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Abstract

Increasingly global warming and air pollution caused by the consumption of fossil
fuel have imposed the priority of using green energy. As a result, the use of

rechargeable lithium-ion batteries (LIBs) has increased rapidly

Olivine-structured LiFePQ, is considered as one of the most promising positive
electrode materials owing to its significant advantages of nontoxicity, low cost of
raw materials, good structural stability at high temperature, excellent safety
performance, and relatively high theoretical specific capacity (170 mAhg™) with a
flat discharge-charge potential (3.45V vs. Li*/Li). Therefore, LiFePO, battery
becomes a reliable material for energy storage system used in hybrid electric
vehicles (HEVs), full electric vehicles (EVs), plug-in hybrid electric vehicles
(PHEVs), and portable devices. However, the poor rate performance of LiFePO,,
resulting from its intrinsic low Li* diffusivity (10" to 10 cm%™) and low
electronic conductivity (10° to 10® S cm™), has become a technical bottleneck to

confine its widely practical applications.

Following previous studies, a systematic study on controllable preparation of
LiFePO, positive electrode material with nanoscale size, or hierarchical
micro/nano mesoporous structure has been carried out using various synthesis
methods, including impinging stream reaction (ISR), ultrasonic-intensified
impinging stream reaction (UISR), two-step co-precipitation method, and two-step
hydrothermal method (UIHT). The physical and chemical properties of as-
synthesized products are measured by XRD, FTIR, SEM, TEM, BET, Mastersizer,

CV, and charge-discharge test. Based on these observations, the relationship



among particle morphology, electrochemical performance, and impacts of fluid

dynamics is evaluated in this work.
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CHAPTER 1: Current Status of Controllable Synthesis of
Lithium-ion Battery Electrode Precursor Materials and

Fabrication Approaches

1.1 Lithium ion battery

1.1.1 Introduction

Increasingly global warming and air pollution caused by the consumption of fossil
fuel have imposed the priority of using green energy. As a result, the use of
rechargeable lithium-ion batteries (LIBs) has increased rapidly (Shu et al., 2013;
Gibot et al., 2008). The research about lithium ion battery was begun from 1950s
due to the stability of lithium metal in a number of non-aqueous electrolytes. In

1992, Sony firstly introduced lithium ion battery into market.

Compared with other commercial positive electrode materials, such as LiCoO»,
LiNiO,, LiMn,O,4 and their derivatives, olivine-structured LiFePO, is considered
as one of the most promising positive electrode materials owing to its significant
advantages of nontoxicity, low cost of raw materials, good structural stability at
high temperature, excellent safety performance, and relatively high theoretical
specific capacity (170 mAhg™) with a flat discharge-charge potential (3.45V vs.
Li*/Li) (Ding et al.,2010; Park et al., 2003; Padhi et al.,1997). Therefore,
LiFePO, battery becomes a reliable material for energy storage system used in
hybrid electric vehicles (HEVs), full electric vehicles (EVs), plug-in hybrid

electric vehicles (PHEVs), and portable devices (Dai et al.,2010) . However, the



poor rate performance of LiFePO4, resulting from its intrinsic low Li* diffusivity
(10" to 10 cm?™) and low electronic conductivity (10 to 10® S cm™), has
become a technical bottleneck to confine its widely practical applications (Shin et
al., 2008; Chung, Bloking and Chiang, 2002; Guo et al.,2015) before these

drawbacks being overcome fundamentally.
1.1.2 Methods to overcome drawbacks

Fe-based lithium ion battery has been considered as reliable energy storage
material. However, some drawbacks, including poor intrinsic electronic
conductivity (10°° to 108 S cm™), ionic conductivity (10! to 10°Scm™) and
ionic diffusivity (107" to 107 cm?s™) affect the application of LiFePO, in high-
rate lithium ion batteries significantly (Shin et al.,2008; Wang et al.,2005).
Surface and interface engineering have been used to improve the low intrinsic
electronic conductivity, including the reduction of particle size and particle size
distribution (PSD) (Saravanan et al.,2009; Choi and Kumta, 2007), controlling
the particle morphology, introducing porous and hierarchical structure (Wang, Li
and Chen, 2015), coating the particles with fine electronic conductive materials
(Shi et al., 2012; Zhang et al., 2011; Park et al., 2004; Hu et al., 2007), or doping
with selective supervalent cations (Shu et al., 2013; Bilecka et al., 2011; Wang et

al., 2008; Ge et al., 2010) .
Size effect

The low ionic diffusivity of lithium ion in battery system leads to that large
amount of lithium ion will stay on the interface of electrode particles and

electrolyte, result in relatively low mass-transport efficiency and rate capacity



(Wang, Li and Chen, 2015). The improvement on the active surface will help to
generate more paths for lithium ion, and increase the permeation of lithium ion

between solid electrode and electrolyte.

Wang et al. (2010) and Zhou et al. (2005) have demonstrated the diffusion of
lithium ions within the electrode materials is influenced by both diffusion
coefficient and diffusion distance. The relationship between intercalation time of

lithium ion within electrode and diffusion distance is as follows:
L= (DY - t =2

where L is diffusion distance; t is intercalation time of lithium ion within electrode;

D is diffusion coefficient, which is constant for a particular material.

Figure 1- 1 Schematic representation of the effective diffusion length in

electrode-active materials (Wang, Li and Chen, 2015).

In this equation, diffusion coefficient D is constant for each material, so that the
decrease of diffusion distance of lithium ion is an effective method to reduce

diffusion time and improve rate capacity. As ionic conductivity of LiFePO, (10™*-



10 s cm™ at RT) is much lower than its electronic conductivity (>10° S cm™ at
RT), Gaberscek et al. (2007) have found the reduction of diffusion distance, or
minimization of particle size, can improve electrochemical performance more
significantly than carbon coating. They evaluated the publications from nine
different groups and found an empirical law which can imply the correlation
between LiFePO, particle size and the electrode resistance. Based on this
investigation, they found that there is a square correlation between electrode
resistance and particle size: R,,, « d™ (n=1.994). And particle size minimization is

more sufficient to improve electrochemical performance for LiFePO,.
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Figure 1- 2 (a) Discharge capacity as a function of average particle diameter
of various LiFePO, samples and linear regression of the data indicating that
the capacity drops linearly with increasing particle diameter (solid line). (b)
Dependence of electrode resistance per unit mass, R,,, on average particle
diameter of various LiFePO, samples and NLS fit of the data using a general

power law relationship based on the equation: Ry, .., = Ad™. The values of

fitting parameters are: A = 9.620 x 10?20 gm™,n = 1.994



Pore effect

Materials with porous structure have been widely used in different areas,
including catalysis, adsorption and separation, gas storage and sensing (Schiith,
2005). Electrode materials, such as LiFePOy, can profit from porous structure and
have drawn attention in the past decade. Vu et al. (2012) had summarized

important benefits of porous electrode:

e Porousity can create more channels and provide good access of the
electrolyte to the electrode surface, as well as facilitating the penetration of
electrolyte inside the electrode.

e Porousity can improve specific surface area of electrode material, provide
a large electrode/electrolyte interface and ensure an effective charge
transfer across the interface.

e The diffusion distances for lithium ion is reduced by the very thin active
material (nanometers to tens of nanometers) surrounding the pores.

e The utilization of active material is increased effectively by the small
feature sizes, and leading to improved specific capacities, especially at
high charge/discharge rates.

e The bicontinuous effect of active phase (walls) and electrolyte phase
(pores) in porous electrode can provide continuous transport pathway for
lithium ion.

e Porous structure has negative influence on tap density and volumetric
capacity of an electrode, there are still some examples that porosity can
increase volumetric capacity compared to packed nanoparticles which

caused by a better inter-particle contact.



Based on the synthesis method, porous materials can be classified as template and
non-template (Wan, Shi and Zhao, 2007; Hatton et al., 2005; Lu and Schuth, 2006;

Stein, Li and Denny, 2008; Jeffryes et al., 2011).

According to the pore size, porous materials can be classified as micropores <2nm,
mesopores 2-50 nm, and macropores >50nm. And different pore size influences
the performance of electrode significantly. Micropores can provide larger specific
surface area. However, the small size of pores leads to narrow channels and
restricting the moving of electrolyte. Doherty et al. (2010) demonstrated that high
micropore concentration limited conductivity of electrode. While Lee et al. (1993)
found that positive electrode pore diameter influenced the utilization of positive
electrode significantly. The electrode utilization can benefit from a higher porosity
electrode materials at high discharge rate. However, volumetric energy density
may be decreased by large pore size. Therefore, it is necessary to identify the
optimal pore size range. In addition, the electrode with uniform pore size can
optimize the open volume and lead to better mass transport without wasted space

(Jiao et al., 2008).

Structural Hierarchy Effect

Hierarchical structure was usually referred as micro/nanoscale aggregates with
well-defined morphologies through self-assembling of smaller blocks, including
nanorods, nanoflakes, nanowires, nanoparticles, and nanoplates (Lakes, 1993;
Chen, Kuang, and Su, 2012). Generally, hierarchical structure can provide smaller
primary grains, higher specific surface area, larger void spaces, and accessible
porous system. It can help to enhance mass diffusion on the interface between

electrolyte and electrode, shorten diffusion distance of Li ions, improve cycling



stability, and retain relatively high tap density. Therefore, previous researchers
have synthesised electrode materials with hierarchical structure through careful
control of reaction and rational selection of reactants (Uchiyama et al., 2009; Wu,
Wen, and Li, 2011; Sun et al., 2011; Jin et al., 2011; Saravanan et al., 2010; Yuan

etal., 2011; Li, Fu, and Su, 2012; Fang et al., 2013).

Surface Modification and Functionalization

LiFs-based electrolyte is widely used in lithium ion battery. The decomposition
reaction of LiF6 is inevitable and generates PFs and LiF. PFs is strong Lewis acid,
which can react with water and release HF. HF will attack active material and
affect electrochemical performance of electrode materials (Edstrom, Gustafsson and

Thomas, 2004).

The energy separation of highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) determines the electrochemical potential
windows of electrolytes (Goodenough and Kim, 2010). Electrolyte will be
oxidized if the electrochemical potential of cathode is below HOMO, as well as it
will be reduced if electrochemical potential of anode is above LUMO. The
electrochemical potential of electrode should be within the window of electrolyte
to maintain the thermodynamic stability. Otherwise passivation layer will be
generated on the electrode and block the electron transfer from the electrolyte
HOMO to the cathode or from the anode to the electrolyte LUMO. A solid
electrolyte interface (SEI) thin films (insoluble ionic Li compounds) can be
generated on the electrode surface from the oxidation or reduction of non-aqueous
electrolyte molecules. SEI can help to increase the stability of electrolyte and

electrode, but if its thickness exceeds tunnelling capacity of electrons, SEI will



block efficient mass transport into active electrode, and affect rate performance
(Lee et al., 2014). Therefore, it is essential to modify or functionalize the

electrode. Wang et al. (2014) has summarized the advantages, which include:

e Suppress the surface reactions between HF and active materials
e Alleviate the decomposition of electrolyte

e Improve ionic and electronic conductivities of the electrode

e Accommodate the huge volume change upon cycling

e Modify the electrochemical properties of SEI films

HF can attack active electrode material, dissolve transition metal cations, lessen
the electrical contact of the particles with the conducting work, and leading to the
fading of electrode capacity (Myung, Amine and Sun, 2010). Metal oxides (Al,Os,
Zr0O,, TiO,, B,03, MgO, Li,0-2B,03), fluorides (AlF3), and organic compounds
(PEDOT, polypyrrole, PPy doped with PEG) have been applied to modify the
surface of electrode materials to suppress the attack from HF, and leading to
improved cycleability and capacity retention (Meng, Yang and Sun, 2012; Zhao and
Wang, 2013) . The reasons are that, metal oxides can react with HF and transform
into fluoride layer. This fluoride layer is resistant to HF and prevents the attack
from HF attack. Fluoride coating which is inactive to HF has the same effect.
Therefore, metal oxides and fluoride can protect active materials and reduce
interfacial charge transfer resistance. Electrochemically stable organic compounds
with good electronic conductivity can be coated on the surface of electrode and
restrain the side reaction. Apart from that, most of these organic compounds are
conductive polymers and can assist to generate highly continuous surface with

controllable nanoscale thickness.



The ionic conductivity of electrode materials determines rate capacity. Comparing
to metal oxides, fluorides (AlF3), and organic compounds, the coating surface of
amorphous lithium phosphate compounds can not only suppress side surface
reaction, but also improve lithium-ion conductivity. Because most of metal oxides,
fluorides (AlF3), and organic compounds coating are insulators for lithium ion
conduction, and lithium phosphates is electrochemically stable lithium-ion

conductors and they can form surface protect layer.

1.1.3 Research Aims and Objectives

Therefore, to prepare LiFePO, particle with nanoscale primary grains, meso-
porous, and hierarchical structure, which can guarantee this positive electrode
material have both excellent electrochemical performance and high tap density, it
IS necessary to control crystallisation process. The crystallization (or precipitation)
process of particles is consisted of two consecutive steps: nucleation and particle
growth. The particle size, distribution, shape unpredictability, and purity of
particles are affected by both nucleation and particle growth steps significantly

(Kulmala, 2003; Dirksen and Ring, 1991).

It has been recognised that rapid and homogeneous micromixing of feeding
streams would be beneficial to the preparation of nanoparticles. However, a rapid
micromixing is very difficult to be realised when employing the traditional stirring
reactor due to the poor mixing and mass transfer performance (Baldyga, Bourne
and Hearn, 1997; Bhattacharya and Kresta, 2004). However, impinging stream
and ultrasound irradiation have important impacts on micromixing during

nucleation process.



Agglomeration is an important procedure in crystallization and involved in the
process of powder production, separation, and purification. During powder
production process, agglomeration influences the particle size, distribution, and
shape unpredictability. Moreover, agglomerate particles may contain impurities
which are from mother liquor, and affect the purification process negatively.
Many researches have demonstrated that physical adhesion of the crystals
(aggregation) and molecular growth of the aggregates are two consecutive steps in
agglomeration mechanism (llievski and White, 1994; Ilievski and Hounslow,
1995; Ilievski and White, 1995; Kucher et al., 2006; Brunsteiner et al., 2004).
Based on the different physic-chemical characteristics of the crystal material,
agglomeration process is dictated by different factors, including turbulent
agitation (agitation speed), supersaturation, and salt addictive. Turbulent fluid
motion of the suspension leads to crystal collision, breaking and re-dispersion of
the adhered crystals, and the promoting of mass transfer for molecular growth. In
many cases, there is a certain agitation speed which agglomerate particle size
increases when increasing the agitation speed until to this certain speed, then
decreases with any further increase of the agitation speed (Sung et al., 2000;
Wojcik and Jones, 1998; Kim et al., 2004). Supersaturation can generate a large
population of particles, inducing that the possibility of crystal collisions is
increasing in an agitated suspension (Wojcik and Jones, 1997; Jung et al., 2000).
Thus the molecular growth can be facilitated and lead to the producing of large
agglomerate particles. Salt addictive can also control agglomeration (Kucher et al.,
2006). The principle is that, crystals can adsorb salt ions, cause the creation of a
surface charge and induce a repulsive interaction among the crystals, results in the

inhibiting of crystal agglomeration and reducing of the agglomerated particle size.
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Additionally, the polarity of crystal also influences agglomeration. Crystals are
significantly agglomerated when using low polar solvent. On the contrary, the
crystal agglomeration is reduced as the increasing of solvent polarity, due to the
inhibition of crystal adhesion, which caused by the strongly adsorbing of polar
solvent on the crystals (Alander and Rasmuson, 2007; Alander et al., 2003). Many
methods have been developed to prepare micro-sized LiFePQ,, including co-
precipitation, sol-gel method, solid state reaction, hydrothermal synthesis, spray
pyrolysis, and some other methods. In this study, we focus on hydrothermal and

co-precipitation methods.

Crystallisation | Fe(l\:os)s | | (NH4);HP04 |

Ultrasonic-intensified
Impinging stream reaction

Impinging stream

Step 1: (UISR) reaction (ISR)
Nucleation v
[ Nanoscale seeds |
Two-step heterogeneous Two-step hydrothermal 22
Step 2: growth method A method
Particle Mesoporous Hierarchical
Growth Micro/Nano-structured materials

Figure 1-3 Schematic illustration of main procedures and technologies used

in this work.

Therefore, in this work, we tried to controllable synthesise LiFePO, with
nanoscale primary grains, meso-porous, and hierarchical structure. Meanwhile, the

effects of different technologies (including impinging stream reaction, ultrasonic

11



irradiation, hydrothermal reaction, and co-precipitation) affect particle size,
distribution, shape unpredictability, purity, and electrochemical performance of
as-synthesised samples in nucleation and particle growth processes were
systematically investigated respectively. A brief schematic illustration (Figure 1-3)

is used to show the main procedures and technologies in this work.
1.2 Impinging Stream Reaction

It has been recognised that rapid and homogeneous micromixing of feeding
streams would be beneficial to the preparation of nanoparticles. However, a rapid
micromixing is very difficult to be realised when employing the traditional stirring
reactor due to the poor mixing and mass transfer performance (Baldyga, Bourne
and Hearn, 1997; Bhattacharya and Kresta, 2004). Some micromixers, such as
impinging jet stream reactor and T-type micromixer, have been proved to be able
to significantly intensify the mixing, especially micromixing, within extremely
short time. Thus it has been applied for the preparation or synthesis of catalysts
(Zhang et al., 2015; Zhang et al., 2016), chitosan (Huang et al., 2015), light
conversion materials (Zhou, Liu and Liu, 2012), drugs (valente et al., 2012), and
energy storage materials (Xiao et al., 2013; Yan et al., 2013). Generally,
impinging stream reactor and T-mixer are simplest component that two inlet tubes
and one outlet tube join the main channel (Yan et al., 2015; Krupa et al., 2014).
The difference between impinging stream reactor and T-mixer is that, impinging
jet stream reactor has sufficient space in outlet so that pressure energy can be
released and translated in kinetic energy. In these components, a local intensive
micro-mixing can be generated by the collision between two high speed

impinging streams. The existing understanding to the impinging streams has
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revealed that the adoption of liquid-continuous impinging streams (LIS) has two
major features: local pressure fluctuations and homogeneous micromixing. In a
synthesis process, efficient micromixing due to turbulent eddy motion can
remarkably improve the mass transfer rate between the mixed solutions and
increase the reaction rate. As a result, the probability of crystal nucleus collision
increases significantly. The local pressure fluctuations can also influence the
energy and mass transfer in the solution (Huang et al., 2015). Comparing with
conventional stirred tanks, an impinging stream reactor or T-type micromixer has
fixed and confined volume, leading to several orders of magnitude higher mixing
intensity and uniform residence time when the feeding rate is kept to be steady.
This kind of hydrodynamic reaction environment will be beneficial to the control

of the mixing conditions and local reactant concentrations (Siddiqui et al., 2009).

The use of impinging stream in micromixer for material synthesis has been
documented in many previous researches for wvarious applications.
CuO/zZnO/Al,03 catalysts used for methanol synthesis, prepared by impinging
steam reactor, has shown superior physicochemical properties and higher catalytic
activity compared with the preparation method of conventional batch processing
(Simson et al., 2013; Kaluza et al., 2011). Zhang et al. (2015) prepared
CuO/zZnO/Al,03 catalysts by using a similar method and have investigated the
effects of reagent concentration, volumetric flow rates and aging time on the
catalyst structure and catalytic performance. Jiang et al. (2015) applied a dual
impinging jet mixer to investigate the effect of jet velocity on crystal size
distribution of pharmaceutical ingredients. Yan et al. (2013) have found that the

use of impinging stream reaction with the pH of the working solution being 1.3
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can achieve the molar ratio of nFe to nP to be equal 1 in the obtained amorphous
FP and uniform particle size in the range of 40-60 nm. They considered the
hexagonal FP to be the preferred form for synthesising the LFP/C with good
electrochemical performance. They also attribute the use of the impinging stream
to give rise to the low possibility of ionic disorder and stacking faults in LFP
nanoparticles, and the capability of the highly pure LFP (Yan et al., 2013).
Casanova and Higuita (2011) adopted a specially designed high pressure jet
homogenizer to investigate the effect of total pressure drop, pH value, temperature,
and protein concentration on the formation of calcium carbonate nanoparticles.
Tari et al. (2015) have revealed that the crystal size of glycine can be reduced by
using impinging stream. Wu et al. (2006) also demonstrated that the function of
the impinging stream reaction is to assist to gain homogeneous mixing and to
reduce the particle size of barium sulfate. Li et al. (2015) synthesized ZnO/Ag
micro/nanospheres using microwave-assisted impinging stream microreactor and
found that the photocatalytic and antibacterial properties of ZnO/Ag can be
enhanced. Kumar et al. (2013) synthesized nanocrystalline MgO by impinging
stream micromixing, and investigated the effect of jet impingement angle and jet
velocity (Reynolds number). Additionally, the use of computational fluid
dynamics (CFD) modelling approach has been applied to study the micromixing
efficiency of impinging stream by adopting Villermaux-Dushman parallel
competing reaction system as indicators (Liu et al., 2014; Siddiqui et al., 2009;
Liu and Fox, 2006). Planar Laser Induced Fluorescence (PLIF) technique is also
used to investigate the impact of Reynolds number on mixing (Fonte et al., 2015;
Shi et al., 2015). For T-mixer, Borukhova et al. (2016) used T-mixer to convert

bulk alcohols into the corresponding chlorides. Polyzoidis et al. (2016) developed
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a micro reaction technology (MRT) with T-mixer to prepared metal-organic
framework ZIF-8. Due to the highly controlled mas and heat transport conditions
provided by MRT, the productivity and repeatability in the preparation of ZIF-8
can be enhanced significantly. Kolmykov et al. (2017) also synthesize ZIF-8
crystals via microfluidic technology by using T-micromixer. Wong et al. (2004)
demonstrated that, in a micro T-mixer, rapid mixing can be achieved when the
Reynolds number is between 400 and 500, because liquid streams can break up
into striations and then these striations will disappear into uniform concentration
across the mixing channel. Moreover, the mixing characteristics of T-type mixer
are also investigated with gas phase (Soleymani, Kolehmainen and Turunen,
2008), liquid phase (Gobby, Angeli and Gavriilidis, 2001) and for the generation

of nanoparticles (Gradl et al., 2006).

1.3 Ultrasonic Irradiation

Ultrasound intensified synthesis methods have been applied in industrial
manufacturing process and material synthesis due to its fast, cost-effective and
environmentally-friendly. There are several types of ultrasonic-intensified reactors,
which can be divided into probe-horn (including vertical probe horn and
longitudinal horn) reactor and cup-horn (ultrasonic bath) reactor
(Asgharzadehahmadi et al., 2016). Comparing with cup-horn reactor, probe-horn
reactor requires less energy cost during synthesis process (Monnier, Wilhelm and
Delmas, 1999). When liquid medium is irradiated by ultrasound, ultrasonic wave
can introduce acoustic cavitation and generate large amount of cavitation bubbles.
Because the instantaneous collapse of the cavitation bubbles an create extremely

high pressures (up to 1000 atm), temperature (up to 5000K), and the heating and
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cooling rate greater than 10'° Ks™ inside the cavitation zone, the chemical and
physical changes in solution are enhanced by the imploding of cavitation bubbles
significantly ( McNamara, Didenko and Suslick, 1999; Mason and Cordemans,
1996). In addition, ultrasound can help to prevent the agglomeration among
particles and interaction between particles and reactor surface (Noél et al., 2011).
Therefore, high intensity ultrasonic-irradiation is a promising technology which
can enhance micromixing, as well as overcome clogging and slurry transport
difficulties problem, especially in ISR (Noél et al., 2011; Rivas and Kuhn, 2016;
Sedelmeier et al., 2010; Horie et al., 2010; Zhang et al., 2012). However, most of
these research only treatment outlet tube (Noél et al., 2011; Zhang et al., 2012), or

use extra gas (Horie et al., 2010), which increase the operation cost.

The ultrasound-assisted chemical reaction is significantly influenced by operation
parameters, such as ultrasound intensity, frequency, pulse and so on (Sancheti and
Gogate, 2017). Generally, an increase in ultrasound intensity will facilitate the
generation of active cavitation bubbles, drive the reaction in faster way till
optimum level and reduce reaction time. The optimum power dissipation is
determined by the specific application and reactor configuration (Gutierrez and
Henglein, 1990). In addition, the product yield and conversion rate can be
improved as the increasing of ultrasound intensity (Bansode and Rathod, 2014;
Khan, Jadhav and Rathod, 2015; Waghmare, Vetal and Rathod, 2015; Ammar et
al., 2015; Safari and Javadian, 2015; Li et al., 2014; Rabiei and Naeimi, 2015;

Dange, Kulkarni and Rathod, 2015).

Ultrasound frequency influences bubble critical size, collapse time, as well as the

dominance of the chemical or physical effects significantly (Sancheti and Gogate,
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2017). Generally, dominating physical effects, including liquid circulation and
turbulence, can be produced under lower frequencies (20 kHz to 50 kHz), while
dominating chemical effects can be observed at relatively higher frequencies. In
addition, the increasing of frequency leads to the reduction of bubbles size (Li et
al., 2014; Thompson and Doraiswamy, 1999; Gogate, 2008; Son, Lim and Khim,
2009). The effect of frequency on chemical reaction rate and yield is strongly
determined by the system type. In a homogeneous reaction or even heterogeneous
reaction, chemical reaction rate can be improved under higher frequency due to
the dominant chemical effects which can intensify the oxidation reaction
(Vivekanand and Wang, 2011; Francony and Pétrier, 1996; Entezari, Heshmati
and Sarafraz-Yazdi, 2005; Kruus et al., 1997; Vichare et al., 2000). In comparison,
lower frequencies are preferred in enzyme catalysed reaction or heterogeneous
reactions because dominant physical effects result in increased mass transfer rate
and conversion rate (Bansode and Rathod, 2014; Khan, Jadhav and Rathod, 2015;

Ammar et al., 2015; Li et al., 2014).

Pulsed ultrasound, or duty cycle of ultrasonic operation, decides the time which
solution is irradiation by ultrasound in one cycle. The cycle time of pulsed
ultrasound is consisted of pulse duration time (“on”) and interval time (“off”) of

the sonicator.

As the using of continuous ultrasound without cooling may damage sonicator due
to excessive heating, the using of pulsed ultrasound can not only reduce energy
consumption, but also prolong the life of sonicator though decreasing local
temperature rise rate (Raskar, Avhad and Rathod, 2014; Avhad, Niphadkar and

Rathod, 2014). Moreover, in enzymatic reaction, prolonged exposure time of

17



ultrasound can reduce the enzyme activity due to the increased shear force caused
by turbulence (Delgado-Povedano and Luque de Castro, 2015). Therefore, the
optimum mode of pulsed ultrasound should be established based on the reactor
configuration and specific application. Furthermore, temperature and agitation
speed also play a vital role in ultrasound-assisted reaction system (Sancheti and

Gogate, 2017).
1.4 Co-precipitation Reaction

Synthesis of FePO, precursor and LiFePO, composites has been documented in
many previous researches. Ying et al. (2006) reported a controllable
crystallization method to synthesize spherical amorphous FePO4-xH,O and
spherical olivine Ligg7Crp0FePO4 /C powders with high tap density by co-
precipitation method. In the synthesis process, Fe(NO)3 (1.0 mol L), HsPO,4 (1.0
mol L) and NH; (3.0 mol L™) solutions are using as raw materials. The
schematic diagram of the reactor is shown in Figure 1-4, and the reaction equation

is as follows:

FE(N03)3 +H3PO,4 +3NH3 +xH,0 = FePO,4-xH,0 + 3NH4NO3
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Figure 1-4 Schematic diagram of the reactor for controlled crystallization

process (Ying et al., 2006).

The agitating intensity was maintained at 50-60 W L™. The mean residence time
was 8-12 h. The temperature was 45 °C. When the solution’s pH value increases,
Fe** is very easy to hydrolyze to Fe(OH)**, Fe(OH),", and Fe(OH)s. On the
contrary, the decreasing of pH value results in the formation of HPO,*, and
H,PO*. Figure 1-5 shows the relationship between Fe/P molar ratio of the
precursors and solution’s pH value. When pH is between 1.95 and 2.25, the Fe/P
molar ratio is closed to 1, which is necessary to the synthesis of spherical FePO,

powder. Thus, the pH value was kept at 2.1 in this experiment.

19



.

i p= II|'

L : 1 L
1.4 1.5 2.0 2.5 LN}

Fe/P molar ratio

Figure 1-5 The Fe/P molar ratio of the precursors prepared at different pH

(Ying et al., 2006).

In the synthesis process of Lig.g7Croo1FePO4 /C powder, FePO,, LiCO3, Cr(NO3);
and sucrose are sintered in N. Li* and Cr®" diffuse into FePO, spheres and insert
into FePO, framework. In the meantime, the sucrose will pyrolyse and generate
hydrogen and carbon, which will create a strong reductive atmosphere for the
reduction of Fe** to Fe*, results in the generation of LiggsCrooiFePOs.
Furthermore, the residual pyrolytic carbon will coat on the spherical

Lio.97Cro.01FePO, particles and form Lig.g7Croo1FePO, /C.

The SEM images in Figure 1-6 show the morphology of FePO,-xH,0, FePQO,, and
Lioo7Cro01FePO4/C. Both of FePO,-xH,O and FePO, particles show well-
dispersed spherical shape. Lig.97Cr01FePO,4 /C powders are similar to the FePO,
precursors, although there is slight agglomeration and small amount of fragments.
The spherical particle shape leads to a higher tap-density (1.8 g cm ), so that the

batteries’ energy density will be improved significantly.

The prepared Lig.g7Cro01FePO4/C sample shows excellent cycling performance,

which can be attributed to the enhancement of the electronic conductivity by the
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Cr** substitution, carbon coating, and the excellent cycle ability of LiFePO,.
However, the results also show the rate capacity should be further improved. The
discharge capacity is only 110 mAh g* at 1.0 C. The reasons why
Ligg7Cro01FePO,4 /C spheres have high electronic conductive surface but poor
electronic conductive core may be explained as that, during the sintering process,
the sucrose and pyrolytic carbon are difficult to diffuse into the close-grained
FePO, spheres, so that they are only coated on the surface. Additionally, the high

position charge density of Cr** results in the difficult diffusion and insertion

5pm
(2) (b)

process.

100 um

Figure 1-6 SEM images of the spherical FePO,4-xH,O, FePO, and
Lio.g7Cro01FePO, /C: (a) and (b) FePO,4-xH,O particles, (¢) and (d) FePO,

particles, (e) and (f) Lig97Cro01FePO,4 /C particles (Ying et al., 2006).
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Shin et al. (2008) also evaluated the effect of Cr-doping on LFP nanocomposites.
Wang et al. (2008) reported an in situ polymerization restriction method to
synthesise nanoscale FePO, and LiFePO,/carbon composites. Sun et al. (2010)
investigated how CI ion influenced electrochemical property of LiFePO,/C

samples.

Cl-doped LiFePO4/C sample is synthesized by LiNOs, Fe(NOs)3-9H,0, NH,4CI,
NH4H,PQ4, and glucose. All these chemicals are mixed and stirred, then dried in

an oven at 100°C.

Figure 1-7 SEM images of (a) LiFePO,/C and (b) Cl-doped LiFePO,/C (Ying

et al., 2006).

The primary grain size of normal LiFePO,4 and Cl-doped LiFePO, are 100-200nm,
but normal LiFePO, particles is agglomerated significantly. Additionally, the
discharge capacity of normal LiFePO,/C and Cl-doped LiFePO,/C is 132.1 and
162 mAh g™ respectively. The reason is that, Cl-doping can improve the stability
of LiFePO, framework through reducing the lengths of P-O. Meanwhile, CI.
doping can facilitate the extraction of Li due to the weakness of interaction

between Li and O.
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Hong et al. (2012) synthesised LiFePO4/C nanocomposites and evaluated how
sucrose amount influences electrochemical performance of LiFePO,/C. Hsieh et al.
(2012) prepared nanoscale FePO, precursor at different pH value using co-
precipitation method to investigate how pH value influenced the co-precipitation
synthesis of FePO,, and the electrochemical performance of resultant LiFePO,/C
positive electrode. FeSO,4-7H,0, equimolar solution of H3PO, (85%), and
concentrated H,O, are using as starting materials. NH3;-H,O was used as
neutralizer to control the desired pH value of the solution, which is 1, 2, 3 and 4

respectively.

Figure 1-8 SEM images of various FePO, precursors at different pH values:

(@) 1, (b) 2, (c) 3, and (d) 4 (Hong et al., 2012).

As can be seen from Figure 1-8, the FePO, precursor synthesized at pH 3 shows
nearly spherical-like shape with well uniformity. According to Figure 1-9, the

particle size and shape of LiFePO4/C powders are similar to those of their
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precursors. The average size of FePO, precursor and LiFePO,/C powder
synthesized at pH=3 are 200-350 nm and 200-400 nm, respectively. But the other

LiFePO,/C samples become to be agglomeration. Additionally, the tap density of

1

, Which is higher than other samples.

this precursor (pH=3) is 1.34 gcm ~

Figure 1-9 SEM images of various LiFePO,/C powders synthesized by

different FePO, precursor (a) 1, (b) 2, (c) 3, and (d) 4 (Hong et al., 2012).

In terms of electrochemical properties, CV curve, cyclic performance and rate
capability all demonstrate that the FePO, precursor synthesized at pH 3 had the
best performance. It has the highest coulombic efficiency (96%) at the first cycle,
and the discharge capacity at 0.1 and 5 C are 162.1 and 119.7 mAh g*

respectively.
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All of these results reveal that pH affects the morphology of FePO,, as well as the
electrochemical performance significantly. FePO, precursors are core material in
controlling the crystallization and shape of LiFePO,/C composites. When the pH
value is low (pH=1, 2), the XRD patterns show a poor crystallinity of as-
synthesized powders. On the other side, when the pH value is from 3.8 to 8, the
solubility diagram reveals that a three phase precipitation including FePO4-xH-0,
Fe(OH)s, and liquid would coexist, so that some impurities are produced and
caused the generation of irregular-shaped powders. Furthermore, based on the
electrochemical property analysis, particle morphology affects specific capacity
and rate capability significantly. In conclusion, the results indicate that the

optimum pH value should be about 3 (Hsieh et al., 2012).

Zhu et al. (2014) reported the use of a facile co-precipitation method to prepare
nanoscale FePO, precursor and have revealed that reagent concentration can affect
both of the morphology and electrochemical performance of positive electrode
material. In this study, Fe(NOs)s (0.1 mol L) and (NH.),HPO, (0.1 mol L%
solutions in a stoichiometric ratio were used as material. The pH value was
maintained at the range from 2 to 5 through the adding of concentrated NH3H,O
solution. The temperature is kept at 60 °C to avoid the formation of Fe(OH)s.
Additionally, the concentration of Fe(NOs); and (NH,),HPO, was increased from

0.1 mol L™ to 1 mol L™, to investigate the effect of supersaturation.
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Figure 1-10 SEM image of LiFePO./C samples (a) obtained with 0.1 mol/L
raw materials and dried at 80°C (b) obtained with 1.0 mol/L raw materials

and dried at 80°C (Zhu et al., 2014).

The electrochemical performances of LiFePO4/C were determined by cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), and
electrochemical capacity measurement. Based on the results, the LiFePO,/C
sample obtained with 1.0 mol/L raw materials and dried at 80°C has the best
electrochemical performance. It can deliver discharge capacities of 162.5mAh g™,
147.3mAh g*, 133.0mAh g*, 114.7mAh g*, 97.2mAh g*, 91.3mAh g*, and

88.5mAh g at rate of 0.1C, 0.2 C,0.5C, 1 C, 2 C, 3 C and 4 C respectively.

Qian et al. (2012) applied an electrochemical method to synthesise FePO,
nanoparticles and found that electrochemical performance of LiFePO4/C can be
improved if FePO, precursor has mesoporous structure. By using Fe(ll) salts,
Arnold et al. (2003) synthesised LiFePO4 nanoflates by aqueous co-precipitation
method . A microwave heating assisted co-precipitation method was adopted by
Park et al. (2003) to prepare LiFePO4 nanocomposites. Ni et al. (2005) prepared

LiFePO, nanocomposites by co-precipitation method, and the effects of ion
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doping (Mg®*, Cu**, and Zn**) on physical and chemical properties of LFP were
evaluated. Ding et al. (2010) reported a novel co-precipitation method to prepare
nano-structured LFP/graphene composites, and indicated that the electrochemical
performance of LFP can be improved by adding graphene nanosheets. Liu et al.
(2014) evaluated how the graphene nanosheet content affects the morphology and
electrochemical performance of LFP. Shi et al. (2012) investigated the effect of
graphene on the rate capability, illustrating that the rate capability can be
enhanced through graphene wrapping. Bai et al. (2015) also synthesised LFP/C
microspheres by co-precipitation method. Han et al. (2013) have demonstrated
that the use of two step heterogeneous growth technology can produce porous and

coarse LFP/C composites with improved electrochemical performance.

Zhu et al. (2006) reported an aqueous precipitation and carbothermal reduction
method to synthesize LiFePO,. FeSO4-7H,O (99 wt%), H,O, (99 wt%) and
NH4H,PO, (30 wt%) are using as starting materials for the synthesis of
FePO,4-2H,0 precursor . Then stoichiometric amount of FePO,4-2H,0O mixed with
Li,CO3; and carbon to synthesize LiFePO,/C. The molar ratio of FePO4-2H,0:

Li,CO3: C was 2:1:3.92.

Figure 1-11 shows the SEM micrographs of FePO,4-2H,O prepared at different
temperatures. It indicates that higher synthesizing temperature results in smaller
particle. When the synthesis temperature is 100 °C, the average particle size is

about 0.1 pm.
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Figure 1-11 SEM micrographs of FePO,-2H,O prepared at different

temperatures: 1. 100°C; 2. 70°C; 3. 40°C; 4. 20°C (Zhu et al., 2006).

Figure 1-12 indicates that sintering temperature and time influence the particle
size of LiFePO,. Longer sintering time and higher sintering temperature can

generate larger LiFePO, particles.

Figure 1- 12 SEM micrographs of LiFePO,/C for sample (b), (c), (d), and (e)

(Zhu et al., 2006).
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In terms of electrochemical properties, sample (b), which is synthesized at 560 °C
for 12 h, shows the best electrochemical performance. The discharge capacity is

152 mAh gtat 0.1 C and 129 mAh g at 1 C, respectively.

Comparing to Fe(ll), Fe(lll) material need an electrochemical or chemical
reduction step. However, Fe(l11) material is more cheap than high-cost Fe(ll) salt.
And Fe(ll) salt is so easy to be oxidized that it should be in an excellent

preservation state.
1.5 Hydrothermal synthesis method

Hydrothermal synthesis method is a low-cost and energy saving method. It has
been widely used to generate lithium iron phosphate positive electrode materials
due to its mild operation temperature, simple process and has the potential for
large-scale production. In 2001, Yang et al. firstly reported lithium iron phosphate
can be synthesized hydrothermally. In order to avoid the generation of Fe(OH),,
FeSO, and H3PO, were mixed and stirred firstly, then LiOH was added into the
mixture. And the stoichiometric ratio of FeSO4, H3PO,4 and LiOH is 1:1:3. The
mixture was hydrothermally synthesized at 120 °C for up to 5 hours. However, the
relatively lower synthesis temperature (120 °C) lead to lower capacity (100 Ah/kg
at 0.14 mA/cm?), and the reason is that some lithium/iron disorder with around 7%
iron on the lithium sites (Yang et al., 2002). Higher reaction temperature (exceed
175 °C) can help to minimize iron disorder and generate lithium iron phosphate
with correct volume and lattice parameters (Jin and Gu, 2008). And the adding of
reactant (ascorbic acid or sugar) can avoid the formation of surface ferric films

(Chen et al., 2008).
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1.5.1 Hydrothermal mechanism

In 2010, Qin et al. reported a dissolution-precipitation mechanism for the
formation of LiFePO, platelets under hydrothermal synthesis condition. In their
research, FeSQO,4-7H,0, H3PO, and LiOH-H,O were used as starting materials.
Three experimental phenomenons can be observed apparently, including precursor
dissolution, hydrothermal formation of LiFePO,4, and reduction of particle size

with the addition of alcohol and carbon black.

Figure 1-13 shows the changing of LiFePO, morphology in dissolution-
precipitation process in hydrothermal condition. In the beginning, the initial
agglomerated precursor (Figure 1-13a) dissolved into small aggregates with
irregular sheet-like shape (Figure 1-13b). As the increasing of temperature (from
165°C to 180°C), these irregular aggregates transformed to LiFePO, precursor
with nanoleaflet structure (Figure 1-13c), and finally to plate-like LiFePO,

powders (Figure 1-13d).
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Figure 1-13 SEM images of LiFePO, (LFP): (a) LFP precursor, (b) LFP
precursor reacted hydrothermally at 165 °C, (c) LFP precursor reacted
hydrothermally at 180 °C without holding time, (d) LFP precursor reacted

hydrothermally at 180 °C for 5 min. (Qin et al., 2010)
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Figure 1-14 SEM images of LiFePO,: (a) the precursor heated up to 180 °C
for 3 h, (b) with ethanol/water (3:5, v/v), (c) with ethanol/water (3:5, v/v) and

carbon black (20.6 wt % vs LiFePQO,), and (d) the evolution of the specific
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surface areas for LiFePO, powders synthesized hydrothermally with various
alcohols and contents in the reaction system and 20.6 wt % carbon black in

reaction medium of ethanol/water (3:5, v/v).

In 1999, Pinceloup et al. reported the particle size was influenced by the content
of water and the amount of nuclear sites with large surface area significantly.
Therefore, Qin et al. (2010) induced various alcohol and/or carbon black to
investigate this phenomenon. Figure 1-14 showed the introducing of ethanol to
reduce the content of water (Figure 1-14b), and carbon black with large surface
area (62 m®.g™l) as nucleation sites leaded to the reduction of particle size of

LiFePO, (Figure 1-14c).

Based on these observations, they divided hydrothermal synthesis process into

three main parts: precursor dissolution, nucleation, and nuclei growth.
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Figure 1-15 Hydrothermal process and mechanism of LiFePO, (Qin et al.,

2010).

Precursor dissolution step: the starting materials are dissolved and hydrolyzed
with the increasing temperature during the hydrothermal process, and leading to a
decreasing pH value of solution. This dissolution and hydrolytic process

disaggregate agglomerated precursor into smaller aggregation.
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Nucleation step: As Gibbs free energy which changing for the formation of
crystalline nucleation on any surface that interacts with nuclei is lower than that of
the homogeneous nucleation mechanism, surface free energies of the nucleation
will be minimized and lower barrier for nucleation. In this heterogeneous
nucleation mechanism, the required critical nucleation concentration is lower than
homogeneous nucleation. When the required heterogeneous nucleation
concentration is reached, the aquo-metal ions in solution transformed into few
nuclei at the surface or edge of nucleation agent, which is undissolved precursor.
Nuclei growth step: partial nuclei begin crystal growth step, and leading to
inhomogeneity of particle size. Therefore, the hydrothermal prepared particles
formed through a dissolution-precipitation mechanism have a wide particle size
distribution. As anisotropy of nuclei surface energy determines crystal
morphology, the higher surface energy on nuclei surfaces, the greater ion
adsorbing energy they have. Hence, LiFePO, crystalline grows faster along the
vertical directions, and undissolved precursors are dissolved into nanoleaflets.
When the concentrations of aquo-metal ions are lower than critical supersaturation

concentration, the particle growth process is stopped.
1.5.2 Ferrous iron (Fe*") salt used as iron source

Ferrous iron (Fe?*) salt has been widely used as iron source to generate LiFePO,
particle by hydrothermal synthesis method. The advantage is that, LiFePO,4 can be

generated by one-step when Fe?* salt is used in hydrothermal synthesis.

