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ABSTRACT

 Lithium-ion batteries (LIBs) have been the driver of the widespread application of 

portable electronics.  As the electronic devices have been more powerful and versatile, the 

pressing demand for higher energy density batteries have led the extensive explorations of 

novel materials for   high capacity electrodes. Despite several breakthroughs in literature, 

the current state of art LIBs still uses the battery chemistry developed in early 1990s.The 

keys challenges for switching to other high capacity electrodes have been high cost, non-

linear scalability and poorer electrochemical performance. This dissertation focusses on 

development of high capacity electrodes in order to increase the energy density of the 

current state of art lithium ion batteries by using scalable synthesis techniques while 

investigating the structure-property-performance relations for different materials. 

 Initial work focused on the examination of the role of morphology on the 

electrochemical performance of germanium anode for lithium ion batteries. This was 

followed by the study of mass loading on the electrochemical performance of high capacity 

germanium(Ge) anodes (Chapter 2). More than 100 cycles with high areal capacities (>3 

mAh/cm2) are observed with Ge for the first time. Analysis of electrode phase and 

morphology changes before and after cycling revealed the ability of Ge grains to maintain 

contact with each other, a key requirement for stable electrochemical performance. To 

exploit the intrinsic properties of Ge electrode as well as to reduce the amount of expensive 

Ge in the electrode, solid solutions of the Si and Ge with various compositions were 
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synthesized by solid state synthesis and their performances were examined for LIBs 

(Chapter 3). Lattice strain was calculated to be highest for Si0.5Ge0.5 suggesting largest 

resistance to plastic deformation. As expected, Si0.5Ge0.5 offered highest specific capacity 

(~1560 mAh/g) and highest the capacity retention (87.5%) for 80 cycles.  The promising 

results achieved in SixGe1-x electrode still required substantial amount (~72 wt%) of Ge. 

Therefore, with the objective of further reducing the fraction of Ge in the electrodes, thin 

layers of C and Ge were coated on Si to stabilize the electrochemical performance 

(Chapter 4). The silicon-germanium-carbon (Si@Ge@C) core shell electrodes 

synthesized at low temperature (580°C) offered superior electrochemical performance 

(~80% capacity retention after 200 cycles) owing to improved electron conduction and 

mechanical stability.  Finally, a low temperature aluminothermic reduction technique for 

the synthesis of porous Si was developed and the effect of carbon coatings on the cyclic 

stability was investigated (Chapter 5).
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 : 
 

INTRODUCTION
 

Increased power consumption in the portable electronics as well as the pursuit for 

longer driving range in the electric vehicles (EVs), has resulted in the ever-growing 

demand for higher energy densities in the lithium-ion batteries (LIBS). 1 Apart from being 

lighter and smaller, lithium-ion batteries have the highest energy density (150 Wh/kg) and 

power density (1800 W/kg) among all the mass manufactured rechargeable batteries. 2, 3 

Yet, the energy density of the state of art LIBs (~150 Wh/kg) cannot match the life or 

performance of the internal combustion engine vehicles. Increase in the energy density by 

five times is required to  meet the performance required for all-electric vehicles (EVs) with 

a 300-400 mile range.3 

Driving range and the cost of the electric vehicles, are the major challenges for the 

growth of  global electric vehicle market.1 The cost of battery accounts for about 65% of 

the total cost of EVs currently available in the market. To be cost-competitive with internal 

combustion engine vehicles, the next generation of EVs would require at least twice the 

energy density at the price tag of 30% of the total cost of the current state of art LIBs.4 

1.1 Lithium-ion batteries (LIBS) 

Figure 1.1 presents a typical schematic of a lithium ion battery which consist of 

an anode (negative electrode), a cathode (positive electrode), an electrolyte for ion 

transport between the two electrodes and a porous separator (not shown) preventing a direct 
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contact between the two electrodes of different chemical potential. Aluminum and copper 

foils are typically used as the current collectors for cathode and anode respectively. 

