional
mechanical stirrer with two impellers. The diameter and height of reactor is 28.4 cm and 12.2
cm, respectively. The radius of impeller is 2.5 cm. Four baffles (25.0x2.0x0.1 cm) are also
placed in the continuous stirring reactor uniformly. the Fe(NOs)s (1.0 mol L), (NH4):HPO4
(1.0 mol Lt and NH4OH (1.5 mol L™t) aqueous solutions are continuous added into the reactor
through three feeding tubes which immersed in the solution. The solutions of Fe(NOs)sz (1.0
mol L) and (NH4).HPO4 (1.0 mol L) were continuously added into the reactor at a ratio of
1:1. Meanhwile, The continuous feeding rate of Fe(NO3)s and (NH4).HPO4 aqueous solutions
was precisely maintained at 0.86 ml min™ (1.0 rpm) for 48 hours. NH3-H.0 solution (1.5 mol
L) was pumped into the reactor and carefully maintained the pH value of solution at 1.80.
Around 400 mL of ammonia solution was used in 48 hours. During the test, the temperature
was kept at 60 °C. FP samples were synthesized under the precisely controlled reaction time
(12, 24, 36, 48 hours) and stirring rate (n = 400, 800, 1200 and 1600 rpm) to investigate the
effects of mean residence time and stirring rate. The excess mixed solution will flow out of the
reactor through the outlet tube which placed on the side of the reactor. After 48 hours, the
volume of the mixed solution is measured by volumetric cyliner (1.0 L). The result shows that
the maximum volume of solution is around 4.8 L during continuous stirring. Furthermore, for
comparison purpose, FP samples were also synthesized by a conventional co-precipitation
method in CSTR. Fe(NOs3)s (1.0 mol L) and (NH4)2HPO4 (1.0 mol L) solutions were added
continuously into the same CSTR with precisely controlled parameters. The pH value,
temperature, stirring rate, and volumetric feeding rate were kept at the same level with
combined UISR and CSTR method.

The particle samples obtained by these two methods were subsequently washed with DI water
for three times. After that, the slurry was filtrated and dried at 100 °C for 12 hours. The samples

were then calcined in the air at 600 °C for 10 hours to obtain anhydrous crystalline FP samples.
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Figure 1. Schematic diagram of synthesis process.

2.2 Characterization

The crystal structure of as-synthesized samples were determined by a Bruker D8 series X-ray
diffraction using Cu Ko radiation (1=1.5406A) operated at 40 kV and 40 mA. Morphology of
the FP particles was measured by TEM (Tecnai F20, FEI, U.S) and SEM (Sigma VP, ZEISS,
Germany). Brunauer Emmett Teller (BET, Micromeritics ASAP 2020, U.S.A) was used to
analyse the porosity and surface area. Thermalgravimetric was measured by simultaneous
Thermal Analyser (TG, NETZSCH STA 449 F3 Jupiter, Germany) at a heating rate of
10 °C/min in N2. The particle size and distribution of the FP were determined by laser
diffraction method (Mastersizer 3000, Malvern Inc, UK). According to previous research,
ImagelJ software was employed for the determination of FP primary grain size and distribution
based on the SEM and TEM images [32]. For each sample, the diameter of more than 100 FP

primary grains was calculated and analyzed to give out the average primary grain size.

3. Results and Discussion

3.1 Effect of UISR pretreatment on physico-chemical properties of FP samples

The synergistic effects of ultrasound irradiation and turbulent shear in impinging stream on
particle morphology was investigated when mean residence time and post treatment stirring
rate were maintained at 36 h and 1600 rpm, respectively. The SEM, TEM images and particle
size distribution of as-synthesized particles are shown in Figure 2. As shown in Figure 2a, the
FP particles prepared by conventional method (FP-Co) exhibit lower porosity and near-
spherical shape with broader particle size distribution. The average secondary particle size and

primary grain size are 2.47 um and 258.8 + 84 nm, respectively. As can be seen from Figure



2b and 2c, hierarchical micro/nano FP particles (FP-UI) can be well synthesized by using
combination of UISR and CSTR. The micro-scale near-spherical secondary structure of the
FP-UI has an average particle size of 1.75 um, consisting of nanospheres with diameter around
115.5 £ 34 nm. In addition, three peaks can be observed in Figure 2d. The first peak (0.45 um)

can be attributed to the new-generated FP particles, while peak 3 are caused by the
agglomeration of particles.
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Figure 2. (a-b) SEM images of as-synthesized samples; (c) TEM image of FP-UI; (d)
Particle size distribution of FP-Ul and FP-Co.