Dokko et al. (2007) investigated how the concentration of Li source and pH value
of solution affected the morphology of LiFePO, particles which synthesized by

hydrothermal method at 170°C. In this work, FeSO4-7H,0, LiOH-H,O and
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Li,SO4 (Li source), (NH,4),HPO, and H3PO,4 (P source) are used as raw materials.
Li source and P source are mixed firstly, and then FeSO, is added subsequently.
As the increasing concentration of Li source, the particle size is decreased, which
demonstrated that excess lithium in the precursor can reduce particle size
significantly. Additionally, the solution pH value influences crystal growth

orientation significantly.

Based on SEM images, it is considered that plate-like crystals (L3-5.1 and L2-6.5)
had large facets in the ac-plane, as well as needle-like particles (L3-3.5) had a
large facet in the bc-place. And the deposition rates of LiFePO,4 on the crystal
planes under acidic conditions are: ab-plane>ac-plane>bc-plane. Therefore,
needle-like particles can be generated from acidic solution (pH=3.5), plate-like
crystals can be obtained from weak acidic solution (4<pH<6.5) and shows the
highest electrochemical reactivity (163 mA hg™ at 17 mA g*), and random shaped

crystals can be produced from solution with higher pH value (pH>7.2).
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Figure 1-16 SEM images of the samples prepared by the hydrothermal
method. L2 and L3 mean the samples were prepared from solutions
containing 2 and 3 mol dm™ respectively. 3.5, 4.4 et al mean the pH value of

solutions (Dokko et al., 2007).
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Figure 1-17 Particle morphology of LiFePO, prepared by hydrothermal
reaction (a) without PEG, (b) with PEG/LIOH (1:1) solution, and (c) with

PEG/LiOH (2:1) solution (Tajimi et al., 2004).
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In 2004, Tajimi et al. reported hydrothermal synthesis method which can produce
LiFePO, nanocrystalline particles with size from 500 to 1500 nm. FeSO4-7H,0,
H3PO,4 and LIOH-H,0 are used as starting materials in a molar ratio of 1:1:3. The
hydrothermal reaction condition is 150-220°C for several reaction hours. Various
amounts of polyethylene glycol (PEG) are used to generate fine particles because it
has high viscosity and low solubility, which can help to inhibit crystal growth by

capping crystal faces and reduce particle diameter.

Figure 1-17 shows how PEG influences particle morphology. The LiFePO, particles
synthesized in solution with LIOH:PEG=1:2 show fine and needle-like particles with
sizes of 1.0x0.5x0.5 um®. Because PEG can provide high viscosity due to the strong
hydrogen bonds between hydroxyl groups of PEG, which can improve nuclear
generation and suppress crystal growth of LiFePO,. And this optimized LiFePO,
sample can achieve a high discharge capacity of 143 mAh g™ 0.5 mA cm2in initial

cycle, which is higher the samples synthesized without PEG.

In 2006, Meligrana et al. synthesized LiFePO,4 powders with hydrothermal method.
FeSO,-7H,0, H3PO,, LiOH in the stoichiometric ratio 1:1:3 are used as raw materials.
Hexadecyltrimethylammonium bromide (CTAB) with different amount is used as

surfactant.
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Figure 1-18 SEM images of (A) LiFePO,4 with addition of 4.11 mmol CTAB, (B)

LiFePO,4 with addition of 13.70 mmol CTAB (Meligrana et al., 2006).

Based on the analysis of SEM images and specific surface area, a higher molar
amount of CTAB can enhance the specific surface area of LiFePO, particles, and lead
to improved charge —discharge property. This result demonstrates fine particles with

larger surface area are important for the increasing of charge-discharge performance.

Liu et al. (2015) synthesized LiFePO, via high shear mixer (HSM) without involving
any environmentally toxic surfactants by hydrothermal method. FeSO4-7H,0, H3PQO,,
LIOH-H,0O and glucose are used as starting materials and mixed and stirred in
conventional impeller (CI) or HSM for 30 min under nitrogen atmosphere. Then the
mixture is transferred to autoclave and experience hydrothermal reaction at 180°C for

3 hours.
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Figure 1-19 Synthesis procedure of LiFePO,/C (Liu et al., 2015)

SEM images show that the particles synthesized in Cl have micro-sized agglomerate
structure, which is composed by aggregated nanoparticle with spherical-like shape.
The samples synthesized in HSM have micro-sized show particles with over-lapping
laminated structure. XRD and EDS analysis demonstrate laminated particles is
Fe3(PO4)2-8H,0 and spherical particles is LisPO,. The samples synthesized with
HSM at 1.3x10° rpm have the minimum particle size (around 220 nm with an
enlarged surface area of 15.6 m2-g") and exhibit the best electrochemical
performances (160.1 mA hg™ at 0.1 C and 90.8 mA hg™ at 20 C). The reason is that,
HSM can improve the generation of Fe3(PO,),-8H,0 as well as increase dissolution
rate, which leading to the formation of more LiFePO, nuclei. Therefore, nucleation

and crystal growth is accelerated and particle size is reduced.
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Figure 1-20 SEM images of (a-e) show the as-synthesized precursor precipitates
prepared by the conventional impeller at the stirring rate of 1000 rpm (CI) or
the high shear mixer at the stirring rate of 1.0x10* rpm (H1.0), 1.3x10* rpm
(H1.3), 1.6x10*rpm (H1.6) and 1.9x10* rpm (H1.9), respectively. The SEM
images of (f-j) show the LiFePO,/C particles synthesized from the corresponding

precursors. (Liu et al., 2015)
1.5.3 Ferric iron (Fe**) salt used as iron source

Comparing with Fe?* salt, ferric iron (Fe**) salt is more stable, less-toxic and
inexpensive. The FePO, particles generated with Fe** salt can show better spherical
shape. Therefore, ferric iron (Fe**) salt is becoming more and more popular as iron

source in hydrothermal synthesis.

Lou and Zhang (2011) used Fe** salt to synthesize LiFePO, microspheres which had
both excellent high-rate performance and high tap density. In this research, H3PO,4 and
Fe(NO3); were mixed in sodium dodecylsulfate (SDS, 0.5 wt%) solution, then sealed

in a teflon-lined stainless steel autoclave and heated at 170°C for 4 hours. After that,
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LiOH and polyethylene glycol (PEG-1000) were mixed with the FePO4-2H,0
precursor, and calcined at 650°C for 10 hours in Ar flow to generate LiFePO,

powders.

Figure 1-21 SEM (a, b, ¢, and d) and TEM (e and f) images for synthesized
FePO,4-2H,0 precursors and the as-synthesized LiFePO,/C. The SEM images a,
b and c are for panorama, individual and partial FePO4-2H,O quasi-spheres,
respectively. SEM image d shows a microsphere of LiFePO,/C. High resolution
TEM images e and f show the whole (e) and a part (f) of a LiFePO,/C nanoplate;

image f is the area circled with an ellipse in image e. (Lou and Zhang, 2011)

Figure 1-21 shows the size of LiFePO, particles is range from 0.5 to 2 um, and they
have are quasi-spheres and composed of many densely compact nanoplates which is
about 100nm size and 30 nm thickness. The LiFePQO, particles have higher tap density
(1.4 g cm™) as well as high discharge capacities, which can reach 116, 96, and 75

mAh g™ at 10 C, 20 C and 30 C current respectively.

Shu et al. (2012) investigated how ammonia concentration affected the morphologies

and electrochemical properties of LiFePO, in hydrothermal reaction. LiOH-H,O,
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Fe(NO3)3-9H,0, NH4H,PO, and citric acid (mole ratio is 1:1:1:1) are used as raw
materials. Ammonia solution with different concentration (0, 0.2, 0.4, 0.6 and 1.6 mol
L) is added into the mixture and stirred for 30 mins. Then the mixture solution is

sealed in Teflon-lined stainless autoclave and maintained at 180 °C for 6 hours.

Figure 1-22 shows the morphology of precursors synthesized with different ammonia
concentration. In this work, both citric and auxiliary ligand control the morphology of
particles. Citric acid can help to prevent the agglomeration process and limit particle
growth. Ammonia can affect the orientation and rate crystal growth; because it has
chelating ability for some transition-metal ions, results in the releasing of free iron
ions in this synthetic system (Bindu, Kingston and Sudheendra, 2004). Therefore, the
LiFePO./C synthesized by 0.4 mol L? ammonia shows the most homogeneous
spherical morphology, the least average particles size (2 um), and the best
electrochemical performance (discharge capacities are 168.7, 165.0, 160.7, 155.8,

144.4,125.0 mAh g*at0.1C,0.2C,0.5C,1C,2Cand5 C).

41



Figure 1-22 SEM photographs of the precursors of LiFePO,/C synthesised with
different ammonia concentrations of () 0 mol L™, (b) 0.2 mol L2, (c) 0.4 mol L%,

(d) 0.6 mol L™ and (e) 1.6 mol L™ (Shu et al., 2012).

Figure 1-23 SEM photographs of LiFePO,/C synthesized with different ammonia
concentrations of (a) 0 mol L™, (b) 0.2 mol L™, (c) 0.4 mol L™, (d) 0.6 mol L™

and (e) 1.6 mol L™* (Shu et al., 2012).
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Lu et al. (2012) developed a membrane dispersion microreactor with microfiltration
membrane to synthesize LiFePO, with hydrothermal treatment. The experimental
setup is shown in Figure 1-24. In this work, (NH4)3PO4 and Fe(NO3)3-9H,0 are used
as starting materials and H3PO, is used to adjust pH value and suppress the formation
of Fe(OH)s;. The starting materials are mixed in the membrane dispersion
microreactor continuously. Then the mixture is stirred for 1 hour before hydrothermal
treatment. This method can produce LiFePO, with high purity, well dispersion and

narrow size distribution around 59 nm.
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Figure 1-24 Experimental setup of fast precipitation using microcontactor. (Lu et

al., 2012)
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Figure 1-25 Experimental procedures of iron phosphate preparation. (Lu et al.,
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Figure 1-26 TEM photographs of FePO, nanomaterials without hydrothermal
treatment (a) and with hydrothermal treatment for 10 min (b), 20 min (c) and

1 h (d), respectively. (Lu et al., 2012)

The kinetics of Li* insertion and extraction process is the primary mechanism to

determine the battery delivery rate capability of a LFP-based electrode. This Kinetics
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involved consists of three main steps: (i) electron and Li* diffusion to/from the bulk
material within the bulk material (solid phase); (ii) charge transfer reactions
(electrochemical reactions) at the interface of the electrode/electrolyte; and (iii) Li*
diffusion from/to the interface in electrolyte phase (Liu et al., 2011; Liu and
Manthiram, 2011). Significant amount of efforts have been made on developing new
methods to facilitate the kinetics of Li* insertion and extraction process, and
improving the rate performance of LiFePO,. Reducing the particle size and preparing
nano-scale positive electrode materials have been proved to be one of the effective
ways to shorten the Li* diffusion path and facilitate the kinetics of steps. Additionally,
fabrication of positive electrode material possessing the porous structures can also
increase electrode/electrolyte interface area and ensure effective electrolyte
permeation (Wang, Li and Chen, 2015; Vu, Qian and Stein, 2012). The porous
structures would be beneficial to the improvement on the rate performance of
LiFePO,. It should be emphasized here, however, that only meso- and macroporous
structure is desirable, since the smaller size of micropores can hinder the reversibility
of Li" insertion process and reduce the active interfaces of the electrode/electrolyte by
an increased potential of blockage from residual carbon (Doherty, Caruso and
Drummond, 2010; Adelhelm et al., 2007). Micropores may also cause the formation
of an extensive solid electrolyte interface (SEI) layer and inhibit charge transfer
across the interfaces, resulting in a decrease in conductivity (Wang et al., 2006). The
application of LiFePOy in lithium ion battery requires an optimal combination of high

porosity and surface area to provide excellent electrochemical properties.
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CHAPTER 2: Rapid Preparation of High Electrochemical
Performance LiFePO,/C Positive Electrode Material with an

Ultrasonic-intensified Micro-impinging Jetting Reactor

SUMMARY

Following the literature review, nanoscale LiFePO, can shorten the diffusion distance
of Li ions, and provide relatively large specific surface area on the interface between
electrolyte and electrode materials. In this chapter, three methods which used to
prepare nanoscale LiFePO, particles are compared. A joint chemical reactor system
referred to as an ultrasonic-intensified micro-impinging stream reactor (UISR), which
possesses the feature of fast micro-mixing, was proposed and has been employed for
rapid preparation of FePO, particles that are amalgamated by nanoscale primary
crystals. As one of the important precursors for the fabrication of lithium iron
phosphate cathode, the properties of FePO, nano particles significantly affect the
performance of the lithium iron phosphate cathode. Thus, the effects of joint use of
impinging stream and ultrasonic irradiation on the formation of mesoporous structure
of FePO, nano precursor particles and the electrochemical properties of amalgamated
LiFePO,/C have been investigated. Additionally, the effects of the reactant
concentration (C = 0.5, 1.0 and 1.5 mol L), and volumetric flow rate (V = 17.15,
51.44, and 85.74 mL min™) on synthesis of FePO,4-2H,0 nucleus have been studied
when the impinging stream reactor (ISR) and UISR are to operate in nonsubmerged
mode. It was affirmed from the experiments that the FePO,4 nano precursor particles

prepared using UIJR have well-formed mesoporous structures with the primary
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crystal size of 44.6 nm, an average pore size of 15.2 nm, and a specific surface area of
134.54 mg™* when the reactant concentration and volumetric flow rate are 1.0 mol L™
and 85.74 mL min™ respectively. The amalgamated LiFePO4/C nanoparticles can
deliver good electrochemical performance with discharge capacities of 156.7 mAhg™
at 0.1 C, and exhibit 138.0 mAhg™ after 100 cycles at 0.5 C, which is 95.3% of the

initial discharge capacity.
2.1 Introduction

Increasingly global warming and air pollution caused by the consumption of fossil
fuels have imposed the priority of using green energy. As a result, the use of
rechargeable lithium-ion batteries (LIBs) has increased rapidly (Shu et al., 2013;
Gibot et al., 2008). Compared with other commercial cathode materials, such as
LiCoO,, LiNiO,, LiMn,O, and their derivatives, olivine-structured LiFePO, is
considered as one of the most promising cathode material owing to its significant
advantages of nontoxicity, low cost of raw materials, good structural stability at high
temperature, excellent safety performance, and relatively high theoretical specific
capacity (170 mAhg™) with a flat discharge-charge potential (3.45V vs. Li*/Li) (Ding
et al., 2010; Park et al., 2003; Padhi et al., 1997). However, the poor rate performance
of LiFePOy,, resulting from its intrinsic low Li* diffusivity (10" to 10 cm?s™) and
low electronic conductivity (10° to 10® S cm™) , has become a technical bottleneck to
confine its widely practical applications before these drawbacks being overcome

fundamentally(Shin et al., 2008; Chung et al., 2002; Guo et al., 2015).

71



The kinetics of Li* insertion and extraction process is the primary mechanism to
determine the battery delivery rate capability of a LFP-based electrode. This kinetics
involved consists of three main steps: (i) electron and Li* diffusion to/from the bulk
material within the bulk material (solid phase); (ii) charge transfer reactions
(electrochemical reactions) at the interface of the electrode/electrolyte; and (iii) Li*
diffusion from/to the interface in electrolyte phase (Liu et al., 2011; Liu and
Manthiram, 2011). Significant amount of efforts have been made on developing new
methods to facilitate the kinetics of Li* insertion and extraction process, and
improving the rate performance of LiFePO,4. Reducing the particle size and preparing
nano-scale cathode materials have been proved to be one of the effective ways to
shorten the Li* diffusion path and facilitate the kinetics of steps. Additionally,
fabrication of cathode material possessing the porous structures can also increase
electrode/electrolyte interface area and ensure effective electrolyte permeation (Vu et
al., 2012; Wang et al., 2015). The porous structures would be beneficial to the
improvement on the rate performance of LiFePO,. It should be emphasized here,
however, that only meso- and macroporous structure is desirable, since the smaller
size of micropores can hinder the reversibility of Li* insertion process and reduce the
active interfaces of the electrode/electrolyte by an increased potential of blockage
from residual carbon (Adelhelm et al., 2007; Doherty et al., 2010). Micropores may
also cause the formation of an extensive solid electrolyte interface (SEI) layer and
inhibit charge transfer across the interfaces, resulting in a decrease in conductivity
(Wang et al., 2006). The application of LiFePO, in lithium ion battery requires an
optimal combination of high porosity and surface area to provide excellent

electrochemical properties.

72



There are several different preparation routes that have been attempted to develop the
electrode materials for LIBs with high porosity structures. Sono-chemical synthesis is
a well-known, simple and scalable technique to produce nanomaterials and the
synthesized particles can have high porosities. The use of ultrasonic treatment is the
other feasible way. By using ultrasonic treatment, acoustically created cavitation can
be induced by ultrasonic wave while instantaneous collapse of the cavitation bubbles
can create extreme conditions such as extremely high temperature up to 5000K,
pressures up to 1000 atm, and the heating and cooling rate greater than 10'° Ks™
inside the cavitation zone. When ultrasonic treatment is applied for synthesis of the

particles, the synthesised particles usually present porous structures (Suslick and

Price., 1999; Xu et al., 2013).

Adoption of impinging stream (1S) is the other promising technology for materials
synthesis and it has been widely used in industry for various applications. Liquid-
continuous impinging streams are where two high speed impinging streams collide
each other to form a local intensive micro-mixing have two major features: strong
pressure fluctuation and many highly turbulent eddies. When this impinge streams are
used for synthesis of particles, the generated turbulent micro-mixing can effectively
increase local mass transfer rate and enhance the reaction rate, significantly boosting
the probability of engulfed molecular diffusion by eddy collision. Meanwhile, the
pressure fluctuation can also influence the energy and mass transfer in the solution
(Huang et al., 2015). Comparing to conventional stirred tanks, an impinging stream
reactor (ISR) has fixed and confined volume, which lead to several orders of
magnitude higher mixing intensity as well as uniform residence time when the feeding

rate is kept unchanged. This kind of hydrodynamic reaction environment can enhance
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the control of the mixing conditions and local reactant concentrations (Siddiqui et al.,

2009).

This paper proposes three different synthesis routes, aiming to synthesis FePO4 nano
precursor particles that can have mesoporous structures. These obtained precursor
micro or nano particles will be used to synthesize LiFePO,/C composites. The effects
of impinging jet stream and ultrasonic irradiation on the morphology of FePO,
precursor and electrochemical properties of LiFePO,/C will be investigated and the
findings will be discussed. The paper is organised as follows. Section 2 will describe
the experimental details for synthesis of FePO, nanocomposites. The properties of
FePO, and LiFePO, synthesised by using different synthesis methods are discussed in
Section 3. Finally, some important conclusions drawn from the present work are given

in Section 4.

2.2  Materials and experimental methods

2.2.1 Synthesis of FePO,4 nanoparticles

The Fe(NO3); (1 mol L) and (NH4),HPO, (1 mol L) aqueous solutions were
prepared by dissolving Fe(NO3)3-9H,0 (Sinopharm Chemical Reagent Co., Ltd, 99%)
and (NH,4),HPO, (Sinopharm Chemical Reagent Co., Ltd, 99%) into deionized water.
A certain amount of ammonia solution was used to adjust the pH value of

(NH4),HPO, to maintain the desired value.

Three different methods were designed to synthesis the nanoparticles of FePO,4. The
first type of FePO, nanoparticles were synthesized via an ultrasonic-assisted

impinging stream reaction at room temperature. The two reaction solutions were
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added continuously into an impinging jet reactor which was irradiated by a FS-600pv
horn type ultrasonic wave piezoelectric vibrator (600 W, 13 mm in diameter) with 20
kHz (as shown in Figure 2-1). The inlet of impinging jetting reactor had an inner
diameter of 4 mm, while the inner diameter of outlet was 15 mm. The volumetric
feeding rate of solutions was maintained at 85.74 ml/min (100 rpm). The pH value of
solution was maintained at 1.70 by adding the ammonia solution using a pH automatic
controller. Temperature was maintained at 60 °C. The obtained products were then
subsequently washed with deionized water several times, filtrated and then dried in air
at 100 °C for 12 h. Then the sample was calcined in air at 600 °C for 10 h to obtain

anhydrous crystalline FePO, samples. This nano FePO,4-xH,O sample was denoted as

FP-Ultralmp.
Ultrasonic
Probe
[ ] Solution
R ——
Impinging
Jetting T l
Reactor

R

Fe(NOs)s (NH4):HPO4
Solution Solution

Beaker

Figure 2-1 Schematic diagrams of experimental setup for combined ultrasonic-

assisted impinging jetting reaction method.
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The second type of FePO, nanoparticles were synthesized by applying a similar
impinging jet reaction to the described first method. The only difference between the
first and second type of synthesis methods is only the ultrasonic irradiation step. The
second type of FePO4-xH,O sample is not irradiated with ultrasonic waves. The

obtained nano FePO, sample was referred to as FP-Imp.

The third type of FePO,4-xH,0O nanoparticles were prepared for comparison purpose
by a conventional co-precipitation method. The two reaction solutions were added
continuously into a stirring reactor at a constant volumetric feeding rate of 85.74
ml/min (100 rpm). The pH value of solution was also maintained at 1.70 by adding
ammonia solution via pH automatic controller. After adopting the same filtration,
drying and calcination procedures, the FePO,4 nanoparticles were obtained, named by

FP-Copre.

In addition, to investigate the effect of reagent concentration and volumetric flow rate,
FP-Ultralmp and FP-Imp nanoparticles were also synthesized under precisely
controlled reagent concentration (C = 0.5 and 1.5 mol L™) and volumetric flow rate (V

=17.15 and 51.44 ml min™).
2.2.2 Synthesis of LiFePO,/C nanoparticles

Three types of anhydrous FePO, samples were mixed with Li,CO3; (Sinopharm
Chemical Reagent Co., Ltd, 99%) and glucose (Sinopharm Chemical Reagent Co.,
Ltd, 99%) at a desired ratio and ball-milled at 300 rpm for 6 h by a planetary ball mill,
respectively. Then the mixtures were calcined in nitrogen atmosphere at 650 °C for 10
h. The obtained LiFePO,/C samples were designated as LFP- Ultralmp, LFP-Imp, and

LFP-Copre, respectively.
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2.2.3 Characterization of FePO, and LiFePO,/C

Thermalgravimetric was measured by simultaneous thermal analyser (TG, NETZSCH
STA 449 F3 Jupiter, Germany) at a heating rate of 10 °C min™ in air. The nge/ np ratio
of FePQO,4-2H,0 precursors was analysed by ICP. The crystal structure of FePO, and
LiFePO,/C samples were analysed by a Bruker D8 series X-ray diffraction using Cu
Ka radiation (A=1.5406A) operated at 40kV and 40 mA. The 26 was scanned from 10
degree to 70 degree (with a resolution of 0.01 degree). The surface morphology of
FePO,-xH,0 particles were observed by scanning electron microscope (Sigma VP,
ZEISS, Germany) and transmission electron microscope (Tecnai F20, FEI, U.S).
Surface area, porosity and particle size are analysed by Brunauer Emmett Teller (BET,
Micromeritics ASAP 2020, U.S.A). In terms of tap density measurement, a simple
method described by Wang et al. (2011) was employed. In this work, about 5 g of the
samples were stored in 10 ml plastic centrifugal tube and tapped on the lab bench for
10 min by hand. The measured mass and volume of samples were then recorded to

calculate the tap density.
2.2.4 Electrode and coin cell battery preparation

The electrochemical performance was tested using a CR2032 coin-type cell. The
cathode material was consisted of as-synthesized LiFePO,/C composite, acetylene
black and polytetrafluoroethylene (PTFE) binder in a weight ratio of 80:10:10. The
mixture was coating on an aluminium foil. After rolling and drying at 80 °C for 8 h.
The coated aluminium was cut into circular plates. The thickness and diameter of
these circular plates were 0.06 and 12 mm respectively. The loading density of
LiFePO, active material was around 5.0 mg cm™. 0.1 M LiPFg dissolved in ethylene

carbonate (EC)/diethyl carbonate (DEC) (1:1 volume ratio) was used as the
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electrolyte. Celguard 2300 microporous film was adopted as the separator. The
assembly of the cells was carried out in a dry Ar-filled glove box. The cells were
galvanostatically charged and discharged at various rates within the voltage range of
2.5V and 4.2 V (versus Li/Li+) on an electrochemical test workstation (CT2001A,
Wuhan LAND Electronic Co.Ltd., China). All the electrochemical tests were carried
out at room temperature. Cyclic voltammetry (CV) measurement was performed on
an electrochemical workstation (Shanghai Chenhua Instrument Co. Ltd., China) over

the potential range of 2.5-4.2 V (vs. Li/Li*") at a scanning rate of 0.1 mVs ™.
2.3 Results and Discussion

2.3.1 Effect of impinging jetting reaction and ultrasonic assisted impinging

jetting reaction

To determine the water containing content of FePO,4-xH,O precursors, TG-DTA
examination of the FP-Ultralmp precursor particles was carried out by variation of the
temperature from room temperature to 600 °C in air. The variations of the moisture
are shown in Figure 2-2. The TGA curve shows that the mass loss of FePO4-xH,0O
samples was found to be 22.5 wt%, indicating there are two molecules in one as-
synthesized iron phosphate molecule. After 500 °C, the sample has no weight loss,
indicating the dehydration of FePO,4-2H,O occurs in the range between 178 and

500 °C.
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Figure 2-2 TG/DTA curves of FP-Ultralmp precursors at a heating rate of 10 °C

minin the air.

It has been reported in the literature that the nee/ np ratio of FePO4-2H,0 precursors is
sensitive to the pH value of the working solution (Pan et al., 2013). To investigate the
effect of impinging stream and ultrasonic irradiation on the atom ratios between Fe
ion and P ion, the FePO4-2H,0 precursors prepared with different synthesis methods
are measured by inductively coupling the use of a plasma mass spectrometry (ICP-
MS). The test results are shown in Table 2-1. The ng/ np ratio of all FePO,4-2H,0
samples obtained in this work is less than 1. The ng/ np ratio of FP-Ultralmp
precursor is 0.97, which is higher than the nge/ np ratio of FP-Imp precursor (0.95) and
FP-Copre precursor (0.92). The ICP-MS result indicates that the ng/ np ratio of
FePO,4-2H,0 precursors is sensitive to the synthesis method when the pH of working

solution is maintained at the same value. When water is irradiated by ultrasound, large
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amount of H- and OH- are generated (Bang and Suslick., 2010). The main reactions

are summarized below:

H,O — H- + OH-

H-+H-— H)
OH- + OH-— H,0,

H- + OH- — H,0

For the synthesis of FePO4 precursor, the main reactions are as follows:
Fe** + PO, — FePO, |
Fe** + 30H- — Fe(OH); |

The generation of FePO, and Fe(OH); is a homogeneous competitive-consecutive
(series-parallel) reaction. Comparing with impinging jetting stream, ultrasonic
irradiation can further improve micromixing effect and reduce micromixing time
(Mahajan and Donald, 1996). Therefore, with the help of ultrasound irradiation, the

chemical reactions tend to produce FePO, and leading to an increased nFe/ nP ratio.

Table 2- 1 The ng/ np ratio of FePO,4-2H,0 precursors prepared by different

methods
Samples FP-Ultralmp FP-Imp precursor  FP-Copre precursor
precursor
Nge/ Np 0.97 0.95 0.92
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The X-ray powder diffraction (XRD) patterns of different FePO, samples, which are
pre-heated at 600 °C for 10 h, are shown in Figure 2-3. The calculated cell parameters
and mean crystalline size of these samples are listed in Table 2-2. All the calculated
lattice constants match well with anhydrous hexagonal structured FePO, (JCPDS card
no. 29-0715, a = 5.035 A, b = 5.035 A, ¢ = 11.245 A), suggesting the formation of
perfect crystalline FePO,4 nanoparticles after the thermal treatment. Simultaneously, it
can be clearly observed that the intensities of the diffraction peaks decrease with the
use of impinging jet reactor and ultrasonic irradiation, which may suggest that the
adoption of impinging jet stream and ultrasonic irradiation have remarkable effect on
the crystallinity of the products. The highest intensities of FP-Copre, FP-Imp and FP-
Ultralmp nanoparticles around 25.83 degree are 4184, 3218 and 2949, respectively.
The reason of lower intensities of FP-Imp and FP-Ultralmp samples may be attributed

to their smaller mean crystalline size (Liu et al., 2014).
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Figure 2-3 X-ray diffraction patterns of different FePO, nanoparticles (a) FP-

Ultralmp, (b) FP-Imp, and (c) FP-Copre.
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Table 2-2 Calculated lattice parameters and nuclei size of as-synthesized FePO,

samples
a(A) b(A) c(A) V(A% Mean crystalline
size(nm)
FP-Ultralmp 5.0412 5.0412 11.2462 285.8075 42.9
FP-Imp 5.0365 5.0365 11.2445 285.2317 48.5
FP-Copre 5.0362 5.0362 11.2482 285.2916 82.7

The BET specific surface area and pore size distribution of the FePO,4-2H,0
precursors have been characterized by nitrogen adsorption-desorption analysis. It can
be seen that the N, sorption isotherm of all FePO4-2H,0 precursors (Figure 2-4a)
were Type IV. Their big hysteresis loops can be evidenced by the presence of meso-
pores (>2nm and <50nm) and large surface areas. Table 2-3 shows the effect of
impinging stream and ultrasonic irradiation has had on the surface area, porosity and
average nuclei size of the FePO4-2H,0 samples. The average nuclei size of three
FePO,-2H,0 precursors confirms the same trend obtained from XRD analysis. The
average nuclei sizes of FP-Ultralmp and FP-Imp precursors are 44.60 and 54.80 nm,
respectively, which is smaller than the average nuclei size of FP-Copre precursor
(77.92 nm). In addition, it can be seen that the FP-Copre precursor shows the largest
average pore diameter of 23.2 nm, and exhibits the smallest BET surface area and
total pore volume, corresponding to 77 m°g™" and 0.446 cm®g™’ respectively. In

contrast, the precursor of FP-Ultralmp sample shows the highest BET surface area of
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134.54 m? g™ and the smallest average pore size of 15.2 nm. For the FP-Imp precursor,
it has the highest pore volume of 0.663 cm® g*. The analytical results of pore size
distribution based on desorption of the FePO,4-2H,O precursors synthesized using
different methods are shown in Fig.4b and c. It becomes clear as can be seen from the
figure that the FP-Imp precursor has a significant amount of large-mesopores in the
range of 20 to 50 nm, leading to its highest pore volume. The reason that FP-Ultralmp
precursors have the highest specific surface area of porosity is mainly ascribed to the
small-mesopores that fall into the range from 4 to 20 nm. Obviously, both FP-
Ultralmp and FP-Imp precursors feature pores in mesoporous (>2nm and <50nm)
range, indicating that the acquirement of large surface areas of FP-Ultralmp and FP-
Imp precursors are caused by not only the reduction in the average nuclei size but also
the increase in the numbers of mesopores rather than micropores (<2nm) or
macropores (>50nm). Generally speaking, a larger specific surface area can
effectively increase the interface between electrode and electrolyte, thus enhancing an
effective charge transfer across the interface. A reduced nuclei size is beneficial to
shortening the diffusion distance of lithium ion, giving rise to an improved
electrochemical performance for LiFePO,. Meanwhile, mesoporous structure can
facilitate the penetration of electrolyte and improve the electronic conductivity.
However, it has been proved that large surface area and high pore volume of electrode
materials also limits its application in industry due to the reduced tap density and
volumetric energy density (Tan et al., 2014). For FP-Ultra Imp precursor, its small-
mesoporous structure is thus to play roles in facilitation of the electrolyte penetration,
improvement of the electronic conductivity and maintenance of an average tap density

and volumetric density of the resulting LFP-Ultralmp sample.
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Figure 2-4 The BJH desorption pore size distribution of FePO,4-2H,O samples

prepared with different synthesis methods.

84



Table 2-3 N, adsorption-desorption analysis results of FePO,4-2H,O precursors

prepared with different synthesis methods.

Samples Surface area Average Total pore Average
y 4 Pore Width volume nuclei size
(m°g™)
(hm) ] (nm)
(cmg™)
FP-Ultralmp 134.54 15.2 0.570 44.60
precursor
FP-Imp 109.49 21.4 0.663 54.80
precursor
FP-Copre 77.00 23.2 0.446 77.92
precursor

Figure 2-5 shows the TEM images of different FePO, samples after heat treatment at
600 °C for 10 h. The FP-Ultralmp primary nuclei (Figure 2-5a) exhibits near-spherical
shape with a primary crystallite size of 20-50 nm. In Figure 2-5b, the FP-Imp
nanoparticles have a larger nuclei size (around 50 nm) and similar near-spherical
shape with FP-Ultralmp. Moreover, the pore size of FP-Imp is also larger than that of
FP-Ultralmp. In contrast, FP-Copre sample exhibits irregular nuclei shape and the
nuclei size is increased to 50-100 nm. It can be seen clearly from the figure that all
three FePO, samples still possess nano-sized nuclei and porous structure after heat
treatment, which may provide high quality precursors for synthesising LiFePO,/C

nanoparticles.
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Figure 2-5 TEM images of different FePO, samples (a) FP-Ultralmp, (b) FP-Imp,

and (c) FP-Copre.

According to the XRD, BET and TEM results, there exists a clear tendency that the
use of both ultrasonic irradiation and impinging jet reaction can have a significant
effect on increasing surface area, and reducing primary grain size and pore diameter
of FePO,4-2H,0 precursors. To understand the effect of ultrasonic irradiation and
impinging jet stream on the formation of porous FePO,4-2H,0 precursor, a schematic
illustration is presented in Figure 2-6. In the impinging stream reaction, the streams of

Fe** and PO,* solutions impinge on each other directly, which can deliver a high
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level of supersaturation and sufficient mixing of the raw materials in an extremely
short time (~107 s). The initial high supersaturation level can enhance the
micromixing in the solution, thus facilitating nucleation rate and generating large
amount of iron phosphate nuclei. The level of supersaturation level will decrease
because the rapid nucleation process also consumes large amount of raw materials.
Thus, particle growth process is confined, which results in a smaller average nuclei
size. Additionally, it is conjectured that the improved molecular collision rate gives

rise to the generation of large amount of large-mesopores as can be seen from BET

analysis.
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Figure 2-6 Schematic illustration of the synthesis processes of impinging stream

reaction and ultrasonic-assisted impinging stream reaction.

The higher BET surface area, smaller average pore width and nuclei size of FP-
Ultralmp precursor might be the result of joint effect of ultrasonic irradiation and high

speed impinging jet streams. In joint ultrasonic-irradiation impinging stream reaction,
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ultrasonic irradiation can further improve the diffusion, promoting the reaction and
nucleation. Therefore, the average nuclei size of FP-Ultralmp precursors is smaller
than FP-Imp precursors. In addition, the function of ultrasonic irradiation can prevent
the agglomeration and break large agglomerated particles into smaller particles to
increase surface area. The formed small-mesopores of FP-Ultralmp may be attributed
to the breakup of the surface film at liquid-solid interfaces which is caused by shock
waves and microjets (Suslick and Price, 1999). This may explain why FP-Ultralmp
precursor can attain the smallest average nuclei size, largest specific surface area, and

small-mesopores among three preparation routes.
2.3.2 Effect of reagent concentration

To further understand the optimal concentration of initial reagents, FePOy4-2H,0
precursors were synthesized with three different reagent concentration (C = 0.5, 1.0
and 1.5 mol L™) by using UNR and IJR methods and the volumetric feeding rate was

maintained at 85.74 ml/min.

The BET specific surface area, total pore adsorption volume and pore size distribution
of the FePO4-2H,0 precursors synthesized under different conditions have been
characterized by nitrogen adsorption-desorption analysis. As shown in Table 2-4 and
Figure 2-7, increasing the reagent concentration had significant influence on the

surface area, porosity and average nuclei size of the FePO, precursor samples.
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When the reagent concentration is 1.0 mol/L, the FePO, precursor sample (FP-
Ultralmp-1.0) synthesized by UIJR method features largest surface area (134.54 m? g°
!y and smallest average nuclei size (44.60 nm). The measured BET surface area for
FP-Ultralmp-0.5 and FP-Ultralmp-1.5 precursors is 87.94 and 98.69 m? g*,
respectively. Meanwhile, the average nuclei size of these two samples is 66.67 and
60.79 nm respectively. When FePO, precursor samples are synthesized by IJR
method, similar tendency can be observed and FP-Imp-1.0 relative large surface area

(109.49 m? g™) and adsorption pore volume (0.663 cm® g*), as well as a smaller average

primary grain size (54.80 nm).

Generally, a higher initial reactant concertation can increase supersaturation level and
nucleation rate in ISR and UISR reaction. However, as the volumetric feeding rate is
not changed. Therefore, large amount of nanoscale FePO,4 nucleus will be synthesized
in a short time. Some of the nucleus might be attached to the impinging stream reactor
and blocked the chamber slightly. Then heterogeneous nucleation happens on the
attached nuclei. Thus, these nuclei might be agglomerated and grown up in impinging
stream reactor, leading to an enlarged nuclei size, and reduced surface area and pore
adsorption volume. In comparison, ultrasonic irradiation can further increase
micromixing effect and prevent agglomeration in impinging jetting reactor, leading to

a reduced primary grain size and enlarged surface area.
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Table 2-4 N, adsorption-desorption analysis results of FePO,4-2H,O precursors
prepared with different reagent concertation by ISR and UISR methods

(Volumetric feeding rate = 85.74 ml/min)

Reactant Specific Total pore Average
concetration surface adsorption primary
Precursors
(mol L™) area volume (cm3 g'l) grain size
2 4 (nm)
(m g)
FP-Imp-0.5 0.5 39.53 0.203 151.78
FP-Imp-1.0 1.0 109.49 0.663 54.80
FP-Imp-1.5 1.5 71.24 0.315 84.22
FP-Ultralmp-0.5 0.5 87.94 0.580 66.67
FP-Ultralmp-1.0 1.0 134.54 0.570 44.60
FP-Ultralmp-1.5 1.5 98.69 0.477 60.79

2.3.3 Effect of volumetric feeding rate

To evaluate the effect of volumetric feeding rate, FePO,4-2H,O precursors were
prepared at three different level (V = 17.15, 51.44 and 85.75 ml/min). It has been
found that the increasing of volumetric feeding rate result in reduction of average
primary grain size and improvement of specific surface area of FePO,-2H,0

precursors, especially when the samples are prepared by ISR.
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Table 2-5 and Figure 2-8 show the BET analysis results of the FePO4-2H,0 samples
prepared with 3 different volumetric feeding rate by IJR and UIJR methods. When
using IR method, the surface area and total adsorption volume increase with
increasing the volumetric feeding rate. The maximum specific surface area (109.49
m? g?) and total adsorption volume (0.663 cm® g?) were obtained when the
volumetric feeding rate is 85.74 ml/min. On the contrary, it was found that the
average primary grain size of FePO4-2H,0 samples decrease significantly as the
increasing of volumetric feeding rate. Therefore, the sample FP-Imp-100 precursor
has the best abundant mesoporous structure. This is mainly ascribed to the reduced
micromixing time and increased mass transfer rate and collision rate. When ultrasonic
irradiation is applied in impinging jetting reaction, the specific surface area, total pore
adsorption volume and average primary grain size changed slightly with the
increasing of volumetric feeding rate, especially at a relatively lower rate (V = 17.15
and 51.44 ml/min). This indicates that the application of ultrasonic irradiation can

enhance micromixing more significantly than increasing of volumetric feeding rate.
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Table 2-5 N, adsorption-desorption analysis results of FePO,4-2H,O precursors

prepared with different volumetric feeding rate by ISR and UISR methods

(Reagent concentration = 1.0 mol L™)

Volumetric Specific Total pore Average
feeding rate surface area adsorption primary
Precursors
(ml/min) (m'g)  volume(cm g)  grainsize
(nm)
FP-Imp-20 17.15 (20 rpm) 21.94 0.087 273.48
FP-Imp-60 51.44 (60 rpm) 34.75 0.263 172.69
FP-Imp-100 85.74 (100 rpm) 109.49 0.663 54.80
FP-Ultralmp-20 17.15 (20 rpm) 101.89 0.652 58.89
FP-Ultralmp-60 51.44 (60 rpm) 96.88 0.576 59.60
FP-Ultralmp-100  85.74 (100 rpm) 134.54 0.570 44.60

2.3.4 Properties of LiFePO,/C

Those as-synthesized FePO, precursors by using different preparation routes as

discussed in the preceding section were used for further synthesizing LiFePO,/C

positive electrode particles. The XRD patterns and calculated lattice parameters of the

three as-synthesized LiFePO4/C samples are shown in Figure 2-9 and listed in Table

2-6. All diffraction peaks seen from XRD patterns and crystal lattice parameters are

also well indexed to accord with LiFePO, which has the orthorhombic structure
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(JCPDS card no.40-1499, a = 10.347 A, b = 6.019 A, ¢ = 4.704 A), suggesting all the
three LiFePO4/C nanoparticles were synthesized without any appreciable impurity

phases.
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Figure 2-9 X-ray diffraction patterns of as-synthesized LiFePO,/C nanoparticles:

(a) LFP-Ultralmp, (b) LFP-Imp, and (c) LFP-Copre.

Table 2-6 Lattice parameters of as-synthesized LiFePO,/C samples

a(A) b(A) c(A) V(A3
LFP-Ultralmp 10.3254 6.0078 4.6916 291.0337
LFP-Imp 10.3322 6.0071 4.6896 291.0673
LFP-Copre 10.3276 6.0069 4.6906 290.9901
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The morphology of LiFePO,/C nanoparticles prepared by different methods was also
examined by scanning electron microscopy (SEM). It can be seen from Figures 2-10a
and b that both LFP-Ultralmp and LFP-Imp samples present a similar particle
morphology consisting of nanospheres with sizes in the range of 80 nm to 300 nm.
These nanospheres interweave together and form high porosity structure. By
comparison, Figure 2-10c shows the LFP-Copre composite has a structure with lower
porosity while the corresponding particle size becomes larger than those of LFP-

Ultralmp and LFP-Imp samples.

