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 Abstract 

 

Synthesis of Nano-sized Urchin Shaped LiFePO4 for Lithium Ion Batteries 

 

We present the synthesis of the nano-sized urchin shaped LiFePO4 by a thermal decomposition 

method of metal-surfactant complexes. The morphology of LiFePO4 particles could be controlled by 

the injection of oleylamine with other surfactants and phosphoric acid. The injection of oleylamine 

and/or phosphoric acid was a key issue to control the morphology of LiFePO4 particles, which 

definitely changed the morphology from nano sphere to different types of the urchin shaped 

nanoparticles. The lengths of urchin shaped LiFePO4 particles were varied ranging from 300 nm to 2 

µm and a lot of thin nano-rods attached from the urchin shaped nanoparticles ranging from 5 nm to 20 

nm. These hierarchical nanostructures of the urchin shaped LiFePO4 particles could not only improve 

low tap density problems, but the nano-rods below 20 nm from the edge of the urchin shaped 

nanoparticles also enhance electron transport pathway. 

 

Thermally Cross-linkable Diamino-PEG Additive with PAA Polymeric Binder for Stable 

Cyclability of Silicon Nanoparticles based Negative Electrodes in Lithium Ion Batteries 

 

Silicon has received substantial interest due to extremely high theoretical specific capacity of 3579 

mAh g
-1

 for Li15Si4 as 280% volumetric expansion. But during lithium ion insertion and extraction 

into silicon particles volume expansion and contraction are inevitably occurred. After long cycling 

retention, a mechanical instability arisen from cracking and pulverization of silicon particles results in 

loss of electrical contacts in silicon composite negative electrodes. Here, we developed a new type of 

additive with poly(acrylic acid) (PAA) for stable cycling retention of silicon anodes. Diamino Poly 

Ethylene Glycol (diamino-PEG), 4-7-10-trioxa-1, 13-tridecanediamine, is used as a thermally curable 

additive with PAA polymeric binder for silicon nanoparticles based negative electrodes. Amino 

groups of the diamino-PEG form amide bonds with carboxylic acid groups of PAA binder, which 

gives strong binding force even in high humidity condition. The highly cross linked amide bonds 

between diamino-PEG and PAA binder in silicon nanoparticles based negative electrodes contributes 

to reduce electrical contact loss of silicon particles during electrochemical reaction and supports stable 

cycling performances, also enhances specific capacity compared to the silicon anode PAA binder only 

used.   
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CHAPTER I 

 

Synthesis of Nano-sized Urchin Shaped LiFePO4 for Lithium Ion Batteries 

 

1. Introduction 

 

Nano-structured materials for lithium ion batteries recently have attractive attention. Nanostructure or 

nanoparticle of active materials is a critical component in high power density such as plug in electric 

vehicles (PHEVs) and full electric vehicles (FEVs), energy storage system (ESS). 

Lithium iron phosphate (LiFePO4) with its olivine structure was first studied by Padhi et. Al. and has 

attracted extensive interest as a potential cathode material for LIBs because of its numerous appealing 

features, such as a high theoretical capacity (170 mAh g
-1
), high safety, environmental benignity, and 

low cost. 

LiFePO4 is composed of the eco-friendly Fe and PO4, and especially the PO4 tetrahedra of LiFePO4 

are superior to thermal stability because of strong covalent bonding with oxygen. But the continuous 

structures of the FeO6 octahedra are separated by the PO4 tetrahedra which induce low electro-

conductivity and lithium ion diffusion coefficient of LiFePO4. 

The low electronic conductivity of LiFePO4 can be improved with carbon coating on the surface and 

intrinsic ionic conductivity can be innovatively enhanced by nano-sizing of the LiFePO4 particles 

which reduces the lithium ion diffusion path length. But the nano-sized cathode materials have a large 

surface to volume ratio which enhances the contact between electrolyte and the electrodes and results 

in rapid reaction kinetics and side reaction. Also, the nano-sizing strategy of LiFePO4 particles is very 

effective to facilitate high rate capability and power performance, but the low tap density and 

volumetric energy density problems are inevitable.  

Dennis Desheng Meng synthesized nanodendrite structure of LiFePO4 controlled by ethylene 

glycol/water ratio with dodecyl benzene sulphonic acid sodium (SDBS) in a hydrothermal condition. 

But the synthesized nanodendrite structures of LiFePO4 particles were sized much bigger than 10 µm 

with non-uniform particles. The individual nanodendrites particles of the structure were not formed 

distinctively.  

John B. Goodenough group introduced three dimensional porous microsphere of LiFePO4 composed 

of the nano-plates or nanoparticles which have a stable structure and high tap density and volumetric 

energy density with outstanding rate capability. 

We introduced a thermal decomposition method of metal-surfactant complexes to synthesize highly 
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uniform nano-sized LiFePO4 with hierarchical structures. The size of the individual nano-facets from 

the urchin shaped LiFePO4 particles were ranged from 5 nm to 10 nm within the extremely smallest 

size of LiFePO4 nanoparticles ever synthesized before. The total structure of nano-sized urchin shaped 

LiFePO4 were assembled with nanoparticles (the nano-rod shaped facets). About 10 nm sizes below 

of the nano-rods with the micron sized particles of the active materials can be expected to enhance 

low tap density and volumetric energy density. The heating up method of the general nanoparticle 

synthesis were presented to synthesize the hierarchical structure of the nano-sized LiFePO4 particles 

with low nucleation and aging temperature, the particles have a high crystallinity. 

 

2. Experiment  

 

2.1. Synthesis of nano-sized urchin shaped LiFePO4 

 

Nano sized urchin shaped LiFePO4 was prepared according to two steps of the injection method:  

Synthesis was carried out under an argon atmosphere using standard Schlenk line techniques. First, 

Lithium carbonate (1.5 mmol, Li2CO3), Iron(III)-acetylacetonate (1.5 mmol, Fe(C5H7O2)3), were used 

as starting materials, oleylamine (11.5 mmol), 10 mL tetraethlyeneglycol (TEG)  were used as a 

surfactant and solvent respectively in a three neck flask equipped with condenser, magnetic stirrer, 

thermocouple and heating mantle. The first mixture solution was degassed at room temperature for 

5~10 min. The solution was then heated to 200 °C at the rate of 5 °C/min (35 min) with vigorous 

magnetic stirring. The reaction mixture was maintained at this temperature for 1 hr. At the end of the 

maintained temperature for 1 hr, phosphoric acid (1.5 mmol, H3PO4) and oleic acid (2 mmol) were 

injected to the mixture. The temperature was then heated from 200 °C to 260 °C at the rate of 

5 °C/min (12 min). After maintaining the same temperature for 1.5 hr, the reaction was completed. 