 

Figure 1.1. A schematics of a typical lithium ion battery5 

 

During a discharge (delithiation of anode) process, Li ions diffuse out from the 

anode and intercalates into the cathode, after getting transported through the electrolyte. At 

the same time, electrons leave the anode towards the cathode through an external circuit 

during which the electrical energy is provided to the connected device. During charge 

(lithiation of anode) similar process occurs in the opposite direction i.e. flow of Li+ and e- 

from cathode to anode. The intercalation and de-intercalation process may be summarized 

as given in the Table 1.1. 
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Table 1.1 Reactions at the cathode and anode in a lithium-ion cell 

Cathode Anode 

LiCoO2 Li1-xCoO2  + xLi+ + xe-

charge

discharge

 

discharge

C + xLi+ + xe-
charge

LixC

 

The total energy of a LIB can be calculated as 

where, I(t) is the charge/discharge current as a function of time (A) , V(t) is the voltage as 

a function of time, and to and tf are the initial and final time of the charge or discharge 

process. For a constant voltage, the equation 1.1 becomes E = V*Q, where Q is the specific 

capacity (Ah).  

The voltage of the cell (or battery) can be calculated as  

 

nF

μμ
V

Li(A)Li(C)

oc


  (1.2) 

Where, µLi(C) and µLi(A) are the chemical potentials of Li+ in the cathode and anode 

respectively, F is the faradays constant (96485.3 C/mol) and n is the number of moles of 

electrons transfer. 

The theoretical specific capacity of the electrodes may be calculated as6 

 QTheoretical = x*F/(n*Mw) (1.3) 

 

Where, x is the moles of electrons or Li+ transferred during lithiation/delithiation process, 

F is the faradays constant (96485.33 C/mole), n is number of moles of active material (host) 

 

Ecell= ∫ I(t)*V(t)*dt

t=tf

t=t0

 (1.1) 
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and Mw is the molecular weight of the host. Samples calculations for theoretical specific 

capacity are presented below. 

Table 1.2 Calculation of theoretical specific capacities of selected electrodes 

Host Lithiated species Theoretical specific capacity 

Graphite LiC6 (1 mole 𝑒−  ∗  96485.33 C/mol)

(6 mol of C ∗ 12 gram/mol)
 

= 1340 C/g = 372 mAh/g 

Silicon Li15Si4 (15 mole 𝑒−  ∗  96485.33 C/mol)

(4 mol of Si ∗ 28.09 gram/mol)
 

= 12881 C/g = 3578 mAh/g 

Lithium cobalt oxide Li1-xCoO2 (1 mole 𝑒−  ∗  96485.33 C/mol)

(1mol of LiCoO2  ∗ 97.87 gram/mol)
 

= 985.85 C/g =274 mAh/g 

 

For the cathode materials such as lithium cobalt oxide (LCO), it has been reported that 

delithiation to state x=0.47, converts the hexagonal phase into monoclinic phase. 

Therefore, delithiation is usually restricted between 0>x<0.5 for LixCoO2, to prevent phase 

collapse.7 Therefore, the practical theoretical capacity may be calculated as 

 

𝑄𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑎𝑙 𝐿𝐶𝑂=

(0.5 mole 𝑒−  ∗  96485.33
C

mol
)

(1mol of LiCoO2  ∗ 97.87 
gram
mol

)
= 493

𝐶

𝑔
=

137𝑚𝐴ℎ

𝑔
 

 

(1.4) 

 

Where, 1C = 0.2777 mAh. 