R >
EHT = 3.00 kv Signal A = SE2 Date :7 Oct 2016 z ™ - Signal A = SE2 Date :7 Oct 2016
WD = 7.5mm Mag= 20.00KX Time :14:40:01 = Mag= 20.00KX Time :16:14:34

EHT = 3.00kV Signal A = SE2 Date :7 Oct 2016
WD = 7.7mm Mag= 20.00 KX Time :14:29:23

Figure 2-10 SEM images of LiFePO,/C composites from the precursors prepared

with different methods (a) LFP-Ultralmp, (b) LFP-Imp, and (c) LFP-Copre.
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The electrochemical properties of all LiFePO,/C samples were tested in 2032-type
coin half-cells batteries. Figure 2-11a shows charge/discharge capacities for the LFP-
Copre, LFP-Imp and LFP-Ultralmp nanoparticles within the voltage range of 2.5 V
and 4.2 V (versus Li/Li+) at 0.1 C (17 mA g™*). The charge and discharge plateaus of
all three LiFePO,/C samples are 3.45 V and 3.40 V respectively. At low
charge/discharge rates, both LFP-Ultralmp and LFP-Imp samples exhibit comparable
performance. The discharge capacities of LFP-Ultralmp and LFP-Imp can reach 156.7
mA h g and 150.9 mA h g™ respectively, which is higher than the discharge capacity
of LFP-Copre (141.3 mA h g™). As shown in Figure 2-11b, the discharge capacities of
LFP-Ultra Imp at 0.5, 1, and 2C rate can reach up to 140.7, 126.5 and 105.4 mA h g™
respectively. The LFP-Imp composite delivers a discharge capacity of 135.3, 118.5
and 99.1 mA h g™ at 0.5, 1 and 2C. The LFP-Ultralmp sample behaves poorly and
exhibits the lowest discharge capacity, 125.8, 110.2 and 93.4 mA h g™ at 0.5, 1, and 2
C. To investigate the recyclability of the as-synthesized LiFePO,/C samples, the coin
cells were cycled at 0.5 C for 100 cycles. As can be seen from Figure 2-11c, it was
found that LFP-Imp and LFP-Copre can exhibit discharge capacities of 119.1 and
108.0 mA h g™ at 0.5C after 100 cycles, which are about 90.2 and 85.0 % of the initial
discharge capacity respectively. In contrast, LFP-Ultralmp sample delivers the best
cycling stability. The LFP-Ultralmp sample can show a discharge capacity of 138.0

mA h g™, with less than 4.7 % loss of discharge capacity after 100 cycles at 0.5C.
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Figure 2-11 Electrochemical performance of LFP-Ultralmp, LFP-Imp and LFP-
Copre nanoparticles (a) The initial charge/discharge curves at 0.1 C, (b) Rate

performance at various rates, (c) Cycling performance at 0.5 C for 100 cycles.
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The cyclic voltammogram curves of LFP-Ultralmp composite for the first two cycles
are shown in Figure 2-12a. During the first cycle, the oxidation and reduction peaks,
which are corresponding to the charge/discharge reactions of the Fe*/Fe?* redox
couple, appear at 3.569 and 3.319 V. During the second cycle, the oxidation and
reduction peaks take place at 3.541 and 3.326 V respectively. The voltage peak
difference between oxidation and reduction is decreased from 0.25 V to 0.181 V.
Meanwhile, the current/mass peaks are increased from 0.447 to 0.669 A g. The
difference of voltage and current/mass peaks indicate that electrode material is
activated, and the electrochemical reversibility has been established after the first
cycle (Wang et al., 2006). In contrast, the potential difference for both LFP-Imp and
LFP-Copre is only 0.215 and 0.326 V respectively (Figure 2-12b). The larger and
narrower current/mass peaks implicitly confirm that LFP-Ultralmp nanoparticles have
an improved reversibility and better kinetics of electrochemical reaction (Sun et al.,

2010; Shi et al., 2012).
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Figure 2-12 Cyclic voltammogram curves of LiFePO,/C samples at a scan rate of
0.1 mV s™ (a) the first and second cycle of LFP-Ultralmp sample, (b) the second
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The better electrochemical performance of LFP-Ultralmp sample can be attributed to
reduced particle size, mesoporous structure and large specific surface area, as well as
a higher nge/ np ratio. It is believed that this structure can shorten the diffusion
distance of lithium ion, increase electrolyte/electrode interface area and ensure
effective electrolyte permeation into electrode materials, which lead to a relatively
high utilization of the active LiFePO, material. The relatively high nge/ np ratio of FP-
Ultralmp also contribute to the better electrochemical properties of LFP-Ultralmp. In
the lithiation/delithiation process, Li* moves through 1D channels which are parallel
to b axis. However, 1D channel is easy to be blocked by impurities (Yan et al., 2013).
The relatively high ng/ np ratio of FP-Ultralmp indicates that LFP-Ultralmp
composite has higher purity and few blocked 1D channel. Furthermore, besides good
electrochemical properties, LFP-Ultralmp composite also possesses higher tap density
than LFP-Imp due to the smaller pore width and smaller pore volume. The tap density
of LFP-Ultralmp nanoparticles can reach 1.33 g cm™ in contrast to 1.17 g cm™ for
LFP-Imp nanoparticles. All of results obtained have clearly indicated that LFP-
Ultralmp samples have better electrochemical properties and higher volumetric
energy density, thus demonstrating that the adoption of LFP-Ultralmp route is an
effective way to synthesise the high performance positive electrode precursor particle

materials.
2.4 Conclusions

Three different routes were designed for synthesis of FePO, positive electrode
precursor particles, which have been used for amalgamating lithium iron phosphate
cathode particles to fabricate the lithium cell battery. It has been demonstrated that the

adoption of ultrasonic-assisted impinging stream reaction is an effective approach to
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produce high electrochemical performance positive electrode precursor particles. The
LFP-Ultralmp samples obtained from the experiments have shown an initial discharge
capacity of 156.7 mA h g™ at 0.1 C, and exhibited 138.0 mA h g™ after 100 cycles at
0.5 C, which is 95.3% of the initial discharge capacity. The conclusions reached from
the current study, in terms of synthesis of mesoporous FePO, precursors for

improving the electrochemical performance of LiFePO,/C, can be summarised:

1) The adoption of impinging stream reaction can be beneficial to generation of
FePO, nanoparticles that have smaller primary grain size, large-mesoporous structures
and higher specific surface areas.

2) Application of ultrasonic irradiation can lead to synthesis of small-mesoporous
FePO, precursors that have nanoscale primary nuclei size and high specific surface
areas. It can also remarkably improve the purity of FePO,4 precursors due to the
increased mass diffusion rate between FePO, and Li,COs.

3) The formation of small-mesopores contributes to an improved electrochemical

property and relatively high volumetric energy density of LFP-Ultralmp.
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CHAPTER 3: Synthesis of FePO,-2H,0O Nanoparticles Using

T-type micromixer

SUMMARY

A T-type micromixer was adopted for synthesis of nanoscale FePO,4-2H,0 particles.
The experiments clearly demonstrate that the application of the impinging streams in
T-mixer is able to significantly enhance the mass transfer rate of the reactant solutions
through strong turbulent eddy mixing due to the impingement of two narrow reactant
streams at high velocity. In this work, the FePO,-2H,O nanocomposites were
synthesized under precisely controlled pH value (pH = 1.2, 1.4, 1.6, 1.8 and 2.0),
reagent concentration (C = 0.5, 1.0 and 1.5 mol L™), and volumetric flow rate (Q =
17.15, 34.30, 51.44, 68.59, 85.74, 128.61, 171.48, 214.35 and 257.22 mL min'l).
Effects of the pH value, reactant concentration (C), and volumetric flow rate Q on
synthesis of FePO,4-2H,0 nucleus have been studied when the T-mixer operates in
nonsubmerged mode. The as-synthesized FePO4-2H,0, FePO, and its corresponding
LiFePO,/C product was characterised by XRD, SEM, BET and electrochemical
charge-discharge tests. Under the optimized operation conditions (pH = 1.6, C = 1.0
mol L™, Q = 85.74 mL min™), it was revealed that the LiFePO,/C possesses the best
charge-discharge performance while the discharge capacities can reach 152.6, 146.9,
139.1, 130.4 and 118.2 mAh g at 0.1 C, 0.5 C, 1 C 2 C and 5 C current rates,

respectively.
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3.1 Introduction

Rechargeable lithium-ion batteries (LIBs) have been demonstrated to be a reliable and
predominant power sources and energy storage devices for various usages. Typical
examples of applying LIBs are electric vehicles, hybrid electric vehicles and other
devices that require sustainable energies (Shu et al., 2013; Gibot et al., 2008).
Compared with the other commercially available positive electrode materials such as
LiCoO,, LiNiO,, LiMn,O4 and their derivatives, olivine-structured LiFePO,4 can be
considered as one of the highly promising positive electrode material due to its
significant advantages of nontoxicity, low cost of the raw materials, good structural
stability at high temperature, excellent safety performance, and relatively high
theoretical specific capacity (170 mA h g™*) with flat discharge-charge potential (3.45
V vs. Li*/Li) (Ding et al., 2010; Park et al., 2003; Padhi et al., 1997). In spite of the
numerous merits of the performance of LiFePO,4, however, the low Li* diffusivity (10"
7 t0 10 cm? s™) and intrinsic low electronic conductivity (10 to 10 S cm™) have
confined the electrochemical performance of LiFePO, and constrained its practical
application (Shin et al., 2008; Chung et al., 2002; Guo et al., 2015). The reported
approaches to improve charge transport of LiFePO, for high rate applications are
mainly based on conductive carbon coating, particle morphology optimization and
metal doping. Among these, particle morphology optimization, especially for
reduction of particle size and fabrication of electrode materials with integrated
porosity, can remarkably enhance electrochemical properties of positive electrode
because reduction in particle size can shorten the Li* diffusion path and facilitate the

kinetics of Li* insertion and extraction process. Meanwhile, fabrication of positive
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electrode material with porous structure can increase electrode/electrolyte interface

area and ensure effective electrolyte permeation (Vu et al., 2012; Wang et al., 2015).

It has been recognised that rapid and homogeneous micromixing of feeding streams
would be beneficial to the preparation of nanoparticles. However, a rapid
micromixing is very difficult to be realised when employing the traditional stirring
reactor due to the poor mixing and mass transfer performance (Baldyga et al., 1997;
Bhattacharya and Kresta, 2004). Some micromixers, such as impinging jet stream
reactor and T-type micromixer, however, has been proved to be able to significantly
intensify the mixing, especially micromixing, within extremely short time. Thus it has
been applied for the preparation or synthesis of catalysts (Zhang et al., 2015; Zhang et
al., 2016), chitosan (Huang et al., 2015), light conversion materials (Zhou et al.,
2012), drugs (Valente et al., 2012), and energy storage materials (Xiao et al., 2013;
Yan et al., 2013). Generally, impinging jet stream reactor and T-mixer are simplest
component that two inlet tubes and one outlet tube join the main channel (Andreussi
et al., 2015; Krupa et al., 2014). The difference between impinging jet stream reactor
and T-mixer is that, impinging jet stream reactor has sufficient space in outlet so that
pressure energy can be released and translated in kinetic energy. In these components,
a local intensive micro-mixing can be generated by the collision between two high
speed impinging streams. The existing understanding to the impinging streams has
revealed the adoption of liquid-continuous impinging streams (LIS) to have two major
features: local pressure fluctuations and homogeneous micromixing. In a synthesis
process, efficient micromixing due to turbulent eddy motion can remarkably improve
the mass transfer rate between the mixed solutions and increase the reaction rate. As a

result, the probability of crystal nucleus collision increases significantly. The local
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pressure fluctuations can also influence the energy and mass transfer in the solution
(Huang et al., 2015). Comparing with conventional stirred tanks, an impinging stream
reactor or T-type micromixer has fixed and confined volume, leading to several orders
of magnitude higher mixing intensity and uniform residence time when the feeding
rate is kept to be steady. This kind of hydrodynamic reaction environment will be
beneficial to the control of the mixing conditions and local reactant concentrations

(Siddiqui et al., 2009).

The use of impinging stream in micromixer for material synthesis has been
documented in many previous researches for various applications. CuO/ZnO/Al,03
catalysts used for methanol synthesis, prepared by impinging steam reactor, has
shown superior physicochemical properties and higher catalytic activity compared
with the preparation method of conventional batch processing (Kaluza et al., 2011;
Simson et al., 2013). Zhang et al (2015) prepared CuO/ZnO/Al,O;3 catalysts by using
a similar method and have investigated the effects of reagent concentration,
volumetric flow rates and aging time on the catalyst structure and catalytic
performance. Jiang et al (2015) applied a dual impinging jet mixer to investigate the
effect of jet velocity on crystal size distribution of pharmaceutical ingredients. Yan et
al. (2013) have found that the use of impinging stream reaction with the pH of the
working solution being 1.3 can achieve the molar ratio of nFe to nP to be equal 1 in
the obtained amorphous FP and uniform particle size in the range of 40-60 nm. They
considered the hexagonal FP to be the preferred form for synthesising the LFP/C with
good electrochemical performance. They also attribute the use of the impinging
stream to give rise to the low possibility of ionic disorder and stacking faults in LFP

nanoparticles, and the capability of the highly pure LFP. Casanova and Higuita
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adopted a specially designed high pressure jet homogenizer to investigate the effect of
total pressure drop, pH value, temperature, and protein concentration on the formation
of calcium carbonate nanoparticles. Tari et al (2015) have revealed that the crystal
size of glycine can be reduced by using impinging stream. Wu et al (2006) also
demonstrated that the function of the impinging stream reaction is to assist to gain
homogeneous mixing and to reduce the particle size of barium sulfate. Li et al (2015)
synthesized ZnO/Ag micro/nanospheres using microwave-assisted impinging stream
microreactor and found that the photocatalytic and antibacterial properties of ZnO/Ag
can be enhanced. Kumar et al (2013) synthesized nanocrystalline MgO by impinging
stream micromixing, and investigated the effect of jet impingement angle and jet
velocity (Reynolds number). Additionally, the use of computational fluid dynamics
(CFD) modelling approach has been applied to study the micromixing efficiency of
impinging stream by adopting Villermaux-Dushman parallel competing reaction
system as indicators (Liu et al., 2014; Siddiqui et al., 2009; Liu and Fox, 2006).
Planar Laser Induced Fluorescence (PLIF) technique is also used to investigate the
impact of Reynolds number on mixing (Fonte et al., 2015; Shi et al., 2015). For T-
mixer, Svetlana Borukhova et al (2016) used T-mixer to convert bulk alcohols into
the corresponding chlorides. Polyzoidis et al (2016) developed a microreaction
technology (MRT) with T-mixer to prepared metal-organic framework ZIF-8. Due to
the highly controlled mas and heat transport conditions provided by MRT, the
productivity and repeatability in the preparation of ZIF-8 can be enhanced
significantly. Oleksii Kolmykov et al (2017) also synthesize ZIF-8 crystals via
microfluidic technology by using T-micromixer. Seck Hoe Wong et al (2004)
demonstrated that, in a micro T-mixer, rapid mixing can be achieved when the

Reynolds number is between 400 and 500, because liquid streams can break up into
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striations and then these striations will disappear into uniform concentration across
the mixing channel. Moreover, the mixing characteristics of T-type mixer are also
investigated with gas phase (Soleymani et al., 2008), liquid phase (Gobby et al.,

2001), and for the generation of nanoparticles (Gradl et al., 2006).

Though there are many studies on applying the impinging stream in T-type
micromixer for different materials synthesis, the studies on synthesis of LiFePO,
nanocomposites using impinging stream are still limited and the factors that afftect the

synthesis process are required further investigations.

The aim of this paper is to report synthesis of FePO4-2H,0 nanocomposites using the
impinging streams in T-type micromixer at various operating conditions, focusing on
(1) effect of different pH values, reagent concentrations (C) and volumetric flow rates
(Q); (2) effect of the synthesis conditions on the morphology and structures of
samples; and (3) the electrochemical properties of the corresponding LiFePO,/C
samples. The paper will be organised in such a way. Section 2 will present the
experimental details including materials preparation, characterisation of FePO, and
LiFePO,/C and cell preparation for electrochemistry test while section 3 will present
the results and discussion, focusing on the effects of various conditions on synthesis
of FePO,4-2H,O nanocomposites when applying impinging stream in T-type

micromixer. Section 4 will present the conclusions derived from the study.

3.2 Experimental

3.2.1 Materials preparation

The FePO4-2H,0 nanocomposites were synthesized through the T-type micromixer.

Iron nitrate solution and diammonium phosphate solution (C = 0.5, 1.0 and 1.5 mol L
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! respectively) were injected continuously into aT-type micromixer by using two

peristaltic pumps (BT100FJ, Baoding Chuangrui, China) to precisely control flow
rates. The experimental set-up and internal structure of T-type micromixer were
shown in Figure 3-1. The inlet ports of T-type micromixer were connected to two
stainless steel tubes with an inner diameter of 2.5 mm. The inner diameter and length
of internal chamber in T-type micromixer were 3.5 mm and 17 mm, respectively. The
outlet of the T-type micromixer which has the same diameter as the impinging stream
inlets and an enlarged channel (with an inner diameter of 4 mm) was interconnected

to the inner chamber of the T-type micromixer.

The volumetric flow ratio of the two reagent solutions was kept at 1, with varying
volumetric flow rate (Q) ranging from 17.15 to 257.22 mL min™*. The mixed solution
was then transfered into a 1 L glass beaker and vigorously stirred for 10 mins after
impinging and precipitating within T-type micromixer under room temperature of 20
°C. Meanwhile, the pH value of solution was maintained at the given value (pH=1.2,
1.4, 1.6, 1.8 and 2.0, respectively) but was added the ammonia solution (1.5 mol L™)
carefully through a pH automatic controller. The conditions of different experiments
are shown in Table 3-1. The obtained products were subsequently washed with
deionized water for 3 times, filtrated and then dried in air at 100 °C for 12 h. Then the
synthesised particles were calcined in air at 600 °C for 10 hours to obtain anhydrous

crystalline FePO, samples.

To synthesize LiFePO,/C composites, the nano-sized crystalline FePO, samples were
mixed with Li,CO3 and glucose at a desired molar ratio of 1:1.05:0.1 and ball-milled

at 300 rpm for 2 hours by a planetary ball mill to obtain a homogeneous mixture. The
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mixtures were then dried and calcined at 650 °C for 10 h in nitrogen atmosphere to

obtain LiFePO,/C samples.

Impinging Stream Reactor
1

| 4=

N

|
€ g

r‘ |
|w J Thermometer

Magnetic Stirrer
Fe(NO;); Ammonia (NH,),HPO,
solution solution solution

pH
controller

(@)

(b)

Figure 3-1 (a) T-mixer system used for synthesis of LiFePO, nanocomposites; (b)

Photographic views of the internal structure of T-mixer.
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Table 3-1 Dimensions of experiments for the systhesis of FePO,4-2H,0 particles

Experiments  pH value Reagent Volumetric feeding
concentration rate
(C, mol L™ (V, ml min™)
Sl 1.2 1.0 85.74
S2 1.4 1.0 85.74
S3 1.6 1.0 85.74
S4 1.8 1.0 85.74
S5 2.0 1.0 85.74
S6 1.6 0.5 85.74
S7 1.6 1.5 85.74
S8 1.6 1.0 17.15
S9 1.6 1.0 34.30
S10 1.6 1.0 51.44
S11 1.6 1.0 68.59
S12 1.6 1.0 128.61
S13 1.6 1.0 171.48
S14 1.6 1.0 214.35
S15 1.6 1.0 257.22

3.2.2 Characterization of FePO, and LiFePO,/C
The crystal structure of FePO, and LiFePO,/C samples were subjected to the analysis
using a Bruker D8 series X-ray diffraction with Cu Ko radiation (A=1.5406A)

operated at 40kV and 40 mA. The scanning range of diffraction angle (20) was set
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10°<26 <70°. The sample morphology was also observed by scanning electron
microscope (Sigma VP, ZEISS, Germany). Pore size/volume and specific surface area
were acquired and analysed by using Brunauer Emmett Teller (BET, Micromeritics

ASAP 2020, U.S.A).

3.2.3 Cell fabrication and electrochemical analysis

To test electrochemical performance, as-synthesized LiFePO,/C active material,
acetylene black and polytetrafluoroethylene (PTFE) binder were mixed in a weight
ratio of 80 : 15 : 5. Then 1 g mixture was vigorous magnetically stirred in 3 ml N-
methyl-2-pyrrolidene (NMP) solvent to prepare homogeneous slurry. An appropriate
amount of slurry was then spread on Al foils and dried at 80 °C for 6 h in a vacuum
oven. The dried samples were punched to form disc shape with a diameter of 1.3 cm
and weighted in a high-precision analytical balance. The obtained Al foils coated with
active materials were used as positive electrode. The electrolyte was 1 M LiPFg which
dissolved in ethylene carbonate (EC)/diethyl carbonate (DEC) (50:50 vol%). Celguard
2300 microporous film was applied as separator. The coin cell assembling process
was carried out in a dry Ar-filled glove box. The charge-discharge performance of the
fabricated coin cells was measured on a battery system (LAND,CT2001A, China)

between 2.5 V and 4.2 V versus Li/Li* for given cycles.
3.3 Results and discussion

3.3.1 Effect of pH value on the morphology and electrochemical performance of

FePO, precursor and LiFePO,/C composites

To determine the optimal pH value of solution for the best electrochemical properties,

samples were prepared with reactant concentration (C) of 1.0 mol L™ and volumetric
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flow rate (Q) of 85.74 ml min™. The XRD patterns of FePO, composites prepared at
different pH value by T-type micromixer are shown in Figures 3-2a. All the XRD
patterns of FePO, composites match well with anhydrous hexagonal structure FePO4
(JCPDS card no. 29-0715, a=5.035A, b=5.035A, c= 11.245A). It can be seen clearly
from the figure that when FePO, composites were synthesized at pH=1.6, the
diffraction peaks at 20 = 20.3° and 25.8° were higher and sharper than those for other
samples. This can be ascribed to the high degree of crystallinity of the samples when
keeping pH=1.6. The calculated cell parameters, nuclei size and yield of FP samples
synthesized at different pH value are listed in Table 3-2. All the calculated lattice
constants match well with anhydrous hexagonal structured FePO, (JCPDS card no.
29-0715,a=5.035 A, b =5.035 A, ¢ = 11.245 A), suggesting the formation of perfect
crystalline FePO, composites at all pH value. Simultaneously, it can be clearly
observed that the S3-FP sample shows a relatively smaller nuclei size (246.77 A®),
and the highest yield (86.8 %), which may suggest that the pH = 1.6 is the optimal pH

value for the synthesis of FP sample in this study.
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Table 3-2 Calculated lattice parameters, nuclei size and yield of FP samples

synthesized at different pH value

Samples a(A) b(A) c(A) V(AY) Yield (%)
S1-FP 5.0359 5.0359 11.2524 247.13 46.0
S2-FP 5.0330 5.0330 11.2567 246.94 57.1
S3-FP 5.0335 5.0335 11.2467 246.77 86.8
S4-FP 5.0327 5.0327 11.2432 246.62 78.3
S5-FP 5.0341 5.0341 11.2434 246.76 84.1

The diffraction of corresponding LiFePO,/C composites as shown in Figure 3-2b is
well indexed with LiFePO,4 with the orthorhombic structure (JCPDS card no.40-1499,
a=10.347 A, b=6.019 A, c=4.704 A), indicating that the crystallinity of the precursor
has no effect on the structure and crystallinity of the resulting LiFePO,/C. The
calculated lattice parameters and nuclei size of the five as-synthesized LiFePO,/C
samples are listed in Table 3-3. All crystal lattice parameters are also well indexed to
accord with LiFePO,4 which has the orthorhombic structure (JCPDS card no.40-1499,
a = 10347 A, b = 6.019 A, ¢ = 4704 A), suggesting all the five LiFePO,/C

nanocomposites were synthesized without any appreciable impurity phases.
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Table 3-3 Calculated lattice parameters and nuclei size of LFP samples samples

synthesized at different pH value

Samples a(A) b(A) c(A) V(A3
S1-LFP 6.0020 10.3243 4.7133 292.06
S2-LFP 6.0034 10.3288 4.6892 290.77
S3-LFP 6.0083  10.3239 4.6923 291.06
S4-LFP 6.0061 10.3286 4.6883 290.83
S5-LFP 6.0064 10.3286 4.6902 290.97
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Figure 3-2 X-ray diffraction patterns of (a) FePO, composites and (b) LiFePO,/C

composites synthesized at different pH values.
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The morphology of LiFePO4/C composites prepared by the T-type micromixer at
different pH values was examined by scanning electron microscopy (SEM). As the
morphology of LiFePO,/C samples is significantly affected by FePO, precursor, the
reagent concentration and volumetric flow rate were maintained at same level for the
synthesis of FePO, precursor by varying the pH values. It is noticed that the
difference of LiFePO,/C prepared when adopting the pH values greater than 1.6 is not
remarkable as can be seen from the SEM images shown in Figure 3-3. For the cases
of pH=1.6, 1.8 and 2.0, LiFePO,/C were well synthesised, exhibiting apparent
characteristics of nano-porosity and nanocrystals. The nanocrystals formed for these
three pH conditions present very similar morphological structures that can be judged
as nanospheres with sizes ranging from 80 nm to 300 nm. These nanospheres
interweave to accumulate and form the high porosity structures. However, the
LiFePO4/C composites synthesized at the conditions pH=1.2 and 1.4, as shown in
Figures 3-3a and 3-3b, have structures of lower porosity with those nanospheres to

accumulate disorderly and non-uniformly distribute.
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Figure 3-3 SEM images of LiFePO,/C composites synthesized at different pH

values: (a) pH=1.2, (b) pH=1.4, (c) pH=1.6, (d) pH=1.8 and (e) pH=2.0.

The coin cell batteries assembled using the synthesised LiFePO,/C composites were
charged and discharged at various rates varying from 0.1 C to 5 C and finally returned
to 0.1 C in cycle. The test results of the electrochemical performance characterised by
the current capacity, as shown in Figure 3-4 and listed Table 3-4, indicate that the pH
value used during synthesis process has an important impact on the rate and cycle
performance of the samples. This can be seen clearly from the figure that LiFePO,/C
samples synthesized at relatively higher pH value (1.6, 1.8 and 2.0) exhibit better rate

and cycle performance. The LiFePO,/C obtained at pH=1.6 shows the best rate
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capability among all the samples. Its average discharge capacities can reach 150.5,
143.9, 138.6, 130.4 and 117.8 mAh gt at 0.1 C,0.5C, 1 C, 2 C and 5 C, respectively.
It is noticed that the discharge capacity of LiFePO,/C composites synthesized at
pH=2.0 is higher than the LiFePO,/C obtained at pH=1.6 at a high rate of 5 C (118.2
mAh g™, indicating that Li* insertion/extraction process is kinetically facilitated at a
relatively high rate. The migration pathway of Li* in LiFePO, is one-dimensional
channel orienting along [010] direction which is blocked by impurities easily.
Therefore, the relatively higher electrochemical performance of LiFePO,/C samples
might reveal that less undesirable impurities are produced at relatively higher pH
value (1.6, 1.8 and 2.0) in this study (Islam et al., 2005) . The cycle performances of
LiFePO,/C synthesized at different pH values are shown in Figure 3-4b and listed in
Table 3-4. The LiFePO4/C composite obtained at pH=2.0 achieves the most stable
cycle performance. The discharge capacity at 1% and 100" cycle was 140.6 and 141.8

mAh g™, respectively, and the capacity retention after 100 cycles is 100.8%.
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Table 3-4 The comparison of electrochemical performance of the LiFePO,/C

synthesized by T-type micromixer with different pH value (pH=1.2, 1.4, 1.6, 1.8,

and 2.0).
pH Cycle performance at0.5C Average Rate Performance
value
(mAh g™ (mAh g™
1"cycle  100Mcycle  R,%(%) 01C 05C 1C 2C 5C

pH=1.2 116.5 116.9 100.3 1298 1176 1126 1019 86.0
pH=1.4 121.3 119.1 98.2 1345 1244 117.2 106.0 925
pH=1.6 144.7 136.4 94.3 150.5 1439 138.6 1304 117.8
pH=1.8 138.3 139.3 100.7 143.0 137.7 1331 129.0 1180
pH=2.0 140.6 141.8 100.8 146.7 141.2 1359 130.0 1182
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Figure 3-4 Electrochemical performance of LiFePO,/C composites synthesized at

different pH values: (a) Rate performance at various rates; (b) Cycling

performance at 0.5 C for 100 cycles; (c) Average rate capability.

3.3.2 Effect of reactant concentration on the morphology and electrochemical

performance of FePO, and LiFePO,/C

To seek the optimal value of the initial reagent concentration, FePO,4-2H,0 precursors
were synthesized using the T-type micromixer but with three different reagent
concentrations (C = 0.5, 1.0 and 1.5 mol L™) while the pH value and volumetric
feeding rate were maintained at 1.6 and 85.74 ml min™, respectively. The BET
specific surface area, pore size distribution and primary grain size of the FePO,
precursors prepared with 3 different reagent concentrations were characterised by
applying the nitrogen adsorption-desorption analysis. The Ny sorption isotherm of all

FePO,-2H,0 precursors (see Figure 3-5a) was Type IV (Alothman, 2005). Their big
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hysteresis loops have provided the evidence for the presence of mesopores (>2nm and
<50nm) and large surface area. The analysis results of the pore size distribution of
these three samples are shown in Figure 3-5b. All of these three samples presented the
features of multi scales, the pores change from the mesopores (pores between 2 and
50 nm) to small macropores (pores between 50 and 90 nm). Table 3-5 and Figure 3-5¢
clearly demonstrate the influence that increase in the reagent concentration has on the
surface area, porosity and average primary grain size of the FePO, precursor samples.
The S3-FP precursor prepared with a reagent concentration of 1.0 mol L™ presents the
largest surface area (84.19 m? g*) and adsorption pore volume (0.463 cm® g™) but the
smallest average primary grain size (71.27 nm) among all the samples. The measured
BET surface areas for S7-FP and S6-FP precursors are 39.53 and 71.24 m? g™,
respectively. Meanwhile, the average primary grain sizes of these two samples are

151.78 and 84.22 nm, respectively.
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Figure 3-5 (@) N, adsorption-desorption isotherms of FePO,-2H,O composites
prepared by T-mixer with different reactant concentration; (b) the
corresponding pore-size distribution obtained from the adsorption branch using
the BJH method of FePO,4-2H,0 composites; (c) the relationships among reagent
concentration, average primary grain size and specific surface area of

FePO4-2H,0 composites.

Generally speaking, the higher reactant concentration can increase the supersaturation
level and nucleation rate in the impinging stream reaction. This can be seen from the

following chemical reaction relation:
Fe** (ag) + PO,* (ag)= FePO, (s)
where the chemical reaction rate can be evaluated by

r =k[Fe* [PO¥ | (3-1)
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with k being the specific rate constant. It can be seen from the relation that when the
initial reagent concentration is doubled, from 0.5 to 1.0 mol L™, the chemical reaction
rate will increase four times. This gives rise to a significant increase in the number of
FePO,4-2H,0O precursors within the given time and is much beneficial to the
generation of the pore structures. As the result, both surface area and total pore
adsorption volume are increased but the average primary grain size is reduced, likely
due to the confinement of the reaction chamber size of the T-type micromixer. When
the reagent concentration is further increased to 1.5 mol L™, the surface area and total
pore adsorption volume decrease and the average primary grain size increases,
indicating that with significant increase in chemical reaction rate and nucleation rate,
the formation of FePO,4-2H,O nuclei is going more rapidly at a higher reagent
concentration when maintaining the volumetric feeding velocity unchanged. The other
likely mechanism is that some of the nanoscale nuclei might be stuck to the internal
surface of the inlets of the reaction chamber of the T-type micromixer, slightly
causing the partial blockage of the inlets to the chamber. The heterogeneous
nucleation then occurs on these attached nuclei, resulting in these nuclei to be
agglomerated and growing up before they are fed into the turbulent eddies due to the
impinging streams. These agglomerated nuclei are trapped by the smallest
Kolmogorov scale eddies to form nanoparticles with the pore structures that possess
the features of enlarged primary grain size, reduced surface area and pore adsorption

volume.
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Table 3-5 N, adsorption-desorption analysis results of FePO, precursors

prepared by T-type micromixer with different reactant concentration (C)

Precursors Reactant Surface Total pore Primary
concentration area adsorption volume grain size
(mol L™ (2 o (cm®g™) (nm)
S6-FP 0.5 39.53 0.203 151.78
S3-FP 1.0 84.19 0.463 71.27
S7-FP 15 71.24 0.315 84.22

The XRD patterns of a series of FePO, and LiFePO,/C samples prepared at three
different reagent concentrations are shown in Figure 3-6. As shown in Figure 3-6a, all
the XRD patterns of FePO, composites fit the ideally crystallized hexagonal structure
FePO,4 (JCPDS card no. 29-0715, a = 5.035 A, b =5.035 A, ¢ = 11.245 A). When C =
1.0 mol L™, the diffraction peak at 26 = 20.3° and 25.8° is stronger than other
samples, indicating a relatively higher degree of crystallinity. Figure 3-6b shows the
XRD patterns of LiFePO,/C synthesized with different reagent concentrations. All the
diffraction peaks of LiFePO,/C products match well with standard LiFePO, with
orthorhombic structure (JCPDS card no.40-1499, a = 10.347 A, b = 6.019 A, ¢ =
4.704 A) and no impurity phases was detected, suggesting a perfect crystallinity of the
as-synthesized samples. In addition, unlike its FePO, samples, the diffraction peaks of
S3-LFP at 20 = 17°, 22°, 26°, 29°, 32° and 26° are weaker than other samples. The

reason might be that S3-FP samples have higher degree of crystallinity. Therefore,
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highly crystallized hexagonal structured FePO, composites are not easy to transfer to
orthorhombic structured LiFePO,4 when they are culminated in a nitrogen atmosphere,

leading to weaker diffraction peaks.
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Figure 3-6 X-ray diffraction patterns of (a) FePO, composites and (b) LiFePO,/C

composites synthesized at different reagent concentration.

132



The SEM images of LiFePO,/C composites prepared at different reactant
concentrations by T-type micromixer are shown in Figure 3-7. The sample prepared at
C = 0.5 mol L™ shows irregular particle shape with typical diameter of 200-600 nm.
When C was increased to 1.0 mol L™, the LiFePO4/C samples present near spherically
shaped grains in the size ranging from 50-300 nm in diameter. Further increasing
reagent concentration to 1.5 mol L™, the LiFePO,/C composites exhibit irregularly
shaped crystal with the diameter of 100-600 nm. It should be noted here that some
previous studies have shown the reactant concentration to remarkably influence the
supersaturation level, nucleation and particle growth rate during the particle formation
process. It can be claimed that the feeding concentration confines the minimal
nanoparticle size. In general, smaller nanoparticles can be obtained at higher
concentrations due to the higher level of supersaturation (Schwarzer amd Peukert,
2004). It is noticed that in this work, the smallest particle size of LiFePO,/C samples
was obtained when C = 1.0 mol L, consistent with the findings based on the BET
results of FePO4-2H,O precursors. These agglomerated FePO, crystals may be
merged together at high temperature during calcination and LiFePO,/C preparation

process, yielding relatively larger LiFePO,/C particles.
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Figure 3- 7 SEM images of LiFePO4,/C composites synthesized at different

reagent concentration: (@) C = 0.5 mol L™, (b) C=1.0 mol L™, (c) C = 1.5 mol L™

The results of electrochemical characterization of LiFePO,/C prepared at different
reagent concentrations are shown in Figure 3-8 and listed in Table 3-6. A larger
specific surface area is beneficial to increase the interface between electrode and
electrolyte, thus providing an effective charge transfer across the interface. A reduced
primary grain size helps to shorten the diffusion distance of lithium ion, resulting in
an improved electrochemical performance for LiFePO4. Meanwhile, the mesoporous
structure can facilitate the penetration of electrolyte and improve the electronic
conductivity. The LiFePO,/C prepared at C = 1.0 mol L™ possess the above
mentioned conditions, thus showing the best discharge capacities from 0.1 to 5 C.
When C = 0.5 mol L™, the as-synthesised LiFePO4/C nanocomposites present an
average discharge capacity of 125.3, 112.8, 103.9, 94.8 and 83.6 mAh g at a rate of
0.1C,05C,1C,2Cand5C, respectively. At higher reactant concentration (C = 1.5

mol L™), the average discharge capacity can reach 136.9, 121.5, 112.0, 101.9, and
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87.5 mAh gt atarate of 0.1 C, 0.5 C, 1 C, 2 C and 5 C, respectively. Though the
cycling capability of S3-LFP sample, which is shown in Figure 8b, is poorer than
other samples, the capacity loss of the S3-LFP is only 5.7 % after 100 cycles at 0.5 C,
a favourable property for practical applications This is likely attributed to the larger
interface area between nano-sized particles while the electrolyte may lead to

undesired side reactions so as to cause poor cycling performance.
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Table 3-6 Electrochemical performance of the LiFePO,/C synthesized by

employing T-type micromixer with different reagent concentrations

Concentration Cycle performance at0.5C Average Rate Performance

(C, mol L™ (mAh g™ (mAh g™

1"cycle  100"cycle  R%(%) 01C 05C 1C 2C 5C

0.5 122.0 124.1 101.7 1253 1128 1039 948 83.6
1.0 144.7 136.4 94.3 1505 1439 1386 1304 1178
15 128.6 129.6 100.8 1369 1215 1120 1019 875

3.3.3 Effect of Volumetric Flow Rate on the morphology and electrochemical

performance of FePO, and LiFePO,/C

To investigate the effect of volumetric feeding rate, FePO,4-2H,O precursors were
prepared at different volumetric feeding rates ranging from 17.15 to 257.22 mL min™.
As the internal volume of fluid interconnectors in T-mixer is about 178 uL, the mean
residence time is between 5.19 ms and 0.35 ms. Table 3-7 and Figure 3-9 show the
BET analysis results of the FePO, precursor samples prepared with 9 different
volumetric feeding rates. It can be seen from the figure that when the volumetric
feeding rate is relatively small (Q < 85.74 ml min™), the average primary grain size of
FePO,4-2H,O samples decreases remarkably with the increase in the volumetric
feeding rate. In contrast to the grain size, the specific surface area increases with the
increase in the volumetric feeding rate. It is noted that the minimum average primary

grain size (71.27 nm), maximum specific surface area (84.19 m? g*) and total
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adsorption volume (0.463 cm® g™*) were obtained when the volumetric feeding rate of
85.74 ml min® was used. Also, the sample S3-FP precursor has presented a
mesoporosity dominatant structure. This is likely attributed to the reduced
micromixing time and increased mass transfer rate due to the enhanced collision rate
among the turbulent eddies, promoting the nucleation. However, further increasing
the volumetric feeding rate (taking Q > 85.74 ml min™) does not show the noticeable

influence on the primary grain size reduction and specific surface area increase.
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Figure 3-9 (a) N, adsorption-desorption isotherms of FePO,-2H,O composites

prepared by T-mixer with different feeding rate; (b) the corresponding pore-size

distribution obtained from the adsorption branch using the BJH method of

FePO,4-2H,0O composites; (c) the relationships among volumetric feeding rate,

average primary grain size and specific surface area.

To explain this observed phenomenon, a scaling model is used to estimate the

characteristic time ty for micromixing, which can be interpreted as the time for the

diffusion to take place across a turbulence eddy slab with the thickness equal to the

Kolmogorov length 4 (Mahajan and Donald, 1996; Johnson and Prud’homme, 2003).

Ly

_(0.52)?
Deddy

(3-2)
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where Deqay i the eddy diffusivity of the reactant solutions. The Kolmogorov length A
can be estimated based on the micromixing turbulent energy dissipation rate & [J/s-kg]

and the kinematic viscosity of the mixed solution, vy, at the point of mixing, given by

V3 1/4
ey

where v is assumed to be calculated using the following expression:

v =av,+([l-al, = Qv+ Qv (3-4)

Q+Q,

where a=Q1/(Q1+Q>) is defined as the ratio of the volumetric flow rate at inlet 1 to the
total volumetric flow rates. The turbulent energy dissipation rate should be equal to
the energy change associated with the pressure drop in the T-mixer reactor, i.e. the
input power P divided by the mixed solution mass in the reactor. For the

configuration of the T-type micromixer used in this work, one has

P

E =
PsVr

(3-5)

_ QP+ QP

3-6
Q+Q; &0

Pms = OP; +(1—0!)p2

where Vr is the mixing volume of the T-type micromixer. The impinging streams
have been assumed to be incompressible and the flow rate at the outlet is equal to the
sum of the flow rates of two inlets. p; and p; are the densities of the impinging stream
solutions. The energy input to the system is contributed from each stream with

velocities, u; and u,. Since the impinging streams have a small diameter and the
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velocity distribution across the cross-sections of the inlets of the T-type micromixer
can be assumed to be uniform, the net rate of kinetic energy input into the system can
be considered as the pressure drop taking place in the T-type micromixer. Because
both the two inlets and outlet have the same cross-sectional area, the impinging
streams can be treated as the combining flow in a T-junction and the results of
Idel’cik (1979) can be used. Thus, the pressure drop across the reactor can be
estimated by

Us
2

8Q;

7%d?

8(Q,+Q,)’ @

7%d?

Ap=¢&; =& =&

where & is the local loss coefficient which can be estimated using the following

empirical relation

& =1+¢% +30°(@? - ) (3-8)

where gr = Q1/(Q1+Q>) is the discharge ratio and ¢ = A;/Asz the ratio of the cross-
sectional areas of the inlet 1 to outlet. For the experimental condition used in the
current study, gr = 0.5 and ¢ = 1, & = 1.25. The energy change associated with the
pressure drop in the impinging stream reactor P is calcualetd with Q;=Q,=Q and

A=A,=714d?, which yields

8(0,+Q,)3 64Q°
—(Q;Zd%) =1.257[2f]|‘?2 (3-9)

P= Aan = §T
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The turbulent energy dissipation rate in the T-type micromixer and the Kolmogorov

length A, when substituting equation (9) into (5), are thus estimated, respectively, by

3
. ;'2\5’ iﬁ(jz (3-10)
ms T
ve p. V. z°d? v
A= (pso—QTs] (3-11)
and the micromixing time can be estimated by
. _(052) _ 025 (vip,Vor'd? o 12
) Deddy Deddy 80Q3

The Reynolds numbers based on the two inlet diameters are calculated according to

Rei — 4piQi
7,

(3-13)

As the density and viscosity of Fe(NOgs); and (NH,4),HPO, solutions are different, the
Reynolds number used to characterise the mixing in the T-type micromixer can be
defined by

2
4pms Z Qi
=1

Re, =—=— 3-14
LE—— (3-14)

The values of these parameters are listed Table 3-8. The increase in the volumetric
feeding rate leads to the enhancement of the mass transfer due to intensified diffusion

through the engulfment of two solutions among the Kolmogorov length scale eddies
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and improved collision rate. In addition, the turbulent energy dissipation rate & will
increase as the result of increasing volumetric flow rates. It should be pointed out here
that the Kolmogorov length 4 would decrease with increasing Reynolds number so
that the micromixing time ty, is decreased. In addition, mean residence time (tr) is also
decreased with the increasing of volumetric feeding rate. These can be seen from
Table 3-9, while the relationship among volumetric feeding rate, Reynolds number
and mean residence time is shown in Figure 3-10. The mean residence time decreases
dramatically when the volumetric feeding rate range from 17.14 ml min™ to 85.74 ml
min™. As high level of supersaturation can be achieved in T-type micromixer,
homogeneous nucleation will occur and large amount of FePO,4 nuclei are generated.
The heterogeneous nucleation will then start due to the presence of FePO,4 nucleus
and reduced supersaturation level of solution. When these FePO, nuclei are
transported by the jet stream to enter the self-sustained chaotic eddies, particles start
to grow in size. As the volumetric feeding rate is lower than 85.74 ml min™ (Res<
572), an increase in the feeding velocity may give rise to an increased mass transfer
rate and nucleation rate, a shortened mean residence time and micromixing time. This
is helpful to achieve smaller primary grain size, and larger specific surface area and
total adsorption pore volume. When further increasing the volumetric flow rate to
exceed 85.74 ml min™, the average primary grain size and specific surface area are
less to response to the volumetric feeding rate. This may be attributed to equilibrium
between the mass transfer and chemical reaction, or the rough equivalence between
micromixing homogenization time (ty) and nucleation time (ty). Due to the same
initial reagent concentration and temperature, the chemical reaction rate and

nucleation time (ty) were maintained at the same level. Further increase in the
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volumetric feeding velocity can enhance mass transfer while reduce the micromixing
homogenization time ty and mean residence time within T-type micromixer (tg). Thus,
the desirable mixing of reactant can be achieved through shortening the micromixing
homogenization time ty. However, when t,, and tg are much less than ty nucleation of
FePO, nuclei will be mainly confined in the beaker but not T-type micromixer. Due to
the same experimental condition being applied in the beaker, the FePO, precursor
grains tend to grow in a very similar way. Furthermore, Seck Hoe Wong et al (2004)
reported that liquid streams can break up into striations and then these striations
disappeared into uniform concentration across the mixing chann bel when Reynolds
number was between 400 and 500, so that rapid mixing can be achieved in T-mixer
(Wong et al., 2004) . The optimum Reynolds number is similar with the result in this
study (Re = 572), which might indicates that a flow regime transition occurs when Re

number is 572.