The solution was cooled down to room temperature, and then acetone and hexane was added to the 

solution. The solution was then centrifuged at 3000 rpm for 5 minutes to precipitate the particles. The 

separated precipitate was washed again using acetone and hexane.  

 

2.2 Characterization 

 

The phase of the products were characterized by X-ray diffraction (XRD) employing a scan rate of 2 

ºC min
-1

 in the 2Ɵ range from 10° to 80° X-ray powder diffractometer (Rigaku, Japan) with Cu-Ka 

radiation (ƛ  = 1.540561 Å ), operating at 40 kV and 300 mA. The scanning electron microscopy 

(SEM) images were taken with an S-4800 field emission scanning electron microscope (15 kV, 
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Hitachi, Japan). High-resolution transmission electron microscopy (HRTEM) images were taken with 

a JEOL JEM-2100 electron microscope with an acceleration voltage of 200 kV.  

 

2.3 Electrochemical measurements 

 

A composite electrode used for electrochemical measurements was prepared as follows: 15 wt.% of 

poly(vinylidene fluoride) (PVdF) was firstly dissolved in 10% N-methylpyrrolidone (NMP), then a 

mixture containing 70 wt.% of LiFePO4, 15 wt.% of Super P carbon were added into the solution, the 

suspension was deformed for 15 min and then mixed 15 min two times. After that, the slurry was 

coated onto an Al foil and dried at 80 °C for 12 h in vacuum. The area density of the active material 

was around 1.77 mg cm
-2

. Lithium metal was used as a anode. A Celgard 2502 membrane was used as 

a separator. The electrolyte was composed of 1.3M LiPF6 solution in ethylene carbonate (EC)/ ethyl 

carbonate (EMC)/ dimethyl carbonate (DMC) (3: 4: 3 by volume). The CR2016 coin type cells were 

assembled in an argon-filled glove box. Charge–discharge performances of the CR2016 coin cells 

were evaluated at 2.5–4.0 V with a Wonatech 3.1 battery test system (Wonatech Corp., Korea). 

 

3. Results & Discussion  

 

The various morphologies of the nano sized LiFePO4 were synthesized by a thermal decomposition 

method of metal-surfactant complexes. In Table 1 main synthesis methods can be seen and oleylamine, 

oleic acid, octadecylamine were used as a surfactant with Lithium carbonate and Iron (III)-acetyl 

acetonate, phosphoric acid. There are two main control factors to determine the morphology of the 

particles. First, the injection point of the phosphoric acid at the end of 1
st
 aging at 200 ºC was very 

critical to form the nano spherical or urchin shaped LiFePO4 particles. Second, the kind of surfactants 

and amount of surfactant used can control the morphology of the urchin shaped LiFePO4 from Nano-

sized Urchin shaped LiFePO4 particles (NU-LFP) to Circular Nano-sized Urchin shaped LiFePO4 

particles (CNU-LFP).  

5~10 nm sized spherical LiFePO4 nanoparticles (NS-LFP) were exclusively synthesized in a uniform 

size distribution. Metal precursors, oleylamine and oleic acid were mixed in round bottom flask with 

mild stirring at inert atmosphere. The solution was heated up to 260 °C, and then aged for 1 hr at the 

same temperature. Fig. 1a shows the TEM images for the NS-LFP. As shown in Fig. 1a, NS-LFP has 

nearly spherical shaped nanoparticles with diameters of 5~10 nm, which also has a uniform 

nanoparticle size distribution. But unfortunately, during the several trials of the reappearance 
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experiments the constituents of NS-LFP were composed of mainly Li3PO4, and LiFePO4 characterized 

by high power XRD (Rigaku, Japan). It is considered that after thermal decomposition of the metal 

precursors in the synthesis of NS-LFP, relatively small and light weight of Li
+
 ions of lithium 

carbonate could react with PO4
3-

 ions of phosphoric acid which had a strong binding force between 

them, and then stable Li3PO4 molecules were preferentially formed, and then Fe
3+

 ions of Iron (III)-

acetyl acetonate dissolved slowly to react with Li
+
 and PO4

3-
 ions after the formation of Li3PO4.  

Nano-sized Urchin shaped LiFePO4 particles (NU-LFP) were synthesized by applying a modified hot 

injection method. During heating up to 260 ºC, nucleation temperature of NS-LFP, the spherical black 

chunks were accumulated until reaching to the melting temperature of Iron (III)-acetyl acetonate at 

around 180~186 ºC. We set the two different aging temperatures, the 1
st
 aging time at 200 ºC and the 

2
nd

 aging time at 260 ºC. During the 1
st
 aging time at 200 ºC the hydrophilic property of metal 

precursors with a solvent and hydrophobic property of surfactants were homogeneously dissolved 

with dark brown solution. At the end of the 1
st
 aging time, phosphoric acid (H3PO4) and oleylamine 

were injected because H3PO4 has a strong binding force to react with the heterogeneous solution 

before the completion of the homogeneous solution at the 1
st
 aging time at 200 ºC. After the injection 

of H3PO4 with oleylamine the solution was aged for 1.5 hr at 260 ºC. Fig. 1b Nano-sized Urchin 

shaped LiFePO4 particles (NU-LFP) show the TEM images of NU-LFP which has 5~10 nm facets 

from the urchin shaped particles with a diameter of ~600 nm. The shortest facet lengths of LiFePO4 

are looking forward to enhance Li
+
 ion diffusivities.  