The thermal properties of FP-UI was confirmed by TG-DTA at a heating rate of 10 °C in N2
(Figure 3a). There is a strong endothermic peak around 130 °C, and 19 % of sample weight is
lost from 50 °C to 450 °C, indicating the loss of crystal water and transformation of
FePO4-xH-0 to anhydrous hexagonal FP. Moreover, x is calculated and found to equal 2, which
is consistent with the theoretical value. The XRD patterns of as-synthesized samples are shown
in Figure 3b and 3c. The XRD results of FP-UIl and FP-Co samples, which are calcinated at
600 °C for 10 hours, match well with anhydrous hexagonal structure FP (JCPDS card No. 29-
0715,a=5.035 A, b =5.035 A, ¢ = 11.245 A), suggesting the formation of perfect crystalline
FP after calcination. The BET specific surface area and pore size distribution of the FP-Ul and
FP-Co samples have been characterized by N2 adsorption-desorption analysis. The measured
BET surface areas for FP-UI and FP-Co correspond to 18.65 and 8.59 m?/g, respectively. As



shown in Figure 3c, the N2 adsorption isotherm of FP-Ul and FP-Co is Type Ill, which can be
regarded as nonporous. However, as shown in Figure 3d, The pore area distribution based on
desorption of both FP-UI and FP-Co samples present the existing of mesoporous (> 2 nm and
< 50 nm) and macropores (> 50 nm). The acquirement of higher specific surface area and pore
volume of FP-UI can be attributed to the decreasing of average grain size and the increasing

amount of mesopores and macropores, which are shown in Figure 2b and 2c.
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Figure 3. (a) TG-DTA curve of FP-Ul; (b) X-ray diffraction patterns of FP; (c) N2
adsorption-desorption isotherms of FP samples prepared by different methods; (d)
Incremental pore area distribution.

3.2 Effect of reaction time and rotation speed in CSTR on physico-chemical properties of
FP samples

To investigate the optimum reaction time, the experiments were conducted using different
residence time by varying from 12 to 48 hours with a stirrer rotational speed of 1600 rpm. The
SEM images of FP particles are shown in Figure 4(a-d). Besides, as the experiments were
repeated for three times, the particle size distribution, and average size of primary grains and
secondary particles are shown in Figure 4(e-f). There exists a clear trend that longer mean
residence time of particles exposure to hydrodynamic fluid shear stress leads to more spherical
morphology and narrower particle size distribution [33]. The co-precipitation process in the
CSTR can be divided into two sub-processes, growth of core particles (heterogeneous



nucleation and particle growth) and homoagglomeration (homogeneous nucleation) of newly
generated particles [34]. As the objective of the present work is to synthesize FP particles with
hierarchical micro/nano structure, it is crucial to facilitate the homo-agglomeration of FP
particles. The change of FP morphology can be explained from two points: decreasing of
secondary particle size and increasing of primary grain size. When the mean residence time is
12 hours, most of the FP particles are nanoscale and agglomerated together randomly (see
Figure 6a). Therefore, FP-12 sample exhibits larger average particle size (8.02 um) and broader
particle size distribution. The Dx10 and Dx90 value of the FP-12 particles are found to be 1.11
and 28.9 um. The larger FP particles may be generated through the heterogeneous nucleation
and particle growth processes of initial nanoscale FP seeds, while the smaller FP particles might
be generated by homogeneous nucleation through the continuous precipitation in the CSTR.
After 24 hours, it can be clearly observed that large amount of nanoscale FP particles are
agglomerated and formed micro-scale FP particles (see Figure 6b). The average particle size
reduces to 2.19 um (FP-24). However, these particles are still broadly distributed. When
increasing mean residence time to 36 hours, as shown in Figure 6¢, more FP particles with
near-spherical morphology and hierarchical micro/nano structure are generated. The average
particle size of the FP further decreases to 1.75 um, and the particle size distribution becomes
much narrower. The values of Dx10 and Dx90 are 0.73 um and 10.5 um, respectively. It can
be imagined that these newly generated FP particles play a role of “bridge” or “glue”, which
consolidate the interactive connection among FP nano-seeds. After carrying out 48 hours of
the experiment, the FP particles become larger and increasingly spherical, the average particle
size has increased to 2.85 um. However, the porous and hierarchical micro/nano structure
cannot be observed due to the overgrowth of primary grains (Figure 6d). Thus, a longer
exposure time to the hydrodynamic turbulent shear can contribute to the generation of FP
particles with near-spherical shape and narrow particle size distribution. However, further

increasing of mean residence time leads to the disappearance of porous structure.