1810 6

1610 ~&—Re Number

~-Mean residencce time

1410 |

1210 |

1010

810 |

Reynolds Number
(sw) awi) scuapisay ueay

610 |

410 |

210

10 0

0 20 40 60 80 100 120 140 160 180 200 220 240 260

Volumetric feeding rate (ml/min)

Figure 3-10 The relationships among volumetric feeding rate, Reynolds number

and mean residence time.
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Figure 3-11 shows significant changes in the XRD results when the FePO, and
LiFePO,/C composites were prepared with increasing volumetric flow rate (Q) from
17.15 to 85.74 mL min™ (feeding velocity range from 0.040 — 0.202 m s). All the
XRD patterns of FePO, composites fit the ideally crystallized hexagonal structure
FePO, (JCPDS card no. 29-0715, a = 5.035 A, b = 5.035 A, ¢ = 11.245 A). It can be
seen clearly from the figure that the diffraction peak at 26 = 20.3° and 25.8° becomes
higher and sharper as the volumetric flow rate is increased, indicating that the use of
higher volumetric flow rate is able to produce higher crystallized FePO, composites.
The XRD patterns of the as-prepared LiFePO,/C samples are presented in Figure 3-
11b. The presented XRD patterns have demonstrated that though the LiFePO,/C
products do show a similar trend to those with FePO, precursors, while the diffraction
peak at 20 = 22°, 26°, 29° and 36° become weaker with increasing the volumetric

flow rate.
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Figure 3-11 X-ray diffraction patterns of (a) FePO, composites and (b)

LiFePO,4/C composites synthesized at different volumetric feeding rates.
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Table 3-7 N, adsorption-desorption analysis results of FePO,4-2H,O precursors

prepared by impinging jet reaction with different feeding rates.

Samples Feeding Feeding  Surface Total pore Primary
rate velocity area adsorption grain size
volume (cm® g™ (nm)

(mminY)  (w,ms%  (m’g?

S8-FP 17.15 0.03 21.94 0.087 273.48
S9-FP 34.30 0.06 29.82 0.219 201.24
S10-FP 51.44 0.09 34.75 0.263 172.69
S11-FP 68.59 0.12 47.96 0.263 125.11
S3-FP 85.74 0.15 84.19 0.463 71.27
S12-FP 128.61 0.22 78.94 0.398 76.01
S13-FP 171.48 0.30 65.06 0.278 92.22
S14-FP 214.35 0.37 75.14 0.371 79.86
S15-FP 257.22 0.45 75.11 0.352 79.88
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Table 3-8 Experimental parameters for calculation of the Reynolds numbers

Solutions Density Viscosity Tube diameter
(p, kg m’) (1, Pa-s) (d, m)
Fe(NO3); 1177 0.001008 0.0035
(NH,),HPO, 1075 0.001003 0.0035
FEPO4
precursor 1144.4 0.001005 0.0035
solution

Figure 3-12 shows the SEM images of LiFePO,/C samples prepared at the volumetric

flow rates ranging from 17.15 to 85.74 ml min™. As expected, the SEM analysis

indicates that an increase in the volumetric flow rate can result in an increase of

porosity and a reduction of particle size of as-prepared LiFePO,/C samples. At low

volumetric flow rate (Q = 17.15 ml min™), the as-prepared LiFePO./C samples shows

irregular particle shape with typical diameter of more than 400 nm. As the volumetric

flow rate is increased to 85.74 mL min™, the particle size of LiFePO,/C decreases to

50-200 nm, showing a similar trend to FePO,4-2H,0 composites.
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Table 3-9 Calculated Reynolds numbers for different experimental conditions

Feeding Mean Fe(NOs); (NH4),HPO, Overall Re

Samples  rate (ml residence  solution Re  solution Re number
min®)  time (tg, Ms) (Rege) (Repoa) (Rey)
S8-FP 17.15 5.19 117 112 114
S9-FP 34.3 2.59 234 223 229
S10-FP 51.44 1.73 350 335 343
S11-FP 68.59 1.30 467 447 457
S3-FP 85.74 1.04 584 558 572
S12-FP 128.61 0.69 876 838 858
S13-FP 171.48 0.52 1168 1117 1143
S14-FP 214.35 0.42 1460 1396 1429
S15-FP 257.22 0.35 1752 1675 1715
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Figure 3-12 SEM images of LiFePO,/C composites synthesized at different
volumetric feeding rate: (a) 17.15 ml min™; (b) 34.30 ml min™; (c) 51.44 ml min;

(d) 68.59 ml min*; (e) 85.74 ml min™.

Figure 3-13 also the data listed in Table 3-10 show the comparisons of the
electrochemical performance for the LiFePO,/C samples prepared with the volumetric
flow rates from 17.15 to 85.74 ml min™’. There exists an apparent trend that increasing
the volumetric flow rate in the synthesis process has a positive impact on the
electrochemical performance of the LiFePO,/C products. As can be seen from Figure
3-13a, the higher the discharge rate, the greater the relative difference in rate

capacities among the samples. It is noticed that the LiFePO,/C prepared at Q= 34.30
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mL min™ presents higher discharge capacity at a low discharge rate of 0.1 C but the
electrochemical performance decays remarkably at high rates from 0.5 to 5 C. This
may imply that the transfer of electrons in LiFePO./C becomes constrained and the
LiFePO,/C samples cannot sustain high discharge current because the
insertion/extraction process of Li* is kinetically limited. As a result, the discharge
capacity decreases rapidly. To investigate the cycling stability of the LiFePO,/C
prepared at various volumetric flow rates, the coin cell batteries were cycled at 0.5 C
for 100 cycles. As shown in Figure 3-13b, the S3-LFP exhibits a high discharge
capacity of 136.4 mAh g™, corresponding to 94.3% of its initial discharge capacity

(144.7 mAh g™.
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Figure 3-13 Electrochemical performance of LiFePO,/C composites synthesized

at different reagent concentrations: (a) Rate performance at various rates, (b)

Cycling performance at 0.5 C for 100 cycles, (c) Average rate capability.
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Table 3-10 Electrochemical performance of the LiFePO,/C synthesized by

impinging stream reaction with different volumetric feeding rates

Feeding rate

Cycle performance at 0.5 C (mAh

Average Rate Performance

(ml min™) g) (mAh g
T¥cycle 100" cycle  Ri(%) 01C 05C 1C 2C  5¢C
17.15 100.4 93.1 92.7 122.6 1015 91.1 78.9 64.9
34.30 116.2 114.7 98.7 150.1 117.0 98.6 80.5 62.2
51.44 129.6 125.2 96.6 139.9 124 1139 103.7 915
68.59 135.7 131.7 97.1 136.7 1259 1183 106.1 90.7
85.74 143.4 135.9 94.8 1505 1439 1386 1304 1178

3.4 Conclusions

In this work, LiFePO4/C nanocomposites were synthesized by utilising the T-type

micromixer under precisely controlled pH value, reactant concentration, and

volumetric flow rate. Due to the high micromixing efficiency of impinging stream, it

has been demonstrated that the adoption of the T-type micromixer can produce FePO,

with nano-scale particle size with higher specific surface area and pore volume,

eventually leading to superior electrochemical performance of LiFePO,/C in the

designed charge-discharge tests. When applying the optimized operation conditions

(C = 1.0 molL?, pH = 1.6, Q = 85.74 mIimin™), it was revealed that the fabricated

LiFePO,/C coin cell sample presents the best rate performance compared with other
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LiFePO,/C samples. It is thus concluded that the use of impinging stream reaction
technology within T-type micromixer is a very promising synthesis method for the
rapid preparation of FePO, nanocomposites for energy storage. The conclusions

reached as the results of the current study are as follows:

(1) The pH value of solution slightly influences the particle size and morphology of
FePO, precursor but significantly affects the electrochemical properties of LiFePO,

nanocomposites.

(2) For a T-type micromixer, increase in the reactant concentration can promote
chemical reaction, yielding the reduced average primary grain size, increased specific
surface area and total adsorption pore volume so that the electrochemical performance
can be improved. However, over-increase in the reactant concentration would have

negative impact on these properties of LiFePO,4 nanocomposites.

(3) Increased specific surface area and total adsorption pore volume, and reduced
average primary grain size can be obtained through increasing the volumetric flow
rate of the reactant solutions fed into the T-type micromixer. An increase in the
volumetric flow rate will reduce the size of Kolmogorov dissipation eddies
(characterised by enhanced Reynolds number based on the diameter of the impinging
streams), effectively reducing the micromixing time and promoting the mass transfer
between the reactant solutions due to an enhanced collision rate among the turbulent
eddies. However, when the volumetric feeding rate is increased to exceed a certain
value, it has little impact on the reduction of primary grain size of LiFePO,

nanocomposites.
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CHAPTER 4. Synthesis of FexMn1-xPO4 (x = 1.00, 0.96,
0.93, and 0.90) nanocomposites by Ultrasound-intensified

Impinging Stream Microreactor

SUMMARY

In Chapter 3, ISR method has been systematically investigated. This chapter will
discuss the effects of ultrasound intensity, pulse, and volumetric feeding rate on the
particle size and porosity of FePO,. In addition, the impact of Mn doping on
electrochemical performance of LiFexMn;PO,/C (x=1.00, 0.96, 0.93 and 0.90) is
also discussed in this chapter. FexMn; PO, (x = 1, 0.96, 0.93, and 0.90) precursor
particles which amalgamated by nanoscale primary crystals were prepared rapidly
using a combination of ultrasound and impinging stream microreactor (UISR). This
joint chemical reactor system can provide the feature of fast micro-mixing, leading to
an improvement of mass transfer rate and chemical reaction rate. As one of the
important precursors for the fabrication of lithium ion battery positive electrode, the
properties of Fe,Mn;4PO, nanocomposites significantly affect the electrochemical
performance of the active positive electrode material in lithium ion battery. Thus, the
effects of combination of impinging stream and ultrasonic irradiation on the formation
of mesoporous structure of FexMni PO, nano precursor particles and the
electrochemical properties of amalgamated LiFexMn;,PO4/C have been investigated.
In this work, firstly, the FePO, precursor nanoparticles were synthesized under
precisely controlled operation parameters, such as ultrasound intensity (0-900 W),

ultrasound pulse (continuous, 1/2 s, and 1/5 s), and volumetric flow rate (Q = 17.15,

164



34.30, 51.44, 68.59, and 85.74 mL min™), to investigate how these operation factors
influence synthesis process when the UISR operates in nonsubmerged mode. It was
affirmed from the experiments that, comparing with the samples synthesized without
ultrasound, application of ultrasonic irradiation can lead to the reduction of nuclei size
and improvement of specific surface area on FePO, precursor nanoparticles. When the
optimum condition was determined, FexMn;xPO, and LiFexMn;,PO,/C composites
were prepared with optimum condition. The as-synthesized samples were
characterised by XRD, SEM, FTIR and electrochemical charge-discharge tests to
investigate the effect of Mn ion on the properties Fe,Mn;.xPO,4 and LiFe,Mn;.,PO,4/C

which prepared by UISR method.
4.1 Introduction

As a predominant and reliable power sources and energy storage equipment,
rechargeable lithium-ion batteries (LIBs) have been widely used in hybrid electric
vehicles (HEV), electric vehicles (EV) and other devices that require sustainable
energies (Shu et al., 2013; Gibot et al., 2008). Olivine-structured LiIMPO, (M=Fe,
Mn) has been considered as one of the highly promising positive electrode material
and extensively studied owing to its significant advantages of nontoxicity, low cost of
the raw materials, good structural stability at high temperature, excellent safety
performance, and relatively high theoretical specific capacity (LiFePO4: 170 mA h g™*;
LiMnPOg4: 171 mA h g*) with flat discharge-charge potential (Ding et al., 2010; Park
et al., 2003). The redox potential of Fe?*/Fe** and Mn?*/Mn** are 3.5 V and 4.1 V,
respectively (Padhi et al., 1997; Yao et al., 2006). The increasing of Mn content in
LiFexMn; PO, results in an apparent plateau with increasing width at 4.1 V. In

addition, the oxidation of Mn?* occurs after the oxidation of Fe?* (Padhi et al., 1997).
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In spite of the numerous merits of the performance of LiIMPO, (M=Fe, Mn), however,
the low electronic conductivity (LiMnPOy: less than 10™2 S cm™; LiFePO,: 1.8 x107
S cm™) and low Li* diffusity have confined the electrochemical performance of
LiFePO, and constrained its practical application (Oh et al., 2011; Shin et al., 2008;
Guo et al., 2015). Particle morphology optimization, including fabricating positive
electrode materials with nanostructure and integrated porosity, can significantly
increase electrode/electrolyte interface area and ensure effective electrolyte
permeation (Vu et al., 2012; Wang et al., 2015). Therefore, the electrochemical
properties of positive electrode materials can be remarkably enhance due to shortened

Li* diffusion path and improved kinetics of Li* insertion/extraction process.

For industrial precipitation, the properties of final products, such as morphology,
particle size distribution (PSD) and purity, can be significantly affected by mixing
effects in precipitation (Mahajan and Donald, 1996). Therefore, a reactor which
provides extremely rapid micromixing can achieve homogeneous supersaturation
level before nucleation process, and leading to the generation of final products with
uniform morphology, narrow PSD, and high purity. T-type impinging stream
microreactor (ISR) is a simplest component which can provide rapid micromixing.
Generally, in ISR, two inlet tubes and one outlet tube join the main channel with T-
shaped branches. Two liquid/gas streams with high velocity impinge upon each other
in a small mixing chamber. The collision between two high velocity impinging
streams can generate intensive micromixing, so that reactants were homogeneously
distributed, result in an effectively enhancement of mass transfer rate, energy
dissipation rate and chemical reaction rate. Moreover, liquid impinging stream can

also induce pressure fluctuation, which can change the energy and distribution of
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molecules (Huang et al., 2015). However, rapid generation of solid products and/or
by-products may result in irreversible clogging of microchannels, which is one of the
biggest disadvantages in the using of ISR (Noél et al., 2011). Several methods have
been applied to prevent the contacting of as-synthesized solid on reactor walls,
including the using of segmented liquid flows (Nagasawa and Mae., 2006;
Shestopalov et al., 2004; and L06b et al., 2004). However, the efficiency of chemical
reaction may be reduced due to the existence of additional solvent may be
incompatible with the reagents and detrimental to the main reactions (Noél et al.,
2011; Naber and Buchwald, 2010). In addition, although the micromixing can be
intensified in ISR, it is still very difficult to obtain turbulent flow in ISR, unless high
feeding velocity which leads to an increased samples consumption (Shastry et al.,

1998).

Ultrasound intensified synthesis methods has been applied in industrial manufacturing
process and material synthesis due to its fast, cost-effective and environmentally-
friendly. There are several types of ultrasonic-intensified reactors, and they can be
divided into probe-horn (including vertical probe horn and longitudinal horn) reactor
and cup-horn (ultrasonic bath) reactor (Asgharzadehahmadi et al., 2016). Comparing
with cup-horn reactor, probe-horn reactor requires less energy cost during synthesis
process (Monnier et al., 1999). When liquid medium is irradiated by ultrasound,
ultrasonic wave can introduce acoustic cavitation and generate large amount of
cavitation bubbles. Because the instantaneous collapse of the cavitation bubbles an
create extremely high pressures (up to 1000 atm), temperature (up to 5000K), and the
heating and cooling rate greater than 10*° Ks™ inside the cavitation zone, the chemical

and physical changes in solution are enhanced by the imploding of cavitation bubbles
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significantly (MnNamara et al., 1999; Mason and Cordemans, 1996). In addition,
ultrasound can help to prevent the agglomeration among particles and interaction
between particles and reactor surface (Rivas and Kuhn, 2016). Therefore, high
intensity ultrasonic-irradiation is a promising technology which can enhance
micromixing, as well as overcome clogging and slurry transport difficulties problem
in ISR (Noél et al., 2011; Rivas and Kuhn, 2016; Sedelmeier et al., 2010; Horie et al.,
2010; Zhang et al., 2012). However, most of these research only treatment outlet tube
(Noél et al., 2011; Zhang et al., 2012), or use extra gas (Horie et al., 2010), which

increase the operation cost.

In this study, the aim is to report synthesis of FexMn; PO, (x =1, 0.96, 0.93, and 0.90)
precursor nanocomposites using the UISR technology, which can overcome clogging
problem and enhance micromixing together, at various operating parameters. A
schematic diagram of UISR technology is shown in Figure 4-1. The effects of
ultrasound intensity, pulse, and volumetric feeding rate, and Mn content are
systematically investigated in this paper. The paper will be organised in such a way.
Section 2 will present the experimental details including materials preparation,
characterisation of FePO,4 and LiFePO,/C and cell preparation for electrochemistry
test. Section 3 focuses on (1) effects of ultrasound intensity, ultrasound impulse, and
volumetric flow rates (Q); (2) effect of the operating parameters on the morphology,
purity and structure of samples; and (3) the electrochemical properties of the
corresponding LiFexMn;4,PO,/C samples. While section 4 will present the

conclusions derived from the study.
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Figure 4- 1 Schematic diagram of ultrasonic-intensified impinging stream

reaction (UISR).
4.2 Experimental

4.2.1 Sample synthesis

To investigate the effects of ultrasound intensity, pulse, and volumetric feeding rate,
two methods were designed to synthesise FePO, precursor nanoparticles. The first
type of FePO, precursor nanoparticles were synthesized via an ultrasonic-assisted
impinging stream reaction (UISR). Iron nitrate solution and diammonium phosphate
solution (reagent concentration = 1.0 mol L™) were injected continuously into a T-
type impinging stream micromixer (T-mixer), which is shown in Figure 4-2, by using
two peristaltic pumps (BT100FJ, Baoding Chuangrui, China) to precisely control
volumetric feeding rate (Q) ranging from 17.15 to 85.74 ml min™. Meanwhile, the
outlet of T-mixer was connected with a FS-600pv horn type ultrasonic wave
piezoelectric vibrator, so that the solution can be irradiated by 20 kHz ultrasound with

different intensity (0-900 W) and pulse. During the synthesis process, the pH value of
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solution was kept at 1.70 by adding ammonia solution (1.5 mol L™) carefully through
a pH automatic controller. The obtained products were subsequently washed with

deionized water for 3 times, filtrated and then dried in air at 100 °C for 12 h.

For comparison purpose, the second type of FePO, precursor nanoparticles were
synthesized via only impinging stream reaction (ISR) with precisely control
volumetric feeding rate (Q= 17.15, 34.30, 51.44, 68.59, and 85.74 ml min™) when pH

value of the solution was maintained at 1.70.

Figure 4-2 (a) Experimental set-up of ultrasonic-intensified T-mixer and (b)

internal structure of T-mixer

When the optimum ultrasound intensity, ultrasound pulse and volumetric feeding rate
were determined, Fe,Mn; PO, (X = 1, 0.96, 0.93, and 0.90) nanocomposites were
prepared by UISR method under optimum condition by UISR method. The
Fe(NO3)3-9H,0 and Mn(NO3),-6H,0 were mixed and dissolved in de-ionised water
based on the desirable molar ratio. Then the mixture solution and diammonium
phosphate solution were injected to UISR reaction system with optimal Q, which is

85.74 ml min™. The obtained samples were washed, filtrated and then dried in air at
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100 °C for 12 h. After that, the samples were calcined in air at 600 °C for 10 hours to
obtain anhydrous crystalline FexMn; PO, samples. The conditions of different

experiments are shown in Table 4-1.

To synthesize LiFexMn;PO,4/C composites, the nano-sized crystalline Fe,Mn;.xPO,
nanocomposites were mixed with Li,CO3z and glucose at a desired molar ratio of
1:1.05:0.1 and ball-milled at 300 rpm for 2 hours by a planetary ball mill to obtain a
homogeneous mixture. The mixtures were then dried and calcined at 650 °C for 10 h

in nitrogen atmosphere to obtain LiFe,Mn;xPO4/C samples.
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Table 4- 1 Dimensions of experiments for the synthesis of samples

Experiments Samples  Method  Ultrasound Pulse Volumetric Feeding
Intensity (W) Rate (ml/min)
S1 FP-UOW UISR 0 Continuous 85.74
S2 FP-U300W  UISR 300 Continuous 85.74
S3 FP-UG0OW  UISR 600 Continuous 85.74
S4 FP-U900W  UISR 900 Continuous 85.74
S5 FP-P1/2 UISR 600 1/2 85.74
S6 FP-P1/5 UISR 600 1/5 85.74
S7 FP-U20rpm  UISR 600 Continuous 17.15
S8 FP-U40rpm  UISR 600 Continuous 34.30
S9 FP-U60rpm  UISR 600 Continuous 51.44
S10 FP-U80rpm  UISR 600 Continuous 68.59
S11 FP-20rpm ISR / / 17.15
S12 FP-40rpm ISR / / 34.30
S13 FP-60rpm ISR / / 51.44
S14 FP-80rpm ISR / / 68.59
S15 FP-100rpm ISR / / 85.74
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4.2.2 Characterization of FexMn1-xPO4 and LiFexMn1-xPO4 (x = 1.00, 0.96,

0.93, and 0.90)

Specific surface area, average primary grain size and porous distribution were
analysed by Brunauer Emmett Teller (BET, Micromeritics ASAP 2020, U.S.A). The
crystal structure of samples was analysed by a Bruker D8 series X-ray diffraction
using Cu Ko radiation (A\=1.5406A). The scanning range of diffraction angle (20) was
set 10°<20 <70°. The surface morphology of the obtained particles was observed by
scanning electron microscope (Sigma VP, ZEISS, Germany). The infrared spectra
was recorded on a Fourier transform infrared spectroscopy (FTIR, Bruker V70, U.S.A)

using the KBr disk technique.

4.2.3 Cell Fabrication and Electrochemical Analysis

To test electrochemical performance, as-synthesized LiFe,Mn;.xPO,/C active material,
acetylene black and polytetrafluoroethylene (PTFE) binder were mixed in a weight
ratio of 80: 15: 5 and vigorous magnetically stirred in N-methyl-2-pyrrolidene (NMP)
solvent to prepare homogeneous slurry. An appropriate amount of slurry was then
spread on Al foils and dried at 80 °C for 6 h in a vacuum oven. The dried samples
were punched to form disc shape with a diameter of 1.3 cm and weighted in a high-
precision analytical balance. The obtained Al foils coated with active materials were
used as positive electrode. The electrolyte was 1 M LiPFg which dissolved in ethylene
carbonate (EC)/diethyl carbonate (DEC) (50:50 vol%). Celguard 2300 microporous
film was applied as separator. The coin cell assembling process was carried out in a
dry Ar-filled glove box. The charge-discharge performance of the fabricated coin cells
was measured on a battery system (LAND,CT2001A, China) between 2.5 V and 4.2

V versus Li/Li* for given cycles.
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4.3 Results and discussion

4.3.1 Effect of ultrasonic intensity

To investigate the effect of ultrasonic power, FePO,4-2H,0 precursors were prepared
at different ultrasound power ranging from 0 W to 900 W. The BET specific surface
area, pore size distribution and primary grain size of the as-synthesized precursor
particles prepared with 4 different ultrasound power were characterised by applying
the nitrogen adsorption-desorption analysis. The N, sorption isotherm of all precursor
particles (see Figure 4-3a) was Type IV (Alothman, 2012). Their big hysteresis loops
have provided the evidence for the presence of mesopores (>2nm and <50nm) and
large surface area. The analytical results of pore size distribution based on desorption
of the FePO,4-2H,0 precursors synthesized at different ultrasound intensity are shown
in Figure 4-3b. It becomes clear as can be seen from the figure that all the
FePO,4-2H,0 precursor samples feature pores in mesoporous (>2nm and <50nm) and
small-marcoporous (>50nm and <85nm) range. In addition, the increasing of
ultrasound power leads to the changing of surface area, porosity and average nuclei
size of FePO, precursor samples, which is shown in Figure 4-3c and Table 4-2. It can
be seen from the figure that a significant decline of average primary grain size (from
71.27 nm to 53.74 nm), and an increasing of specific surface area (from 84.19 m’g’
to 114.97 m’g™") and total pore adsorption volume (from 0.463 cm’g™ to 0.570 cm’g™)
can be obtained with the increasing of ultrasonic power from 0 W to 600 W. However,
the further increasing of ultrasound power from 600 W to 900 W results in an
increasing of average primary grain size and reduction of specific surface area,
indicates that keep increasing the ultrasound power might not always lead to the

reduction of average primary grain size and increase of specific surface area.
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Figure 4-3 The BET analysis results of FePO4-2H,O samples prepared with
different ultrasound power: (a) N, adsorption-desorption isotherms; (b) the
corresponding pore-size distribution obtained from the adsorption branch using
the BJH method; (c) the relationships among ultrasound power, average

primary grain size and specific surface.
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Table 4-2 N, adsorption-desorption analysis results of FePO,4-2H,O precursors

prepared with different ultrasound power.

Ultrasound Specific surface  Total pore adsorption Average primary
power (W) area (m2 g'l) volume (cm3 g'l) grain size (nm)
0 84.19 0.463 71.27
300 100.12 0.524 59.93
600 114.97 0.570 53.74
900 103.89 0.608 57.75

Due to the same UISR chamber volume and volumetric feeding rate, the mean
residence time of the samples synthesised with different ultrasound intensity were
kept the same. However, the ultrasound intensity affected the micromixing time and
chemical reaction rate significantly. Previous study has proposed a scaling model is
used to estimate the characteristic time ty for micromixing, which can be interpreted
as the time for the diffusion to take place across a turbulence eddy slab with the
thickness equal to the Kolmogorov length 4 (Mahajan and Donald, 1996; Johnson
and Prud’homme, 2003):

_(054)°

tM
Deddy

(4-1)
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where Deqay i the eddy diffusivity of the reactant solutions. The Kolmogorov length A
can be estimated based on the micromixing turbulent energy dissipation rate & [J/s-kg]

and the kinematic viscosity of the mixed solution, vy, at the point of mixing, given by

Vr:;S 1/4
*= [?j @)

The turbulent energy dissipation rate should be equal to the energy change associated
with the pressure drop in ISR, i.e. the input power P divided by the mixed solution

mass in the reactor. For the configuration of ISR used in this work, one has

P

E =
p msVT

(4-3)

where p,. is the density of the fully mixed solution, Vy is the mixing volume of the

ISR used in this study. For the present study, the input power P can be approximately
assumed to be the superposition contributed from the input power for impinging

stream P,s and the ultrasonic irradiation Py;:
P=Ps +Ry (4-4)
The micromixing time can thus be estimated by:
V 3 1/4
O.E{pms TVmSJ
I:)IS + I:)UI

t, = (4-5)
) Deddy

2

In addition, Ratoarinoro et al (1995) evaluate the overall reaction rate r, under

sonication, which can be written as (Contanmine et al., 1995):
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Where k; is mass transfer coefficient, C, is reagent initial concentration, d5 , is mean
diameter over the surface distribution, also called Sauter mean diameter, V; is the
liquid volume, which assume to be equal to the volume of reactor chamber Vr, m,,

and p,, are the mass and density of the solid particles respectively.

An empirical power correlation was proposed to evaluate the mass transfer coefficient

k;, which is:

1

1
D 5d4 3 Z -
k=22 +04 (Lj’l) (L)), 4-7)

1] piD

Therefore, the mass transfer coefficient can thus be estimated by:

[y

1
4 3\ 7 -
k=-"-[2 +04 (_(P15+Pur>dppz ) (L) 1E, (4-8)

43 psVru;i piD

Where yu; and p; are the viscosity and density of the liquid respectively, ¢ is the
energy dissipation rate [J/s-kg], D is the diffusivity of the reagent in the solvent, F, is
a shape factor, and d, 5 is mean diameter over the volume distribution, which is also
called Herdan or De Brouckere diameter. Therefore, it is obviously to see that the
increasing of ultrasound intensity leads to the increasing of energy dissipation rate,
mass transfer coefficient, overall reaction rate, as well as the reduction of
micromixing time. This virtue of ultrasound could be also explained by the
symmetrical implosion of cavitation bubbles, which can generate localized turbulence,
or micro-stream. The enhanced collision rate among the turbulent eddies results in the
reduced micromixing time and increased mass transfer rate, which can promote the

nucleation rate. The mass transfer rate is also improved by increasing the intrinsic
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mass transfer coefficient, will lead to the high possibility for the particles to collide
with each other and thus form the nuclei. The increase of ultrasound power,
meanwhile, contributed more energy infusion into the solution and therefore enhanced
the effect of cavitation. In addition, instantaneous high temperature is helpful to

improve chemical reaction rate when the cavitation bubbles imploded.

The increasing of average primary grain size and reduction of specific surface area
when the ultrasound power is further increased from 600 W to 900 W can be
attributed to that, the implosion bubbles lead to violent collision between particles and
the generation of extremely high temperatures. Therefore these nuclei may be merged
together at extremely high instantaneous high temperature, results in reduced specific
surface area, enlarged primary grain size of precursor samples, and a waste of energy,
which implied that higher ultrasound power might have negative effects on the
synthesis of FePO, precursor nanoparticles. Furthermore, FP-600W reveals highest
pore area when the pore width is larger than 90 nm. This can be attributed to
interparticle pores which are generated by the micro-jetting effect from asymmetrical
implosion bubbles. Therefore, larger particles can be broke into small pieces, leading
to the preventing of agglomeration and clogging. Based on the sample properties and

energy saving, the more suitable ultrasonic in this study was 600 W.

4.3.2 Effect of pulsed ultrasound

Three different pulsed ultrasound are applied to investigate the effect of pulse on the
synthesis of FePO,4-2H,O nanoparticles. The cycle time of pulsed ultrasound is
consisted of pulse duration time (“on”) and interval time (“off”) of the sonicator. For
the pulsed ultrasound preparation of FePO4-2H,0 nanoparticles, the pulse duration-

interval time, and the atom ratio between Fe ion and P ion (nge/ np ratio) are shown in
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Table 4-3. Meanwhile, the photo of FePO,4 samples calcinated at 650 °C for 10 h in air
is shown in Figure 4-4. As shown in Figure 4-4, after calcination process, FP-Cont
sample show white-yellow colour. It is obviously to see that the colour of calcinated
samples become red and deepen as the increasing of interval time, implies that Fe,;O3

impurities which show red colour can be generated during calcination process.

Continuous 1/2 1/5

Figure 4-4 Photo of calcined samples prepared with different pulse ultrasound.

The calcined FePO, samples prepared with different pulsed ultrasound are measured
by inductively coupling the use of a plasma mass spectrometry (ICP-OES) to
investigate how pulsed ultrasound influence the atom ratio between Fe ion and P ion
(nee/ Nnp ratio). The ng/ np ratio of FP-Cont sample obtained in this work is 0.99,
which is lower than other samples. The nge/ np ratio of FP-1/2 and FP-1/5 is 1.03 and
1.05 respectively, indicates that the nge/ np ratio of as-synthesized FePO, sample is
sensitive to the pulsed ultrasound when all the other operation parameters are
maintained at the same level. The observed phenomenon can be explained from the

following chemical reaction relations for the synthesis of FePO, precursor samples:

Main Reaction: Fe** + PO, — FePO, |
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Side Reaction: Fe** + 30H — Fe(OH); |

In addition, large amount of H- and OH- are generated and rearranged to form Hy,
H,0,, and H,O when water molecules are irradiated by ultrasound. The main

reactions are summarized below:
H,O — H- + OH-
H-+H-— H;
OH: + OH-— H,0,
H- + OH- — H,0O

Due to the acid reaction environment, H- and OH- radicals were combined rapidly
and produce H,O molecules under ultrasound irradiation. Therefore, there is less
amount of OH- radicals in the solution which can combine with Fe** and produce
Fe(OH);. As homogeneous competitive reactions, the distribution of these two
products is affected by the micromixing level in this system significantly. It has been
reported previously that, comparing with impinging jetting stream, ultrasonic
irradiation can further improve micromixing effect and reduce micromixing time
(Mahajan and Donald, 1996). Therefore, the formation of FePO,, as well as the
generation of OH- can be facilitated during the duration time. However, as the
existing of large amount of OH- which generated by ultrasonic irradiation and
weakened micromixing level during interval time, more Fe(OH); product is produced
as the increasing of interval time, resulting in the deepened red colour and increased

nFe/ nP ratio of products.
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Table 4-3 The ng/ np ratio of FePO4-2H,0O precursors prepared by different

impulse
Samples Pulsed ultrasound cycle time Ne/ Np ratio
Duration (On) Interval (Off)
FP-1/5 ls 4s 1.05
FP-1/2 ls ls 1.03
FP-Cont Continuous ultrasound 0.99

4.3.3 Effect of volumetric flow rate

The effect of volumetric feeding rate is evaluated when samples are prepared at five
different level (Q = 17.15, 34.30, 51.44, 68.59 and 85.75 ml min™*) by both UISR and
ISR methods. As shown in Figure 4-5a, all the ten samples reveal Type IV N;
sorption isotherm, which provide evidence for the existence of mesopores (>2nm and
<50nm) and large surface area by the big hysteresis. The desorption pore size
distribution of as-synthesized samples is shown in Figure 4-5b. It can be seen clearly
that the pore width of samples prepared by ISR is mainly ranging from 10 nm to 90
nm. In comparison, the applying of ultrasound can facilitate the generation of porous
in three main diameters, which are: (1) small mesopores (5-10 nm), (2) mesopores
and small macropores (20-80 nm), and (3) macropores (larger than 90 nm). Type 1
and 2 can be attributed to intraparticle pores, which are formed by the agglomeration
of primary nano-grains and shockwave from bubble implosion. Meanwhile, type 3
can be attributed to interparticle pores, formed by breakup of larger particles.

Generally, as the increasing of volumetric feeding rate, the FP samples prepared by
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UISR reveal enhanced uniform and higher pore area when pore width range from 20
to 80 nm. While the electrode with uniform pore size can optimize the open volume

and leading to better mass transport without wasted space (Jiao et al., 2008).

However, it is interesting to see that FP-UISR-20 shows higher pore area than FP-
UISR-40. This might be caused by the reduced mean residence time (tg). Furthermore,
the specific surface area, total pore adsorption volume, and average primary grain size
results of the FePO, precursor samples prepared with 5 different volumetric feeding
rates using 2 synthesis methods are shown in Table 4-4 and Figure 4-5. It is noticeable
that there is a significant increasing of specific surface area and total pore adsorption
volume of FePO, precursor particles prepared by ISR method can be obtained with
the increasing of volumetric feeding rate from 17.15 ml min® to 85.75 ml min™.
When the volumetric feeding rate is 17.15 ml min™, the specific surface area and total
pore adsorption volume of as-synthesized FePO, precursor sample are 21.94 m? g*
and 0.087 cm® g respectively, then increase dramatically to 84.19 m? g and 0.463
cm® g* when volumetric feeding rate raise to 85.74 ml min™, corresponding to 3.8
times and 5.3 times respectively. Meanwhile, the average primary grain size decreases
significantly from 273.48 nm (V = 17.15 ml min™®) to 71.27 nm (V = 85.74 ml min™).
By comparison, when the ultrasound power is maintained at 600 W, the specific
surface area, pore adsorption volume, and average primary grain size of as-
synthesized samples prepared by UISR change slightly with the increasing of
volumetric feeding rate. When the volumetric feeding rate is 17.15 ml min™, the
specific surface area, total pore adsorption volume, and average primary grain size are
95.41m? g™, 0.587 cm® g* and 58.89 nm respectively, which change to 114.97 m* g%,

0.570 cm® g™ and 53.74 nm when volumetric feeding rate increases to 85.75 ml min™.
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Figure 4-5 The BET analysis results of FePO4-2H,O samples prepared with
different volumetric feeding rate: (a) N, adsorption-desorption isotherms; (b) the
corresponding pore-size distribution obtained from the adsorption branch using
the BJH method; (c-e) the relationship between volumetric feeding rate and

specific surface area (c), total adsorption volume (d), and average primary size

(e).

A scaling model is used to explain this observed phenomenon. The velocity
distribution across the cross-sections of the inlets of impinging stream micromixer
used in this work can be assumed to be uniform due to the small inlet diameter. The
net rate of kinetic energy input into the system can be considered as the pressure drop
taking place in the T-type micromixer. Because both the two inlets and outlet have the

same cross-sectional area, the impinging streams can be treated as the combining flow
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in a T-junction and the results of Idel’cik (1979) can be used. Thus, the pressure drop

across the reactor can be estimated by

Us
2

8Q;

7%d?

8(Q, +Q,)’ “-9)

7%d?

Ap=é‘ZT :§T

:§T

where & is the local loss coefficient which can be estimated using the following

empirical relation

& =1+¢% +3p (@2 -0 ) (4-10)

where gr = Q1/(Q1+Qy) is the discharge ratio and ¢ = Aj/A;z the ratio of the cross-
sectional areas of the inlet 1 to outlet. For the experimental condition used in the
current study, gr = 0.5 and ¢ = 1, & = 1.25. The energy change associated with the
pressure drop in the impinging stream reactor P is calcualetd with Q;=Q,=Q and

A1=Ay=4d?, which yields

8(Q, +Q,)’ 64Q°
P=ApQ; =4 =1 E- =125 (4-11)

The turbulent energy dissipation rate in the T-type micromixer and the Kolmogorov

length A, when substituting equation (9) into (5), are thus estimated, respectively, by

3
125 6£in 412)
PrsVr 7°d
3 242 1/4
A= VmspmsVTBﬂ- d (4_13)
80Q

and the micromixing time can be estimated by
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The Reynolds numbers based on the two inlet diameters are calculated according to

Rei =4’0_iQi
il

(4-15)

As the density and viscosity of Fe(NOs)s and (NH,4),HPQO, solutions are different, the
Reynolds number used to characterise the mixing in the T-type micromixer can be

defined by

4pmsiQi
Re, = —ﬂms;zd (4-16)
According to these equations, it is clear to see that the Reynolds number, micromixing
time, and energy dissipation rate in ISR is only related to volumetric feeding rate Q
when all the other factors are maintained at same level. The increasing of volumetric
feeding rate results in an intensified diffusion through the engulfment of two solutions
among the Kolmogorov length scale eddies, which leading to enhanced mass transfer
rate and energy dissipation rate, as well as shortened mean residence time and
micromixing time. The values of the parameters in this study are listed Table 4-5. The

Reynolds number is 572 in both ISR and UISR system when the volumetric is 85.74

ml min™%, which can be regarded as laminar flow.

However, in UISR system, the use of ultrasonic irradiation can produce a large
number of micro bubbles. Such imploding bubbles can be considered as small
microreactors which can generate powerful hydraulic shocks, and an environment

with extremely high temperature and pressure. In the beginning of experiment, as
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there is no solid in solution, the system can be considered as homogeneous reaction.
The bursting of the microbubbles which caused by ultrasound induce hydraulic
shocks in the solution. The symmetrical implosion bubbles induce micro-streaming
and eddies that promote the regime transition from laminar to turbulent so that the
turbulent energy dissipation can be enhanced. As a result, the diffusion rate or micro-
mixing among these eddies are remarkably improved due to the application ultrasonic
irradiation. In addition, chemical reaction rate and nucleation rate are increased due to
the extremely high temperature and pressure created by imploding bubbles, which
lead to the formation of large amount of nanoscale seeds. After the generation of
nanoscale seeds, the system is changed to heterogeneous system. The asymmetrical
implosion bubbles can produce micro-jetting, which can prevent agglomeration and
clogging among particles or between particles and the internal surface of reactor.
Therefore, during the nucleation of precursor particles in UISR, the enhanced
micromixing effect and mass transfer coefficient (deriving from micro-streaming) is
helpful for the nucleation of the crystals, and the effect caused by micro-jetting is
helpful to prevent the agglomeration and avoid abnormal growth. Furthermore,
ultrasound can induce turbulent vortex even when Reynolds number is relatively low.
The micromixing effect can be improved by ultrasonic irradiation more significantly
than the increasing of volumetric feeding rate. These effects lead to the generation of
particles with smaller size, enlarged specific surface area, narrower and sharper

particle size distribution.
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Table 4-4 N, adsorption-desorption analysis results of FePO,4-2H,O precursors

prepared with different volumetric feeding rate by ISR and UISR methods

(Reagent concentration = 1.0 mol L™)

Specific Total pore Average Reynolds
surface area adsorption primary number (Re)
Samples
2 1 3 1 o
(m g) volume (cm g ) grain size
(nm)
FP-20rpm 21.94 0.087 273.48 118
FP-40rpm 29.82 0.219 201.24 237
FP-60rpm 34.75 0.263 172.69 355
FP-80rpm 47.96 0.263 125.11 474
FP-100rpm 84.19 0.463 71.27 592
FP-U20rpm 95.41 0.587 62.89 118
FP-U40rpm 88.05 0.522 68.14 237
FP-U60rpm 96.88 0.576 59.60 355
FP-U80rpm 98.72 0.584 60.78 474
FP-U100rpm 114.97 0.570 53.74 592
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Table 4-5 Experimental parameters for calculation of the Reynolds numbers

Solutions Density (p, kg m®) Viscosity (i, Tube diameter (d,
Pa-s) m)
Fe(NO5)s 1177 0.001008 0.0035
(NH4)2,HPO, 1075 0.001003 0.0035

FePO, precursor
1144.4 0.001005 0.0035
solution

4.3.4 Synthesis of FexMn1-xPO4 and LiFexMn1-xPO4 (x = 0.90, 0.93, 0.96, 1.00)

by UISR reaction

The XRD patterns of a series of FexMn1,PO4 and LiFexMn;,PO,/C (x=0.90. 0.93,
0.96, 1.00) samples prepared by UISR are shown in Figure 4-6. And lattice
parameters of FexMny.,PO4 samples are shown in Table 4-6. As shown in Figure 4-6a,
all the XRD patterns of Fe,Mn;.xPO4 composites fit the ideally crystallized hexagonal
structure FePO, (JCPDS card no. 29-0715,a =5.035 A, b =5.035 A, c = 11.245 A. In
addition, it is obviously to see that the cell parameters of FesMn; PO, samples
changed slightly. The FeggsMng04PO4 sample has the smallest cell volume (246.85
AS), while Fegg3Mngo7PO, sample shows the largest cell volume (248.18 A3). As
shown in Figure 4-6b, all the XRD patterns of LiFe,Mn;.xPO,/C products match well
with standard LiFePO, with orthorhombic structure (JCPDS card no.40-1499, a =
10.347 A, b = 6.019 A, ¢ = 4.704 A), suggesting a perfect crystallinity of the as-

synthesized samples.
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Figure 4-6 XRD results of Fe,Mn; PO, and LiFe,Mny,PO,/C samples

synthesized with different Mn content (a) FexMn;4\POy; (b) LiFexMn;,PO,/C
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Table 4-7 Lattice parameters of as-synthesized FexMn; PO, samples

Samples a(A) b(A) c(A) V(AY)
Feo.oMng1PO, 5034  5.034 11.258 247.12
FeoosMnoo/POs  5.046  5.046 11.250 248.18
FeossMnoosPOs  5.035  5.035 11.245 246.85
FePO, 5037  5.037 11.257 247.38

To investigate the presence of all bands corresponding to as-synthesized samples,
FTIR spectra is shown in Figure 4-7. For Fe,Mn;..PO,4 samples, the absorption peaks
confirm the presence of PO,> functional group, including v, (O-P-O) double band of
574 and 597 cm™, v, (P-O) band of 1042 cm™, v, (O-P-O) band of 456 cm™, and v,

(P-O) band of 996 cm™ (Wang et al., 2014; Zhang et al., 2015; Shen et al., 2016).
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Figure 4-7 FTIR patterns of Fe,Mn;,PO, samples synthesized with different Mn

content

The morphology of FexMn;.,PO, composites prepared by UISR was examined by
scanning electron microscopy (SEM) and SEM images were shown in Figure 4-8. The
reagent concentration and volumetric flow rate were maintained at same level for the
synthesis of FePO, precursor by varying the Mn content. It is noticed that all the
samples with Mn doping exhibit apparent characteristics of nanocrystals with sizes
ranging from 50 nm to 300 nm. These nanospheres interweave to accumulate and
form the high nanoporosity structures. However, the FePO, sample, as shown in

Figures 4-8d, reveals smaller nanocrystal size and structures of higher porosity.
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Figure 4-8 SEM images of FexMn;.,PO, composites synthesized with different

Mn content: (a) x=0.90, (b) x=0.93, (c) x=0.96, (d) x=1.00.