Oleylamine and oleic acid were mixed with metal precursors with a solvent in advance at room 

temperature, and after the injection H3PO4 only at the end of 1
st
 aging time at 200 ºC, Discrete Nano-

sized Urchin shaped LiFePO4 particles (DNU-LFP) was synthesized. The TEM images of DNU-LFP 

in Fig. 1c clearly show the discrete urchin shaped particles respectively without aggregation of the 

individual particles; it has 10~20 nm of facets and a diameter of ~1.5 µm. 

By adding octadecylamine to the synthesis procedure of DNU-LFP with an extended 2
nd

 aging time 

from 1 hr to 3 hr, Circular Nano-sized Urchin shaped LiFePO4 particles (CNU-LFP) were synthesized. 

As shown in Fig. 1d CNU-LFP has complete circular urchin shaped particles with 10~20 nm of facets 

and a diameter of ~2 µm.  

Fig. 3a and b, c show the SEM and HRTEMS images for NU-LFP. As shown in Fig. 3c, the highly 

crystallized lattices of NU-LFP in 5 nm of facets and Fast Fourier Transform (FFT) images were 

distinctively identified. 

Fig. 4a~f show the TEM images of the formation and growth of DNU-LFP in the sample aliquots 

obtained from the solution at the 2
nd

 aging time at 260 ºC which give the specific information how to 

form DNU-LFP. At the 2
nd

 aging time at 260 ºC the nucleation of DNU-LFP occurred by the thermal 
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decomposition of metal precursors and then the metal-surfactants complexes began to promote the 

aggregated starting materials.  In Fig. 4a aggregated nanoparticles were identified, and the assembled 

nanoparticles were commenced to accumulate the urchin shaped particles with a base form shown in 

Fig. 4b. When the 2
nd

 aging time for 1.5 hr passed, the basic urchin shaped particles were formed with 

extremely thin facet of the particles. In Fig. 4d the particles gradually developed discrete nano-sized 

urchin shaped LiFePO4, and 10~20 nm of facets from DNU-LFP were shown in Fig. e and f.  

In the growth mechanism of nano-sized urchin shaped LiFePO4 the aggregated nanoparticle 

complexes after the nucleation of LiFePO4 grew into the nano-rod shaped particles, and then the 

hydrophobic carbon chain polymers from the surfactants on the surface of the individual nano-rod 

particles could induce the strong electrostatic interaction among them. The assembled nano-rod 

particles finally built the nano-sized urchin shaped particles. As aging time goes by, nano-sized facets 

and a diameter of the particles were getting thicker with a high crystallinity. 

To synthesize nano-sized urchin shaped LiFePO4 particles the surfactants were used, and the 

polymers from the surfactants still existed on the surfaces of the particles. For the fabrication of 

LiFePO4 cathode electrode with the use of nano-sized urchin shaped LiFePO4 particles as active 

materials, the functionalized polymers from the surfactants needed to be removed because the 

polymers on the surface of the particles could trap and consume Li
+
 ions during electrochemical 

reaction in half cell test. 

To solve this problem Annealing at 350 ºC for 3 hr with 4% H2 & Ar atmosphere was applied to 

trigger a complete combustion of the polymers on the surface of the active materials. Fig. 5a and b 

show TEM images of CNU-LFP and annealed CNU-LFP with the condition as mentioned above 

respectively. After the annealing of CNU-LFP the facets of the particles were slightly increased from 

10 nm to 20 nm. 

3.1. Electrochemical performance of CNU-LFP  

 

CNU-LFP before/after the annealing the particle were used as active materials to conform the 

electrochemical performance. The 70 wt% of active materials, 15 wt% super P, 15 wt% of PVdF 

(Polyvinylidene fluoride) binder were used to fabricate CNU LFP cathode electrodes, and then the 

CR2016 half coin type cells were assembled with a lithium metal as an anode and electrolyte 

(EC:EMC:DMC, 3:4:3 wt%) in an Ar filled glove box. The coin cells were evaluated at 2.5~4.0 V, 

1/20 Crate. 

In Fig. 6 the charge-discharge cell test results of bare CNU-LFP used as an active materials show 

rapid capacity fading with cycling progress. As we mentioned above it could consider that the 

functionalized polymers on the surface of bare CNU-LFP blocked b plane (010) of 1 dimensional Li
+
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ion transport pathway which cause Li
+
 ion trapping and transport disruptions, and it could finally be 

the main factors inducing rapid capacity fading of pristine CNU-LFP cathode electrode cells.  

In Fig. 7 the charge-discharge cell test results of the annealed CNU-LFP show an improved cycling 

retention compared with pristine CNU-LFP. The specific capacity of annealed CNU-LFP at the 10
th

 

cycles was 90mAhg
-1

, it was the improved specific capacity (the specific capacity of bare CNU-LFP 

was 78mAhg
-1
 at the 10

th
 cycles). In this case we enhanced the capacity fading by a simple annealing 

step.  

Without carbon coating on the surface of LiFePO4 particles the specific capacity of the annealed 

CNU-LFP relatively didn’t have high specific capacity enough compared with noncarbonated 

commercialized micron-sized LiFePO4. It needs the modification of surface defects and carbon 

coating on the surface of nano-sized urchin shaped LiFePO4 particles to improve stable cycle retention 

and electronic conductivity. 

 

4. Conclusion 

 

Thermal decomposition method of metal-surfactant complexes was introduced to synthesize nano-

sized urchin shaped LiFePO4 particles. The morphology of spherical LiFePO4 nanoparticles and nano-

sized urchin shaped LiFePO4 can be controlled by the injection of H3PO4 / surfactant, and the variety 

and quantity used of surfactants. 5~20 nm facets of urchin shaped LiFePO4 particles can reduce 

lithium ion transport pathway to enhance ionic conductivity. The hierarchical structure of nano-sized 

urchin shaped LiFePO4 particles can improve low tap density and volumetric energy density. By 

applying the annealing to CNU-LFP the rapid capacity was slightly improved, but modification of 

surface defects and carbon coating on the surface of nano-sized urchin shaped LiFePO4 particles are 

strongly needed to improve stable cycle retention and high electronic conductivity. 
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Figure 1. XRD characterization of Nano-sized Urchin shaped LiFePO4 particles (NU-LFP). 
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Scheme 1. Illustration of the synthesis process for nano-sized LFePO4. 