In addition, the diameter of more than 100 primary grains was analyzed and calculated by
ImagelJ. According to Figure 6(a-d) and ImageJ analysis, the average primary grain size of the
FP particles increases with increasing mean residence time. After 12 hours, the average primary
grain size of the FP particles increases slightly to 137.0 nm (FP-12). As the continuous feeding
of Fe*" and PO.*, the average primary grain size maintains an increasing tendency, improving
from 164.6 nm (FP-24) to 176.4 nm (FP-36). When the mean residence time exceeds 36 hours,



the primary grains grow rapidly and the average grain size has attained 388.8 nm after 48 hours.

This is the consequence of the newly generated FP nuclei aggregated to the surface of the early

generated FP particles in the continuous reaction. It can be postulated that several primary

grains combine together and overgrowth to yield a larger primary grain. Therefore, it is

important to precisely control mean residence time for the green and controllable

manufacturing of materials with hierarchical micro/nano structure. Based on the observations,

it seems that 36 hours is the optimum mean residence time, because the FP-36 particles can

present the nearly spherical morphology, most narrow particle size distribution, nano-scale

primary grain, smallest average secondary particle size, and hierarchical micro/nano structure.
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Figure 4. (a-d) SEM images of FP particles (scale bar: 1 um); (e) Particle size distribution;

() Average primary grain size and secondary particle size of FP sample synthesized with
different mean residence time.



The influence of the turbulent shear on the FP samples in CSTR were evaluated at four different
stirring rotational speeds, ranging from 400 to 1600 rpm. The SEM images and particle size
distribution results of FP samples prepared at four different rotational speeds were shown in
Figure 5. All the particles are composed of a larger number of densely aggregated nano-scale
primary grains with spherical morphology. As expected, the SEM analysis also indicates that
increasing of rotational speed can promote the particle sphericity and reduce the particle size
of as-prepared FP samples. At low stirring rate, (n = 400 rpm), the as-prepared FP sample
shows irregular particle shape with a broad particle size distribution. As the stirring rate
increases to 1600 rpm, uniformly near-spherical FP particles are generated with a mean
residence time of 36 hours. It can be seen clearly that the particle shape became spherical and

the particle size distribution became narrower when increasing the rotational speed from 400

rpm to 1600 rpm.
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Figure 5. SEM images and particle size distribution of FP particles synthesized by
different stirring rate (scale bar: 2 pm).

3.3 Formation mechanism of hierarchical micro/nano-structured FP particles

Due to the same reaction condition in CSTR, the generation of hierarchical micro/nano-
structured FP particles can be attributed to the mechano-chemical effects of sonochemical
pretreatment, especially synergistic effect between ultrasound and impinging stream. The SEM

and TEM images of nanoscale FP seeds obtained by sonochemical pretreatment in UISR are



shown in Figure 6(a-c), while the formation mechanisms of FP nano-seeds in UITR and
micro/nano structured particles in CSTR are schematically shown in Figure 6d and 6e. Large
amount of spherical FP nano-seeds ranging from 20 to 80 nm can be generated after
sonochemical pretreatment. In contrast, our previous study has demonstrated that the FP seeds
produced by only impinging stream reaction and conventional co-precipitation method

exhibited irregular morphology and larger size [31].
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Figure 6. (a) SEM and (b-c) TEM images of FP nano-seeds; (d) schematic diagram of
sonochemical pretreatment (UISR); (e) schematic diagram of hierarchical micro/nano-
structured FP fabrication process.

As illustrated in Figure 5d, during UISR pretreatment, the Reynolds number (Reuisr) for the
impinging stream can be defined as:



d
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where u is the mean velocity in the inlet of the T-shape junction and d is the hydraulic diameter
of the circular tube inlet. The density (p) and viscosity (i) of mixed solution are 1.144x103
kg/m® and 1.005x107 Pa-s, respectively. The tube diameter (d) is 3.5x10° m. As a result, the
Reynolds number is 1165 in UISR system when the volumetric feeding rate kept at 85.74
ml-min, which can be regarded as laminar flow (Re < 2000). In addition, the streams of Fe**
and PO4* solutions counter-impinge each other directly in the T-junction central zone of the
T-mixer. The impinging stream can generate small turbulent eddies, while ultrasound wave can

induce sharp localized pressure reduction and acoustic streaming [35].