The SEM images of LiFe,Mn;..PO,/C composites are shown in Figure 4-9. The
agglomerated nanocrystals prepared with Mn doping were merged together and yield

larger particles at high temperature during calcination process.
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1.00um S48

Figure 4-9 SEM images of LiFexMn;PO4/C composites synthesized with

different Mn content: (a) x=0.90, (b) x=0.93, (c) x=0.96, (d) x=1.00.

The coin cell batteries assembled using the synthesised LiFe,Mn;.xPO4/C composites
were charged and discharged at various rates varying from 0.1 C to 5 C and finally
returned to 0.1 C in cycle. The test results of the electrochemical performance
characterised by the current capacity, as shown in Figure 4-10 and listed Table 4-7,
indicate that the important impact of Mn doping on the rate and cycle performance of
the samples. This can be seen clearly from the figure that LiFeg93Mngo7PO4/C sample
shows the best rate capability among all the samples. Its average discharge capacities
can reach 156.8, 150.5, 140.0, 126.6 and 110.0 mAhg*at0.1 C,05C, 1 C, 2 C and
5 C, respectively. The reason is that, LiMnPO, has similar theoretical capacity with
LiFePO,, but about 20 % higher energy density on account of the higher redox

potential of Mn**/Mn®* (4.1 V versus 3.5 V in Fe**/Fe*"). Therefore, Mn doping can
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improve the kinetic properties and electrochemical performance of LiFePO,. For the
cycle performances, LiFePO,/C achieves the most stable cycle performance. The
discharge capacity at 1% and 100" cycle was 144.9 and 138.0 mAh g, respectively,

and the capacity retention after 100 cycles is 95.2%.
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Figure 4-10 Electrochemical performance of LiFeyMn;4,PO,/C composites
synthesized with different Mn doping: (a) Rate performance at various rates; (b)

Average rate capability; (c) Cycling performance at 0.5 C for 100 cycles.
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Table 4-7 The comparison of electrochemical performance of the LiFexMn;.

xPO,4/C synthesized by UISR with different Mn doping.

Fe Cycle performance at0.5C Average Rate Performance
content 1 1
(mAhg™) (mAh g™)

cycle  100Mcycle  R;*(%) 01C 05C 1C 2C 5C
X=1.00 144.9 138.0 95.2 159.0 140.6 1240 1128 103.1
X=0.96 146.9 138.7 94.4 164.0 1465 136.7 1241 103.2
X=0.93 152.4 140.1 91.9 156.8 150.5 140.0 126.6 110.0
X=0.90 136.3 125.5 92.1 1559 1349 120.7 103.8 85.0

4.4 Conclusions

In this work, FexMn;4PO, and LiFe,Mn;PO,/C nanocomposites are prepared by

ultrasound-intensified impinging streaming reaction (UISR). The effects of ultrasound

intensity, pulse, volumetric feeding rate, and Mn doping on particle size, porosity,

specific surface area, and electrochemical performance,

are systematically

investigated in the work. The conclusions reached as the results of the current study

are as follows:

(1) The increasing of ultrasound intensity can reduce micromixing time, and

improve both mass transfer coefficient and overall reaction rate, which result

in smaller primary particle size, higher specific surface area, and narrower and
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sharper pore size distribution. However, over-increase in the ultrasound
intensity would have negative impact, results in the increasing of average
grain size, and reduction of specific surface area due to the extremely high

temperature caused by higher ultrasound intensity.

(2) The purity of FePQ, is affected by ultrasound pulse significantly due to the
homogeneous competitive reactions between FePO, and Fe(OH)s;. The
increasing of interval time leads to the formation of more Fe(OH)3 because of

the weakened micromixing effect and reduced mass transfer coefficient.

(3) Increased specific surface area and total adsorption pore volume, and reduced
average primary grain size can be obtained through increasing the volumetric
flow rate, especially in ISR. The reasons are that, the energy dissipation rate
and micromixing time in the T-type micromixer are only related to volumetric
feeding rate Q. However, for UISR, the explosion of bubbles can cause
hydraulic shocks and induce eddies which promote the regime transition from
laminar to turbulent so that the turbulent energy dissipation can be enhanced.
In addition, the micromixing effect can be improved by ultrasonic irradiation

more significantly than the increasing of volumetric feeding rate.

(4) The Fe content in LiFe,Mn;4PO,4/C has important impact on electrochemical

performance. In this work, the optimum Fe content is 0.93.
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CHAPTER 5: Synthesis of Hierarchical Micro/Nano-
structured Porous FePO, for High Performance Lithium-

lon Batteries using a Two-step Co-Precipitation Method

SUMMARY

In Chapter 3 and 4, the ISR and UISR methods, which have important impacts on
nucleation process, have been systematically investigated. To prepare LiFePO,
particles with hierarchical structure, it is necessary to control particle growth process.
In this chapter, a two-step co-precipitation method has been adopted for the synthesis
of hierarchical micro/nano-structured mesoporous FePO4-2H,O  particles.
FePO,4-2H,0 seed nano-composites were firstly synthesized by impinging stream
reaction (ISR). Then these nano-scale FePO4-2H,0 seed crystals were transferred into
a continuous stirring tank reactor (CSTR) and stirred for several hours. Hierarchical
micro/nano-structured mesoporous FePO,4-2H,O composites were generated after
enough reaction time and stirring. The effects of mean residence time and rotation
speed on the physical and chemical properties of FePO4-2H,O and LiFePO,/C
samples were systematically investigated in this work. The as-synthesized
FePO,4-2H,0, FePO, and corresponding LiFePO,/C products are characterized by
XRD, SEM, BET, Mastersizer, and electrochemical charge-discharge test. Under
optimum operating condition, the FePO4-2H,O composites have near-spherical
hierarchical micro/nano-structure which is consisted of nanoscale primary grains,
while the resulting LiFePO,/C possesses the best electrochemical performance. Its

discharge capacities can reach 145.6, 133.7, 118.0, 103.7, and 85.7 mAh gt at 0.1 C,
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0.5C,1C 2 C and5 C current rates, respectively. For cycling capability, LiFePO,/C
exhibited 132.4 mAh g* after 100" cycle at 0.5 C, corresponding to 103.7% of its
initial discharge capacity (127.7 mAh g™). It has been clearly demonstrated that the
as-synthesized LiFePO4/C products prepared by this method can show excellent rate

capacities, superior cycling performance, and a relatively high tap density.
5.1 Introduction

In recent years, serious climate issues coupled with the shortage of conventional
energy have already become one of the biggest problems which is facing by the
people around the world. To solve it, many kinds of sustainable energies, such as
solar power, wind energy, and tidal energy have already been researched and
investigated. As one of the most important equipment for the storage of regeneration
energy, lithium ion battery (LIB) has attracted more attentions from public. Olivine
structured lithium iron phosphate (LiFePO,) has been recognized as one of the most
appropriate and promising positive electrode material in Li-ion battery due to
nontoxicity, low cost of raw materials, good structural stability at high temperature,
excellent safety performance, and relatively high theoretical specific capacity (170
mAhg™) with a flat discharge-charge potential (3.45V vs. Li*/Li) (Ding et al., 2010;
Park et al., 1997; Padhi et al., 1997). However, the low energy density resulted by
relatively low redox potential (3.45V vs. Li*/Li) (Xiang et al., 2016), and slow lithium
ion diffusion through the LiFePO4-FePO, interface which may lead to poor rate
capability are the main disadvantages of the pure material (Naik et al., 2016; Shu et
al., 2013). Meanwhile, essentially poor ionic and electronic conductivity has limited
the insertion and extraction of lithium ions and charge transport rate seriously, which

also hold back the large-scale application and the extensively use of LiFePO, to the
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commercial market (Wang et al., 2011). Refining LiFePQO, particles to nanoscale level
is one of the most popular strategies to improve the LiFePO,’s electrochemical
property, because reduction of the LiFePOy, particle size can lead to shortening the Li*
diffusion path and facilitating the kinetics of Li" insertion and extraction process.

However, both the volumetric and the gravimetric energy density are decreased.

The synthesis of FePO, precursor and LiFePO, composites has been documented in
many previous researches. Ying et al (2006) prepared micro-scale spherical FePO,
precursor and Lig.g7Cro01FePO4/C with high tap density by co-precipitation method.
Shin et al. (2008) also evaluated the effect of Cr-doping on LFP nanocomposites.
Wang et al. (2008) reported an in situ polymerization restriction method to synthesise
nanoscale FePO, and LiFePO,/carbon composites. Sun et al. (2010) prepared
nanoscale Cl-doped LiFePO, and found Cl-doping could facilitate the diffusion of Li
ion and improve the high rate capability of positive electrode material. Hong et al
(2012) synthesized LiFePO4/C nanocomposites and evaluated how sucrose amount
influenced electrochemical performance of LiFePO,/C. Hsieh et al. (2012) prepared
nanoscale FePO, precursor at different pH value by co-precipitation method, and
found that the optimum pH value was 3. Zhu et al. (2014) reported a facile co-
precipitation method to prepare nanoscale FePO,4 precursor and revealed that reagent
concentration would affected both of the morphology and electrochemical
performance of positive electrode material. Qian et al. (2012) applied an
electrochemical method to synthesise FePO, nanoparticles and found that
electrochemical performance of LiFePO,/C can be improved if FePO, precursor had
mesoporous structure. With the using of Fe(ll) salts, Arnold et al. (2003) synthesized

LiFePO, nanoflates by aqueous co-precipitation method. A microwave heating
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assisted co-precipitation method was adopted by Park et al. (2003) to prepare
LiFePO, nanocomposites. Ni et al. (2005) prepared LiFePO4 nanocomposites by co-
precipitation method, and the effects of ion doping (Mg?*, Cu?*, and Zn?*) on physical
and chemical properties of LFP were evaluated. Ding et al. (2010) reported a novel
co-precipitation method to prepare nano-structured LFP/graphene composites, and
found the electrochemical performance of LFP can be improved by adding graphene
nanosheets. Liu et al. (2014) evaluated how the graphene nanosheet content affected
the morphology and electrochemical performance of LFP. Shi et al. (2012)
investigated the effect of graphene and found the rate capability can be enhanced by
graphene wrapping. Bai et al. (2015) synthesized LFP/C microspheres by co-
precipitation method. Han et al. (2013) have found that the use of two step
heterogeneous growth technology could produce porous and coarse LFP/C

composites with improved electrochemical performance.

To develop LiFePO,4 with good electrochemical performance and high tap density,
four requirements have to be achieved: (1) reduce LiFePO, primary grains to
nanoscale, so that the diffusion pathway of Li-ion can be shortened; (2) enlarge
specific surface area of LiFePO, to increase the interface between electrode and
electrolyte; (3) increase the secondary structure of LiFePO,4 to microscale to guarantee
relatively high tap density; (4) make sure the uniform carbon coating on LiFePQO, to
improve the electronic conductivity of LiFePO, (Han et al., 2013; Whittingham,
2004) . Therefore, fabricating LiFePO, positive electrode material with micro-nano
hierarchical porous structure can, shorten diffusion length of Li-ion, increase
electrode/electrolyte interface area and ensure effective electrolyte permeation, as

well as guarantee relatively high volumetric and gravimetric energy density (Vu et al.,
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2012; Wang et al., 2015; Wang et al., 2011) . Thus, though there are many studies on
using co-precipitation method to synthesize FP and LFP nanocomposites or
microspheres, the studies on synthesis of FP and LFP composites with hierarchical
porous micro/nano structure using co-precipitation method are still limited and the

factors that affect the synthesis process are required further investigations.

In this work, FP precursor composites with hierarchical porous micro/nano structure
were prepared by two-step co-precipitation method at various operating conditions.
Due to the application of impinging stream (IS) can significantly enhance the mixing,
especially micro-mixing, within extremely short time, impinging stream reaction was
employed as primary process to synthesize nano-scale FePO,-2H,0 seed crystals.
Then co-precipitation method was used as secondary step. The as-synthesized FePO,
precursor composites revealed hierarchical micro/nano-structured mesoporous
morphology. The effects of (1) mean residence time (t); (2) rotation speed (r); (3)
two-step co-precipitation method on the physical and chemical properties of FP and
LFP were systematically evaluated. The as-synthesized LiFePO,/C products at
optimum condition showed both excellent electrochemical performance and relatively
high tap density. The paper will be organised in such a way. Section 2 will present the
experimental details including materials preparation, characterisation of FP, LFP and
cell preparation for electrochemistry test while section 3 will present the results and
discussion, focusing on the effects of various conditions on synthesis of hierarchical
micro/nano-structured porous FP and LFP by using two-step co-precipitation method
and conventional method. Section 4 will present the conclusions derived from the

study.
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5.2 Synthesis and experimental methods

5.2.1 Synthesis of Hierarchical Micro/Nano-structured porous FePO,

The schematic diagram of this experimental system used for synthesis of hierarchical
micro/nano-structured porous FePQO, particles was shown in Figure 5-1. In the first
step, Fe(NO3)3-9H,0 (Sinopharm Chemical Reagent Co., Ltd, 99%) and (NH,4),HPO,
(Sinopharm Chemical Reagent Co., Ltd, 99%) were dissolved into deionized water to
prepare Fe(NOs)s (1 mol L™) and (NH.),HPO,4 (1.0 mol L) aqueous solutions. The
pH value of (NH,4),HPO, was maintained at desired value by adding certain amount
of ammonia solution. Then FePO,4-2H,0 seed nano-composites were synthesized by
impinging stream reaction. Fe(NOs)s (1.0 mol L™) and (NH4),HPO, (1.0 mol L™
solutions were added continuously into an impinging stream reactor (ISR). The pH
value of solution was maintained at 1.80 by adding ammonia solution via pH

automatic controller.

For the second step, nano-scale FePO,4-2H,0 seed crystals were transferred into a
continuous stirring tank reactor (CSTR) and stirred for up to 48 hours. Meanwhile,
The solutions of Fe(NOs); (1.0 mol L) and (NH,),HPO, (1.0 mol L™) were
continuously added into the reactor at a ratio of 1:1. NH3-H,O solution (1.5 mol L™)
was also pumped into the reactor and maintained the pH value of solution at 1.80
carefully. Meanwhile, the temperature was kept at 60 °C. Then hierarchical
micro/nano-structured mesoporous FePO,4-2H,O composites were generated after
enough reaction time and stirring. To investigate the effects of reaction time (t) and
rotation speed (r), FePO, precursors were also synthesized under precisely controlled

reaction time (t = 12, 24, 36, 48 h) and stirring rate (r = 400, 800, 1200 and 1600 rpm).
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Figure 5- 1 Schematic diagram of two-step co-precipitation method.

Furthermore, FePO, precursor samples were prepared for comparison purpose by a

conventional co-precipitation method. Fe(NO3); (1.0 mol L™) and (NH,),HPO, (1.0

mol L™ solutions were added continuously into the same CSTR. The pH value of

solution was also maintained at 1.80 by adding ammonia solution via pH automatic

controller.

The obtained products by these two methods were subsequently washed with

deionized water for three times, then filtrated and dried in air at 100 °C for 12 h. after

that, the samples were calcined in air at 600 °C for 10 hours to obtain anhydrous

crystalline FePO4 samples.
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5.2.2 Synthesis of LiFePO, composites

The as-synthesized FePO, samples were mixed with Li,CO3 (Sinopharm Chemical
Reagent Co., Ltd, 99%) and glucose (Sinopharm Chemical Reagent Co., Ltd, 99%) at
a desired ratio and ball-milled at 300 rpm for 6 h by a planetary ball mill, respectively.
The mixtures were calcined in nitrogen atmosphere at 650 °C for 10 h. Then

LiFePO,/C composites were obtained.

The positive electrode material was consisted of as-synthesized LiFePO,/C
composite, acetylene black and polytetrafluoroethylene (PTFE) binder in a weight
ratio of 80:10:10. The mixture was coating on an aluminum foil. After rolling and
drying at 80 °C for 8 h. The coated aluminum was cut into circular plates. The
thickness and diameter of these circular plates were 0.06 and 12 mm respectively. The
loading density of LiFePO, active material was around 5.0 mg cm™. 0.1 M LiPFs
dissolved in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 volume ratio) was
used as the electrolyte. Celguard 2300 microporous film was adopted as the separator.

The assembly of the cells was carried out in a dry Ar-filled glove box.
5.2.3 Characterization of FePO4and LiFePO,/C

The crystal structure of FePO, and LiFePO,/C samples were analysed by a Bruker D8
series X-ray diffraction using Cu Ka radiation (A\=1.5406A) operated at 40kV and 40
mA. The 26 was scanned from 10 degree to 70 degree (with a resolution of 0.01
degree). The surface morphology of FePO, precursor and corresponding LiFePO,/C
particles were observed by scanning electron microscope (Sigma VP, ZEISS,
Germany). Surface area, porosity and particle size were analysed by Brunauer

Emmett Teller (BET, Micromeritics ASAP 2020, U.S.A). The particle size and
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distribution of FePO, precursors were measured by using laser diffraction method
(Mastersizer 3000, Malvern Inc, UK). The average primary grain size of FePO,
precursors were analysed by SEM images and Image J software. In terms of tap
density measurement, a simple method described by Wang et al (2011) was employed.
In this work, about 5 g of the samples were stored in 10 ml plastic centrifugal tube
and tapped on the lab bench for 10 min by hand. The measured mass and volume of
samples were then recorded to calculate the tap density (Wang et al., 2011). To
investigate the electrochemical properties, the cells were galvanostatically charged
and discharged at various rates within the voltage range of 2.5 V and 4.2 V (versus
Li/Li") on an electrochemical test workstation (CT2001A, Wuhan LAND Electronic

Co.Ltd., China). All the electrochemical tests were carried out at room temperature.

5.3 Results and Discussion

5.3.1 Effect of mean residence time

The TEM image of nanoscale FePO, precursor seeds obtained from ISR is shown in
Figure 5-2. The average size of these FePO, precursor seeds were 71.27 nm. Using
these nanoscale FePO, seeds, the hierarchical micro/nano-structured porous FePO,

composites were synthesized in a continuous stirring tank reactor (CSTR).
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Figure 5-2 TEM image of FePO, precursor seeds synthesized by impinging

stream reaction

To investigate the optimum mean residence time, the experiments were run varied
from 12 to 48 hours with a rotation speed of 1600 rpm. The SEM images of FePO,
precursor composites synthesized at different mean residence time were shown in
Figure 5-3. While the particle size distribution results of FePO,4 precursor synthesized
with different mean residence time are shown in Figure 5-4 and Table 5-1. There is a
clear trend that the long mean residence time of particles exposure to hydrodynamic
fluid shear stress leads to a more spherical shape and narrow particle size distribution
(Thai et al., 2015). When the mean residence time is 12 h (as shown in Figure 5-3a),
most of the FePO, precursor particles are not agglomerated together. As shown in
Figure 5-4 and Table 5-2, the average particle size (Dx50) of FP-12 is 8.02 um. While
the Dx10 and Dx90 of FePO, particles were 1.11 and 28.9 um respectively, indicating
FP-12 precursor particles exhibit broad particle size distribution. The larger FePO,
particles may be generated by the growth of initial nanoscale FePO, seeds. While the

smaller FePO, particles were produced by the continuous precipitation in CSTR.
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After 24 h, it is obvious to see that a large population of nanoscale FePO, precursor
composites are agglomerated together and produce micro-scale FePO, particles. The
average particle size reduced from 8.02 um to 2.19 um. However, FP-24 precursor
particles are still broadly distributed. When increasing mean residence time to 36 h, as
show in Figure 5-3c, more FePO,4 precursor composites with near-spherical shape and
hierarchical micro/nano structure were produced. The average particle size of FePO,
further decreased to 1.75 um, and the particle size distribution become much narrower.
The values of Dx10 and Dx90 were 0.73 um and 10.5 um respectively. After 48 hours,
the FePO, particles become larger and more spherical, the average particle size
increased to 2.85 um. However, porous and hierarchical micro/nano structure cannot
be observed. Thus, a longer exposure time to the hydrodynamic fluid shear flow
contributed to the generation of near-spherical shape and narrow size distribution of
the FP particles. But the mesoporous structure will be disappeared if the mean
residence time was too long. Besides, there is a clear trend that the average primary
grain size of FePO, precursor composites is increased as the increase of mean
residence time. In the first 36 hours, the average primary grain size of FePO,
precursor composites increase slightly, from 71.27 nm (FP-Seed) to 115.48 nm (FP-
36). When the mean residence time is over 36 h, the primary grains grow rapidly and
the average grain size improves to 427.94 nm after 48 h. This may be attributed to that,
the new generated FP nuclei will be covered on the surface of FP particles in the
continuous reaction. Thus, several primary grains may combine together and become
a larger primary grain. As a result, 36 h is chosen as the optimum mean residence
time because the FP-36 precursor particles exhibited the smallest average particle size,

most narrow particle size distribution, and hierarchical porous micro/nano structure.
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Table 5- 1 The particle size distribution and average primary grain size of FePO,

precursor synthesized with different reaction time

Sample Reaction Dx10 Average Dx90 Average
time (hours)  (um) Particle Size (um)  Primary Grain

(um, Dx50) Size (nm)
FP-Seed 0 1.79 8.33 29.1 71.27
FP-12 12 1.11 8.02 28.9 89.31
FP-24 24 0.61 2.19 13.7 95.49
FP-36 36 0.73 1.75 10.5 115.48
FP-48 48 0.62 2.85 10.0 427.94
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Figure 5-3 SEM images of FePO4-2H,O composites synthesized by different
reaction time: (a) 12 h, (b) 24 h, (c) 36 h, (d) 48 h, (e) and (f) high magnification

of FP-24 and FP-36.

220



Volume density (%)

Partlce size (um)

450 »
l_ »
400 4 - '.\ ~4-Primary Grain Size (nm) 8
350 4 \\ ~ M~ Secondary Particle Size (um) =8
_ z
£ w0 ] T
4
A 250 o 5 g
.E o
: 2
O A o
E 200 v
8 s
T 150 1 3 2
o
& &
g 100 1 . . 5
> / e
b <
50 1 .
(b)
o 0
0 Q 12 18 24 30 36 42 48

Reaction Time (hours)

Figure 5-4 (a) Particle size distribution of FePO, precursor composites; (b)
average primary grain size and secondary particle size of FePO, precursor

synthesized by different reaction time
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The co-precipitation process in CSTR can be divided into two main ways, including
growth of core particles and homoagglomeration of new generated particles. Kim et al
(2017) had found that particle surface charge was a critical factor to determine the
interaction between particles, and the way reaction tended to happen was depended
directly on the pH value of solution. The synthetic mechanism of hierarchical
micro/nano-structured porous FePO, composites was shown in Figure 5-5. In this
work, the objective is to synthesize FePO, precursor particles with hierarchical
mesoporous micro/nano structure. Therefore, it is important to facilitate the
homoagglomeration of FePO, precursor particles. Then these new generated FePO,
precursor particles were used as “bridge”, or “glue”, and improved the interactive

connection among nano-scale FePO, seeds.
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Figure 5-5 Schematic illustration of the two-step co-precipitation method
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5.3.2 Effect of rotation speed

To investigate the effect of rotation speed, FePO4-2H,0 precursors were prepared at
four different rotation speed ranging from 400 to 1600 rpm. Table 5-2 and Figure 5-6
show the particle size distribution results of the FePO, precursor samples. The
minimum average particle size (1.75 um) was obtained when the rotation speed of
1600 rpm was used. It is noticed that the average particle size of FP-800 and FP-1200
was almost same, but the Dx90 value of FP-1200 sample (13.3 um) is much smaller
than FP-800 (16.5 um). All the results demonstrate that, as the stirring rate increased
from 400 to 1600 rpm, the average particle size of FePO, precursor samples decreases

remarkably, while the particle size distribution becomes narrow.

10
——FP-400
8 - ——FP-800
——FP-1200
® FP-1600
6
@
c
L
o
:
E -
o
>
2 /\
. ~

0.1 1 | 10 100
Partlce size (um)

Figure 5-6 Particle size distribution of FePO4 precursor composites synthesized

at different stirring rate.
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Table 5-2 Particle size distribution results of FePO, precursors prepared with

different synthesis methods.

Samples Dx10 (um) Dx50 (um) Dx90 (um)
FP-400 1.70 7.71 425
FP-800 1.04 2.52 16.5
FP-1200 1.05 2.57 13.3
FP-1600 0.73 1.75 10.5

Figure 5-7 shows the SEM images of FePO, precursor samples prepared at four
different rotation speed. All the particles are composed of a larger number of densely
appregated nanoscale primay grains with sphercal shape. As expected, the SEM
analysis also indicates that an increase in the rotation speed can result in an increase
of sphericity and a reduction of particle size of as-prepared FePO, precursor samples.
At low rotation speed (r = 400 rpm), the as-prepared FePO, precursor sample shows
irregular particle shape with broad particle size distribution. As the rotation speed is
increased to 1600 rpm, uniformly near-spherical FePO, precursor particles are
generated with a mean residence time of 36 h. Thus, it can be concluded that the
particle shape became more spherical and the particle size distribution became
narrower when increasing the rotation speed from 400 rpm to 1600 rpm. These results
can be explained by the comparision among fluid shear stress, turbulent dissipation

energy, and the physical interactive force between particles in CSTR.
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Figure 5-7 SEM images of FePO4-2H,O composites synthesized by different

stirring rate: (a) 400 rpm, (b) 800 rpm, (c) 1200 rpm, (d) 1600 rpm.

To estimate the turbulent mixing effect in CSTR, an equation is used to describe the

turbulent dissipation energy per unit mass & [J/s-kg] (Sung et al., 2000):

e = Npn3DaSp (5-1)
gcm

where n is rotation speed (rps), Da is impeller diameter, p is density of reaction
solution, m is mass of solution in the reactor and N, is power number which can be

correlated to the Reynolds number.

The Reynolds numbers and power number N, can be defined as

2nA43
n“Da
Re = P24

P (5-2)
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Np = — (5-3)

" pn3Da’

where p is solution viscosity and P is the power.

Based on the turbulent dissipation energy, the Kolmogorov length A and turbulent
shear stress t, which are the important characteristics of the turbulent mixing, can be

estimated as

ey o0
T=ui)" (5-5)

Where v is the kinematic viscosity of the mixed solution is defined as u/p and u is

dynamic viscosity.

The values of these parameters for calculation are listed in Table 5-3.

Table 5-3 Experimental parameters for calculation

Density Viscosity  Impeller diameter
(p,kgm?)  (u, Pas) (Da, m)
1126 0.001005 0.06
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Table 5-4 Reynolds number, power, turbulent dissipation energy and shear

stress corresponding to the rotation speed in CSTR.

Rotation Reynolds Power Turbulent Turbulent
Speed (rps) Number (W) Dissipation Energy shear stress (1)
(m%/s*)
6.67 1.1x10* 1.76 0.43 0.70
13.33 4.3x10* 8.18 2.13 1.55
20.00 9.7x10* 15.99 4.91 2.36
26.67 1.7x10° 23.66 7.93 3.00

The increase in the rotation speed can enhance mass transfer rate and improve
collision rate. Besides, the values of turbulent energy dissipation rate & and turbulent
shear stress T, which are shown in Table 5-4, will increase as the increasing of
rotation speed. The turbulent shear stress t influences the breakage/re-dispersion
process of the aggregated particles in CSTR. At a low rotation speed (400 rpm), the
shear stress is weaker than the interactive force among the aggregated primary grains.
Thus the aggregated particles cannot be broke and re-dispersed, results in larger
particle size and broad particle size distribution. As the increasing of rotation speed,
the shear stress is increased and enough to overcome the physical interactive force.
The breakage/re-dispersion process then was facilitated and exceeded agglomeration
process. As a result, the particle shape become more spherical, the average particle
size is decreased and the particle size distribution is narrowed. Furthermore, it is clear
that the sample particles which exhibit more spherical shape and narrow particle size

distribution show a higher tap density. Because the particles with spherical shape have
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the smallest contact interface with other particles, the fluidic of particles is improved
and the formation of bridge among particles becomes more difficult (Ying et al., 2001;

Cho et al., 2005; Ying et al., 2004).

5.3.3 Effect of two-step methods

The effect of two-step co-precipitation method on particle morphology was
investigated on optimum condition of reaction time (36 h) and stirring rate (1600 rpm).
The SEM images were shown in Figure 5-8, while the results of particle size
distribution were shown in Figure 5-9 and Table 5-5. As shown in Figure 5-8a, FP-
IPre precursor particles with hierarchical micro/nano-structured mesoporous structure
can be well synthesized by two-step co-precipitation method. The micro-sized near-
spherical secondary structure of FP-Imp has an average particle size of 1.75 um,
consisting of nanospheres with sizes ranging from 50 nm to 150 nm. The SEM image
of FP-CoPre composites was shown in Figure 5-8b. FP-CoPre exhibited near-
spherical shape with lower porosity. The average secondary particle size and primary
grain size are 2.47 um and 176.6 nm respectively. The particle size distribution also

became broader.

Figure 5-8 SEM images of FePO4-2H,O composites synthesized by different

methods: (a) conventional method, (b) two-step co-precipitation.
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Figure 5-9 Particle size distribution of FePO,4-2H,O composites synthesized by

different synthesis method

Table 5-5 Particle size distribution results of FePO, precursors prepared by

different synthesis methods.

Samples Dx10 Average Dx90 Average Surface
(um) Particle Size (um) Primary area
(um, Dx50) Grain Size (m*g™)
(hm)
FP-1Pre 0.73 1.75 10.5 115.48 18.65
FP-CoPre 0.90 2.47 22.5 176.63 8.59
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The BET specific surface area and pore size distribution of the FePO, precursors
prepared by two different methods have been characterized by nitrogen adsorption-
desorption analysis. The N sorption isotherm of FP-1Pre and FP-CoPre precursors
(Figure 5-10a) were Type IV. The big hysteresis loops evidence the presence of
mesopores (> 2 nm and < 50 nm). The measured BET surface area for FP-1Pre and
FP-CoPre precursors are 18.65 and 8.59 m? g™, respectively. The analytical results of
pore size distribution based on desorption of the FePO, precursors synthesized using
two different methods are shown in Figure 5-10b and c. As can be seen from the
figures, both FP-1Pre and FP-CoPre precursor samples feature pores in mesoporous
(>2 nm and <50 nm) and macropores (> 50 nm) range. The acquirement of higher
specific surface area of FP-1Pre precursor is caused by the reduction of average grain

size and the increase in the numbers of mesopores and macropores.
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Figure 5-10 (a) N, adsorption-desorption isotherms of FePO,4-2H,O composites
prepared by impinging jet reaction with different feeding rate; (b) Incremental

pore volume; (c) Incremental pore area

The XRD patterns of FePO, and LiFePO,/C composites prepared by two different
methods are shown in Figure 5-11. The XRD results of FP-IPre and FP-CoPre
composites, which are pre-heated at 600 °C for 10 h, match well with anhydrous
hexagonal structure FePO, (JCPDS card no. 29-0715, a=5.035 A, b =5.035 A, ¢ =
11.245 A), suggesting the formation of perfect crystalline FePO, composites after the
thermal treatment. Simultaneously, it can be clearly observed that the diffraction peak
intensities of FP-CoPre sample are lower than FP-1Pre sample. The highest intensities
of FP-CoPre and FP-IPre composites around 25.83 degree are 2475 and 2841,
respectively. This may suggest that the adoption of two-step co-precipitation method

can improve the crystallinity of the products. The diffraction peaks of LFP-IPre and
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LFP-CoPre composites are also well indexed with LiFePO, with orthorhombic

structure (JCPDS card n0.40-1499, a = 10.347 A, b =6.019 A, ¢ = 4.704 A).
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Figure 5-11 X-ray diffraction patterns of (a) FePO, and (b) LiFePO,/C

composites prepared by different methods.
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Table 5-6 Calculated lattice parameters of as-synthesized FePO, and LiFePO,/C

samples

a(A) b(A) c(A) V(AY) Tap density (g cm™)
FP-1Pre 5.041 5.041 11.246 285.807 0.95
FP-CoPre 5.036 5.036 11.244 285.231 1.13
LFP-1Pre 10.310 6.002 4.589 283.970 1.29
LFP-CoPre  10.336 6.006 4.697 291.580 1.50

Figure 5-12 SEM images of LiFePO,/C composites synthesized by different

methods: (a) LFP-CoPre, (b) LFP-I1Pre.

The SEM images of LiFePO,/C composites prepared by two different methods are

shown in Figure 5-12. As the morphology of LiFePO,/C was affected by the precursor

significantly, the LFP-CoPre sample has near-spherical shape and features micro-

scale secondary structure with lower porosity. LFP-IPre sample (Figure 5-12b) also

presents near spherically shaped particles. Comparing to LFP-CoPre, LFP-IPre

composites exhibit smaller secondary particle size with higher porous structure.
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The electrochemical characterization of LiFePO,/C prepared by different methods is
shown in Figure 5-13 and Table 5-7. The LFP-IPre presents better discharge
capacities from 0.1 to 5 C. The average discharge capacity of LFP-IPre is 145.6,
133.7, 118.0, 103.7, and 85.7 mAh g at arate of 0.1 C, 0.5 C, 1 C, 2 C and 5 C,
respectively. For LFP-CoPre, the average discharge capacity can reach 120.2, 113.3,
101.3,91.8, and 73.9 mAh gt atarate of 0.1 C,0.5C, 1 C, 2 C and 5 C, respectively.
The improved rate capacities can be attributed to the smaller primary grain size,
enlarged specific surface area and mesoporous secondary structure. Generally, a
larger specific surface area helps increase the interface between electrode and
electrolyte, and provide an effective charge transfer across the interface. A reduced
primary grain size helps shorten the diffusion distance of Li* ion, resulted in an
improved electrochemical performance for LiFePO, active materials. Meanwhile,
mesoporous structure can facilitate the penetration of electrolyte and improve the
electronic conductivity. For cycling capability, LFP-IPre exhibited 127.7 and 132.4
mAh g™ at 1 and 100" cycle. Similarly, the discharge capacities at 1 and 100" cycle
of LFP-CoPre sample were 112.9 and 117.1 mAh g™*. The improved cycle ability can
be attributed to less side reaction. Additionally, micro-sized near-spherical secondary
particle can maintain a relatively higher tap density (1.29 g cm™). Thus, for FP-IPre
precursor, its hierarchical mesoporous micro/nano-structure can facilitate the
electrolyte penetration, improve the electronic conductivity and guarantee a relatively

higher tap density and volumetric density of the resulting LFP- IPre sample.
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Figure 5-13 Electrochemical performance of LiFePO4,/C composites synthesized
with different methods: (a) Rate performance at various rates, (b) Cycling

performance at 0.5 C for 100 cycles, (c) Average rate capability.

Table 5-7 The comparison of electrochemical performance of the LiFePO,/C

synthesized by two-step co-precipitation method and conventional method.

Sample Cycle performance at0.5C Average Rate Performance

(mAh g™ (mAh g™

1cycle 100" cycle  R.%(%) 01C 05C 1C 2C 5C

LFP-1Pre 127.7 132.4 103.7 145.6 133.7 118.0 103.7 85.7

LFP-CoPre 1129 117.1 103.7 120.2 1133 1013 918 739
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5.4 Conclusion

In this work, hierarchical micro/nano-structured porous FePO, precursor and
LiFePO,/C samples were synthesized by utilising two-step co-precipitation method
under precisely controlled reaction time and stirring rate. The results showed that, in
contrast to the LiFePO4/C synthesized by conventional co-precipitation method, the
LiFePO,/C composites prepared by two-step co-precipitation method exhibited both
excellent electrochemical performance and relatively high tap density. The excellent
electrochemical performance can be attributed to the large specific surface area,
mesoporous structure and nanoscale primary grains which can shorten the diffusion
pathway of Li*. And the relatively high tap density of LiFePO, was guaranteed by the
micro-sized near-spherical secondary structure. It is thus concluded that two-step co-
precipitation technology will be promising synthesis method for the preparation of
LiFePO, composites for energy storage. The conclusions reached as the results of the

current study are as follows:

(1) The proceeding of experiment leads to the decrease of primary gains size, increase
of secondary particle size, and reduction of particle size distribution. However, over-
increase in the mean residence time would have negative impact. Both primary grain
size and secondary particle size were increased dramatically, and mesoporous

structure was disappeared when the reaction time is more than 36 hours.

(2) For two-step co-precipitation method, increase in the rotation speed can narrow
particle size distribution and improve sphericity of FePO, precursor particles due to
the facilitation of breakage/re-dispersion process which is caused by enhanced

hydrodynamic shear stress.
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(3) The LiFePO4/C composites synthesized by two-step co-precipitation method
exhibit hierarchical mesoporous micro/nano-structure, resulting in both improved

electrochemical performance and relatively higher tap density and volumetric density
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CHAPTER 6: Controllable Synthesis of
(NH,)Fes(PO,4)2(OH)-2H,O  Using  Two-Step  Route:
Ultrasonic-intensified Impinging Stream Pre-treatment

Followed by Hydrothermal Treatment

SUMMARY

In Chapter 5, two-step co-precipitation method has been employed to prepare
LiFePO, particles with hierarchical micro/nano structure. In this chapter, we introduce
a two-step hydrothermal method, and investigate the effect of different parameters on
the preparation of FePO, particles. (NH4)Fez(PO4)2(OH)-2H,0 and FePO,4 samples
with different morphology are successfully synthesized via two-step synthesis route -
ultrasonic-intensified impinging stream pre-treatment followed by hydrothermal
treatment (UIHT) method. The effects of the adoption of ultrasonic-intensified
impinging stream pre-treatment, reagent concentration (C), pH value of solution and
hydrothermal reaction time (T) on the physical and chemical properties of the
synthesised (NHj)Fe2(PO4)2(OH)-2H,O composites and FePO, particles were
systematically investigated. Nano- seeds were firstly synthesized using the ultrasonic-
intensified T-mixer and these nano-seeds were then transferred into a hydrothermal
reactor, heated at 170 °C for 4 hours. The obtained samples were characterized by
utilising XRD, BET, TG-DTA, SEM, TEM, Mastersizer 3000 and FTIR, respectively.
The experimental results have indicated that the particle size and morphology of the

obtained samples are remarkably affected by the use of ultrasonic-intensified
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impinging stream pre-treatment, hydrothermal reaction time, reagent concentration,
and pH value of solution. When such (NH4)Fe;(PO,)2(OH)-2H,0 precursor samples
were transformed to FePO, products after sintering at 650°C for 10 hours, the SEM
images have clearly shown that both the precursor and the final product still retain
their monodispersed spherical microstructures with similar particle size of about 3 um

when the samples are synthesised at the optimised condition.

6.1 Introduction

(NHg)Fez(PO4)2(OH)-2H,O is  an isopytic mineral of KFey(PO,4),0H-2H,0
(leucophosphite) and has received increasing attentions due to its magnetic properties
and rich crystal chemistry (Trobajo et al., 2000). The synthetic
(NHz)Fe2(PO4)2(OH)-2H,0 has been considered as a promising material and applied
in the fields of catalysts (Bonnet et al., 1996), magnetics (Cavellec et al., 1997; Zhou
et al., 2010), optics (Cao et al., 2010), and lithium ion battery as positive electrode
material (Ju et al., 2013; Li et al., 2014; Reale et al., 2003). As a functional material,
the physical and chemical properties of (NHz)Fe2(PO4)2(OH)-2H,0 are significantly
affected by its morphology and particle size. Many methods have been developed to
prepare (NH4)Fe,(PO,)2(OH)-2H,0 particles, and various efforts are endeavoured to

conduct the synthesis for different morphologies and particle sizes.