13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Synthesis procedure of Nano Sphere shaped LiFePO4 particles (NS-LFP), Nano Urchin 

shaped LiFePO4 (NU-LFP), Discrete Nano Urchin shaped LiFePO4 particles (DNU-LFP), and 

Circular Nano Urchin shaped LiFePO4 particles (CNU-LFP). 

 

Sample 

 

1
st
 aging (hr) 

(200 °C) 

2
nd

 aging (hr) 

(260 °C) 
Surfactant (mmol) 

Injection at the end of 1
st
 

aging 

 

NS-LFP 
 

- 1 

Oleylamine ( 11.5 ), 

 Oleic acid ( 2 ) 

- 

 

 NU-LFP 

 
1 1.5 

Injection of Oleylamine 

& H3PO4 

 

 DNU-LFP 

 
1.5 1 Injection of H3PO4 only  

 

CNU-LFP 

 
1.5 3 

Oleylamine ( 10.12 ),  

Oleic acid ( 2 ),  

Octadecylamine ( 1.38 )  

Injection of H3PO4 only 
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Figure 2. TEM images of (a) NS-LFP, NU-LFP, oleylamine & H3PO4 was injected at the end of the 

1
st
 aging at 200 ºC, (c) DNU-LFP, H3PO4 injected only at the end of the 1

st
 aging at 200 ºC (d) CNU-

LFP, 1.38 mmol of octadecylamine & 10.12 mmol of oleylamine  are mixed with metal precursors, 

and H3PO4 was injected only at the end of the 1
st
 aging at 200 ºC and then aged for 3 hr at 260 ºC. 
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Figure 3. FE-SEM image of (a) NU-LFP, HRTEM images of (b), (c) the NU-LFP, and Fast Fourier 

Transform (FFT) image of (d) NU-LFP. 
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Figure 4. TEM images of DNU-LFP in the sample aliquots drawn from the solution at 260 ºC being 

aged for 30 min (a), 40 min (b), 50 min (c), 1.5 hr (d), 2 hr (e), and (f). 
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Figure 5. TEM images of (a) CNU-LFP, and (b) the annealed CNU-LFP (Annealing at 350 ºC for 3 hr 

with 4% H2 & Ar atmosphere 
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Figure 6. Cell test of CNU-LFP (cycling between 2.5 and 4.0 V (vs. Li/Li
+
) at 0.05 C) 
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Figure 7. Cell test of the annealed CNU-LFP (Annealed at 350 °C for 3 hr with 4% H2 & Ar 

atmosphere, cycling between 2.5 and 4.0 V (vs. Li/Li
+
) at 0.05 C) 
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CHAPTER II  

 

Thermally Cross-linkable Diamino-PEG Additive with PAA Polymeric Binder for 

Stable Cyclability of Silicon Nanoparticles based Negative Electrodes in Lithium Ion 

Batteries 

 

1. Introduction 

 

Silicon (Si) has received substantial interests due to an extremely high theoretical specific capacity of 

3579 mAh g
-1

 for Li15Si4 as 280% volumetric expansion. But during lithium ion insertion and 

extraction into Si particles the volume expansion and contraction are inevitably occurred. After long 

cycling retention, a mechanical instability arisen from cracking and pulverization of Si particles 

results in loss of electrical contacts in Si composite negative electrodes.  

Continuous contraction and expansion of Si particle are able to be pulverized after long cycle 

retention. To minimize the extreme contraction and expansion of Si particles during charging and 

discharging Si anodes researcher’s unremitting exertions are being in progress. Using Si nanoparticles 

below 150 nm were innovative study to reduce pulverization of Si particles during the alloying 

reaction. But getting an excessive SEI film formation and the loss of electrical contacts among Si 

nanoparticles in electrodes are unavoidable. In order to solve these problems a variety of nano-

structured Si electrodes, carbon coated void space types of Si anodes were introduced. These 

structural approaches for Si anodes were still complicated to use in mass production. Another 

approach is improving binders for Si anodes. Although alginic acid based binder presented great 

opportunity to be used in Si anodes, there were unstable possibility to cause the decomposition of 

carbonate based electrolytes. Thermally cured PAA-CMC polymeric binder greatly improved cycle 

retention than PAA binder in Si negative electrodes. The condensation reaction (dehydration) of PAA 

and CMC which resulted in a highly cross linked polymeric binder was so simple. To maximize the 

functions of polymeric binder for Si anodes a properly tailored electronic structured binder was 

introduced. For the tailored electronic structure carbonyl C=O groups were functionalized in the 

binder and methyl benzoic ester –PhCOOCH3 (MB) groups were functionalized to enhance the 

binder’s adhesion to Si particles. Recently mussel inspired adhesive binders were introduced. The 

catechol groups of dopamine conjugated alginate polymeric binders were presented strong adhesion 

properties. These polymeric binders with improved adhesive strengths focused on preventing the 

electrical contact loss in Si anodes during charging and discharging. Herein, we presented the simplest 
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way to avert Si particles loss in the electrodes during electrochemical reaction by introducing thermal 

cross-linkable additive to form a highly cross linked polymeric binder in Si negative electrodes. The 

thermally cross-linked PAA and an additive, diamino-PEG; 4, 7, 10-trioxa-1, 13-tridecanediamine, 

successfully improved specific capacity and stable cycle retention in Si anodes.   

  

2. Experiment  

 

2.1. Fabrication of c-CLR-PAA Si anode and electrochemical measurements 

 

Si nanoparticles (≤ 100 nm) and Poly (acrylic acid) (PAA) (Mw of 250,000), Diamino-Poly(Ethylene 

Glycol) (Diamino-PEG; 4, 7, 10-trioxa-1, 13-tridecanediamine (97%)) were purchased from Sigma-

Aldrich. The electrolyte was consisted of 1.3 M LiPF6 salt in a solution of ethylene carbonate (EC) 

and diethyl carbonate (DEC) (3:7, v/v), 3 wt% fluoroethylene carbonate (FEC, Soulbrain CO. Ltd.). A 

Celgard 2502 membrane was used as a separator. To fabricate c-CLR-PAA (cross-linked Cross 

Linking Reagent (1mol% diamino-PEG) and PAA) of Si anodes, First Si active materials and Super 

PAA polymeric binder were mixed in a 6: 2: 2 weight ratio by thinky mixer. After the mixing 1 mol% 

diamino-PEG was drop wised carefully, and then the slurry solution was mixed again.  