From equation 1.1, it is apparent that the specific energy density of a battery system 

can be increased by increasing the working voltage and/or the specific capacity. Major 

focus on LIBs research, therefore, has been devoted in developing the materials with higher 



 

5 

 

specific capacity and/or higher working voltage. In addition to increasing the energy 

density, the materials with high specific capacity could also improve the driving range by 

reducing the total weight of the battery pack. The battery pack in a typical EV may account 

up to 1/3rd of the vehicle weight.  It has been reported that for every 10% reduction of the 

vehicle weight, there is about a 6-7% reduction in energy consumption.8 

 It may be interesting to note that despite the higher theoretical specific capacity, the 

practical volumetric specific capacity of the graphite (330-430 mAh/cm3)  is still lower 

than that of LiCoO2 (550 mAh/cm3). 9 The smaller tap density of graphite (e.g. ~1 g/cm3, 

true density = 2.26 g/cm3)10 compared to that of LiCoO2 (2.8-3.0 g/cm3, true density = 5.1 

g/cm3 )11 lowers volumetric capacity in the graphite anode. Therefore, extensive efforts 

have been applied in the search of new anode materials with higher volumetric specific 

capacity.  

The theoretical volumetric capacity can be simply calculated by multiplying the 

theoretical specific capacity (mAh/g) by the true density (g/cm3). However, the practical 

volumetric capacity calculation should use the practical specific capacity and the tap 

density, which is usually lower than the true theoretical values. Therefore, the volumetric 

energy density can be enhanced by increasing the specific capacity and the tap density. 

The coulombic efficiency (CE) of a full cell may be defined as the ratio of discharge 

capacity to the charge capacity. For half cells, such as Li metal vs Si, it may be calculated 

as the ratio of charge (dealloying) capacity to the discharge (alloying) capacity. The CE 

becomes more important in full cells as the number of Li ions in the capacity matching 

cathode are limited. Lower CE reduces the total capacity that a cell can theoretically 

deliver. For half cells, however, the Li foil typically used as a reference/counter electrode 
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has much larger specific capacity than that of working electrode (such as Si). Therefore, 

huge irreversible loss during initial cycles may not limit the number of Li ions required to 

achieve full lithiation. Yet, the lower CE during later cycles may indicate the instability of 

the solid electrolyte interface (SEI) which affects the cycle life and capacity in the actual 

full cell setup. 

1.2 Calculation of molar volume change 

 

If one scans the literature looking for the information on volume change of Si anode 

in fully lithiated state forming Li15Si4, he/she may find different values such as >270%12, 

280%13, 300%14, 300-400% 15 without  adequate description such as whether it is change 

in molar volume or the specific volume. The volume expansion in the electrode level may 

vary from one electrode to another depending on the porosity of the electrode, and 

morphology of the active materials and the fraction of inactive components (binder and 

conductive agents). However, for the particle level expansion, the use of aforementioned 

different values leads to confusion. A convenient way to obtain the volume change in the 

particle is to calculate the percent change in molar volume per atom of the host.  

The molar volume of a material can be calculated by diving molar mass (g/mole) 

by its density (g/cm3). For example, the molar mass of Li15Si4 is ~216 g/mole with its 

density 1.18 g/cm3
. 

16
 Therefore, the molar volume of Li15Si4 is calculated to be 183.13 

cm3/mole. With the molar mass and the density of Si to be ~28 g/mole and 2.3 g/cm3 

respectively, the molar volume of Si can be calculated to be 12.17 cm3/mole. The molar 

volume of Li15Si4 per atom of Si therefore is 45.78 cm3/mole. Therefore, VSi = (45.78-

12.17)/12.17= 2.76 or 276%. Similarly, for the lithiated tin (Li22Sn5), with the density of 

2.56 g/cm3, 17 the total molar volume can be calculated to be 291.49 cm3/mole and molar 
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volume per atom of Sn be 58.3 cm3/mole. The molar volume of tin is 16.3 cm3/mole. 

Therefore, VSn = (58.3-16.3)/16.3 = 2.57 = 257%. Finally, for the traditional graphite 

electrode, the density of fully lithiated phase (LiC6) is 2.24 g/cm3
. 

18
 With the molecular 

weight of ~79 g/mole, the molar volume of LiC6 can be calculated at (79 g/mol)/(2.24 

g/cm3) = 35.27 cm3/mole. Furthermore, the molar volume per atom of C is 5.88 cm3/mole. 