Shaowen Cao et al. (2010) proposed a simple one-step microwave-solvothermal ionic
liquid method using [BMIM][BF,] to prepare (NH4)Fez(PO,)2(OH)-2H,O composites
that contained various nanostructures, such as solid micro-spheres, microspheres with
the core in the hollow shell, and double-shelled hollow microspheres while the

synthesis was conducted by adjusting reagent concentration and microwave heating
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time (Cao et al, 2010). Pure and well-crystallized spheniscidite
(NHz)Fe2(PO4)2(OH)-2H,0 was obtained by Delacourt et al. when NH3 was added as
an agent to raise pH value (Reale et al., 2003). Ju et al. (2013) reported a low
temperature (at 80 °C) hydrothermal method to synthesize peanut-like microscale
(NHz)Fe2(PO4)2(OH)-2H,0 particles that were used as the precursor of LiFePOq
positive electrode material. The as-synthesized LiFePO, composites presented
desirable electrochemical performance and high tap density. Li et al. (2014)
synthesized ellipsoid-shaped (NH4)Fe2(PO,)2(OH)-2H,O composites that have micro-
nano structures for being used as the precursor of LiFePO, positive electrode material,
adopting a facile chemical precipitation route. The obtained LiFePO, products
exhibited excellent rate capability and good cyclic performance. Trobajo et al. (2000)
applied the hydrothermal method for preparation of (NH4)Fez(PO,)2(OH)-2H,0 at
relatively high pH values of 9-11 and used excess amount of urea. Kaipeng Wu et al.
(2018) adopted sonochemical method to synthesise (NHg4)Fez(PO4)2(OH)-2H,0
particles that possess red-blood-cell-like shape. In addition, Zhou et al. (2010) also
used hydrothermal method to synthesise (NHj)Fe,(PO,4)2(OH)-1.5H,0 which
exhibited the behaviour of spontaneous magnetization below 25 K. It can be claimed
that as a self-assembly synthesis approach, hydrothermal method has been widely
used to design and fabricate (NH4)Fez(PO4)2(OH)-2H,0O particles due to its mild
operation temperature, simple process, homogeneous particle size distribution,
improved cycle life and has the potential for large-scale production (Liang et al., 2008;
Liu et al., 2015). However, most of the synthesis route still needs long reaction time

(up to 3 days) and additional additives (such as glycol and C,H404-2H,0).
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It has been recognised that the application of high intensity ultrasonic-irradiation has a
remarkable function which can significantly intensify the processes. It has been
applied in industrial manufacturing process and also the material synthesis process
with the features of cost-effective and environmental-friendly. It has been revealed
that the particles synthesised using ultrasonic treatment usually present porous
structures (Suslick and Price, 1999; Xu et al., 2013). Since ultrasonic wave can
acoustically create the tiny cavitation, such instantaneous collapse of the created
micro bubbles due to cavitation can provide the extreme conditions in a very small
volume, characterised by occurrence of extremely high temperature up to 5000K,
pressures up to 1000 atm, and the heating and cooling rate greater than 10'° Ks™
inside the cavitation zone (McNamara et al., 1999). Thus, ultrasonic-assisted
hydrothermal synthesis method has been applied to the synthesis of catalysts
(Moradiyan et al., 2017; Khan et al., 2017; Li et al., 2010; Ezeh et al., 2018), zeolite
(Su et al., 2016; Jusoh et al., 2017; Mu et al., 2017; Askari and Halladj, 2012),

hydrogen storage material (Roy and Das, 2017), and MOFs (Azad et al., 2016).

Adoption of confined impinging T-jet mixer (CITJ) for synthesis of micro particles
was also reported in the open literatures (Andreussi et al., 2015; Krupa et al., 2014).
A CITJ reactor which has T-shaped branches is the simplest component that contains
two inlet tubes, allowing two streams to flow in, and one outlet tube, allowing the
mixture to be collected. Local intensive micro-mixing in a CITJ takes place through
the collision between two impinging streams, usually resulting in a fast
homogenization of reactants so that both mass transfer rate and chemical reaction rate
can be effectively enhanced. The kinetic energy and mass transfer rate in the mixing

zone (reactor chamber) are influenced by the pressure fluctuation while the intensive
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mixing occurring in a small confined volume of reaction chamber enhances the
crystallisation and promotes the growth of particle size (Huang et al., 2015; Siddiqui

et al., 2009).

A novel two-step preparation route that combines ultrasound-assisted CITJ and
hydrothermal treatment (UIHT) to synthesize (NH4)Fez(PO,)2(OH)-2H,O is
developed in the present study. To the best of our knowledge, the application of UIHT
method to synthesis of (NH4)Fex(PO4)2(OH)-2H,O has not been reported in the
literature. The effects of the use of ultrasonic-intensified impinging streams, reagent
concentration, pH value of solution, and hydrothermal reaction time on the chemical
and physical properties of the synthesised particles are systematically investigated.
The possible nucleation and particle growth mechanisms are discussed in detail. This
paper will be organised in such a way. Section 2 presents the experimental details
including materials preparation and characterisation. Section 3 discusses the effects of
various conditions on properties of samples while the main conclusions reached as the

result of the study will be given in Section 4.

6.2 Experimental

6.2.1 Materials preparation

The  main procedures  of  two-step hydrothermal synthesis  of
(NHj)Fe2(PO4)2(OH)-2H,0 and FePO, samples are shown in Figure 6-1. The
experimental set-up of ultrasonic-intensified T-mixer and internal structure of T-
mixer are shown in Figure 6-2. Nano-seeds were synthesized with ultrasonic-
intensified T-mixer (see Figure 6-2a) in the first step, labelled as Seed-UIHT.

Thereafter iron nitrate solution and diammonium phosphate solution (C= 0.5, 1.0 and
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1.5 mol L™, respectively) were injected continuously and separately into an T-mixer
from two inlets by using two peristaltic pumps (BT100FJ, Baoding Chuangrui Ltd,
China) to precisely control flow rates at 85.74 ml min™. Meanwhile, the T-mixer was
connected and irradiated by a FS-600pv horn type ultrasonic wave piezoelectric
vibrator (600 W, 13 mm in diameter) with 20 kHz. The inlet ports of T-mixer were
connected to two stainless steel tubes with an inner diameter of 2.5 mm. The inner
diameter and length of internal chamber in the T-mixer are 3.5 mm and 17 mm,
respectively. The outlet of the T-mixer which had the same diameter as the impinging
stream inlets and an enlarged channel (with an inner diameter of 4 mm) was
interconnected to the inner chamber of the T-mixer. The mixed solution was then
transferred into a 500 ml glass beaker and vigorously stirred for 5 mins after the
impinged mixing was conducted in the ultrasonic-intensified T-mixer under room
temperature of 20 °C. In this step, the pH value of solution was maintained,
respectively, at the given value (pH=0.8, 1.2, 1.5, and 1.8) but was added the
ammonia solution (1.5 mol L™) carefully through a pH automatic controller. After that,
the obtained mixture was transferred and sealed in a 100 ml Teflon-lined stainless
steel autoclave, heated at 170 °C for up to 4 hours. The mixture was then removed
from the autoclave, naturally cooling to the room temperature. The obtained samples
were washed with deionized water for several times, followed by using a vacuum
filter to separate the products and to dry at 80°C overnight. These samples were
labelled as Prod-UIHT. Then the as-synthesized products were calcined at 650 °C for

10 hours in the air. Such obtained product was labelled as ProdC-UIHT.
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Figure 6-1 Schematic illustration of main procedures in two-step hydrothermal

synthesis of (NH4)Fe2(PO4)2(OH)-2H,0 and FePO, samples

Figure 6-2 (a) Experimental set-up of ultrasonic-intensified T-mixer and (b)

internal structure of T-mixer
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For the comparison purpose, the samples were also prepared by adopting the
conventional hydrothermal method. Fe(NOs)s and (NH,),HPO, solutions (1.0 mol L™)
were directly added into a 100 ml Teflon-lined stainless steel autoclave, heated at 170 °C
for up to 4 hours. The seeds, products, and the calcined products were labelled as
Seed-HT, Prod-HT, and ProdC-HT, respectively. The conditions of different

experiments are shown in Table 6-1.
6.2.2 Characterization

The crystal structure of samples was analysed using a Bruker D8 series X-ray
diffraction by setting Cu Ko radiation (A=1.5406A). Thermogravimetric
characteristics was measured by simultaneous thermal analyser (TG, NETZSCH STA
449 F3 Jupiter, Germany) at a heating rate of 10 °C min™ in the air, varying from the
room temperature to 700 °C. The surface morphology of the obtained particles was
observed by scanning electron microscope (Sigma VP, ZEISS, Germany) and
transmission electron microscope (Tecnai F20, FEI, U.S). The particle size and
distribution of the precursors were measured by using the laser diffraction method
(Mastersizer 3000, Malvern Inc, UK). Surface area and porosity were analysed by
Brunauer Emmett Teller (BET, Micromeritics ASAP 2020, U.S.A). The infrared
spectra was recorded on a Fourier transform infrared spectroscopy (FTIR, Bruker V70,

U.S.A) using the KBr disk technique.
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Table 6- 1 Dimensions of experiments for the synthesis of samples

Experiments Samples Method Reaction pH value Reagent concentration
time (h) (. mol LY
S1 Seed-UIHT UIHT 0 0.8 1.0
S2 Prod-UIHT UIHT 4 0.8 1.0
S3 Seed-HT HT 0 0.8 1.0
S4 Prod-HT HT 4 0.8 1.0
S5 UIHT-1h UIHT 1 0.8 1.0
S6 UIHT-2h UIHT 2 0.8 1.0
S7 UIHT-3h UIHT 3 0.8 1.0
S8 UIHT-0.5 UIHT 4 0.8 0.5
S9 UIHT-1.5 UIHT 4 0.8 1.5
S10 UIHT-pH1.2 UIHT 4 1.2 1.0
S11 UIHT-pH1.5 UIHT 4 15 1.0
S12 UIHT-pH1.8 UIHT 4 1.8 1.0

253



6.3 Results and Discussions

6.3.1 Effect of Ultrasonic-intensified Impinging Stream Pre-treatment

The XRD patterns of the as-synthesized samples prepared by different hydrothermal
methods are shown in Figure 6-3. It can be seen from the figure that the XRD pattern
of Prod-HT sample was well matched with monoclinic FePO,4-2H,0O (PDF #33-0666,
space group P21/n, with lattice parameters a = 0.5329 nm, b = 0.9798 nm, and ¢ =
0.8710 nm). It is noted that that the obtained sample exhibits the same crystalline
phase as that was reported by Wang et al (2011). Meanwhile, the XRD pattern of
Prod-UIHT sample matches well with (NH;)Fe,(PO,4)2(OH)-2H,0 with spheniscidite
structure (PDF #41-0593, space group P21/n, with lattice parameters a = 0.9750 nm, b

=0.9630 nm, and ¢ = 0.9700 nm).

Figure 6-3b shows the XRD patterns of the as-synthesized samples after sintering at
650 °C for 10 hours. The major peaks of ProdC-HT sample are indexed to FePO,
(PDF #29-0715, space group P321, with lattice parameters a = 0.5035 nm, b = 0.5035
nm, and ¢ = 1.1245 nm), while the reflection peaks of Fe3(PO,),(OH), (PDF #14-
0310, space group P41212, with lattice parameters a = 0.74 nm, b =0.74 nm, and ¢ =
1.281 nm, which can be used as the catalyst or precursor of positive electrode material
(Vedrine, 2000; Millet and Vedrine, 2001; Chen et al., 2014), which can be also
observed in the XRD patterns. For the XRD patterns of ProdC-UIHT sample, only the
reflection peaks of FePO, can be observed, indicating that the purity of decomposed
FePO, sample can be further improved when using the two-step hydrothermal method.
In addition, as can be seen from Table 6-2, unit volumes of Prod-HT and Prod-UIHT

are 453.73 and 915.13 A® respectively. After calcination process, the unit volume of
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ProdC-HT increases to 701.73 A3, while the unit volume of ProdC-UIHT decreases to
285.53 A% This indicates that the sample cells are affected by temperature

significantly.

The reason is that, during ultrasonic irradiation, large amount of H- and OH- was
generated by the sonolysis of water, which may form H; and H,O, (Riesz et al., 1985;
Suslick, 1990). Thus, H,0, can assist to effectively avoid the reduction of Fe** during
hydrothermal reaction. The main reactions in hydrothermal reaction can be assumed

to follow the following steps:
H,O — H- + OH:
H - +H-— H,
OH- + OH-— H;0,
H-+OH- —- H,0

2Fe®* + H,0, + 2H— 2Fe* + 2H,0
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Table 6-2 Calculated lattice parameters of as-synthesized samples prepared by

two different methods.

Samples a(A) b(A) c(A) V(A?)
Prod-HT 5.3254 9.8325 8.6653 453.73
Prod-UIHT 9.8229 9.6208 9.6835 915.13
ProdC-HT 7.4118 7.4118 12.7739 701.73
ProdC-UIHT  5.0321 5.0326 11.2750 285.53
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Figure 6-3 XRD patterns of samples prepared when C=1.0 mol L™ and pH=0.8:
() as-synthesized precursors (b) obtained products after sintering process

prepared by different methods.
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To investigate the presence of all bands corresponding to as-synthesized samples,
FTIR spectra is shown in Figure 6-4. For Prod-UIHT sample, the absorption peaks
confirm the presence of PO,> functional group, including v, (O-P-O) double band of
574 and 597 cm™, v (P-O) band of 1042 cm™, v, (O-P-O) band of 456 cm™, and v,
(P-O) band of 996 cm™ (Wang et al., 2014; Zhang et al., 2015; Shen et al., 2016). The
stretching vibration at 1420 cm™ can be attributed to the presence of NH,*. The
occurrence of wide bands around 1629 and 3332 cm™ indicates the presence of v (OH)
in H,O molecules in (NH4)Fez(PO,4)2(OH)-2H,0O (Bonnet et al., 1996; Wu et al.,
2018; Amer et al., 2014). The FTIR spectra of Prod-HT samples look similar, but the
amplitude is weaker than those for Prod-UIHT sample. The difference is that
stretching vibration of NH," cannot be observed in the spectra. After experiencing
calcination process, the FTIR spectra of ProdC-HT sample is still at the same position,
but become narrower and sharper than its precursor. For ProdC-UIHT sample, the
absorption peaks at 1420 cm™ and 3332 cm™ in the spectra disappear, indicating the
removal of NH;" and H,O in decomposed FePO, product. In addition, as both the
position and intensity of the vibration in FTIR spectra can be influenced by chemical
bonds and content (Garcia-Romero and Suarez, 2006), the removal of NH," and H,O

also leads to the increased intensity of FTIR spectra for ProdC-HT.

258



PO,

______________ TTTYTT T )
\ |
L |
— \ "-""‘f\ v
B_Q- - / + " r
v OH NH,4 v
c
[
£
£
v
& - = Prod-HT
=
Prod-UIHT
=
(a)

3900 3400 2900 2400 1900 1400 900

Wavenumbers (cm™?)

400

Transmittance (%)

— — ProdC-HT

ProdC-UIHT

(b)

3900 3400 2900 2400 1900 1400 900
Wavenumbers (cm™)

Figure 6-4 FTIR patterns of samples prepared when C=1.0 mol L™ and pH=0.8:

(a) as-synthesized precursors (b) obtained products after sintering process.
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The TGA-DTG, and DTA curves of Prod-UIHT and Prod-HT are shown in Figure 6-5.
It can be seen clearly from the figure that there exist three main weight loss stages as
shown in Figure 6-5a. In the temperature range from 50°C to 150 °C, a weight loss of
2 wt% can be attributed to the removal of physical water. The second main weight
loss stage takes place in the range of 150°C to 350°C, where a weight loss of 4 wt%
can be related to the elimination of coordinated water molecules. The third main
weight loss of 7 wt%, occurring at the temperature ranging from 350 °C to 630 °C and
peaking at appropriate 410°C, is corresponding to the decomposition of NH4" and OH".
The TGA-DTG curves of Prod-HT are shown in Figure 6-5b. It can be observed from
the figure that there is one main weight loss step in the range from 100 °C to 200 °C,
which may be attributed to the removal of coordinated water molecules. Furthermore,
a total mass loss of 19% indicates that there are two water molecules in one
monoclinic FePO42H,O molecules. The DTA curves obtained from the
characterisation of Prod-UIHT and Prod-HT samples are shown in Figure 6-5c. The
DTA curves of two samples look the same during physical water removal process
(varying from the room temperature to 120°C). It has been observed that an
endothermic peak in the DTA curve of Prod-HT occurs at 175°C, corresponding to the
removal of two water molecules from one FePO4-2H,0O molecules (endothermic
reaction). For the DTA curve of Prod-UIHT sample, the appearance of broad peaks at
around 170 °C and 270 °C indicates the elimination of coordinated water molecules
while the third peak at around 420 °C corresponds to the removal of NH4" and OH’

(Caetal., 2010).

260



100

85

Weight (%)

S0

85

100

95

S50

Weight (%)

85

80

— 0
.~ =
—TGA Curve S |
!
’
e _Water === DTG Curve .’ 1 -01
: e . ‘.r
\ Coordinated 7
"‘ water I
\ molecules ! 1 -0.2
\ S
i ’
i
.I
! 1 -03
\
]
\
\
[ Decomposition 1 -0.4
! of NH,* and OH-
! [
‘I '
1 ]
\ ! { -0.5
[} 1
v
l:a] w
' ' ' ' ' ' -0.6
100 200 300 400 500 600 700
Temperature (°C)
0.5
JUPPRPCTETILECLTETS PP s
: {1 -os
Removal of —TGA Curve
: coordinated 1
i | iwater molecules -++--- DTG Curve
s | -
1 25
1 -3
(b)
I L L 1 I 1 I L L 1 L 1 I 35
100 200 300 400 500 600 700

Temperature (°C)

(unwifoz) 1ySiepn @aneanaq

(unu/og) yS1apn aaneauag

261



-5

-15
=
=
o
i -25 —Prod-UIHT
=
= Prod-HT
i
=
Q
S -35
(=}
=
=2
=

-45

()
-55
0 100 200 300 400 500 600 700

Temperature (°C)

Figure 6-5 TGA-DTG curves of samples prepared when C=1.0 mol L™ and
pH=0.8: (a) Prod-UIHT and (b) Prod-HT; (c) DTA curves of Prod-UIHT and

Prod-HT.

SEM and TEM images of the nano-seeds prepared by two different hydrothermal
methods are shown in Figure 6-6. As show in Figures 6-6a and b, the Seed-HT
nanoparticles which are highly agglomerated exhibit a near spherical or elliptical
shape with a spread in particle size distribution, ranging from 50-150 nm. By
comparison, due to the application of ultrasonic-intensified impinging stream pre-
treatment, the Seed-UIHT samples are well-dispersed and the near spherical

morphology with nuclei sizes from 30-80 nm is observed (Figure 6-6¢ and d).
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Figure 6-6 The SEM and TEM images of nano-seeds samples prepared when

C=1.0 mol L™* and pH=0.8: (a-b) Seed-HT; (c-d) Seed-UIHT.

The BET specific surface area and pore size distribution of the Seed-UIHT and Seed-
HT have been characterized by nitrogen adsorption-desorption analysis. It can be seen
that the N, adsorption isotherm of all nano-seeds (Figure 6-7a) is Type IV. Their big
hysteresis loops can be evidenced by the presence of meso-pores (>2nm and <50nm)
and large surface areas. The surface area, porosity and average nuclei size of Seed-
UIHT and Seed-HT samples are shown in Table 6-3. The average nuclei sizes of
Seed-UIHT and Seed-HT samples are 62.9 and 148.6 nm, respectively. It can be seen
that the Seed-HT sample has smaller BET surface area of 40.4 m? g™* and a lower pore
volume of 0.31 cm® g™ while the average pore width and nuclei size of Seed-HT

sample are greater than the Seed-UIHT with the values of 36.9 nm and 148.6 nm,
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respectively. In contrast, the Seed-UIHT sample shows a relatively smaller average
pore size with the diameter of 24.6 nm, and exhibits larger BET surface area and
higher total pore volume, corresponding to 95.4 m?g™ and 0.59 cm®g™ respectively.
The analytical results of pore size distribution based on BJH desorption pore
distribution are shown in Figure 6-7b. The Seed-UIHT has a significant amount of
mesopores and small numbers of macropores in the range of 2 to 55 nm, which yields
larger specific surface area and higher pore volume. The difference of BET analysis
results between Seed-UIHT and Seed-HT can be attributed to application of
ultrasound. The implosion of bubbles in solution induces both micro-streaming and
micro-jetting. Micro-streaming caused by symmetrical implosion bubbles can
enhance micromixing effect, result in increased mass transfer rate, chemical reaction
rate, and nucleation rate. Meanwhile, micro-jetting caused by asymmetrical implosion
bubbles can break larger particles into small pieces, and preventing agglomeration and
clogging in CITJ. Therefore, the synergistic effect of micro-streaming and micro-
jetting leads to the formation of nanoscale particles which have larger surface area

and pore volume, as well as smaller pore width and nuclei size.
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Table 6-3 N, adsorption-desorption analysis

prepared with different synthesis methods.

results of FePO4-2H,0 precursors

Samples  Surface area Average Pore Total pore Average nuclei
(m*g™) Width (nm) volume (cm® g) size (nm)
Seed- 95.4 24.6 0.59 62.9
UIHT
Seed-HT 40.4 36.9 0.31 148.6
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Figure 6-7 BET analysis results of nano-seeds samples prepared when C=1.0 mol
L™ and pH=0.8: (a) N, adsorption-desorption isotherms of Seed-UIHT and Seed-
HT samples; (b) the corresponding pore-size distribution obtained. from the

adsorption branch using the BJH method of Seed-UIHT and Seed-HT samples.
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The SEM images of as-synthesized products are shown in Figure 6-8. It can be seen
from the figure that the morphology of obtained particles is significantly affected by
the presence of the nano-seeds. Figure 6-8a shows that that the Prod-HT particles do
present spherical morphology but the size of the agglomerated particles is distributed
diversely. The average size of larger particles can reach up to 10 um while those
smaller particles have an average size of 2 um. However, as can be seen from Figure
6-8b and c, the Prod-UIHT particles not only show a spherical shape but also present
a narrow size distribution with an average particle size of only 3 um. After sintering at
650 °C for 10 hours, the ProdC-UIHT particles (anhydrous FePO, precursor
composites) still maintain micro-sized spherical secondary structures with the nano-
scale porous structure being formed on the outside layer of the particles as can be seen

from Figure 6-8d.

Figure 6-8 The SEM images of as-synthesized samples prepared when C=1.0 mol

L™ and pH=0.8: (a) Prod-HT; (b-c) Prod-UIHT; (d) ProdC-UIHT.
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6.3.2 Formation Mechanism of (NH4)Fe2(PO4)2(OH)-2H,0 and FePO, Particles

To investigate the formation mechanism of (NHj)Fe(PO4)2(OH)-2H,0 and FePO,
particles by the UIHT method, time-dependent experiments have been conducted.
Previous studies have suggested that the synthesis mechanism using hydrothermal
treatment is consisted of three major stages, precursor dissolution, nucleation, and
nuclei growth (Qin et al., 2010). The mechanism of the formation particles when
using two-step hydrothermal method may be divided into four stages, i.e. primary
nucleation, seeds dissolution, branching, and spherulitic growth (Wu et al., 2017).
Based on the XRD, FTIR and SEM results, it is conjectured that the production of
uniform and well-dispersed (NHj)Fe,(PO,)2(OH)-2H,O and FePO, particles with
higher purity via UIHT is likely contributed from primary nucleation through
ultrasound-intensified impinging stream pre-treatment before the hydrothermal
growth occurrence. The primary nucleation will be influenced by applying ultrasonic
irradiation which will affect the micro-mixing process in the T-mixer. Generally
speaking, the adoption of ultrasonic irradiation is able to intensify the motion of
eddies in the T-mixer. In order to estimate the characteristic micromixing time ty, a
scaling model was used to evaluate the time for diffusion which take place in the
turbulence eddies with the eddy size of the order equal to the Kolmogorov length A
(Zhang et al., 2015; Shen et al., 2016).

_ (0.51)?

tM
Deddy

(6-1)

where Deqqy is the eddy diffusivity of the reactant solutions. The Kolmogorov length 1
can be estimated based on the micromixing energy dissipation rate ¢ [J/s-kg] and the

kinematic viscosity of the mixed solution, v, at the point of mixing, given by
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A= [ij (6-2)

The energy dissipation rate should be equal to the energy change associated with the
energy loss (pressure drop) in the T-mixer, which can be measured by estimating the
input power P divided by the mixed solution mass in the reactor:

P
,0 msVT

£ (6-3)

where V1 is the mixing volume of the T-type micromixer used in this study. For the
present study, the input power P can be approximately assumed to be the
superposition contributed from the input power for impinging stream P,s and the

ultrasonic irradiation Py;:
P=Ps+R, (6'4)
The micromixing time can thus be estimated by
Vo8 1/47?
0.5{pms TVmS j
PIS + I:)UI

t, = (6-5)
v Deddy

It can be seen from equation (5) that the micromixing time can be further reduced by
imposing the ultrasonic irradiation. We noticed that the Reynolds numbers for T-

shape microreactor based on the two inlets diameters can be estimated by

4pQ,
Re = 1<l 6'6
I ,Ui”di2 R
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As the density and viscosity of Fe(NO3); and (NH,4).HPO, solutions are different, the

equivalent Reynolds number used to characterise the mixing in the ISR can be defined

by

2
410 ms z Qi
7 g i

outlet

Re (6-7)

where p__ and 4 are the density and viscosity of the fully mixed solution. The
measured values of p__ and . are found to be 1144.4 kg m™ and 0.001005 Pa-s,

respectively. The outlet diameter of T-mixer, douter and volumetric feeding rate Q are
0.0035 m and 85.74 ml min™, which yields the estimated Reynolds number without
using ultrasonic irradiation is 572, corresponding to a laminar shear flow in the T-
mixer. However, the use of ultrasonic irradiation can produce a large number of micro
bubbles. Such imploding bubbles can be considered as small microreactors which can
generate powerful hydraulic shocks, and an environment with extremely high
temperature and pressure (Mason, 1997). The hydraulic shocks caused by these
bursting of the microbubbles can induce eddies that promote the regime transition
from laminar to turbulent so that the turbulent energy dissipation can be enhanced. As
a result, the diffusion rate or micro-mixing among these eddies are remarkably
improved due to the application ultrasonic irradiation. In addition, chemical reaction
rate and nucleation rate are increased due to the extremely high temperature and
pressure created by imploding bubbles, which lead to the formation of large amount
of nanoscale seeds. The energy transformed from ultrasound, especially from
collapsing of bubbles, may overcome the Van Der Waals force and prevent

agglomeration among nano-seeds. Therefore, the physical effects of ultrasonic
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irradiation lead to the formation of uniform nanoscale primary seeds with an average
size of 60 nm, although they are slightly agglomerated by high interfacial energy in
the solution (shown in Figure 6-9a). With adopting hydrothermal treatment for 1 hour,
these nano-seeds start to dissolve and hydrolyse (Figure 6-9b). When hydrothermal
treatment increases to 2 hours, successive branching of nucleus is formed, grows as
radial disks and fills spherical volumes (Figure 6-9c) (Beck and Andreassen, 2010;
Andreassen et al., 2010). As hydrothermal time is increased, micro-sized spherulite

grows uniformly and spherically (Figure 6-9d and e).
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Figure 6-9 The SEM images of the samples obtained at 170 °C with different
hydrothermal time when C=1.0 mol L™ and pH=0.8: (a) Seed-UIHT; (b) UIHT-

1h; (c) UIHT-2h; (d) UIHT-3h; (e) UIHT-4h (Prod-UIHT).

For chemical effect, the starting raw materials were dissolved into water and gives
ions including NH,*, PO4*, NOg, Fe**, and H*. Meanwhile, water molecules can be
hydrolysed as H* and OH" by ultrasound irradiation. It has been reported from the
previous studies that three different kind of chemical reactions may take place at (1)
inner environment of the collapsing bubbles (gas phase region); (2) the interfacial

region between the bubble and bulk solution; and (3) in bulk solution region (Nithya
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et al., 2015). It is noted that the raw materials used in this study are ionic and non-
volatile, which are difficult to enter the phase region due to the low vapour pressure
(Sivakumar et al., 2006). Thus, the reaction will only take place in the interfacial
region between the gas and solution. The ions, including NH,", PO,*, NO3", Fe**, OH
, and H ions, are homogeneously distributed in solution with the help of ultrasonic
irradiation. Furthermore, the chemical bonds can be ruptured by the extremely high
temperature and pressure induced by the collapsing of microbubbles so that the side
reaction and the formation of by-products can be prevented. Through these actions,
the (NH;)Fe,(PO,4)2(OH)-2H,0 particles are generated after hydrothermal treatment,
and the pure FePQy particles are produced by removing [NH;'] and [OH] ions after
sintering process. The above mentioned chemical reaction of two-step hydrothermal

method can be described as:
2Fe¥*+ 2P0O,¥+ NH," + OH+ 2H,0 — (NH4)Fey(PO,),(OH)-2H,0]  (6-8)
(NHz)Fe2(PO4)2(0OH)-2H,0 — 2FePO,4 + NH3 + 3H,0 (6-9)

By comparison, the samples prepared by using the conventional hydrothermal method
are indexed to be FePO, but the impurities, such as Fe3(PO,4)2(OH),, were found after
sintering process. This indicates that the NH,*, PO,*, NOs, Fe**, OH", and H" ions
are distributed in-homogeneously, resulting in the formation of amorphous by-
products although they cannot be found before calcination process. This is likely due
to the fact that the conventional mixing does not give out the sufficient mixing,

leading to product contamination or formation of by-products (Krupa et al., 2014).
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6.3.3 Effect of Reagent Concentration on the Synthesis of

(NHy)Fez(PO,)2(OH)-2H,0O and Decomposed Products

To further investigate the effect of reagent concentration for the synthesis of
(NHg)Fe2(PO4)2(OH)-2H,0 particles and decomposed products, samples were
prepared under precisely controlled reactant concentration (C = 0.5, 1.0 and 1.5 mol
L™). The hydrothermal temperature and heating time were maintained at 170 °C and 4
hours, respectively. The as-synthesized samples were denoted as Prod-UIHT-0.5,
Prod-UIHT-1.0, and Prod-UIHT-1.5, while the products after sintering process were

labelled as ProdC-UIHT-0.5, ProdC-UIHT-1.0, and ProdC-UIHT-1.5.

The morphology of (NH4)Fe2(PO4)2(0OH)-2H,0 particles synthesized with different
reagent concentration was identified by SEM is shown in Figure 6-10. It can be seen
from the figure that the Prod-UIHT-0.5 sample (Figure 6-10a) shows microscale red-
blood-cell-like morphology with irregular hole in the centre, which is similar to the
(NHj)Fe2(PO4)2(OH)-2H,0 particles as reported by Wu et al. (2018). The average
diameter and thickness of the particle are found to be around 4 um and 2 um,
respectively. When the initial reagent concentration is increased to 1.0 mol L™, the
Prod-UIHT-1.0 particles present uniform microspheres with an average particle size
of 2 um (Figure 6-10b). Further increase in the feeding concentration (1.5 mol L™?)
results in the appearance of near-sphere (NHj)Fe,(PO4)2(OH)-2H,0 particles that
have a spread particle size distribution (Figure 6-10c). Those large particles have an
average size of 10 um. In addition, it is also observed that there exist a large number

of small particles with the average size of 1 pum.
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Figure 6-10 SEM images of as-synthesized Fe,(NH4)(OH)(POy)2(H20), samples
synthesized with different reagent concentration at 170 °C for 4 hours when
pH=0.8: (a) Prod-UIHT-0.5; (b) Prod-UIHT-1.0(Prod-UIHT); and (c) Prod-

UIHT-1.5

The corresponding XRD patterns of the as-synthesized precursors and calcined
products prepared with different reagent concentration by two-step hydrothermal
method are shown in Figures 6-11. The XRD patterns of precursor samples (Figure 6-
11a) are all well matched with (NH;)Fe,(PO,4)2(OH)-2H,0 with spheniscidite structure
(PDF #41-0593). Figure 6-11b shows the XRD patterns of products after sintering
process. It can be seen clearly from the figure that the major diffraction peaks take
place around 20.2°, 25.8°, 41.2° and 48.4°, which can be classified as hexagonal
structure of FePO, (PDF #29-0715). The minor diffraction peaks occurring at 18.9°,
27.0° and 27.8° indicate the formation of Fe3(PO,4)2(OH), (PDF #14-0310), while the

diffraction peaks appearing around 18.9°, 20.2 ° and 21.3° reveal the presence of
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Fe3(PO,4)2(OH),-4H,0 (PDF #26-1138, space group P21/c, with lattice parameters a =
1.0000 nm, b = 0.9730 nm, and ¢ = 0.5471 nm). In addition, the calculated lattice
parameters in Table 6-4 show that the unit volume of Prod-UIHT-1.0 is 915.13 A®,
which is greater than the unit volume of Prod-UIHT-0.5 (911.76 A®) and Prod-UIHT-
1.5 (910.34 A®). After sintering process, the unit volumes of ProdC-UIHT-0.5 and
ProdC-UIHT-1.5 are 702.82 A® and 532.64 A®, respectively, being greater than the

unit volume of ProdC-UIHT-1.0 (285.53 A3).

Table 6-4 Calculated lattice parameters as-synthesized samples

Samples a(A) b(A) c(A) V(A3

Prod-UIHT-0.5 9.7544 9.6301 9.7062 911.76

Prod-UIHT-1.0 9.8229 9.6208 9.6835 915.13

Prod-UIHT-1.5 9.7502 9.6372 9.6881 910.34

ProdC-UIHT-0.5 7.4174 7.4174 12.7745 702.82

ProdC-UIHT-1.0  5.0321 5.0326 11.2750 285.53

ProdC-UIHT-1.5 10.0187 9.7251 5.4667 532.64
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Figure 6-11 XRD patterns of samples synthesized with different reagent
concentration at 170 °C for 4 hours when pH=0.8: (a) as-synthesized precursors

(b) obtained products after sintering process
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Based on the SEM and XRD results, it can be fairly claimed that the use of reagent
concentration of 1.0 mol L™ is likely the optimal condition for the initial reagent
concentration which could be applied for the formation of uniform and spherical
(NHz)Fe2(PO4)2(OH)-2H,0 and decomposed FePO, particles. Previous study has
demonstrated that the initial reagent concentration significantly influences the
supersaturation level, nucleation rate, particle growth rate during the particle
formation process (Andac et al., 2005; Behin et al., 2016). For primary nucleation, the
nano-seeds prepared by raw materials of 1.0 mol L™ via the ultrasonic-intensified T-
mixer can have smaller nuclei size (Dong et al., 2017). It is commented that apart
from the raw materials used for the nucleation of nano-seeds, a large amount of free
ions may still exist in the solution. From the point of view of particle growth process,
the adoption of higher reactant concentration can increase the supersaturation level

and particle growth rate in a chemical reaction.

When the reagent concentration is 0.5 mol L™, some cracks were found on the surface
of the micro-sized red-blood-cell-like particles. The appearance of these cracks is very
likely caused by the shortage of free ions, result in the incomplete growth of
(NHj)Fe2(PO4)2(OH)-2H,0O  particles. When increasing the initial reagent
concentration from 0.5 to 1.0 mol L™, the relatively higher supersaturation level and
sufficient free ions can be beneficial and contribute to the formation of spherical
particles. However, further increment in the initial reagent concentration to 1.5 mol L
! lead to the particle size increase (around 10 pm), accompanying by presence of a
large number of small particles due to the excess of free ions. Thus, it can be
concluded that the as-synthesized products are significantly affected by initial reagent

concentration.
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6.3.4 Effect of pH value on the synthesis of (NH;)Fe,(PO,4)2(OH)-2H,O and

decomposed products

To determine the effect of pH value on the synthesis of (NH;)Fe,(PO,4)2(OH)-2H,0
and FePQ, particles, samples were prepared under precisely controlled pH values
(pH=0.8, 1.2, 1.5, and 1.8) when the reagent concentration, hydrothermal temperature
and heating time were maintained at the same condition during the synthesis process.
The as-synthesized samples were denoted as Prod-UIHT-pH0.8, Prod-UIHT-pH1.2,
Prod-UIHT-pHL1.5, and Prod-UIHT-pH1.8 while the products after sintering process
were labelled as ProdC-UIHT-pHO0.8, ProdC-UIHT-pH1.2, ProdC-UIHT-pHL1.5, and

ProdC-UIHT-pH1.8.

The morphology of (NH;)Fe,(PO,4)2(OH)-2H,0 samples prepared by UIHT method at
different pH values was examined by SEM is shown in Figure 6-12. The
(NHz)Fe2(PO4)2(OH)-2H,0 composites formed under the condition that pH = 0.8
clearly present microspheres with an average size of 3 um (see Figure 6-12a). When
pH value is increased to 1.2, two (NHg)Fex(PO4)2(OH)-2H,O micro-spheres
interweave to combine and form the peanut-like micro-sized particles with an average
length of 8 um and width of 4 um (see Figure 6-12b). As pH value further increases
to 1.5, (NH4)Fez(PO,)2(OH)-2H,0 particles still show peanut-like morphology but
cracks are occurring in the middle of the particle. The average length and width of the
particles attain 16 um and 10 um, respectively (see Figure 6-12c). Further increase
pH value to 1.8, (NH4)Fex(PO4).(OH)-2H,O particles are found to be easily
agglomerated and they can form to generate even larger particles with irregular shapes
(see Figure 6-12d). The reason is that, according to Derjaguin and Landau, Verwey

and Overbeek (DLVO) theory, when pH value was increased and became closer to the
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pH of zero net proton charge (PZNPC), the aggregation between two particles
becomes faster and irreversible. Therefore, the samples can become twined (Figure 6-
12b), and even contain crystallographic defects (Figure 6-12c). When pH value is
further increased and above a specific point, the process is dominated by random
aggregation and several particles are combined together (Figure 6-12d). Therefore, the
pH value, or the concentration of [OH], influences the particle growth orientation
during hydrothermal process, resulting in the difference on the morphology of

(NH4)Fe2(PO4)2(OH)-2H,0 particles (Burrows et al., 2013; Devasia et al., 1993).

Figure 6-12 SEM images of Fe,(NH4)(OH)(POg,),(H20), composites synthesized
with different pH value at 170 °C for 4 hours when C=1.0 mol L™: (a) UIHT-

pHO.8 (Prod-UIHT), (b) UIHT-pH1.2, (¢) UIHT-pH1.5, and (d) UIHT-pHL.8.

The corresponding XRD patterns of the as-synthesized precursors and calcined
products prepared with different reagent concentration by two-step hydrothermal

method are shown in Figures 6-13. The XRD patterns of as-synthesized
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(NH4)Fez(PO4)2(OH)-2H,O samples (Figure 6-13a) are all well matched with
(NHg)Fez; (PO4)2(OH)-2H,0 with spheniscidite structure (PDF #41-0593). After
sintering, all the XRD patterns of discomposed products (Figure 6-13b) match well
with anhydrous hexagonal structure FePO, (PDF #29-0715). It can be seen clearly
from the figure that, as pH value increases, there are no obvious difference among the
XRD patterns of (NH4)Fez(PO,)2(OH)-2H,O precursor. However, when the FePO,
composites were synthesized at pH=0.8, the main diffraction peaks at 26 = 20.3° and
25.8° are lower and spread wider than those for other samples, which clearly indicates
that higher pH value may lead to the high degree of crystallinity of the decomposed
samples. The calculated lattice parameters of (NH4)Fe,(PO,)2(OH)-2H,O and
decomposed FePO, samples are listed in Table 6-5. As seen from the table, with
increasing pH value, the unit volume of (NH4)Fe(PO,4)2(OH)-2H,0 sample decreases
from 915.13 A® (pH=0.8) to 794.40 A3 (pH=1.8). The same tendency is also observed
for the case of decomposed FePO, samples, in which the unit volume reduces from

285.53 A% (pH=0.8) to 246.57 A® (pH=1.8).
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Table 6-5 Calculated lattice parameters and nuclei size of as-synthesized samples

Samples a(A) b(A) c(A) V(A?)
Prod-UIHT-pH0.8  9.8229 9.6208  9.6835 915.13
Prod-UIHT-pH1.2  9.7126 9.4408  9.3986 846.64
Prod-UIHT-pH15  9.4912 94212  9.4410 823.57
Prod-UIHT-pH1.8  9.3748 9.3179  9.3192 794.40

ProdC-UIHT-pH0.8  5.0321 50326  11.2750 285.53
ProdC-UIHT-pH1.2  5.0351 50351  11.2373 246.72
ProdC-UIHT-pH1.5  5.0320 50320  11.2476 246.65
ProdC-UIHT-pH1.8  5.0345 50345  11.2327 246.57
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Figure 6-13 XRD patterns of samples synthesized with different pH value at 170 °C
for 4 hours when C=1.0 mol L™: (a) as-synthesized precursors (b) obtained

products after sintering process
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Figure 6-14 shows the FTIR spectra of (NH4)Fe2(PO,)2(OH)-2H,0 and decomposed
FePO, samples prepared at various pH conditions in the wave number region of 400—
3900 cm™. The (NH4)Fex(PO4)2(OH)-2H,0 samples prepared at pH = 1.2, 1.5 and 1.8
show sharper bands at 1420 cm™ and 1620 cm™. These sharper stretched vibrations
correspond to the binding vibration of NH4*, which induced by ammonia solution
used for adjusting the pH value. In addition, it is noticeable that the wide bands at
3332 cm® which indicates the v (OH) in H,O molecules in
(NHz)Fe2(PO4)2(OH)-2H,0 have disappeared when pH value of solution is 1.2, 1.5
and 1.8. However, four small and spread peaks around 2800, 3100, 3300 and 3450
cm™ can be still observed, suggesting the presence of v (NH), v (NH,), and v (OH)
groups (Devasia et al., 1993). After performing calcination, the FTIR spectra of all
decomposed samples look similar. The disappearance of the absorption signals in the
range of 2800 to 3450 cm™ indicates the removal of H,O. Moreover, the peak at 1420
cm* disappears for ProdC-UIHT-pHO.8, and becomes weaker for ProdC-UIHT-pH1.2,
ProdC-UIHT-pH1.5, and ProdC-UIHT-pH1.8 samples, indicating that NH,"

functional group can be removed after calcination process.
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Figure 6-14 FTIR patterns of samples synthesized with different pH value at 170 °C

for 4 hours when C=1.0 mol L™: (a) as-synthesized precursors (b) obtained

products after sintering process
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6.3.5 Electrochemical performance of LiFePO,/C prepared by two-step

hydrothermal method

The electrochemical performance of LiFePO4,/C sample prepared when pH is 0.8,
reagent concentration is 1.0 mol/L by two-step hydrothermal method is shown in
Figure 6-15. The average discharge capacities are 113.5, 92.9, 79.9, 68.0, and 53.6
mAh g* at a rate of 0.1 C, 05 C, 1 C, 2 C and 5 C, respectively. For cycling
capability, LiFePO4/C sample exhibited 92.0 and 82.8 mAh g™ at 1% and 100™ cycle.
Comparing with the LiFePO,/C samples prepared by other methods, the
electrochemical performance of LiFePO4/C sample prepared by two-step
hydrothermal method is not good. The reason may be attributed to that the 1-D

transport path of Li" is blocked by impurities produced in hydrothermal reaction.
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Figure 6-15 Electrochemical performance of LiFePO.,/C sample synthesized
when pH=0.8, reagent concentration is 1.0 mol/L, temperature is 170 °C for 4
hours by two-step hydrothermal method: (a) Rate performance at various rates,
(b) Cycling performance at 0.5 C for 100 cycles

6.4 Conclusions

Two synthesis approaches, the conventional hydrothermal method and two-step
hybrid ultrasonic intensified impinging stream and hydrothermal method (ultrasonic-

intensified impinging stream pre-treatment followed by hydrothermal treatment),
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were applied for the synthesis of (NH4)Fez(PO,4)2(OH)-2H,O and FePO, samples
under the same experimental conditions that the temperature, heating time, reactant
concentration, and pH value were carefully controlled. It has been demonstrated that
the adoption of ultrasonic-intensified impinging stream pretreatment can produce
nano-seeds that have smaller nuclei size and narrow particle size distribution, giving
out the well-dispersed spherical (NH4)Fe,(PO,)2(OH)-2H,0O and decomposed FePO,

samples. The conclusions reached as the results of the current study are as follows:

1. The adoption of ultrasonic-intensified impinging stream pre-treatment can
effectively reduce the synthesised particle size and acquire the narrow particle

size distribution of both nano-seeds and as-synthesized products.