 

2.2 Characterization 

 

Galvanostatic cycling test was performed from 0.0 to 2.5 V vs. Li/Li
+
 with a 2016 coin half cell type 

by Wonatech 3000 battery measurement tester. For an impedance test the evaluated frequency range 

was from 50 kHz to 100 mHz under ac stimulus with 10 mV of amplitude and no applied voltage bias. 

The scanning electron microscopy (SEM) images were taken with an S- 4800 field emission scanning 

electron microscope (15 kV, Hitachi, Japan). FT-IR spectra were investigated by Fourier transform 

infrared (FT-IR) (Varian).  

 

3. Results & Discussion  

 

Carboxylic groups of PAA polymeric binder for Si anodes form thermal cross-linked anhydride 

structure themselves by dehydration reaction at high temperature, it contributes suppressing the 

volume expansion of Si particles during charging/discharging, and the carboxylic groups of PAA also 

form Si-O link (covalent ester bond) with Si-OH groups on the surface of Si particles which leads to 

partial adhesion between polymeric binders and Si particles. We present a simple methodology to 



22 

 

introduce a new additive to form a highly cross-linked polymer between PAA and the additive, 

diamino-PEG (4, 7, 10-trioxa-1, 13-tridecanediamine). The new additive in the form of diamino-PEG 

is very effective approach to build amide bonds between the carboxylic acid groups of PAA and 

amino groups of diamino-PEG at high temperature (150 °C) for 4 hr. We investigated FT-IR spectra 

to detect the formation of amide bonds in the specimen composed of reagents only (40 mg PAA, 

excessive5 mol% diamino-PEG; due to effective detection by FT-IR) which were thermally cured at 

vacuum oven condition at 150 °C for 4 hr. In Figure 8 Carboxylic acid groups and OH groups of PAA 

were originally detected at 1715 cm
-1

 with strong single peak and 2400~3200 cm
-1
 with broad peak 

respectively. After thermal curing between PAA and diamino-PEG at 150 °C for 4 hr with vacuum 

condition, the new weak peaks were formed at 1590 and 1690~1700 cm
-1
 in accordance with amide 

bond. The different broad peak was also confirmed at 3100~3400 cm
-1

, this new broad peak was 

slightly weak and differently positioned to be compared with OH groups of PAA. A new weak peak 

was also detected at 1620 cm
-1

 in accordance with primary amines which came from residual 

diamino-PEG; the excessive 5 mol% diamino-PEG remained after thermal curing. We experimentally 

found out the ultimate amount of diamino-PEG used was 1 mol% diamino-PEG with 40 mg PAA on 

the basis of materials’ mixing ratio (active material: Super P: Binder = 6: 2: 2 weight ratio) to 

fabricate Si negative electrodes.  

In Figure 9 Initial Coulombic Efficiency (ICE) of highly cross-linked Cross Linking Reagent 

(diamino-PEG) and PAA (c-CLR-PAA) in Si anodes was 82.5%, it was relatively higher than PAA 

only used in Si anodes (78.7%). Initial charge capacity were 3345 mAh g
-1
 of c-CLR-PAA polymeric 

binders used Si anodes, and 3141 mAh g
-1

 of PAA polymeric binder only used Si anodes respectively. 

According to these results we confirmed c-CLR-PAA used Si anodes not only enhance ICE, but it also 

contributes achieving a high capacity. c-CLR-PAA innovatively formed stable Si anode composites 

and contributed to control volume expansions. First lithiation/delithiation were 3141 mAh g
-1

 and 

2473 mAh g
-1
 of PAA only used Si anodes, and 3345 mAh g

-1
 and 2760 mAh g

-1
 of c-CLR-PAA used 

in Si anodes. 

In order to identify the formation of stable Si anode composites we took a long cycle retention test 

over 100
th
 cycles. In Figure 10 c-CLR-PAA used Si anodes showed superior capacities over 2500 

mAh g
-1

 after 7
th
 cycles and it kept until 35

th
 cycles. And then gradual capacity fading was 

commenced from 36
th
 cycles. On the other hand PAA only used Si anodes showed typical cycle 

retention results. c-CLR-PAA used Si anodes had higher Coulombic Efficiency (CE) of 98.78% than 

PAA only used Si anodes of 97.06%. These results verified that a highly cross linked polymeric 

network was developed by diamino-PEG with PAA at thermal curing condition. It helped form rigid 

properties to control volume expansion of and finally minimize electrical contact loss in Si anodes. 
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Figure 12 shows rate performances of c-CLR-PAA and PAA only used Si anodes individually. In case 

of PAA only used Si anodes it showed rapid capacity fading until 4
th
 cycles at 0.5 C-rate, and had 

relatively stable delithiation capacity until 3 C-rate. At high rate condition of 5 C-rate PAA binder 

used electrodes showed rapid capacity fading and at continuous low rate condition of 0.1 C-rate it 

exhibited a low delithiation capacity over 1600 mAh g
-1
 much lower than the capacity at 0.5 C-rate. 

From 0.5 C-rate to 5 C-rate c-CLR-PAA used electrodes had slightly gradual capacity fading in a row. 

And it showed high delithiation capacity over 2600 mAh g
-1

 at 0.1 C-rate. These results explained that 

c-CLR-PAA used Si anodes still had the stable composites even at the high rate performances.  

In Figure 13 Scanning Electron Microscope (SEM) images showed before and after 100
th
 cycles of 

PAA and c-CLR-PAA in Si anodes. Figure 13(a), (d) showed before cycle test of PAA and c-CLR-

PAA for Si anodes respectively. After 100
th
 cycle retention test PAA only used electrodes ((b), (c)) had 

a lot of cracks on all over the surfaces, but in contrast c-CLR-PAA used electrodes ((e), (f)) had small 

amount of cracks on the surfaces. The Si anodes’ condition was checked by SEM images as positive 

proof which absolutely explained the roles of c-CLR-PAA in Si anodes. A highly cross-linked 

polymeric binder by diamino-PEG with PAA after thermal curing effectively reduced volume 

expansion and loss of electrical contacts in Si anodes.  