Therefore, VC = (5.88-5.27)/5.27 =0.1157 = 11.6%. These values are consistent with the 

ones previously reported.19 

1.3 High-capacity electrodes for LIBs 

Efforts to develop high capacity, and long cycle life electrode at a cost lower than 

the state of art LIBS have led to investigation of several materials as the possible candidate 

for next generation of electrodes. Alloying elements such at Tin (Sn), Germanium (Ge), 

and Silicon (Si) have been extensively studied. Si, with about 10 times the theoretical 

specific capacity (3579 mAh/g, Li15Si4) than that of the graphite electrode (372 mAh/g), 

has received special attention owing to its high capacity, low cost, abundance and the 

presence of already established advanced Si processing technology. 20, 21 Another group IV 

element, Ge also exhibits high specific capacity of 1600 mAh/g. 22 In addition, Ge offers 

much higher electrical conductivity (Ge: 2.1 S m-1, Si : 1.6x10-3 S m-1) and Li ion 

diffusivity than that of Si (Ge: 6.25x10-12 cm2s-1, Si: 1.9x10-14 cm2s-1).21 These properties 

make Ge an excellent candidate for high power electrode while offering high specific 

capacity at the same time. However, Ge being expensive and low in abundance, has not 

found its way into the commercial market.  Sn electrode, despite having the theoretical 

capacity of 990 mAh/g, often undergoes pulverization even with nano scale dimensions. 

As a result, oxides of Sn have received more attention owing to its improved cyclability.20 
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1.4 Fracture mechanics and critical size 

Upon full lithiation, the lattice parameter of Si electrode (5.456 Å)23 increases to 

10.60 Å24 forming Li15Si4 which results in the electrode expansion by 300%.25 Fully 

lithiated Ge also undergoes 260% volume expansion after forming Li15Ge4.
26 Such a large 

change in dimension due to lithiation, introduces diffusion induced stress in the materials. 

Bulk sized Si and Ge have been reported to suffer pulverization upon full lithiation 

resulting in rapid capacity fade.27, 28 Recent in-situ TEM studies have revealed that Si and 

Ge nanoparticles can avert fracture even upon full lithiation, as long as the particles are 

below the critical sizes of 150 and 620 nm respectively. 26,29 Theoretical models based on 

fracture mechanics have sought to explain the electrode deformation above the critical size 

by considering diffusion, elastic-plastic deformation and fracture. 30 

Fracture mechanics dictates that the extension of the pre-existing cracks in the 

materials requires the energy release rate during crack propagation to be greater than the 

fracture resistance of the material. Consequently, fractures can be prevented if the energy 

release rate is below the fracture energy of the material. Based on this concept, Zhao et al. 

have derived an expression to estimate the critical size of the electrode below which 

fractures can be averted. The critical size of the electrode is thus given by31 

 
2c

E
h

Z


   (1.5) 

  

Where hc is the critical size,  is the fracture energy of the material, E is the Young’s 

modulus, Z is a dimensionless number of order unity, and  is a representative stress in the 

material. Using the parameters  = 10 J/m2, E=80 GPa,  = 1.75 GPa and Z =2, the critical 

size for Si was estimated to be 130 nm. 30 This result is in good agreement with the observed 
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experimental value of 150 nm, reported by others. 29 The stability of the nanoparticles 

below such a critical size has been attributed to their smaller stress-relief volume which 

allows smaller rate of energy release. 29 

 Additionally, the stability of nanoparticles has also been attributed to the potential 

to undergo superplastic deformation during cycling by undergoing tremendous elongations 

(hundreds of percent) prior to failure. Equation (1.6)19, 32 relates the applied stress (), 

temperature (T), the grain size (d) and the resulting strain rate () as 

 =And-pD0exp(-Q/RT) (1.6) 

where A is a constant, n is the stress exponent (typically n~2), p is the grain size exponent 

(typically p~2-3), Q is the activation energy, and R is the gas constant. Therefore, the strain 

rate for nanocrystalline materials will be several orders of magnitude higher than that of 

the micron-sized materials at the same temperature which allows the nano materials to 

achieve appreciable superplastic strain prior to failure in order  to act as better electrode.19, 

32  

 In another attempt to study the relation between the particle size and the magnitude 

and distribution of diffusion induced stress, Cheng and Verbrugge, developed an analytical 

model by considering the effect of surface stress and surface energy on the distribution of 

such stress.33 It was reported that the radial tensile stress at the center during insertion and 

tangential tensile stress at the surface during de-insertion can be significantly reduced by 

decreasing the particle radius. 