2. The results obtained from the time-dependent experiments clearly indicate that
the formation of (NH4)Fey(PO,4)2(OH)-2H,O particles by using two-step
hydrothermal method consists of four major stages: primary nucleation, seeds

dissolution, branching, and spherulitic growth.

3. An increase in the reactant concentration (from 0.5 to 1.0 mol L™ in the
present study) can improve the supersaturation level and promote the chemical
reaction rate, leading to the generation of well-dispersed spherical
(NH4)Fe,(PO4)2(OH)-2H,0 particles. However, excess increase in the reactant
concentration will diversify particle size distribution, resulting in by-products

in the decomposed FePO, samples.

4. The pH value, or the concentration of [OH]’, significantly affects the particle
growth orientation during the hydrothermal process as clearly illustrated by

the difference on the morphology of (NHz)Fe,(PO,)2(OH)-2H,0 particles. In
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addition, the crystallinity of decomposed FePO, samples can be improved as

the result of increasing pH value.
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CHAPTER 7: Conclusions and Recommendations for

Future Work

7.1 Conclusions

The major conclusions derived from the present project are as follows:

1. The adoption of impinging stream reaction can be beneficial to generation of
FePO, nanoparticles that have smaller primary grain size, large-mesoporous
structures and higher specific surface areas. Application of ultrasonic
irradiation can lead to synthesis of small-mesoporous FePQO, precursors that
have smaller nanoscale primary nuclei size and higher specific surface areas. It
can also remarkably improve the purity of FePO, precursors due to the
increased mass diffusion rate between FePO, and Li,COs. The formation of
small-mesopores contributes to an improved electrochemical property and
relatively high volumetric energy density of LFP-Ultralmp. However, the
relatively higher interface area between nano-sized particles and the
electrolyte may lead to undesired side reactions so as to cause reduced cycling

performance.

2. The pH value of solution slightly influences the particle size and morphology
of FePQO, precursor but significantly affects the electrochemical properties of
LiFePO, nanoparticles. For a T-type micromixer, increase in the reactant
concentration can promote chemical reaction, yielding the reduced average

primary grain size, increased specific surface area and total adsorption pore
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volume so that the electrochemical performance can be improved. However,
over-increase in the reactant concentration would have negative impact on
these properties of LiFePO, nanocomposites. Increased specific surface area
and total adsorption pore volume, and reduced average primary grain size can
be obtained through increasing the volumetric flow rate of the reactant
solutions fed into the T-type micromixer. An increase in the volumetric flow
rate will reduce the size of Kolmogorov dissipation eddies (characterised by
enhanced Reynolds number based on the diameter of the impinging streams),
effectively reducing the micromixing time and promoting the mass transfer
between the reactant solutions due to an enhanced collision rate among the
turbulent eddies. However, when the volumetric feeding rate is increased to
exceed a certain value, it has little impact on the reduction of primary grain

size of LiFePO,4 nanocomposites.

The increasing of ultrasound intensity can reduce micromixing time, and
improve both mass transfer coefficient and overall reaction rate, which result
in smaller primary grain size, higher specific surface area, and narrower and
sharper pore size distribution. However, over-increase in the ultrasound
intensity would have negative impact, results in the increasing of average
grain size, and reduction of specific surface area due to the extremely high
temperature caused by higher ultrasound intensity. The purity of FePO, is
affected by ultrasound pulse significantly due to the homogeneous competitive
reactions between FePO4 and Fe(OH)s. The increasing of interval time leads to
the formation of more Fe(OH); because of the weakened micromixing effect

and reduced mass transfer coefficient. Increased specific surface area and total
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adsorption pore volume, and reduced average primary grain size can be
obtained through increasing the volumetric flow rate, especially in ISR. The
reasons are that, the energy dissipation rate and micromixing time in the T-
type micromixer are only related to volumetric feeding rate Q. However, for
UISR, the explosion of bubbles can cause hydraulic shocks and induce eddies
which promote the regime transition from laminar to turbulent so that the
turbulent energy dissipation can be enhanced. In addition, the micromixing
effect can be improved by ultrasonic irradiation more significantly than the

increasing of volumetric feeding rate.

Hierarchical mesoporous micro/nano-structured FePO, precursor and
LiFePO,/C samples can be successfully synthesized by utilising two-step co-
precipitation method under precisely controlled reaction time and stirring rate.
The results showed that, in contrast to the LiFePO4/C synthesized by
conventional co-precipitation method, the LiFePO,/C composites prepared by
two-step co-precipitation method exhibited both excellent electrochemical
performance and relatively high tap density. The excellent electrochemical
performance can be attributed to the large specific surface area, mesoporous
structure and nanoscale primary grains which can shorten the diffusion
pathway of Li*. And the relatively high tap density of LiFePO,; was
guaranteed by the micro-sized near-spherical secondary structure. It is thus
concluded that two-step co-precipitation technology will be promising
synthesis method for the preparation of LiFePO, composites for energy

storage. However, due to the long reaction time (up to 36 hours), two-step co-
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precipitation method need to be further developed to reduce reaction time and

energy consumption.

5. The adoption of ultrasonic-intensified impinging stream pre-treatment can
effectively reduce the synthesised particle size and acquire the narrow particle
size distribution of both nano-seeds and as-synthesized products. The results
obtained from the time-dependent experiments clearly indicate that the
formation of (NH4)Fey(PO,4)2(OH)-2H,O particles by using two-step
hydrothermal method consists of four major stages: primary nucleation, seeds
dissolution, branching, and spherulitic growth. An increase in the reactant
concentration (from 0.5 to 1.0 mol L™ in the present study) can improve the
supersaturation level and promote the chemical reaction rate, leading to the
generation of well-dispersed spherical (NH;)Fe,(PO4)2(OH)-2H,O particles.
However, excess increase in the reactant concentration will diversify particle
size distribution, resulting in by-products in the decomposed FePO, samples.
The pH value, or the concentration of [OH], significantly affects the particle
growth orientation during the hydrothermal process as clearly illustrated by
the difference on the morphology of (NH4)Fez(PO,)2(OH)-2H,0 particles. In
addition, the crystallinity of decomposed FePO, samples can be improved as
the result of increasing pH value. However, the electrochemical performance
of LiFePO,/C prepared by two-step hydrothermal method is poor. The reason
may be attributed to that the 1-D transport path of Li* is blocked by impurities

produced in hydrothermal reaction.

In conclusion, both two-step co-precipitation and two-step hydrothermal methods

have potential to become promising synthesis methods for the preparation of
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LiFePO, particles with hierarchical mesoporous micro/nano-structure, which can

exhibit good electrochemical performance and high energy density.

7.2 Recommendations for future work

1. Based on the experimental results obtained by using ISR and UISR methods, it is
possible to do CFD modelling work to simulate the fluid dynamics condition in
the reactor.

2. This study was carried out to develop a novel technology for the synthesis of
hierarchical micro/nano-structured porous FePO, for high performance lithium-
lon batteries. Although hierarchical micro/nano-structured porous FePO, can be
prepared by two-step co-precipitation method, this method takes long reaction
time (up to 36 hours). Therefore, it is necessary to attempt to reduce reaction time

through other methods, such as increasing viscosity.
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A joint chemical meadar system referred to 2 an ultsanic-intensifed mico-mpinging jetting reactor (ULIR),
which pamsesies the feature of fast micro-mixing, was propased and has been employed or mpid preparation of
FePQy particles that are amalgamated by ranscale primary orystals. As one of the important precursoss for the
Fabrication of lithium iron phosphate cathode, the properties of FeP0, nano particles significantly affect the
performance of the lithivm imn phosphate cathade. Thus, the effects of joint use of impinging stream and
ultratonic irmdiation on the formation of meopomus sructure of FePOy mno precirsor particles and the
alectrochemical properties of amalgamoated LiFsPO,/C have been mvestigated. Additionally, the effects of the
reactant comoentration (C= 0.5, 1.0 and 1.5mal L77), ad volumewic fow mte (V = 17.15, 5144, and
85.74 mL min ") on synthesis of FePO 2H,0 nuclews have been studied when the impinging jetting reactor
(LJR) an« LFIFR, are to aperate in nonsubamse rged mode. It was affirmed fom the experiments that the FePOy nano
precursoer particles prepred using ULTR have wsl ] formesd mesopormus structures with the primory orystal siss of
446 nm, an average paore sie of 15.2mm, ad a pecific surbce amea of 134.54 :||:1:lg_L when the reactant
concentration and valumetric Aow rate are 1.0mel L7 and 8574 ml min~" respedively. The amal gamated
LiFeP0u/C compesites can deliver good elecrochemical pedommance with discharge capacities of
1567 mA hg~" at 01 C and exhibit 138.0mAhg~" after 100 cycles at 0.5 C, which & 95.3% of the inital

1. Introducton

Inereasingly global warming and air polluton caused by the con-
sumption of fosil fuels have imposed the priority of wsing green energy.
As a msult, the use of echargeable lithium-ion batteries (LIBs) has
inereased mpidly [1,2]. Compared with other commenrial cathode
materials, such as LiCoCs, LiNiCy, LiMne(h. and their derivatives, oli-
vinestructured LiFeP(, iz consdered as one of the most promising
cathode material owing to its significant advantages of nontoxicity, low
cost of raw materials good structural stahility at high temperature,
excellent safety performance, and relatively high theoretical specific
capacity (170 mAh g~ ") with a flat discharge-charge potential (3.45 V
ve. Li*/Li) [3-5]. However, the poor mte performance of LiFePOd,
resulting from its intrinde low Li* diffusivity (10°% to 107 em® 5™ %)
and low electronie conductvity (1077 to 107% § em ™), has become a
technical bottfleneck to confine its widely practical applications [6-8]
before these drawbacks being overcome fundamentally.
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The kinetics of Li* insertion and extraction process is the primary
mechanism to determine the battery delivery rate capability of a LFP-
based electrode. This kinetics involved consists of three main steps: (i)
electron and Li* diffision to/from the bulk material within the bulk
material (solid phase); (ii) charge transfer reactions (electmchemical
reactions) at the interface of the electmde/electmolyte; and (11i) Li*
diffision from/to the interface in electolyte phase [9,10]. Significant
amount of efforts have been made on developing new methods to fa-
cilitate the kineties of Li* insertion and extraction proces, and im-
proving the mte performance of LiFeP0,. Reducing the particle size and
preparing nano-scale cathode materials have been proved o be one of
the effective ways to shorten the Li* diffusion path and facllitate the
kinetics of steps. Addidonally, fabrication of cathode material posses-
sing the pomus structures can also increase eectmde/electmlyte in-
terface area and ensure effective electmlyte permeation [11,12]. The
pomus structures would be beneficial to the impmvement on the mte
performance of LiFePO4. [t should be emphasgzed here, however, that
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only meso- and macroporous struciume is desirable, since the smaller
size of micropores can hinder the reversibility of Li* insertion process
and reduce the active interfaces of the electrode ‘electrolyte by an in-
creased potential of blockage from residual carbon [13,14 ], Micrmopores
may also cause the formation of an extensive solid electrolyte interface
(SEL) layer and inhibit charge transfer acmss the interfaces, resulting in
a decrease in conductivity [15]. The application of LiIFePO, in lithium
jon hattery requires an optimal combination of high porosity and sur-
face area to provide excellent electmochemical properties.

There are several different preparation routes that have been at-
temptied to develop the eectrode materiak for LIBs with high porosity
structures. Sono-chemical synthesis is a well-known, simple and scal-
ahle technigue to produce nanomaterials and the synthesized particles
can have high porosities. The wse of ultrasonic treaiment is the other
feazible way. By using ultrasonic treatment, acoustically created cavi-
tation can be induced by ultrssonic wave while ingantaneous collapse
of the cavitation bubbles can create extreme conditons such as ex-
tremely high temperature up to S000 K, pressures up to 1000 atm, and
the heating and cooling mte greater than 10' Kz ° inside the cavita-
tion zone, When ultrasonic treatment is applied for synthesis of the
particles, the synthesized particles wsually present porous structures
[16,17].

Adoption of impinging sgream (15) & the other promisng technology
for materials synthesis and it has been widely wed in indusry for
varipus applications. Liguid-continsous impinging streams are wheme
two high speed impinging streams collide each other to form a local
intenzive micro-mixing have two major featumes: strong pressure fluc-
tuation and many highly turbulent eddies. When this impinge streams
are uwsed for synthesis of particles, the generated turbulent micro-mixing
can effectively increase local mass ransfer rate and enhance the reac-
tion mate, significantly boosting the probability of engulfed molecular
diffision by eddy collision. Meanwhile, the pressure fluctuation can
also influence the energy and mass transfer in the solution [18].
Comparing to conventional stirred tanks, an impinging stream reactor
(ISR) has fixed and confined volume, which lead to several onders of
magnitude higher mixing imensity as well as uniform residence time
when the feeding rate i kept unchanged. This kind of hydrodynamic
reaction environment can enhance the control of the mixing cond itdons
and local reactant concentrations [19].

Thiz paper proposes thmee different synthesis routes, aiming to
synthesis FeP(, nano precumor particles that can have mesoporous
structures. These obtained precursor mice or nano particles will be
used to synthesize LiFePO,/C composites The effects of impinging jet
siream and ulirasonic irmdiaton on the morphology of FePOy, pre-
cursor and electmchemical properties of LiFeP04C will be investigated
and the findings will be discused. The paper is organised as follows
Section 2 will describe the experimental details for syntheds of FePOy
nanseomposites The propertes of FePOy, and LiFePO, synthesized by
uzing different synthesis methods are discussed in Section 3. Fimally,
some important conclusions dmwn from the present work are given in
Section 4.

2. Materials and experimental methods
2.1, Symthess of FePOy, nanocomposies

The Fe(NOy)s (1 mol L™%) and (NH.HPO, (1 mol L™%) aqueous
solutions were prepared by disolving Fe{NOs)k9H20 (Sinopharm
Chemical Heagent Co. Lid, 99%) and (MH).HPO, (Sinopharm
Chemical Reagent Co, Lid, 99%) into delonized water. A certain
amount of ammonia solution was wed to adjug the pH value of
(NH):HPOy, to maintain the desred value.

Three different methods wem designed to syntheds the nano-
particles of FePO,. The first type of FePO, nanoparticles were synthe-
sized via an ulirasonic-asisted impinging stream reaction at room
temperaiure. The two reaction solitons were added continuousy into
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Fig. 1. Schematic diagrams of experimental setp for combined o brasonic-assisted im-
pinging jerdng reacton meshod

an impinging jet reactor which was irradiated by a F5-600pv horn type
ultmsonic wave plezodecric vibmtor (800W, 13 mm in diameter)
with 20 kHz (as shown in Fig. 11 The inlet of impinging jetting reactor
had an inmer diameter of 4 mm, while the inner diameter of outlet was
15mm. The volumetric feeding rate of solutions was maintained at
B5.74 ml/min (100 rpm). The pH value of solution was maintained at
1.70 by adding the ammonia solution using a pH automatic controller.
Temperatue was maintained at 60 “C. The obtained products were then
subsequently washed with deionized water several times, filirated and
then dried in air at 100 °C for 12 h. Then the sample was caleined in air
at &00 “C for 10 h to obtain anhydrous crystalline FePO, samples This
nand FePOsxH20 sample was denoted as FP-Uliralmp.

The second type of FePdy nanocomposites were syntheszed by
applying a similar impinging jet reaction to the described first method.
The only difference between the first and second type of synthesis
methods is only the ultrasonic iradiation step. The second type of
FePyxHz0 sample is not irmdiated with ultrasonic waves The ob-
tained nano FePO, sample was referred to as FP-lmp.

The thid type of FePOud=0 nanocomposites were prepared for
comparison purpose by a conventional co-precipitation method. The
two reaction solutons were added continuowsly into a stirring reactor
at a constant volumetric feeding mte of 85.7 4 ml/min (100 rpm). The
pH value of solution was also maintained at 1.70 by adding ammaonia
solution via pH automatic controller. After adopting the same filtration,
drying and ealcination procedures, the FeP(, nanocomposites weme
obtained, named by FP-Copre.

In additon, to investigate the effect of eagent concentration and
volumetric flow rate, FP-Ulralmp and FP-Imp nanocomposites we
also gynthesized under precisely comtrolled reagent concentration
(C=0.5and 1.5mol L") and volumetric flow rate (V = 17.15 and
51.44 ml min~ ).

22, Symthests of LiFe POw/C composites

Three types of anhydrous FePO, samples were mived with LinC0y
(Sinopham Chemical Reagent Co., Ltd, ©9%) and glucose (Sino pharm
Chemical Reagent Co., Ltd, 99%) at a desired mtlo and ball-milled at
300 rpm for & h by a planetary hall mill, espectively. Then the mixtunes
were calcined in nitrogen atmosphere at 650°C for 10h. The obtained
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LiFeP(,/C samples were designated as LFP- Uliralmp, LFP-Imp, and
LFP-Copre, mespectively.

2.3. Chamcterization of FePO,, and LiFeP0 /€

vimetric was messured by simultaneous thermal ama-
lyser (TG, NETZSCH 5TA 449 F3 Jupiter, Germany) at a heating mte of
10°C min~ " in alr. The np./ne ratio of FelPOs2H20 precursors was
analysed by ICP. The crystal structure of FeP'Oy and LiFeP0,/C samples
were analysed by a Bruker DE seres X-my diffraction using Cu Ko ra-
diation [ = 1.5408 A) operated at 40 kV and 40 mA. The 28 was
scanned from 10 degree to 70 degree (witha resolution of (.01 degree].
The surface morphology of FePO,xHL0 particles were observed by
scanning electmon microscope (Sigma VP, ZEIS8, Germany) and trans-
mission electron microscope (Tecnal F20, FEL LLS). Surface area, por-
odty and particle sze are amalysed by Brunaver Emmett Teller (BET,
Micromeritics ASAP 2020, LL5.A). Interms of tap density measurement,
a simple method described by Wang etal. (2011) was employed. In this
waork, about 5 g of the samples were gored in 10 ml plastic cenirifugal
tube and tapped on the lab bench for 10 min by hand. The measured
mass and volume of samples were then recorded to caleulate the tap
density.

2.4. Hecoode and coin cell battery preparation

The electrochemical performance was tested using a CR2032 coin-
type cell The cathode material was comsised of assynthesized
LiFeP(,/C composite, acetylene black and polytetrafluoroethylens
(FTFE] hinder in a weight ratio of 80:10:1 0. The mixume was coating on
an aluminium foil. After rolling and drying at 80 °C for & h. The coated
aluminium was cut into circular plates. The thicknes and diameter of
these circular plates were (.06 and 12 mm respectively. The loading
dendty of LiFeP(), active material was around 5.0mgem % 0.1 M
LiPFs dissolved in ethylene carbonate (EC)/diethy]l carbonate (DEC)
(1:1 vaol ratio) was used a5 the electrolyte. Celguard 2300 microporous
film was adopted as the separator. The assembly of the cells was carried
out in a dry Ar-filled glove box. The cells were galvanostatically
charged and discharged at various rates within the voltage range of
25V and 4.2 V (versus Li‘Li+) on an electmochemical test workstation
(CT2001A, Wuhan LAND Hectronic Co. Ltd., China). All the electro-
chemical tests were camied out at room temperature Cyclic voltam-
metry (CV) measurement was performed on an electrochemical work-
station ($hanghal Chenhua Instrument Co. Lid, Ching) over the
potential mnge of 2542V (vs. Li/Li*) at a scanning rate of
0.1 mvs "

3. Results and discussion
3.1. Properties of FeP'Og

3.1.1. Effect of impinging jetting reaction and wlmasonde assisted impinging
Jetting reacton

To determine the water containing content of FePOgxHO pre-
cursors, TG-DTA examination of the FP-Ukmalmp precumsor particles
was carried out by variation of the tempermiure from room tem perame
to 600 "Cin air. The variations of the moisture are shown in Fig. 2. The
TGA curve shows that the mas loss of FePO,xH-0 samples was found
to be 225 with, indicating there are two molecules in one assynthe-
sized iron phosphate molecule After 500 °C, the sample has no welght
loss, indicating the dehydration of FePOuw2H20 occurs in the range
betwesen 178 and 500 "C.

It has been meported in the literature that the ng /n, ratdo of
FeP Oy 2H0 precursors is sendtive to the pH value of the working so-
lution [20]. Toinvestigate the effect of impinging stream and ultrasonic
irradiation on the atom ratios between Fe lon and P ion, the Fe-
P 2HL0 precursors prepared with different synthesis methods are
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measurad by inductvely coupling the use of a plasma mass speciro-
meiry (ICP-MS). The test results are shown in Table 1. The np./np rato
aof all FePOy,2H 0 samples obtained in this work is les than 1. The ng
np mto of FP-Ultmlmp precusaor is .97, which ishigher than the np.
ny mto of FP-lmp precursor (0.95) and FP-Copre precursor ((0092). The
ICP-MS result indicates that the ng,/ny, ratio of FePO,2H0 precursors
is sensitive to the synithesis method when the pH of working solution is
maintained at the same value. When water is iradiated by ulirasound,
large amount of H and OH" are generated [21]. The main reactions ame
summarized below:

H; O— H' + OH
H+H-=H
OH' + DH — Hylk
H + OH — H0

For the synthesis of FeP(y precursor, the main reactions are as
folows:

Fe™ + POI- — FePOy |
Fe™ + 30H- — Fe(OH)y)

The generation of FePOy and Fe{OH)s is 8 homogeneous competi-
tive-consecutive (series-parallel) meaction. Comparing with impinging
jetting stream, ultrasonie irradiation can further improve micromixdng
effect and reduce micromixing time [22]. Therefore, with the help of
ultrasound irmdiation, the chemical reactions tend to produce Feb(,
and leading to an increased npe/ne matio,

The X-ray powder diffraction (XRD) patterns of different FePO,
samples, which are pre-heated at 600 °C for 10 h, are shown in Fig. 3.
The calculated cell parameters and mean oystalline size of these
samples are listed in Table 2. All the calculated lattice constants match
well with anhydrows hexagona structured FeP 0, (JCPDS card No. 29-
0715, a =5035 4 b=5035A c= 11245 &), suggesting the for-
mation of perfect crystaline FePOy, composites afier the thermal
teament. Simultaneously, it can be clearly observed that the in-
tendties of the diffraction peaks decrease with the we of impinging jet
reactor and ultrasonic iradiation, which may suggest that the adoption
of impinging jet sream and ultmsonic iradiaton have remarkable
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Table 2
Calenlated larticee paramesers and nucled size of - symhesived FePO,, samples.

bk clk) L]

50412 11234462 2858075 429
50365 112445 2B5I317 485
50362 1123482 28/5M16 H27

Mean aystalline stre{nm)

FRUkralmp
FPmp
FPCopre

effect on the crystallinity of the products. The highest intensities of FP-
Copre, FP-Imp and FP-Uliralmp composites amund 25 85 degee am
4184, 53218 and 20449, repectively. The mason of lower intensities of
FP-Imp and FP-Ultralmp samples may be atributed to their smaller
mean erystalline size [23].

The BET specific surface area and pore size distribution of the
Fe,2H,0 precursors have been characterized by nitmgen adsorp-
tion-desorption analysiz [t can be seen that the M, sorption isotherm of
all FePOu2H20 precursors (Fig. 4a) were Type IV, Their big hysteresis
loops can be evidenced by the presence of meso-pores (> 2nm and =

S0nm) and large surface areas. Table 3 shows the effect of impinging
stream and ultmsonic iradiaton has had on the surface area, porosity
and average muclei size of the FePOy2H20 samples The average nuclei
size of three FePO,2H 0 precursors confirms the same trend obiained
from XRD amalysiz The average miclei sizes of FP-Ultralmp and FP-Imp
precursors ae 4$4.60 and 5480 nm, respectively, which is smaller than
the average mucled size of FP-Copre precumsaor (77,92 nm ). In additon, it
can be seen that the FP-Copre precursor shows the largest average pome
diameter of 23.2 nm, and exhibits the smallest BET surface area and
total pore volume, coresponding to 77 m”™ g~ and O446em™ g ™" -
spectively. In contrast, the precursor of FP-Ultralmp sample shows the
highest BET surface area of 13454m” g~ and the smallest average
pare size of 152 nm. For the FP-Imp precursor, it has the highest pome
volume of 0.663cm®g ™", The analytical resuls of pore size distribu-
tion based on desorpton of the FePO,2H0 precumors symthesized
using different methods are shown in Fig. 4b and ¢. It becomes clear as
can be seen from the figure that the FP-Imp precursor has a significant
amount of large-mesopores in the range of 20-50 nm, leading to its
highest pore volume. The reason that FP-Ultralmp precumsaors have the
highest specific surface ara of porosity is mainly ascribed to the small-
mesopores that fall into the range from 4 to 20 nm. Obwviowsly, bath FP-
Uliralmp and FP-lmp precusors feature pores in mesopomus (> 2 nm
and = 50 nm) range, indicating that the acquirement of large surface
areas of FP-Uliralmp and FP-Imp precursors ae caused by not only the
reduction inthe average muclel dze ut ako the increase in the numbers
of mesmpores rather than micmpores (= 2nm) of Macmpores
(= 50nm). Generally speaking, a larger specific surface area can
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Fig. 4. The BIH desorprion pare size dismibmdon of Fe'0, 2H 0 samples prepared with
different symrhesis medhods.

Tabl: 3

N3 adeorpdon.d sorprdon anatysis resols of FePOsZHA0 premrsars prepaned with dif
fernt symshesis metiods.

Samples Surface area Average Pare  Total pare Average
m*g "y Width{nm}  vokme el sz
Eem'g™") tam)
FPUkralmp 13454 152 s 4480
[resarsor
FPmp 10949 214 L] 5480
[resarsor
FPaCopre F7.00 2332 0486 7Tz
[resarsor
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Fig. 5.TEM images of different FePO, samples (3) FP-
Ukramp, (b) FP-imp, and (c) FP Copre.
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effectively increase the interface between electrode and electiolyte,
thus enhancing an effective charge transfer across the interface. A re-
duced nuckel size is beneficial to shonenlng the diffusion distance of
lithium ion, giving rise toan i d hemical perf for

pr elec

LiFePOs. Meanwhile, mesoporous structure can facilitate the penetra-
tion of electrolyte and improve the electronic conductivity. However, it
has been proved that large surface area and high pore volume of elec-
trode materials also limits its application in industry due to the reduced
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Table 4

M3 adesrpdondesomdon analysis resolts of FePO-IH0 precorsors prepared with dif-
fermt resgest concentaton by LR and UM methods (Volomemrc feding
rate = 85 74 mil i)

Uierasonics - Sonochemtary 30 (2017 816828

Table 5

Mz adecrpdondssorpdon analysis resolts of FePO-IH0 precorsors preqared with dif
fernt wolimemic feding raex by UR and ULR metiodk  (Resgems
concenmation = 1O0malL~ 'L

Preoarsons Heactant Sperific Toml pore Averag Preoarsars Vahmmaric Sperific Tatal pare Average
CONCENTATOn sarface adearpgon [primary ferding rae surface area  adeorpdon i mary
fmal L) area vahme grain sire {ml/min} m*g™)  volome prain ste

[ T -l | {nem) ey Cemm)

FPImp 5 a5 3953 02m 15178 FPImp-20 1715 (0 mpm) 2194 0087 T3ss

FPmp-1.0 10 1FE4ag [Ei] 5480 FPmp-de 5144 (Gl rpm) 3475 0263 1723

FRImp-15 15 71324 0315 sa7 FRImp-100 8574 10649 Lo 54,80

FRUbmalmp05 05 2794 =t ] AT {100 rpm}

FPUbmalmp-1.0 1.0 13454 0570 A4 60 FPU bl mp <20 1715 (Zrpm) 1059 0AE2 58 59

FRUkrlmp15 1.5 LET] 0477 LTI FRUbramp60 51484 (60rpem) 9688 0578 5D

FPUkralmp-100 8574 13454 0570 450

tap density and volumetric energy densty [24]. For FP-Ultra Imp pre-
cursor, its small-mesoporous structure is thus to play mles in facilitation
of the electrolyte penetration, improvement of the electronic con-
ductivity and maintenance of an average tap density and volumetric
densty of the resulting LFP-Ultralmp sample.

Fig. 5 shows the TEM images of different FeP O, samples after heat
treatment at 600 °C for 10 h. The FP-Ultralmp primary nucled (Fig. 5a)
exhibits nearspherical shape with a primary corystallite sze of
20-50 nm. In Fig. 5h, the FP-Imp composites have a larger nuclei size
(amund 50 nm) and similar nearspherical shape with FP-Ultralmp.
Maoreover, the pore size of FP-Imp is also larger than that of FP-Ul-
tralmp. In contrast, FP-Copre sample exhibits irregular nuclei shapeand
the nudei size is incressed to 50-100nm. It can be seen clearly from
the figure that all three FeP(ys samples still posess nano-sized nucled
and porous smcture after heat treatment, which may provide high
quality precursors for synthesizing LiFeP0./C nanocomposites.

Acconding to the XRD, BET and TEM results, there exisis a clear
tendency that the uwse of both ulimasonie irmdiation and impinging jet
reacton can have a sgnificant effect on increasing surface area, and
reducing primary grain size and pore diameter of FePOy2H0 pre-
cursors. To understand the effect of ultmsonic irmdistion and im-
pinging jet stream on the formation of porows FePO,2H,0 precursor, a
schematie illustration is presented in Fig. 6. In the impinging stream
reaction, the sireams of Fe®* and P0O,*" solutions impinge on each
other directly, which can deliver a high level of supersaturation and
sufficlent midng of the raw materials in an extremely short tdme
{~10"7 5. The initial high supersaturation level can enhance the mi-
cmomixng in the solution, thus faclitating nucleation rate and gen-
erating large amount of iron phosphate nuclei. The level of super-
satumtion level will decresse becaise the rapid nucleation process also

—+—FPimp
—&—FP.Ultralmp

0 -+ .
0.5 1 15
Reagent Concentration [mol L1)

(a)

Fig 7. The rel

ki m

TEAZMT G

B2l

(100 rpm}

consumes large amount of mw materiak. Thus, particle growth process
is confined, which results in a smaller average nuclei size. Additionally,
it iz conjectured that the improved maolecular collision rate gives rise to
the gneration of large amount of large-meso pores as can be seen from
BET analysis.

The higher BET surface area, smaller average pore widih and nuclei
size of FP-Ultralmp precursor might be the mesult of joint effect of ul-
trasonic irmdiation and high speed impinging jet sreams In joint ul-
tmsonic-iradiation impinging stream reaction, ultrasonic irmdiaton
can further improve the diffusion, promoting the reaction and nuclea-
tion. Themfore, the average nuclei size of FP-Ultralmp precursors is
smaller than FP-Imp precursors. In addidon, the function of ultasonic
irradiation can prevent the agglomeration and break large agglomer-
ated particles into smaller particles to increase surface area. The formed
small-mesopores of FP-Ultralmp may be attributed to the breakup of the
surface film at iquid-solid interfaces which is caused by shock waves
and microjets [16]. This may explain why FP-Ultralmp precursor can
attain the smallest average nuclel gze, largest specific surface area, and
small-mesopones among three preparation routes

312 Effect of reagent ¢ onee mration

To further understand the optimal concentration of initia reagents,
FeP(2H 0 precursors were syntheszed with three different reagent
concentration (€ = 0.5, 1.0 and 1.5 mol L=") by using ULIR and IR
methods and the volumeiric feeding mte was maintained at 8574 ml/
min.

The BET specific surface ama, total pore adsorption volume and
pome size distribution of the Feb0,2H0 precursors synthesized under

160

—+=FPimp
=@ P.Ultraimp

0.5 1 15
Reagent Concentration [mol L)

(h)

and (a) primary grain size (b) sperific sorface area

Vi



B. Dongerd. Ulrasonics - Sanochemtary 39 (20171 816-826
300 160
_ 250 | —t—FP-lmp _.: 140
E —&—FP-Ultraimp 'k 120
— zm | — ’
s g 100
g 150 | g 80
100 b
i 40 —=FP-imp
50 L S 20 ~@=FP-Ultralmp
0 . 0 - :
17.15 343 51.45 686 85.75 1715 343 5145 686 85.75
Volumetric feding rate (ml min*) Volumetric feeding rate (ml min?)
(a) (b)
Fig. & The p b lamesric ferding rate and (2) primary grain size; (b) specific sarface area.
Fig. 9. Xqay diffacdon patemns of as-synthesied LIFO/C
composites: (a) LFP-Ukralmp, (b) LFP-Imp, and () LFP-Copre.
El
s
z
L uuwwm
]
£
C
o P B el 8|10 (O Gt O O
b bk o I
10 20 £l 40 50 60 70
2 Thetha (degree)
Table 6 Meanwhile, the average nuclei size of these two samples is 66.67 and
latges paramesers of & synchesized LiFeP0,/C samples. 60.79 nm respectively. When FePOs p ples are synthesized
by LR method, similar tendency can be observed and FP-Imp-1.0 re-
e
k) ad <k v lative large surface area (10949 m* g ') and adsomption pore volume
LFRURtralmp 103254 60078 46916 291 0337 (0.663cm®g %), as well as a smaller average primary grain size
LFPImp 10332 60071 4 689 291 0673 (54.80nm).
LFRCapre 103276 6006 4.6906 290.9%01 Generally, a higher initial reactant concertation can increase su-

different conditions have been characterized by nitrogen adsorption-
desorption analysis. As shown in Table 4 and Fig. 7, increasing the
reagent concentration had significant influence on the surface area,
porcsity and average nuclei size of the FePQy precursor samples.

persaturation level and nucleation mate in IRJ and UIRJ reaction.
However, as the volumetric feeding rate is not changed. Therefore,
large of le FePO4 nucleus will be synthestzed in a short
time. Some of the nucleus might be attached to the impinging stream
reactor and blocked the chamber slightly. Then heterogeneous nu-
cleation h on the attached nuclei. Thus, these nuclei might be

When the reagent concentration is 1.0 mol/L, the FePO, pr
sample (FP-Ultralmp-1.0) synthesized by ULJR method features largest
surface area (134.54m* g~ ') and smallest average nuclei size
(44.60nm). The measured BET surface area for FP-Ultralmp-0.5 and
FP-Ultralmp-1.5 precursors is §7.94 and 98.69m® g~ *, respectively.

agglomerated and grown up in impinging stream reactor, leading to an
enlarged nucki size, and reduced surface area and pore adsorption

1 In parison, ul ic irradiation can further increase mi-
cromixing effect and prevent agglomeration in impinging jetting

vii
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reactor, leading to a reduced primary grain skze and enlarged surface
area

3.1.3. Effect of volumetric feeding rate

To evaluate the effect of volumetric feeding rate, FePO,2H,0 pre-
cursors were prepared at three different level (V = 17.15, 51.44 and
85.75 ml/min). It has been found that the increasing of volumetric
feeding rate result in reduction of average primary grain size and im-
provement of specific surface area of FePO,2H,0 precursors, especially
when the samples are prepared by LIR.

T'able 5 and Fig. § show the BET analysis results of the FePQ¢2H20
samples prepared with 3 different volumetric feeding rate by IJR and
ULJR methods. When using LJR method, the surface area and total ad-
sorption volume increase with increasing the volumetric feeding rate.
The maximum specific surface area (109.49 m” g~ ') and total adsorp-
tion volume (0663 cm™g ") were obtained when the volumetric
feeding rate is 85.74 ml/min. On the contrary, it was found that the
average primary grain size of FePO,2H,0 samples decrease sig-
nificantly as the increasing of volumetric feeding rate. Therefore, the
sample FP-Imp-100 precursor has the best abundant mesoporous
structure. This is mainly ascribed to the reduced micromixing time and
increased mass transfer rate and collision rate. When ultrasonic ima-
diation is applied in impinging jetting reaction, the specific surface

(c)

Fig. 10. SEM images of LiFePO/C composies fram the pecursors prepared with different merhods (2) LFP-Ulmalmp, (b) LFP-Imp, and (¢) LFP Copre.

area, total pore adsorption volume and average primary grain size
changed slightly with the increasing of volumetric feeding rate, espe-
cially at a relatively lower rate (V = 17.15 and 51.44 ml/min). This
indicates that the application of ultrasonic imradiation can enhance
micromixing more significantly than increasing of volumetric feeding
rate.

3.2. Properties of LiIkPO/C

Those as-synthesized FePO, precursors by using different prepara-
tion routes as discussed in the preceding section were used for further
synthesizing LiFePO4/C positive electrode particles The XRD patterns
and cakulated lattice parameters of the three as-synthesized LiFePO,/C
samples are shown in Fig. 9 and listed in Table 6. All diffraction peaks
seen from XRD patterns and crystal lattice parameters are also well
indexed to accord with LiFePOs which has the orthorhombic structure
(JCPDS card No. 40-1499, a = 10.347 A, b = 6.019A, ¢ = 4.7044),
suggesting all the three LiFePO./C nanocomposites were synthesized
without any appreciable impurity phases.

The morphology of LIFePOL/C composites prepared by different
methods was ako examined by scanning electron microscopy (SEM). It
can be seen from Fig. 10a and b that both LFP-Ultralmp and LFP-Imp
samples present a similar partide maorphology comsisting of

viii
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nanospheres with dzes in the range of B0nm-300 nm. These nano-
sphems interweave together and form high pomdty structure. By
comparison, Fig. 10c shows the LFP-Copre composite has a sructune
with lower porosity while the comesponding particle size becomes
larger than those of LFP-Ultralmp and LFP-Imp samples.

The electrochemical properties of all LiFePO,/C samples were tested
in 2032-type coln half-cells batteries. Fig. 11a shows charge/discharge
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capacities for the LFP-Copre, LFP-Imp and LFP-Ulralmp composites
within the voltage range of 2.5 V and 4.2 V (versus Li/Li+) at L1 C
(17 mA g~ ") The charge and discharge plateaus of all three LiFeP(/C
samples are 3.45 V and 340 V espectively. At low charge/discharge
rates, both LFP-Ulmlmp and LFP-lmp samples exhibit compamble
performance The discharge capacities of LFP-Ultralmp and LFP-lmp
can mach 1567 mAhg ™ ® and 1509 maA h g~ * respectively, which is
higher than the discharge capacity of LFP-Copre (141.3mAh g '), As
shown in Fig. 11b, the discharge capacities of LFP-Ultra lmp at 0.5, 1,
and 2C rate can reach up to 140.7, 1265 and 1054 mAhg " m-
spectively. The LFP-lmp compodte delivers a discharge capacity of
135.3 1185 and 99.1 mA hg ™' at A5, 1 and 2 C. The LFP-Ultralmp
sample behaves poorly and exhibits the lowest discharge capacity,
1258, 110.2 and 93.4mA h g~ " at 0.5, 1, and 2 C. To investigate the
recyclability of the assynthesized LiFeP(u/C samples, the coin cells
were cycledat (L5 C for 100 cycles. Ascan be seen from Fig. 11¢, it was
found that LFP-Imp and LFP-Copre can exhibit discharge capacities of
119.1 and 1080 mAh g~ at O.5C after 100 cycles, which are about
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Q0.2 and B5.0% of the inital discharge capacity respectively. In con-
trast, LFP- Uliralmp sample delivers the best cycling stability. The LFP-
Ultralmp sample can show a discharge capacity of 1380 mahg ™",
with less than 4 7% loss of discharge capacity after 100 eycles at 0.5C.

The cydic voltammogram curves of LFP-Uliralmp composite for the
first two cycles are shown in Fig. 12a. During the first cycle, the ooxi-
dation and reduction peaks, which are corresponding to the charges
discharge reactions of the Fe™* /Fe™* medax couple, appear at 3.569and
3319 V. During the second cycle, the oxidation and reduction peaks
take place at 3541 and 3.326 V mspectively. The voltage peak differ-
ence between oxidation and reduction is decressed from 025V to
0.181 V. Meanwhile, the current/mass peaks are increased from L447
to 0669 A g ", The difference of voltage and curment/mass peaks in-
dicate that electmde material is activated, and the electrochemical re-
verdbility has been established after the first cycle [25]. In contras, the
potential difference for both LFP-Imp and LFP-Copre & only 0.215 and
0.326 V respectively (Fig. 12b). The larger and narmwer current,/ mass
peaks implicilly confirm that LEP-Uliralmp composites have an im-
proved reverdbility and better kinetics of electrochemical maction
[26,27].

The better elerirochemical performance of LFP-Ultralmp sample can
be attributed to educed particle sie, mesopomus struciure and large
specific surface area, & well as a higher ng,_/ny, mtio. It is believed that
thiz structure can shorten the diffision distance of lithium ion, increase
elecirolyte /electrode interface ara and ensume effective electrolyte
permeation into eectrode materiak, which lead to a reladvely high
utilization of the active LiFeP(Qy materidl. The melatively high npa/ne
ratio of FP-Ulmlmp also contribute to the better electmehemical
propertes of LFP-Uliralmp. In the lithiaton/delithiaton process Li*
maoves through 1D channels which are parallel to b ods, However, 1D
chamnel is easy to be blocked by impurites [20]. The relatively high
g/, ratio of FP-Uliralmp indicates that LFP-Ultralmp composite has
higher purity and few blocked 1D ¢hannel Furthermore, besides good
electrochemical properties, LFP-Uliralmp composite also possesses
higher tap density than LFP-Imp due to the smaller pore width and
smaller pore volume. The tap density of LFP-Ultralmp compadies can
reach 1.33 gem ™ * in contrast to 1.17 g em ™ for LFP-Imp composites
All of results obtained have clearly indicated that LEP-Ultralmp samples
have better electrochemical properies and higher volumetric energy
densty, thus demonstrating that the adoption of LFP- Uliralmp route is
an effective way to synthesize the high performance positive electrode
precursor particle materials.

4. Conclusions

Three different routes were designed for synthess of FePO, positive
elepirpde precusor particles, which have been wed for amalgamating
lithium iron phosphate cathode particles to fabricate the lithium cell
battery. It has been demornstrated thar the adopton of ultrasonic-as-
sisted impinging stream reaction is an effective approach to produce
high eecirochemical performance positive elecirode precursor parti-
cles. The LFP-Ultralmp samples obtained from the experiments have
shown an initlal discharge capacity of 156.7 mAh g™ " at 0.1 C, and
exhibited 1380 mA hg~" afier 100 cycles at L5 €, which is 95.3% of
the inital discharge capacity. The concludons reached from the current
study, in terms of synthesds of mesopomus FePOy precumsors for im-
proving the electrochemical performance of LiFeP0,/C, can be sum-
marized:

1) The adoption of impinging stream reaction can be beneficial 1o
generation of FeP(d, nanocomposites that have smaller primary
grain size, large-mesopomus structures and higher specific surface
areas.