In Figure 14 impedance test showed c-CLR-PAA in Si anodes had high initial resistance until 30
th

 

cycles, but PAA used in Si anodes showed stable resistance results before 30
th
 cycles. The high initial 

resistance results were inevitable for c-CLR-PAA in Si anodes because highly cross-linked polymeric 

binder gave the possibility of the interruptions of initial lithium ion migration.  

 

4. Conclusion 

 

In conclusion, we successfully introduced a thermal cross linkable additive with PAA in Si negative 

electrodes by forming amide bonds between carboxylic groups of PAA and amide groups of diamino-

PEG which induced a highly cross-linked polymeric binder in Si anodes. We investigated the amide 

bonds by FT-IR and checked the smallest cracks in the Si electrodes 1 mol% diamino-PEG used after 

100
th
 cycling by SEM images compared with the one PAA only used. 1 mol% diamino-PEG and PAA 

after thermal curing in Si anodes enhanced cycle retention with high specific capacities. We presented 

the simplest method to get high specific capacities and stable cycle retention by using small amount of 

cross-linkable reagent as an additive with PAA in Si anodes. And we checked excellent stable and 

high capacity at high C-rate (5 C-rate with a high reversible capacity of 2400 mAh g
-1

). 
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Figure 8. FT-IR spectra of thermally cured with PAA, c-CLR-PAA reagents at 150 ºC for 4 hr with 

vacuum condition. (5 mol% diamino-PEG was used to be detected)  
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Figure 9. Initial charge-discharge profiles of Si anode composites thermally cured with PAA, c-CLR-

PAA binder at 0.1 C-rate between 0.0 and 2.0 V versus Li/Li
+ 
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Figure 10 . Li extraction capacity versus cycle number for the silicon composite electrodes at a 

current density of 0.1 Crate  
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Figure 11. Coulombic efficiency versus cycle number for the Si anode composites at a current density 

of 0.1 Crate 
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Figure12. Li extraction capacity of Si anode composite with c-CLR –PAA (Blue dots) vs. PAA (Red 

dots) various high current densities at room temperature  
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Figure 13. SEM images of Si anode composites with thermally cured PAA, c-CLR-PAA polymeric 

binder. Si anode composites with PAA polymeric binder (a) before cycling, (b) and (c) after 100
th
 

cycles. Si anode composites with c-CLR-PAA cross linked polymeric binder (d) before cycling, (e) 

and (f) after 100
th
 cycles.    
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Figure 14. Cole-cole plots of the Si anode composites with (a) PAA polymeric binder, (b) c-CLR-

PAA cross-linked polymeric binder.  

 



31 

 

References 

 

1. Padhi A. K.; Nanjundaswamy K. S.; Goodengough J. B., Phospho-olivines as Positive-Electrode 

Materials for Rechargeable Lithium Batteries. J. Electrochem. Soc. 1997, 144(4), 1188-1194. 

 

2. Wang Y.; Wnag. Y.; Hosono E.; Wnag K.; Zhou H. The Design of a LiFePO4/Carbon 

Nanocomposite With a Core-Shell Structure and Its Synthesis by an In Situ Polymerization 

Restriction Method. Angew. Chem. Int. Ed. 2008, 47, 7461-7465. 

 

3. Arico A. S.; Bruce P.l Scrosati B.; Tarascon J.; Schalkwijk W. V., Nanostructured materials for 

advanced energy conversion and storage devices. Nat. Mater. 2005, 4, 366-377. 

 

4. Bruce P. G.; Scrosati B.; Tarascon J., Nanomaterialien fur wiederaufladbare Lithiumbatterien. 

Angew. Chem. 2008, 120, 2972-2989. 

 

5. Sun C.; Rajasekhara S.; Goodenough J. B.; Zhou F., Monodisperse Porous LiFePO4 Microspheres 

for a High Power Li-Ion Battery Cathode, J. Am. Chem. Soc. 2011, 133, 2132-2135. 

 

6. Dathar G. K. P.; Sheppard D.; Stevenson K. J.; Henkelman G., Calculations of Li-Ion Diffusion in 

Olivine Phosphates. Chem. Mater. 2011, 23, 4032-4037. 

 

7. Morgan D.; Van der Ven A.; Ceder G., Li Conductivity in LixMPO4 (M = Mn, Fe, Co, Ni) Olivine 

Materials. Electrochem. Solid-State Lett. 2004, 7, A30-A32. 

 

8. Chen G.; Song X.; Richardson T. J., Electron Microscopy Study of the LiFePO4 to FePO4 Phase 

Transition. Electrochem. Solid-State Lett. 2006, 9(6), A295-A298. 

 

9. Meethong N.; Huang H. S.; Carter W. C.; Chiang Y., Size-Dependent Lithium Miscibility Gap in 

Nanoscale Li1-xFePO4. Electrochem. solid State 2007, 10(5), A134-A138. 

 

10. Gibot P.; Casas M.; Laffont L; Levasseur S.; Carlach P.; Hamelet S.; Tarascon J.; Masquelier C., 

Room-temperature single-phase Li insertion/extraction in nanoscale LixFePO4. Nat. Mater. 2008, 

741-747. 



32 

 

11. Ramana C. V.; Mauger A.; Gendron F.; Julien C. M.; Zaghib K., Study of the Li-

insertion/extraction process in LiFePO4/FePO4. J. Power Sources 2009, 187, 555. 

 

12. Ravet N.; Chouinard Y.; Magnan J. F.; Besner S.; Gauthier M.; Armand M., Electroactivity of 

natural and synthetic triphylite, J. Power Sources 2001, 97-98, 503-507. 

 

13. Huang H.; Yin S.-C.; Nazar L. F., Approaching Theoretical Capacity of LiFePO4 at Room 

Temperature at High Rates, Electrochem. Solid-state Lett. 2001, 4, A170-A172.  