The aforementioned in-situ and ex-situ microscopy results, along with several 

mathematical results therefore strongly corroborate the particle level stability of 

nanomaterials during electrochemical cycling. 
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1.5 Factors that affect the electrochemical performance in high capacity anodes 

The huge change in molar volume upon full lithiation of high capacity electrodes 

such as Si and Ge, leads to the fracture of electrodes which may ultimately lead to the 

failure of the cell. A key requirement for achieving stable cyclic performance of any 

electrode is that it should be able to maintain a three-dimensional conducting network 

during electrochemical cycling. The most studied parameters that affect the stability of 

such network are (a) intrinsic/extrinsic property the electrode, (b) binder and (c) 

solvent/electrolyte.  

The intrinsic property of the electrode may affect the fracture toughness, electrical 

conductivity as well as the lithiation behavior. For example, the lower band gap ( Ge: 0.66 

eV, Si : 1.12 eV at 300 K) and larger lattice parameter in Ge (Ge: 5.66 Å, Si: 5.43 Å), as 

compared to Si,  allows faster electrical conduction (104 times than that of Si) and Li ion 

diffusion respectively in Ge (400 times of Si) allow cycling at high current densities.28, 34 

The preferential lithiation in Si along {110} facets leads to the anisotropic expansion 

leading to the formation of multiple cracks upon full lithiation. Ge on the other hand, 

appears to undergo isotropic lithiation without preferential lithiation.26 In addition, the 

fracture toughness of Ge in the lithiated phase has been measured to be higher than that of 

lithiated Si.35 These properties make Ge a more preferable candidate for high capacity 

electrodes. 

The influence of a binder on the cyclic stability of an electrode depends on strong 

adhesion between the binder and the electrode particles as well as the current collectors to 

maintain the electrode stability.36 The conventional binder poly(vinylidene fluoride) 

(PVDF), offers weak van der waals forces between the electrode and the binder, and fails 
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to maintain the electrode integrity during large volume change. As a result, using PVDF as 

a binder for high capacity anodes, often leads to rapid capacity fade.36, 37 An ever growing 

interest in high capacity anodes have led to the exploration of different polymeric binders 

to improve the cyclic stability. Binders such as sodium carboxy-methyl cellulose (CMCNa) 

and poly(acrylic acid) (PAA) have found widespread applications in the development of 

high capacity electrodes as they can form stronger hydrogen bond between the surface 

oxygen and the carboxyl group in the binders. Recently, the adhesive properties of PAA 

has been further enhanced by silane coupling agents such as 3-amino-propyltriethoxysilane 

(APTES) which can cross-link PAA chains as well as form stronger covalent bonds 

between the PAA and Si.38 

The choice of electrolyte also greatly affects the electrochemical performance of 

high capacity electrodes. The reduction of electrolyte during the charging process on a full 

cell forms a passivating layer on the electrode surface which prevents the further contact 

between the electrode and the electrolyte. This, in theory, can prevent further capacity loss 

by preventing more Li ions getting trapped in the organic/organic products which can form 

during the electrolyte reduction. The electrically insulting layer that separates the electrode 

and the electrolyte, formed due to the reduction of electrolyte is often known as solid 

electrolyte interface (SEI). The huge volume change that occurs during lithiation in high 

capacity electrodes can lead to the repeated fracture of SEI and exposure of electrode to 

the electrolyte.39 This further leads to irreversible capacity loss and lowers the coulombic 

efficiency. Therefore, thin, dense and mechanically stable SEI is desired for achieving 

stable cyclic performance. The effect of solvent/co-solvents on the cyclic stability for high 

capacity electrodes such as Si has been studied by several groups. 40, 41 Electrolyte additives 
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such fluoroethylene carbonate (FEC) and vinylene carbonate(VC) have enjoyed great 

success in stabilizing SEI in such electrodes by forming thinner and compact surface films 