Meanwhile, OH- and H- radicals, which can produce secondary radical species and promote
the reduction rate, are also generated through sonolysis of water during sonochemical
pretreatment [36]. The main reactions in this stage are summarized below:

H,O — H- + OH-
H-+H-— H>
OH: + OH-— H20;
H-+ OH- — H20
Fe3* + OH" — Fe(OH)?*
Fe(OH)?* + HPO4? + xH,0—> FePO4-xH20 |

As large amount of micro-bubbles are generated and instantly collapsed by ultrasound
irradiation in the mixed solution, the collapse of such micro bubbles generates local micro-
jetting due to the filling for the cavities generated by bubble bursting from the surrounding
solution. This significantly promotes sufficient mixing of raw solutions jointly with the
assistance of high level of supersaturation. Apart from that, the chemical reaction rate and
nucleation rate can be enhanced significantly as the local extremely high temperature point
sources (up to 5000 K) caused by ultrasound irradiation. Consequently, large amount of FP
nuclei can be generated in the solution in an extremely short time. Furthermore, micro-jetting
can enhance turbulent shear stress, preventing from agglomeration among the particles and

circumventing the clogging on the internal walls of guided tubes and flow channels of the T-



mixer. Therefore, the synergistic effect of impinging stream and ultrasound results in the
generation of highly turbulent in UISR, which intensified reactant mixing and facilitated

nucleation to form FP nanoseeds.

After sonochemical pretreatment, FP nano-seeds are transferred into CSTR immediately, and
hierarchical micro/nano-structured FP particles can be generated when FP-seeds take enough
reaction time and stirring through particle growth and agglomeration in CSTR (Figure 6e). The
results can be explained by comparison of the turbulent shear stress, turbulent dissipation
energy, and the physical interactive force for the particles in the CSTR, synthesized at different

stirring rate.

To assess the turbulent mixing effect in the CSTR, the turbulent dissipation energy per unit
mass ¢ [J/s-kg] [37] can be estimated by

o N.n°Da’p
m

@)

where Da is the impeller diameter, n is the rotational speed (rpm), p is the density of reactive
solution, m is the mass of solution hosted in the reactor and Nj is the power number. The

Reynolds numbers and power number N, can be defined as

pnDa’
Re.. =-—2 (3)
CSTR 60
P
* = D’ )

where u is the solution viscosity and P is the power. Based on the turbulent dissipation energy,

turbulent shear stress 7, which is one of the most important characteristics of the turbulent

r=u[§} (5)

ms

mixing, can be estimated as

where vins is the kinematic viscosity of the mixed solution.

An increase in the rotational speed will enhance the turbulent energy dissipation rate and
turbulent shear stresses. The turbulent shear stress 7 influences the breakage/re-dispersion
process of the aggregated particles in the CSTR. As a result, the mass transfer rate of formed
particle nucleation, as well as the collision rate of the particle nuclei are increased. At a low

rotational speed of 400 rpm (6.7 rps), the shear stress is likely weaker than the interactive force



among the aggregated primary grains, resulting in larger particle size and broader particle size
distribution. With increasing the rotational speed to 1600 rpm (26.7 rps), the shear stress
increases and overcomes physical interactive force acting on the particles. Then breakage and
re-dispersion become dominated process and inhibit agglomeration. As a result, the particle
morphology becomes spherical with decreased average particle size and narrowed particle size

distribution.

4. Conclusions

In this work, hierarchical micro/nano-structured FP samples were synthesized through
application of ultrasound irradiation and impinging streams in the UISR, precisely control
mean residence time and modulation of the stirring rate in the CSTR. It has been revealed that
ultrasound irradiation and impinging stream intensified micromixing together with post stirring
in CSTR is promising controllable synthesis method for the preparation of hierarchical
micro/nano-structured FP used in many fields. The conclusions reached from the present study

can be summarized as follows:

(1) The application of synergistic effects between ultrasound and impinging stream leads to the
generation of FP nano-seeds. Besides, precisely controlled mean residence time and stirring
rate result in the decreasing of primary gains size and secondary particle size, and reduction in
the spread of the particle size distribution. Extra-increase in the mean residence time has a
negative impact. Consequently, both primary grain size and secondary particle size increase
dramatically, and porous structure disappears when the mean residence time exceeds 36 hours.

(2) By adopting the sonochemical seed-mediated method, an increase in the rotational speed of
the stirrer in the mixing tank can effectively reduce the spread of particle size distribution and
improve sphericity of FP particles because the enhanced turbulent shear can facilitate the

particle breakage and re-dispersion process.

(3) The reaction time in this study is relatively long and may consume more energy. However,
no toxic additional chemicals are used in this method. Therefore, the combination of this
method with renewable energy (such as solar energy) has potential for green and controllable
synthesis of functional particle material with desired hierarchical micro/nano-structure by
controlling fluid dynamics in the synthesis process and adjusting of mechano-chemical effects.
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