 

14. Sun L.; Li M.; Cui R.; Xie H.; Yang R., The Optimum Nanomicro Sturcture of LiFePO4/Ortho-

Rich Polyacene Compsites. J. Phys. Chem. C 2010, 114, 3297-3303. 

 

15. Oh S. W.; Myung S.; Oh S.; Oh J. H.; Amine K.; Scrosati ZB.; Sun Y., Double Coarbon Coating 

of LiFePO4 as High Rate Electrode for Rechargeable Lithium Batteries. Adv. Mater. 2010, 22, 

4842–4845. 

 

16. Qian J.; Zhou M.; Cao Y.; Ai X.; Yang H., M. Zhou, Y. Cao, Template-Free Hydrothermal 

Synthesis of Nanoembossed Mesoporous LiFePO4 Microspheres for High-Performance Lithium-

Ion Batteries. J. Phys. Chem. C 2010, 114, 3477-3482. 

 

17. Mishimura S.; Kobayashi G.; Ohoyama K.; Kanno R.; Yashima M.; Yamada A., Experimental 

visualization of lithium diffusion in LixFePO4. Nat. Mater. 2008, 7, 707-711. 

 

18. a) Kang B.; Cedar G., Battery materials for ultrafacst charging and discharging, Nat. Mater.  

2009, 458, 190-193. 

 

 b) Islam M. S.; Driscoll D. J.; Fisher C. A. J.; Slater P. R., Atomic-Scale Investigation of Defects, 

Dopants, and Lithium trasport in the LiFePO4 Olivine-Type Battery Material. Chem. Mater. 2005, 

17(20), 5085-5092. 

 

19. a) Delmas C.; Nardiri A., THE NASICON-TYPE TITANTUM PHOSPHATES ATi2(PO4)3 (A = 

Li, Na) AS ELECTRODE MATERIALS, Solid State Ionics, 1988, 28-30, 419-423. 

 



33 

 

20. Wagemaker M.; Singh D. P.; Borghols W. J. H.; Lafont U.; Haverkate L.; Peterson V. K.; Mulder 

F. M., Dynamic Soubiltity Limits in Nanosized Olivine LiFePO4. J. Am. Chem. Soc. 2011, 133, 

10222-10228. 

 

21. Malik R.; Zhou F.; Cedar G., Kinetics of non-equilibrium lithium incorporation in LiFePO4. Nat. 

Mater. 2011, 10, 587-590. 

 

22. Gibot P.; Casas M.; Laffont L.; Levasseur S.; Carlach P.; Hamelet S.; Tarascon J. M.; Masquelier 

C., Room-temperature single-phase Li insetion/extraction in nanoscale LixFePO4. Nat. Mater. 

2008, 7, 741-747. 

 

23. Delacourt C.; Poizot P.; Tarscon J. M.; Masquelier C., The existene of a temperature-driven solid 

solution in LixFePO4 for 0≤x≤1. Nat. Mater. 2005, 4, 254–260. 

 

24. Delacourt C.; Poizot P.; Levasseur S.; Masquelier C., Size Effects on Carbon-Free LiFePO4 

Powders The key to Superior Energy Density. Electrochem. Solid-state Lett. 2006, 9(7) A352-

(A)355. 

 

25. Srinivasan V.; Newman J., Discharge Model for the Lithium Iron-Phosphate Electorde. J. 

Electrochem. Soc. 2004, 151(10), A1517-A1529. 

 

26. Singh G. K.; Ceder G.; Bazant M. Z., Intercalation dynanics in rechargeable battery materials: 

General theory and phase-transformation waves in LiFePO4. Electrochim. acta, 2008, 53, 7599-

7613. 

 

27. Ellis B.; Perry L. K.; Ryan D. H.; Nazar L. F., Small Polaron Hopping in LixFePO4 Solid 

Soutions: Coupled Lithium-Ion and Electron Mobility. J. Am. Chem. Soc. 2006, 128, 11416-11422. 

 

28. Murugan A. V.; Turaliganth T.; Ferreira P. J.; Manthuram A., Dimensionally Modulated, Single-

Crystalline LiMPO4 (M = Mn, Fe, Co, and Ni) with Nano-thymblike Shpaes for High-Power 

Nergy Storage. Inorganic Chemistry, 2009, 48, 946-952. 

 



34 

 

29. Doi T.; Yatomi S.; Kida T.; Okada S.; Yamaki J., Liquid-Phase Synthesis of Unifirmly Nanosized 

LiMnPO4 Particles and Their Electrochemical Properties for Lithium-Ion Batteries. Crystal 

Growth Design Comm. 2009, 9, 4990-4992. 

 

30. LAMER V. K.; Dinegar R. H, Theory, Production and Mechanism of Formation of 

Monodispersed Hydrosols, J. Am. Chem. Soc. 1950, 72, 4847-4854. 

 

31. Devaraju M. K.; Honma I., Hydrothermal and Solvothermal Process Towards Development of 

LiMPO4 (M = Fe, Mn) Nanomaterials for Lithium-Ion Batteries. Adv. Energy Mater. 2012, 2, 

284-297. 

 

32. Julien C. M.; Mauger A.; Zaghib K., Surface effects on electrochemical properties of nano-sized 

LiFePO4. J. Mater. Chem. 2011, 21, 9955-9968. 

 

33. Dominko R.; Bele M.; Goupil J. M.; Gaberscek M.; Hanzel D.; Arcon I.; Jamnik J., Wired Porous 

Cathode Materials: A Novel Concept for Synthesis of LiFePO4. Chem. Mater. 2007, 19, 2960-

2969. 

 

34. Wu X.; Jiang L.; Cao F.; Guo Y.; Wan L., LiFeO4 Nanoparticles Embedded in a Nanoporous 

Carbon Matrix: Superior Cathode Material for Electrochemical Energy-Storage Devices. Adv. 

Mater. 2009, 21, 2710-2714. 

 

35. Hertzberg B.; Alexeev A.; Yushin G., Deformations in Si-Li Andoes Upon Electrochemical 

Alloying in Nano-Confined Space. J. Am. Chem. Soc. 2010, 132, 8548-8549. 