(SEI), as compared to the non FEC based conventional electrolyte. 40 

1.6 Approaches to achieve cyclic stability for high capacity anodes 

 

1.6.1 Materials engineering 

Several attempts have been made to address the pulverization of the high capacity 

electrodes and prevent the consequential capacity fade. Materials engineering to obtain 

nanocomposites electrodes42 , thin films 21, 43 , nano structures (nanotube, nanowires)44-46, 

porous materials22, 47 are commonly observed in the open literature. The nanomaterials, 

besides providing mechanical stability, allow faster diffusion of Li ion and improve the 

electrolyte accessibility in the electrode. Similarly, the porous materials allow the volume 

accommodation in their pores, thereby alleviating the net strain in the material. 47 

The advantages associated with nanomaterial electrode for LIBs, however, are also 

accompanied by several disadvantages. Nanoparticles, are more expensive48, difficult the 

synthesize and control the size, suffer increased side reaction due to large surface area, and 

reduce the volumetric energy density.49 To the best of our knowledge, nanomaterials based 

electrodes have not been able to achieve long term stable cycling performance with high 

areal capacity (>3 mAh/cm2). Therefore, stabilization of micro/submicro-sized electrodes 

therefore can lead to the scalable path for commercial application of high capacity Si 

electrodes. 

Majority of literature reports on Si based anode have been based on nano-sized 

electrodes.  Even though small in numbers ,successful application of submicron sized ( 

>100 nm and <1 m) Si based electrodes have also been observed in several composites 
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50-52and alloys53, 54 as well as in the porous Si reduced from porous silica as a template. Si 

alloyed with inactive elements or with the elements with higher lithiation potential have 

demonstrated better electrochemical performance that Si alone. It is believed that the stress 

induced by the lithiation of the second element alloyed with Si helps to confine the Si 

expansion thereby improving the electrochemical reversibility.53 Amorphous Si has also 

been reported to avoid fracture upon full lithiation provided that the particle size is less 

than 870 nm owing to its isotropic lithiation.55 Jia et al., reported the synthesis of three 

dimensional mesoporous Si (400-600 nm) through magnesiothermic reduction of SBA-15 

silica template which exhibited high specific capacity of ~1500 mAh/g for about 100 

cycles.56 The improved cyclic stability of the mesoporous Si over Si nanoparticles electrode 

was attributed to the accommodation of volume changes in the mesopores. 

Stabilization of micro Si anode in the particle level has been mostly achieved 

through porous architecture. Pomegranate inspired Si anode reported by Liu el al, has been 

one of the highly successful efforts in stabilization micro sized (1-10µm) porous Si 

electrode for over 100 cycles with the areal capacity >3 mAh/cm2.57 Similarly, using the 

HF etched porous Si with larger particle size (>20 m), Li et al., demonstrated over stable 

300 cycles with 92% capacity retention with the  high areal capacity of ~1.5 mAh/cm2.47 

In their work, it was reported that the total volume change was limited to ~30% as opposed 

to the ~300% volume change usually observed in a fully lithiated bulk Si. Despite the 

promising results, the examination of full cell cyclic performance with a Li limited cathode 

is usually not reported. Recently in 2016, Li et al, reported a promising full cell cyclic 

performance with mechanically strong and robust graphene encapsulated Si microparticles 
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(1-3 m), which displayed 90% capacity retention after 100 cycles with a high areal 

capacity of 3.1 mAh/cm2.58 

 

1.6.2 Tailoring the binder 

Most of the research focus for increasing the energy density of LIBs have been the 

development of new active materials with higher specific capacity while the role of binders 

also have been proven to be equally important for cyclic stability. 59 Polymeric binders 

have recently received greater attention for enhancing the cyclic stability of high capacity 

electrodes such as Si. The traditional binder, PVDF, is the widely used for state of art 