2) Application of ultrasonic irradiation can lead to synthesis of small-
mesoporous FefQy precursors that have nanoscale primary nucked
size and high specific surface areas. [t can also remarably improve

Lerasonics - Sonochemdary 30 (2017) 816828

the purity of FeP(, precursors due to the increased mass diffusion
rate between FeP(y and LizC0s,

3) The formmaton of small-mesopores contributes o an improved
electrochemical property and relatively high volimetric energy
density of LFP-Ultralmp.
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ARTICLE INFO ABSTRACT

(NH, Fe{POLIA OH}H L0 samples with different marphology are sucosssfully synthestoed via two-step synih-
et mule - ultmsonic-intemified impinging stream pre-treatment followed by hydmthermal treatment (UTHT)
method. The effects of the adoption of wlimsonic-intensified impinging stream pre-treatment, reagenl oom-

Keywerds:
Ultrasonic-intensified impinging stream
Hy drothermal frestment

PH value i centration (T, pH value of solution and hydmthermal reaction time { T)on e physical and chemical properties
m;;mwu h{ﬂnﬂ;‘;ﬂﬂ of the synthesised (N Fed PO, LI0H ) 2H0 composites and FaPO, particles were systematieslly investigated.
ey * Nanieseads were fimdy synthesized using the Wtrasonic-intensified T-mixer and these nano-sesds wene then

transferred into a hydmithermal reactor, heated at 170 °C for 4 b The obdained samples were characterized by
utilising XR.D, BEF, TG-DTA, SEM, TEM, Mastersizer 2000 and FTIR, respectively. The experimental results have
indicated that the mrticle gwe and momphology of the obiained samples are remarkably affected by the use of
ultragonic-intens fied impinging stresam pre-treatment, hydrothermal reaction time, resgent concentration, and
pH value of soltion. When sueh (NHLOFe{PORI0OH)ZHO precumor samples were transformed to FePOy
prodducts after sintering at 650 °C for 10h, the SEM images have clearly shown that both the precumor and the
final product still retain their monodispersed spherical microstruciures with similar pricle size of about 3 pm
when the samples are synthesised at the optimised condition.

1. Introduction

(NHFegPO)L(OH)-2H 0 iz an isopytic  mineml  of
KFes( POy OH2H20 (levcophosphite) and has received increasing at-
tentions due to its magnetic propertes and rich erystal chemistry [1].
The synthetic (NHgIFey(POJM0H}2H,D has been considered as a
promising material and applied in the fields of catalysts [2], magnetics
[3,4], optics [5], and lithium ion battery as positive electrode material
[6-8]. Asa functional material, the physical and chemical properties of
(NH ,F &, (PO )(0H2H,0 are significantly affected by its marphology
and particle sze. Many methods have been deveoped to prepare (NH.J
Fey(POy )L OH)-2H,O particles, and wariows efforts are endeavoured to
conduct the synthesis for different momphologies and particle sizes.

Shaowen Cao et al. (2010) proposed a simple one-step microwave-
solvothermal ionic liquid method using [ BMIM][BF,] to prepare (NH.)
Fey(POy ). OH)-2H O compaosites that contained various nanostructures,
ach as zolid micro-spheres, micrcspherss with the core in the hollow
shell, and double-shelled hollow microspheres while the synthesis was

conducted by adjusting reagent concentration and microwave heating
time [5]. Pure and wellcrystallized spheniscidite  (NH,)
Fey (P0,) o[ OH)I2Hy0 was obtained by Delacourt et al. when NH; was
added as an agent to raise pH walue [B]. Shuyang Ju et al [2013) re-
ported a low temperature (at 80 "C) hydrothermal method to synthesize
peamit-like microscale (NH JFey(PO)L(0HF2H,O particles that were
used as the precursor of LiFeP0, positive electrode material [6]. The as-
synthedzed LiFePQ, composites presented desirable electrochemical
performance and high tap density. Li et al (201 4) synthesized dlipsoid-
shaped (NH  )Fey(PO)L(0OHI2HO compostes that have micro-nano
structures for being used as the precursor of LiFeP0, positive dectrode
material, adopting a facile chemical precipitation route [7]. The ob-
tained LiFePOy products exhibited excellent rate capability and good
cyclic performance Caming Trobajo et al. (2000) applied the hydro-
thermal method for prepamtion of (NH, ) Fey(POL), (0H F2H,0 at rela-
tively high pH walues of 911 and used ewcess amount of urea [1].
Kaipeng Wu et al. (201 8) adopted sonochemical method to synthesise
(NH:)Fea PO (OHF2H0 particles that possess red-hlood-cell-like
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Table 1
| Fe(l%Os)s | | (Nm);npo. | Sty e ek i i
BExpaiment  Samples Method Reacion pHvalue Reagent
Ultrasonic-intensified o= o
T-mixer treatment
s1 Sed UMT  UMT 0 08 10
s2 Prod UMT  UMT 4 0s 10
l Nano-seeds I s3 SeedHT  HT 0 08 10
4 ProdHT  HT 4 08 10
Hydrothermal 55 UHT-1h  UMT 1 0s 10
Heatmianit 6 UHTZ  UHT 2 08 10
reatme s7 UHT®R  UMHT 3 08 10
4 UHTAS  UMT 4 08 as
7 59 UHT1S  UHT 4 08 15
I (NH._)FO;(POQ;(OH) 2H,0 I 510 UHT-pH12 UMHT 4 12 10
sn UIHTpHLS UMT 4 15 10
Calcination s12 UIHTpHLS UBT 4 18 10
temperature up to 5000 K, pressures up to 1000atm, and the heating
and cooling rate greater than 10'“Ks ™" inside the cavitation zone [14].
Fig. 1. S 0} of main procedures in twostep hy ] synthesis of  hus, ultrasonic-assisted hydrothermal synthesis method has been ap-

(NHOFe (PO)A{OH) 2H0 and FePQy samples.

shape [9]. In addition, Hong Zhou et al. (2010) also used hydrothermal
method to synthesise (NH JFe,(PO,)(OH} 5H,0 which exhibited the
beh of sp magnetization beow 25K [4]. It can be
claimed that as a self-asembly synthesis approach, hydrothemmal
method has been widely used to design and fabricate (NHJ)
Fe,(PO,),(OH)-2H,0 particles due to its mild operation temperature,
simple process, homogeneous particle size distribution, improved cycle
life and has the potential for large-scale production [10,11]. However,
most of the synthesis route still needs long reaction time (up to 3days)
and additional additives (such as glycol and C,H,0,2H,0).

It has been recognised that the application of high i ity ultra-
sonic-irradiation has a remarkable function which can sgnificantly
i ify the pr It has been applied inindustrial f: ing

process and also the material synthesis process with the features of cost-
effective and environmental-friendly. It has been revealed that the
particles synthesized using ultrasonic treatment usually present porous
structures [12,13]. Since ultrasonic wave can acoustically create the
tiny cavitation, such instantaneous collapse of the created micro bub-
bles due to cavitation can provide the extreme conditions in a very
small volume, characterised by occurrence of extremely high

plied to the synthesis of catalysts [15-18], zeolite [19-22], hydrogen
storage material [23], and MOFs [ 24].

Adoption of confined impinging T-jet mixer (CITJ) for synthesis of
micro particles was also reported in the open literatures [ 25 26]. A CITJ
reactor which has T-shaped branches is the simplest comp t that
contains two inlet tubes, allowing two streams to flowin, and one outlet
tube, allowing the mixture to be collected. Local intensive micro-mixing
in a CITJ takes place through the collision between two impinging
streams, usually Iting in a fast homogenization of reactants so that
both mass transfer rate and chemical reaction mte can be effectively
enhanced. The kinetic energy and mass transfer rate in the mixing zone
(reactor chamber) are influenced by the pressure fluctuation [27] while
the intensive mixing occurring in a small confined volume of reaction
chamber enhances the crystallisation and promote the growth of par-
ticle size [28].

A novel two-step preparation route that combines ultmsound-as-
sisted CITJ and hydrothermal tr (UIHT) to synthesize (NH:)
Fe,(PO,),(OH)2H,0 is developed in the present study. To the best of
our knowledge, the application of UIHT method to synthesis of (NH,)
Fe, (PO.),(OH)2H,0 has not been reported in the literature. The effects
of the use of ultrasonic-intensified impinging streams, reagent con-
centration, pH value of solution, and hydrothemmal reaction time on the
chemical and physical properties of the synthesized particles are

Fig. 2. (a) setaup of ultra in
tensified T-mixer and (b) intemal stucture of T-
mixer.

xiii
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symthesized precursors (b)) obtainsd products after sintering process prepared by different
methods.

a0 45 50

Tahle 2
Calonlated lattice parameters of assynithesized samples prepared by two different
methods.

Samples k) wiky (k) wikty
Prod-HT 53254 a8325 6553 45373
Prod- LIHT 523 AH20E 25835 91513
ProdC-HT 74118 74118 12779 0173
ProdC-UIHT 54321 L0328 112750 28553

systematically investigated. The posible nucleation and particle
growth mechanisms are discussed in detail. This paper will be arganised
in such a way. Section 2 presents the experimental details including
materials preparation and characterisation. Section 3 discusses the ef-
fects of various conditions on properties of samples while the main
conclusions reached as the resnlt of the study will be given in Section 4.

2 Experimental
2 1. Material prepanation

The main procedurss of two-step hydrothermal synthesis of (NH,)
Fex(PO)5(0OH)-2H,0 and FeP(, samples are shown in Fig. 1. The ex-
perimental set-up of ultrasonic-intensified T-mixer and internal struc-
ture of T-mixer are shown in Fig. 2. Nano-seeds were synthesized with
ultrasonic-intensified T-mixer (see Fig. 2a) in the first step, labeled as
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Fig. 4. FIH patterms of samples prepared when €= L0mal L~" and pH = @8: (a) a5
synthesized precursors (b} obiined products afier sintering process.

Seed-UIHT. Thereafter iron nitrate solution and diammonium phos-
phate solution (C = 0.5, 1.0 and 1.5mal L™ ", respectively) were in-
jected contnuously and sepamtely into an T-mixer from two inlets by
using twao peristaltic pumps (BT100F), Baoding Chuangrui Ltd, China)
to precisely control flow mates at 85.74 ml min ~*. Meanwhile, the T-
mixer was cormected and imadiated by a FS-600pv horn type ultrasonic
wave piezoeectric vibrator (S00W, 13 mm in diameter] with 20 kHz.
The inlet ports of T-mixer were connected to two gainless steel tubes
with an inner diameter of 25mm. The inner diameter and length of
internal chamber in the T-mixer are 3.5 mm and 17 mm, respectively.
The outlet of the T-mixer which had the same diameter as the im-
pinging stream inlets and an enlarged channel (with an inner diameter
of 4mm) was interconnected to the inner chamber of the T-mixer. The
mixed solution was then transferred into a 500 ml glass beaker and
vigorously stirred for 5min after the impinged mixing was conducted in
the ultrasonic-intensified T-mixer under room temperature of 20°C. In
this step, the pH value of soluton was maintained, respectively, at the
given value (pH = 0.8, 1.2, 1.5, and 1.8) but was added the ammaonia
solution (1.5 molL ™"} carefully through a pH automatic contraller.
After that, the obtained mixture was transferred and sealed ina 100ml
Teflon-lined stainless steel autoclave, heated at 170°C for up to 4 h. The
mixture was then removed from the autoclave, naturally cooling to the
room temperature. The abtained samples were washed with deionized
water for several times, followed by using a vacuum filter to separate
the products and to dry at 80°C overnight. These samples were labelled

Xiv
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Fig. 5. The SEM ad TEM mages of nano-seeds samples prepared when € = 1.0molL~"and pH = 0.8: (3-b) Sead HT; (od) Send UMT.

as Prod-UIHT. Then the as-synthesized products were cakined at 650°C
for 10 hin the air. Such obtained product was labelled as ProdC-UIHT.

For the comparison purpose, the samples were also prepared by
adopting the conventional hydrothermal method. Fe(NOs); and
(NH .),HPO, solutions (1.0 mol L™ *) were directly added into a 100ml
Teflon-lined stainless steel autoclave, heated at 170 “C for up to 4 h. The
seeds, products, and the calcined products were labelled as Seed-HT,
Prod-HT, and ProdC-HT, respectively. The conditions of different ex-
periments are shown in Table 1.

22 Characterzation

The crystal structure of samples was analysed using a Bruker D8
series X-ray diffraction by setting Cu Ka radiation (A = 1.5406 A).
Thermogravimetric characteristics was measured by simultaneous
thermal analyser (TG, NETZSCH STA 449 F3 Jupiter, Gemmany) at a
heating mate of 10°Cmin " in the air, varying from the oom tem-
perature to 700°C. The surface morphology of the obtained particles
was observed by scanning electron microscope (Sigma VP, ZEISS,
Germany) and transmission electron microscope (Tecnai F20, FEL U.S).
The particle sze and distribution of the precursors were measured by
using the laser diffraction method (Mastersizer 3000, Malvern Inc, UK).
Surface area and porosity were analysed by Brunauer Emmett Teller
(BET, Micromeritics ASAP 2020, U.SA). The infrared spectra was re-
corded on a Fourier transform infrared spectroscopy (FTIR, Bruker V70,
US.A) wsing the KBr disk technique.

455

3. Results and discussions
3.1. Effect of uloasonic-intensified impinging stream pre-reatment

The XRD pattems of the as-synthesized samples prepared by dif-
ferent hydrothermal methods are shown in Fig. 3. It can be seen from
the figure that the XRD pattern of Prod-HT sample was well matched
with monoclinic FePO,2H,0 (PDF #33-0666, space group P21/n, with
lattice parameters a = 0.5329nm, b = 0.9798nm, and
¢ = (.8710 nm). It is noted that that the obtained sample exhibits the
same crystalline phase as that was reported by Wang et al. [29].
Meanwhile, the XRD pattern of Prod-UIHT sample matches well with
(NH,)Fe,(PO,),(OH}2H,0 with spheniscidite structure (PDF #41-
0593, space group P21/n, with lattice parameters a = 0.9750 nm,
b = 0.9630nm, and ¢ = 0.9700 nm).

Fig. 3b shows the XRD patterns of the as-synthesized samples after
sintering at 650°C for 10 h. The major peaks of ProdC-HT sample are
indexed to FePO, (PDF #29-0715, space group P321, with lattice
parameters a = 0.5035nm, b = 0.5035nm, and ¢ = 1.1245nm), while
the reflection peaks of Fes(PO<)2(OH)z (PDF #14-0310, space group
P41212, with lattice parameters a = 0.74nm, b= 0.74nm, and
¢ = 1.281 nm, which can be used as the catalyst [30,31] or precursor of
positive electrode material [32], which can be also observed in the XRD
patterns. For the XRD patterns of ProdC-UIHT sample, only the reflec-
tion peaks of FePOs can be observed, indicating that the purity of de-
composed FePO; sample can be further improved when using the two-
step hydrothermal method. In addition, as can be seen from Table 2,
unit volumes of Prod-HT and Prod-UIHT are 453.73 and 915.13 A%
respectively. After cakination process the unit volume of ProdC-HT

XV
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Tahble 3
N, adsorphion desorphion. amalysis resulis of Fef0,2H O precursors prepared with. dif-
ferent synthesis methods.

Samples Surface area Averzge Pare Total pore Average nuclei
mig~'y Width (rem}) vohme size (mEm)
{em?s™")
Sead UIHT 954 244 053 [0=E)
Sead- HT .4 L3 om 1484

increases to 70173 A%, while the unit volume of ProdC-UIHT decreases
to 285.53 A%, This indicates that the zample cells are affected by tem-
peramre significantly.

The reazon is that, during ultrasonic irradiation, large amount of H-
and OH- was generated by the sonolysizs of water, which may form Ha
and HxDs [33,34]. Thus, HyOs can assist to effectively avoid the re-
duction of Fe** during hydrothermal reaction. The main reactions in
hydrothermal reaction can be azsumed to follow the following stepz

Hy0 —+H -+ OH -
H+# Ho=sH,
OH - + OH -—+Ha0y
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H -4 OH -—=Hs0
R 4 HaDy + 2H -—2Fe® & 2H0

To investigate the presence of all bands corresponding to assyn-
thesized samples, FTIR spectra is shown in Fig. 4. For Prod-UIHT
zample, the absorption peaks confirm the presence of PO, functional
group, induding vy [(0-P-0) double band of 574 and 597em ™%, ¥,
(P—0) band of 1042 cm ~*, vz {0-P=0) band of 456 cm =, and v; (P-0)
band of 996 em ™~ * [35-57]. The stretching vibration at 1420cm ™" can
be attributed to the presence of NHs . The occurrence of wide bands
around 1629 and 3332cm ™" indicates the presence of v (OH) in Hy0
maleculss in (NH,)Fe (PO (0OH)-2H, 0 [2,9,38]. The FTIR spectra of
Prod-HT szamples look damilar, but the amplinide is weaker than those
for Prod-UTHT sample. The difference iz that stretching vibration of
NH.* cannot be observed in the spectra. After experiencing calcination
process, the FTIR specira of ProdC-HT sample iz still at the same po-
sition, but become narrower and sharper than its precursor. For ProdC-
UIHT sample, the absorption peaks at1420cm ™" and 3332cm ™" in the
spectra disappear, indicating the removal of NHy* and Hx0 in de-
composed FePO ; product. Inaddition, s both the position and intensity
of the vibration in FTIR spectra can be influenced by chemical bonds
and content [39], the removal of NH,* and HyO also leads to the in-
cressed intensity of FTIR spectra for ProdC-HT.

The TGADTG, and DTA curves of Prod-UHT and ProdHT are
shown in Fig. 51. It can be seen clearly from the figure that there exist
three main weight loss stages as shown in Fig. Sla. In the temperatume
range from 50°C to 150°C, a weight lozs of 2wt can be attributed to
the remaoval of physical water. The second main weight loss stage takes
place in the mnge of 150-350"C, where a weight los of 4 wi¥ can be
related to the elimination of coordinated water molecules. The third
main weight loss of 7wit¥, occcurring at the temperature ranging from
350 °C to 630" Cand peaking at appropriate 410°C, is corresponding to
the decompaosition of NHs * and OH ™. The TGA-DTG curves of Prod-HT
are shown in Fig. S1b. It can be observed from the figure that there is
one main weight loss step in the range from 100°C to 200°C, which
may be atiributed to the removal of coordinated water molecules
Furthermore, a total mass loss of 19% indicates that there are two water
maolecles in one monoclinic FePO,2H0 molecules. The DTA curves
obtained from the characterisation of Prod-UTHT and Prod-HT samples
are shown in Fig. Slc. The DTA curves of two samples look the same
during physical water removal process (varying from the room tem-
pemature to 120 °C). It has been obzerved that an endothermic peak in
the DTA curve of Prod-HT ocours at 175°C, coresponding to the me-
maval of two water molecules from one FePO g 2HL O molecules [en-
dothermic reaction). For the DTA curve of Prod-UTHT sample, the ap-
peamnce of broad peaks at around 170°C and 270°C indicates the
elimination of coordinated water maolecules while the third peak at
around 420 "C correspands to the removal of NH,* and OH ™ [5].

SEM and TEM images of the nano-seeds prepared by two different
hydmthermal methods are shown in Fig. 5. As show in Fig. 5a-b, the
Seed-HT nanoparticles which are highly agglomemted exhibit a near
spherical or elliptical shape with a spread in particle size digribution,
ranging from 50 to 150 nm. By comparison, due to the application of
ultrasonic-intensified impinging stream pre-reatment, the Seed-UIHT
samples are well-dispersed and the near spherical morphology with
nuclei sizes from 30 to 80 nm is cbserved (Fig. 5c-d).

The BET specific aurface area and pore size distribution of the Seed-
UITHT and Seed-HT have been chamcterized by nitrogen adsorption-
desorption analysis. It can be zeen that the N adsomption isotherm of all
nano-seeds (Fig. 6a) is Type IV. Their big hysteresis loops can be evi-
denced by the presence of meso-pores (> 2nm and = 50 nm) and large
surface areas. The surface area, porosity and average muclei size of
Seed-UIHT and Seed-HT samples are shown in Table 3. The avemage
nuclei sizes of Seed-UTHT and Seed-HT zamples are 62.9 and 148.6 nm,
respectively. It can be seen that the Seed-HT sample has amaller BET
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Fig. 7. ‘The SEM images of as-synthesized samples prepared when €= 1.0malL~" and pH = 0.& (a) Prod-HT; (b-c) Prod-UIHT, (d) ProdC-UIHT.

surface area of 40.4m°g ~* and a lower pore volume of 0.31cm’g ™"

while the average pore width and nuclei sze of Seed-HT sample are
greater than the Seed-UIHT with the values of 36.9 nm and 148.6 nm,
respectively. In contrast, the Seed-UIHT sample shows a relatively
amaller average pore size with the diameter of 24.6nm, and exhibits
larger BET surface area and higher total pore volume, corresponding to
954m*g ' and 0.59cm®g " respectively. The analytical results of
pore size distribution based on BJH desorption pore distribution are
shown in Fig. 6b. The Seed-UIHT has a significant amount of mesopores
and small numbers of macropores in the range of 2-55 nm, which yields
larger specific surface area and higher pore volume. The difference of
BET analysis results between Seed-UIHT and Seed-HT can be attributed
to application of ultrasound. The implosion of bubbles in solution in-
duces both micro-streaming and micro-jetting. Micro-streaming caused
by symmetrical implosion bubbles can enhance micromixing effect,
result in increased mass transfer rate, chemical reaction rate, and nu-
cleation rate. Meanwhile, micro-jetting caused by asymmetrical im-
plesion bubbles can break larger particles into small pieces, and pre-
venting agglomeration and clogging in CITJ. Therefore, the synergistic
effect of micro-streaming and micro-jetting leads to the formation of
nanoscale particles which have larger surface area and pore volume, as
well as smaller pore width and nudlei size.

The SEM images of assynthesized products are shown in Fig. 7. It
can be seen from the figure that the morphology of obtained particles is
dggnificantly affected by the presence of the nano-seeds. Fig. 7a shows
that that the Prod-HT particles do present spherical morphology but the
size of the agglomerated particles is distributed diversely. The average
size of larger particles can reach up to 10 um while those smaller
particles have an average size of 2um. However, as can be seen from
Fig. 7b and ¢, the Prod-UIHT particles not only show a spherical shape
but also present a namrow size distribution with an average particle size
of only 3 um. After sintering at 650°C for 10h, the ProdC-UIHT par-
ticles (anhydrous FePO, precursor composites) still maintain micro-
sized spherical secondary structures with the nano-scale porous struc-
ture being formed on the outside layer of the particles as can be seen
from Fig. 7d.
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3.2 Farmaton mechanism of (NHg)Fe2(PO4)2(0H)}2H20 and FePOy
particles

To investigate the formation mechanism of (NH,)
Fe,(PO.)(OH)2H,0 and FePO, particles by the UIHT method, time-
dependent experiments have been conducted. Previous studies have
suggested that the synthesis mechanism using hydrothermal treatment
is consisted of three major stages, precursor dissolution, nucleation, and
nuclei growth [40]. The mechanism of the formation particles when
using two-step hydrothermal method may be divided into four stages
i.e. primary nucleation, seeds dissolution, branching, and spherulitic
growth [41]. Based on the XRD, FTIR and SEM results, it is conjectured
that the production of uniform and well-dispersed (NH,)
Fe, (PO,),(OH)2H,0 and FePO, particles with higher purity via UIHT is
likely contributed from primary nucleation through ultrasound-in-
tensified impinging stream pre-treatment before the hydrothermal
growth occurrence. The primary nucleation will be influenced by ap-
plying ultrasonic irradiation which will affect the micro-mixing process
in the T-mixer. Generally speaking, the adoption of ultrasonic irradia-
tion is able to intensify the motion of eddies in the T-mixer. In order to
estimate the characteristic micromixing time fy, a scaling model was
used to evaluate the time for diffusion which take place in the turbu-
lence eddies with the eddy size of the order equal to the Kolmogorov
length A [36,37].

_ @517
Dpary

where Do, is the eddy diffusivity of the reactant solutions. The Kol-
mogorov length £ can be estimated based on the micromixing energy
dissipation rate ¢ [J/skg] and the kinematic viscosity of the mixed
soltion, v, at the point of mixing, given by

i oS}

(2)

The energy dissipation rate should be equal to the energy change
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Fig. 8. The SEM images of the samples obtamned at 170 °C with different hydrothermal time when € = 1.0mol L~" and pH = 0.8 (2)Sesd UIHT; (b) UHT-1h; (¢) UIHT-Zh; (d) UHT -3k

(&) UIHT-h (Prod-UHT).

associated with the energy loss (pressure drop) in the T-mixer, which
can be measured by estimating the input power P divided by the mixed
solution mass in the reactor:

P

e @)

where Vy is the mixing volume of the T-type micromixer used in this
study. For the present study, the input power P can be approximately
asumed to be the superposition contributed from the input power for
impinging stream Pjis and the ultrasonic irradiation Puy

P=PFs+ Pa “)
The micromixing time can thus be estimated by
puten V4T
oz
e
Dy (5)

It can be seen from Eq. (5) that the micromixing time can be further
reduced by imposing the ultmsonic irradiation. We noticed that the
Reynolds numbers for T-shape microreactor based on the two inlets
di can be esti d by

49,Q

ymdy

Rey
®)
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As the density and viscosity of Fe(NOs)s and (NH.)2HPO« solutions
are different, the equivalent Reynolds number used to characterise the
mixing in the ISR can be defined by

-%0“ Z‘A:-i Ql

By T e

N 7)
where g and u. are the density and viscosity of the fully mixed so-
lution. The measured values of g, and p,, are found to be
11444kgm % and 0.001005 Pas, respectively. The outlet diameter of
T-mixer, d_.. 4. and volumetric feeding rate Q are 0.0035m and
85.74ml min ~*, which yields the estimated Reynolds number without
using ultrasonic irradiation is 572, corresponding to a laminar shear
flow in the T-mixer. However, the use of ultrasonic irradiation can
produce a large number of micro bubbles. Such imploding bubbles can
be considered as small microreactors which can genemte powerful
hydmaulic shocks, and an environment with extremely high temperature
and pressure [42]. The hydraulic shocks caused by these bursting of the
microbubbles can induce eddies that promote the regime tramsition
from laminar to turbulent so that the turbulent energy disspation can
be enhanced. As a result, the diffusion rate or micro-mixing among
these eddies are remarkably improved due to the application ultrasonic
irradiation. In addition, chemical reaction rate and nucleation rate are
increased due to the extremely high tempemture and pressure created
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Fig. 9. SEMimages of as-symthecized Fax{NH, WOHRPOG){H0): samples synthesized with different resgent concentration a1 170°C for 4 h when pH = 0.8: {a) Prod UHT-0.%; (b) Prod-

LTHT: 1.0Pnod UHTY, and (<} Prod LIHT-1.5.

by implading bubbles, which lead to the formation of large amount of
nanoscale seeds. The energy amnsformed from ukrasound, especially
from collapzing of bubbles, may overcome the Van Der Waals foree and
prevent agglomeration among nano-seeds. Therefore, the physical ef-
fects of ultmsonic iradiation lead to the formaton of uniform na-
noscale primary seeds with an average size of 60 nm, although they are
dightly agglomemted by high interfacial energy in the solution (shown
in Fig. 8a). With adopting hydmithermal treatment for 1h, these nano-
seeds start to dissolve and hydmlyse (Fig. Bbl. When hydrothermal
treatment increases to 2 h, miccessive branching of nuclens is formed,
grows as radial disks and fills spherical volumes (Fig. Bc) [43,44]. As
hydrothermal time is increased, micro-sized spherulite grows uniformly
and spherically (Fig. &d-e).

Far chemical effect, the starting raw materials were disolved into
water and gives ions including NHs*, PO, NOs™, Fe**, and H” .
Meanwhile, water malecules can be hydrolysed as H* and OH™ by
ultrasound irradiation. It haz been reported from the previous sudies
that three different kind of chemical reactions may take place at (1)
imner emvironment of the collapsing bubbles (gas phase region); (2) the
interfacial region between the bubble and bulk solution; and (3] in bulk
anlution region [45]. It iz noted that the raw materials used in this study
ame jonic and non-volatle, which are difficult to enter the phase region
due to the low vapour pressure [46]. Thus, the reaction will anly take
place in the interfacial region between the gas and solution. The ions,
including NH,*, PO, MOy, Fe®*, OH™, and H* ions, are homo-
geneonsly distributed in solution with the help of ultrazonic irradiation.
Furthermare, the chemical bonds can be ruptured by the extremely high
temperature and pressure induced by the collapsing of microbubbles so
that the dde reaction and the formaton of by-products can be pre
vented. Through these actions, the (NH, JFe (PO )(OHF2H,0 particles
ame generated after hydrothermal mearment, and the pure FePO, par-
ticles are produced by removing [NH. *1 and [OH ] ions after sintering
process. The shove mentioned chemical meaction of two-step hydro-
thermal method can be described az

Fe* & 2P0 + NHT + OH- + 2H; O (NH,)Fey (PO,)5(0H)- 2H; 0]
(8)
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(NH ) Fes{ PO} (0H)- 2H; O— 2FePO; + NH; + 3H,0 (o)

By comparizon, the samples prepared by using the conventional
hydmthermal method are indexad to be FePO, but the impurities, such
as Fey(P0)4(0H),, weme found after sintering process. This indicates
that the NH,*, PO, NO.~, Fe®*, OH ™, and H* ions are distributed
in-homogeneously, resulting in the formation of amorphous by-pro-
ducts although they cannot be found before caleination process. This is
likely due to the fact that the conventional mixing does not give out the
sufficient mixing, leading to product contamination or formation of by-
products [26].

3.3 Effect of resgent concenmaton on the synthesis of (NH . JFea(POy)
2(0OH}2H0 and decompaosed products

To further investigate the effect of reagent concentration for the
synthess of (NH  JFey(POg)(OHF2H, O particles and decomposed pro-
ducts, samples were prepared under precizely controlled reactant con-
centration (C = 0.5 1.0 and 1L5molL""). The hydrothermal tem-
pemture and heating tme were maintained at 170°C and 4h,
respectively. The as-synthesized samples were denoted as Prod-UIHT-
0.5, Prod-UHT-1.0, and Prod-UIHT-1.5, while the products after sin-
tering process were labelled as ProdC-UIHT-0.5, ProdC-UIHT-1.0, and
ProdC-UHT-1.5.

The morphology of (NHFeu(POJ2(0H)2H,O0 partidles synthe-
sized with different reagent concentration was identified by SEM is
shown in Fig. 9. It can be zeen from the figure that the Prod-UIHT-0.5
sample (Fig. 9a) shows microscale red-blood-cell-like morphology with
irregular hole in the centre, which is similar to the (NH Fel(PO,)
2(0H)2Hy0 particles as reparted by Wu et al. (2018) [9]. The average
diameter and thickness of the particle are found to be around 4 pm and
2 pm, respectively. When the initial reagent conceniration is increased
to L.0molL "%, the Pmd-UHT-1.0 particles present uniform micro-
spheres with an average particle size of 2 pm (Fig. 9b). Further increase
in the feeding concentration (1.5maol L~ *) results in the appearance of
near-gphere (NHy)Fex( PO I2(0HF2H2D particles that have a spread
particle size distribution (Fig. 9). Those large particles have an average

Xix



iy ¥ + [NH,JFe (POs,) [OH)-2H O POFRAL-0S83
Prod-UIHT-L.5

.

3

i

£

'E Prod-UHT-1.0

—_T -

Prod-UHT-0.5

w0 15 20 25 ] a5 40 45 S0

2 Thetha |[degree]
&) 1 &
P o
ProdC-UIHT-1.5
¥ Faa[POula[OM] M0  POFE26-1138
W Fea[PO)z(OH]: POFRLA-0310
& A& FaFOs POFNZS-0715

W W |

Intensity (a.u.)
k
%

ProdC-UIHT-0.5

10 15 20 25 30 EL] 40 45 50
2 Thetha [degree)
Fig. 10 XRD patiers of samples synthesized with different reagent concenation at
170°C for 4h when pH = (.8 (a) as-synthecized premmsors (h) chtvined products after
SinteTing Process.

Table 4

Calonlited hattior parameters assynthesized samples.
Samples iy By k) vk
Prod-UIHT-05 BT544 L3 aT0H2 11T
Prod-UIHT-1.0 23 ALAE AhES 91513
ProdIHT 1.5 97502 anIT2 AhEE] 1034
ProdCUIHT-05 74174 il 127745 FOLH2
ProdCUIHT-1.0 sama1 50726 112750 MEEY
ProdCUIHT-1.5 looler A7l SAnT S32ha

dze of 10pm. In additon, it is also observed that there exist a large
mumber of small particles with the average size of 1 pm.

The corresponding XRD patterns of the as-synthedzed precursors
and calcined products prepared with different reagent concentration by
twio-step hydrothermal method are shown in Fig. 10, The XRD patterns
of precursor samples (Fig. 10a) are all well matched with (NHs)
FexPOg):(OH)-2H) with spheniscidite structure (PDF #41-0593).
Fig. 10b shows the XRD patterns of products after sintering process. It
can be seen cleardy from the figure that the major diffraction peaks take
place around 20.2°, 258", 41 2" and 48,47, which can be classified as
hexagonal sruchre of FePOy (PDF #29-0715). The minor diffraction
peaks ocouming at 189%, 2707 and 278" indicate the formation of
FesP0.)40H), (PDF #14-0310), while the diffraction peaks appearing
amund 189, 202" and 21.3 rewveal the presence of
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Fes (POg)z OH)x4HeO (PDF #26-1 138, space group P21/, with lattice
parameters a = L0000 mm, b = 09730nm, and ¢ = 0.5471nm). In
addition, the calculated lattice parameters in Table 4 show that the unit
volume of Prod-UTHT-1.0 is 91513 A%, which is greater than the unit
valume of Prod-UIHT-0.5 (91176 A%) and Prod-UIHT-1.5 (910.34 A7),
After sintering process, the unit volumes of ProdC-UIHT-0.5 and ProdC-
UIHT-1.5 are 70282 A% and 53264 A%, respectively, being greater than
the unit volume of ProdC-UTHT-1.0 (28553 A%).

Bmxed on the SEM and XRD results, it can be fairly claimed that the
use of reagent concentration of 1.0 mol L~ is likely the optimal con-
dition for the initial reagent concentration which could be applied for
the formation of uniform and spherical (NH +)Fex{ POy 2(OHF2H20 and
decomposed FePOy particles. Previous study has demonstrated that the
initial reagent concentration szignificantly influences the super-
saturation level, nucleation rate, particle gmowth rate during the par-
ticle formation proces [47 48], For primary nucleation, the nano-seeds
prepared by mw materials of 1.0molL ™" via the ultrasonic-intensified
T-mixer can have smaller nucle size [49]. It is commented that apart
from the raw materials wed for the nucleation of nano-seeds, a large
amount of free ions may still exist in the solution. From the point of
wview of particle grmwth process, the adoption of higher reactant con-
centration can increase the supersaturation level and particle growth
rate in a chemical reaction

‘When the reagent concentration iz 0.5 mal L™ Y, some cracks were
found on the surface of the micro-zized red- blood-cell-like particles. The
appearance of these cracks is very likely caused by the shortage of free
ions, result in the incomplete growth of MWHaFex(POg)(0OHF2H2D
particles. When increasing the initdal reagent concentration from 0.5 to
1.0moll ~%, the relatively higher supersaturation level and sufficient
free ions can be beneficial and contribute to the formation of spherical
particles. However, further increment in the initial reagent concentra-
tion to 1.5mal L™ lead to the particle size increase (around 10 pm],
accompanying by presence of a large number of small particles due to
the exces of free ions. Thus, it can be concluded that the as-synthesized
products are significantly affected by initial reagent concentration.

3.4 Effectof pHvahie on the symthesis of (NH) Feo(PO ) 2(0HF2H 0 and
decomposed products

To determine the effect of pH walue on the synthesis of (NH,)
Fey, (PO OHI2Hy0 and FeP(, particles, sam ples were prepared under
precisely controlled pH values (pH = 0.8, 1.2, 1.5, and 1.8) when the
reagent concentration, hydrothermal temperature and heating time
were maintained at the same condition during the synthesis process
The assynthesized samples were denoted as Prod-UIHT-pHO.8, Prod-
UIHT-pH1.2, Prod-UIHT-pHL.5, and Prod-UIHT-pH 1.8 while the pro-
ducts after zintering proces were labelled as ProdC-UHT-pHO8,
ProdC-UIHT-pHL.2, PradC-UIHT-pHL.5, and ProdC-UHT-pHL.8.

The morphology of (MH ) Fey (PO, )(0HF2H,0 samples prepared by
UTHT method at different pH values was examined by SEM is shown in
Fig. 11. The (NH:)Pex{ POk (OHF2H20 composites formed under the
condition that pH = (L8 clearly present microspheres with an average
size of 3 um (see Fig. 11la). When pH value is increased to 1.2, two
(NH ) Fey( PO 0OHF2HO micro-spheres interweave to combine and
form the peanut-like micro-sized partcles with an average length of
& pm and width of 4pm (see Fig. 11b). As pH value further increases to
1.5, (MH:)Fex(POs)(OH)-2H20 particles aill show peanut-like maor-
phology but cracks are oocwrring in the middle of the particle. The
average length and width of the particles attain 16pm and 10 pm, re-
spectively (see Fig. 11c). Further incresse pH walue to 1B, (MH,)
Fea(POy)x OH)2H20 particles are found to be easily agglomerated and
they can form to generate even larger particles with irregular shapes
(zee Fig. 11d). The reason is that, according to Defaguin and Landau,
Verwey and Overbeek (DLVD) theory, when pH value was increased
and became closer to the pH of zero net praton charge (PEZNPC), the
aggregation between two paricles becomes faster and irreverdble
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Fig. 11 SEM images of Fa{NH{OHNPO {H20): composites synthesized with different pH value at 170°C ordh when £ = LomalL™% {a) UHTpHO.S (Prod- LTHTY, (b) UMHT-

pH12, ) IHT-pH1S, and (dy LIHT-pH1.4.

Therefore, the samples can become twined (Fig. 11b]), and even contain
erystallographic defects (Fig. 11c). When pH value is further increased
and above a specific point, the process is dominated by mndom ag-
gregation and szeveral particles are combined together (Fig. 11d).
Therefore, the pH value, or the concentration of [OH] , influences the
particle growth orientation during hydrothermal process, resulting in
the difference on the morphology of (NH, JFey( PO )L (0H F2H O part-
cles [50,51].

The corresponding XRD patterns of the as-synthedzed precursors
and calcined products prepared with different reagent concentration by
two-step hydrothermal method are shown in Fig. 12, The XRD patterns
of as-syntheszed (NH, IFey(P0.)(0H F2H,0 samples (Fig. 12a) are all
well matched with (NH Fe, (PO (0HF2HLO with spheniscidite
aructre (PDF #41-0593). After zintering, all the XRD parterns of dis-
composed products (Fig. 12h) match well with anhydrons hexagonal
sructure FeP0y (POF #29-0715). It can be seen clearly from the figure
that, as pH value increases, there are no obvioe difference among the
XRD patterns of (NH:)Fex(PO 4 OH)-2H 20 precursor. However, when
the FePly composites were syntheszed at pH = 0.8, the main diffrac-
tion peaks at 28 = 20.3° and 25.8° are lower and spread wider than
those for other zamples, which clearly indicates that higher pH value
may lead tothe high degree of arystallinity of the decomposed samples.
The calculated latrice parameters of (NHsFex[POL)(0OH2H20 and
decomposed FePO,s samples are listed in Table 5. As seen from the table,
with increasing pH  wvalue, the wmit wvolume of (NH)
Fex(Ps) 2l OH)-2Hz0 sample decreases from 91 51343 (pH = 0.8) to
70440 A° (pH = 1.8). The same tendency is ako observed for the case
af da:amfmd FeP(hs samples, in which the unit volume reduces from
265,53 A” (pH = 0.8) to 246.57 A% (pH = L.B).

Fig. 13 shows the FTIR spectra of (NH,Fe (PO )2(0H)-2H,0 and
decomposed FePO, samples prepared at various pH conditions in the
wave rumher regian aof A0-3900cm The (NH £}
Fex(POy )2 OH)-2H»0 samples prepared at pH = 1.2, 1.5 and 1.8 show
sharper bands at 1420cm ' and 1620 cm ~°. These sharper stretched
vibrations correspond to the binding vibrmation of NH, *, which induced
by ammonia solution used for adjusting the pH value. In addition, it is
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noticeable that the wide hands at 3332cm ™ * which indicates the v
(OH) in HyO molecules in (MH JJFeyP0,) [ OH)2H,0 have disappeared
when pH value of solution is 1.2, 1.5 and 1.8. However, four amall and
spread peaks around 2800, 3100, 3300 and 3450 cm ~° can be stil
observed, suggesting the presence of v (MH]), ¥ (NHz), and v (OH)
groups [51]. After performing calcination, the FTIR spectra of all de-
composed samples look similar. The dizappearance of the absorpton
signals in the range of 2800-3450 cm ™ ' indicates the remaoval of HyD.
Moreover, the peak at 1420 em™ ' disappears for ProdC-UIHT-pHOL8,
and becomes weaker for ProdC-UIHT-pH1.2, ProdC-UHT-pH1.5, and
ProdC-UIHT-pHI.8 zamples, indicating that NH, " functional group can
be removed after calcination process.

4, Conclusions

Two synthesis approaches, the comventional hydrothermal method
and twoestep hybrid ultrazonic intensified impinging stream and hy-
drathermal method (ultrasonic-intensified impinging stream pre-treat-
ment followed by hydmthermal treatment), were applied for the
syntheds of (NH.)FeyP0,)(OH)2H,0 and FeP0, samples under the
zame experimental conditions that the tempermture, heating tme, re-
actant concentraton, and pH vale were carefully conmolled. It has
been demonsrated that the adoption of ultrasonic-intersified im-
pinging stream prereatment can produce nano-seeds that have smaller
nuclei sze and narrow particle size distribntion, giving out the well-
dispersed spherical (NH ) Fey(PO )0 OH)-2H, 0 and decomposed FebiO,
samples The conclusions reached as the results of the curent study are
as follows

(1] The adoption of ultrasonic-intensified impinging stream pre-treat-
ment can effectively reduce the synthesized particle size and ac-
quire the narrow particle size disgribution of both nano-seeds and
as-synthesized products.

(2] The remlts obtained from the time-dependent experiments clearly
indicate that the formation of (WH, Fey(PO.)(0HF2HL0 particles
by using two-step hydrothermal method consists of four major
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Table 5

Calonlated lattice paramaters and mudedi size of ac-gynthesizad samples.
Samples a(ky biky efhy WAy
Prod UIHT-pHOS g AL PaE35 91513
Prod- UIHT-pH1.2 T2 PR g HBahhg
Prad- IHT-pH15 94912 g4m2 9.4210 HAST
Prad- LAHT-pH1.8 AIFAH 4317 g.3192 440
ProdC-UIHT-pHOS A ic=3 il = 112750 3553
ProdC-UIHT-pH1.2 hfimsl a0351 112373 24472
Hw:li.}-l.ll.l{l'—]*l]j S0E20 L0320 112470 24065
ProdC-UIHT-pH1.8 LEan L0345 1133z 24057

gages primary nucleation, seeds dissolution, branching, and
spherulitic growth.

(%) An increase in the reactant concentration (From 0.5 to L.0Omol L=*
in the present smdy) can improve the supersaturation level and
promote the chemical reaction rate, leading to the generation of
well-dispersed  spherical (NH:Fex(POs)(OH)2H: O particles.
However, excess increase in the reactant concentration will di-
versify particle size digribution, resulting in by-products in the
decomposed FePOy samples.

(4) The pH value, or the concentration of [OH] ™, significantly affects
the particle growth orientation during the hydrothermal process as
ceardy illustrated by the difference on the morphology of (WH.)
FeyP0 ) OH)2H, O patticles. In addition, the crystallinity of
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Fig. 13 FTIK patierns of samples synthesized with different pH value at 170°C far 4h
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Procss.

decomposed FePO g samples can be improved as the result of in-
creasing pH value.
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