 

36. Yao Y.; McDowell M.; Ryu I.; Wu H.; Liu N.; Hu L.; Nix W.; Cui Y., Interconnected Silicon 

Hollow Nanospheres for Lithium-Ion Battery Andoes with Ling Cycle Life. Nano Lett. 2011, 11, 

2949-2954. 

 

37. McDowell M.; Lee S. W.; Ryu I.; Wu H.; Nix W.; Choi J. W.; Cui Y., Nano Lett. 2011, 4018-

4025. 

 

38. Kim H.; Seo M.; Park M.; Cho J. Angew. Chem. Int. Ed. 2010, 49, 2146-2149. 

 



35 

 

39. Yoo J.; Kim J.; Jung Y.; Kang K., Scalable Fabrication of Silicon Nanotubes and their Application 

to Energy Storage. Adv. Mater. 2012, 24, 5452-5456. 

 

40. Liu N.; Wu H.; McDowell M.; Yao Y.; Wang C.; Cui Y., A Yolk-Shell Design for Stabilized and 

Scalable Li-Ion Battery Alloy Anodes. Nano lett. 2012, 12, 3315-3321. 

 

41. Wu H.; Zheng G.; Liu N.; Carney T.; Yang Y.; Cui Y., Engineering Empty Space between Si 

Nanoparticles for Lithium-Ion Battery Anodes. Nano Lett. 2012, 12, 904-909. 

 

42. Liu X.; Zhang L.; Huang S.; Mao S.; Zhu T.; Huang J., Size-Dependant Fracture of Silicon 

Nanoparticles During Lithiation. ACS NANO, 2012, 6(2), 1522-1531. 

 

43. Abel P.; Lin Y.; Celio H.; Heller A.; Mullins C., Improving the Stability of Nanostructured Silicon 

Thin Film Lthium-Ion Battery Anodes through Their Controlled Oxidation. ACS NANO, 2012, 

6(3), 2506-2516. 

 

44. Wu H.; Chan G.; Choi J. W.; Ryu I.; Yao Y.; McDowell M.; Lee S. W.; Jackson A.; Yang Y.; Hu 

L.; Cui Y., Stable cycling of double-walled silicon nanotube battery andoes through solid-

electrolyte interphase control. Nature nanotechnology, 2012, 7, 310-315. 

 

45. Liu G.; Xun S.; Vukmirovic N.; Song X.; Olalde-Velasco P.; Zheng H.; Battaglia V.; Wang L.; 

Yang W., Polymers with Tilored Electronic Structure for High Capacity Lithium Battery 

Electrodes, Adv. Mater. 2011, 23, 4679-4683.  

 

46. Kovalenko I.; Zdyrko B.; Magasinkski A.; Hertzberg B.; Milicev Z.; Burtovyy R.; Luzinov I.; 

Yushin G., A Major Constituent of Brown Algae for Use in High-Capacity Li-ion Batteries. 

Science, 2011, 334, 75-79.  

 

47. Koo B.; Kim H.; Cho Y.; Lee K. T.; Choi N.; Cho J., A Highly Cross-Linked Polymeric Binder 

for High-Performance Silicon Negative Electrodes in Lithium Ion Batteries. Angew. Chem. Int. Ed. 

2012, 51, 8762-8767. 

 



36 

 

48. Ryou M.; Kim J.; Lee I.; Kim S.; Jeong Y. K.; Hong S.; Ryu J. H.; Kim T.; Park J.; Lee H.; Choi J. 

W., Mussel-Inspired Adhesive Binders for High-Performance Silicon Nanoparticle Anodes in 

Lithium-Ion Batteries. Adv. Mater. 2013, 25, 1571-1576. 

 

49. Piper D.; Yersak T.; Son S.; Kim S. C.; Kang C. S.; Oh K. H.; Ban C.; Dillon A.; Lee S., 

Conformal Coatings of Cyclized-PAN for Mechanically Resilient Si nano-Composite Anodes. Adv. 

Energy Mater. 2013, 3, 697-702. 

 

50. Park Y.; Lee S.; Kim S.; Kang B. Y.; Kim J. S.; Oh S. M.; Kim J.; Choi N.; Lee K. T.; Kim B., A 

Photo-cross-linkable polymeric binder for silicion anodes in lithium ion batteries. RSC Adv. 2013, 

3, 12625-12630.  



37 

 

 

 


	CHAPTER I. Synthesis of Nano-sized Urchin Shaped LiFePO4 for Lithium Ion Batteries
	1. Introduction
	2. Experimental
	2.1. Synthesis of nano-sized urchin shaped LiFePO4
	2.2 Characterization
	2.3 Electrochemical measurements

	3. Results and Discussion
	3.1. Electrochemical performance of CNU-LFP

	4. Conclusions

	CHAPTER II. Thermally Cross-linkable Diamino-PEG Additive with PAA Polymeric Binder for Stable Cyclability of Silicon Nanoparticles based Negative Electrodes in Lithium Ion Batteries
	1. Introduction
	2. Experimental
	2.1. Fabrication of c-CLR-PAA Si anode and electrochemical measurements
	2.2 Characterization

	3. Results and Discussion
	4. Conclusions

	References


<startpage>2
CHAPTER I. Synthesis of Nano-sized Urchin Shaped LiFePO4 for Lithium Ion Batteries 8
 1. Introduction 8
 2. Experimental 9
  2.1. Synthesis of nano-sized urchin shaped LiFePO4 9
  2.2 Characterization 9
  2.3 Electrochemical measurements 10
 3. Results and Discussion 10
  3.1. Electrochemical performance of CNU-LFP 12
 4. Conclusions 13
CHAPTER II. Thermally Cross-linkable Diamino-PEG Additive with PAA Polymeric Binder for Stable Cyclability of Silicon Nanoparticles based Negative Electrodes in Lithium Ion Batteries 23
 1. Introduction 23
 2. Experimental 24
  2.1. Fabrication of c-CLR-PAA Si anode and electrochemical measurements 24
  2.2 Characterization 24
 3. Results and Discussion 24
 4. Conclusions 27
References 34
</body>