LIBs.60 However, the weak van dar waals forces between PVDF and Si, fails to provide 

stable electrochemical performance.  One of the earlier works by Buqa et al. demonstrated 

the 1 wt% CMCNa produced similar cyclic stability of nano-Si/graphite electrode as using 

the 10 wt% PVDF. 61 The enhanced cyclic stability was attributed to the extended 

conformation of CMC in the solution leading to the formation of efficient network between 

the carbon black, Si and CMC.62 

 Further improvement of the cyclic stability of Si anode over CMC binder was 

demonstrated by using Na-alginate.59 CMCNa and Na-alginate have  similar mechanical 

properties, however, the carboxylic groups, responsible for strong hydrogen bonds between 

the surface silanol groups and the carboxylic group, are distributed uniformly in higher 

concentration along the Na-alginate chain. In addition, the higher viscosity of Na-alginate 

binder compared to CMCNa, in water as a solvent, prevents particle sedimentation and 

aggregation, thereby forming a more uniform slurry and the resulting electrode. 59 The 
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uniform distribution of active materials in the electrode is also a critical factor to achieving 

cyclic stability.59  

Liu et al., further demonstrated superior electrochemical performance of Si 

electrode with gum agar binder compared to Na-aginate binder.63 It was reported that the 

amount of gum agar binder was present in higher amount in Si after water washing than 

that of Na-alginate binder, suggesting stronger interaction between the gum agar binder 

and Si.   Magasinki et al. also reported an improved electrochemical performance of Si 

anode over PVDF and CMCNA with poly (acrylic acid) (PAA) as a binder. Higher stiffness 

of the polymer in the electrolyte offer greater resistance to elastic and plastic deformations. 

It was observed that PAA has much higher stiffness (Young’s modulus) than that of PVDF 

in dry state. In contact with a Diethyl Carbonate solvent, the stiffness of PAA did not 

change appreciably whereas it was significantly decreased for PVDF suggesting it’s lower 

resistance to deformation in the presence of electrolyte. Additionally, the superior 

performance of PAA over CMCNA was attributed to the higher concentration of 

carboxylic functional groups in PAA.36 In a recent work, Bie et al., demonstrated that 

addition of mere 0.3 wt% of 3-amino-propyltriethoxysilane (APTES) could cross-link the 

PAA chains and form covalent bond between Si and PAA, producing much better cyclic 

stability compared to the use of PAA alone as the binder.38 

Despite the improvements over PVDF, the hydrogen bonds between the oxides 

layers of Si and binders such as CMC, PAA and Na-does not yet provide long term stability 

for electrodes with high areal capacities.38 Wang et al., reported a randomly branched 

hydrogen bonding self-healing polymer (SHP) with high stretchability and spontaneous 

self-healing capability for stabilizing Si microparticles anode with high areal capacity (1.5-
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2.1 mAh/cm2) for about 45 cycles.64 Longer cycle life (~120 cycles) with higher areal 

capacity (>3 mAh/cm2) was achieved by 3D distribution of the SHP into the Si electrode.65 

Despite promising advancements in development of new binders for Si anode, these results 

are mostly limited to Si nanoparticles . Electrodes with Si micro-particles as active 

materials still display short cycle life (100 cycles or less). Stabilization of Si micro-particles 

with high areal capacity for several hundred cycles will be required to develop practical 

electrodes for industrial applications owing to their low cost and ease of availability.64 One 

of the most promising results reported earlier in 2017, Choi et al., demonstrated that the 

incorporation of 5 wt% of polyrotaxane in PAA, produced excellent cyclic stability for 

~400 cycles with high active mass loading of ~1 mg/cm2 with the initial areal capacity of 

2.68 mAh/cm2.66 They proposed that some of the ring components of polyrotaxane were 

crosslinked with PAA through easter bond formation to form  highly stretchable and elastic 

polymer network which could coalesce the Si particles together, including the pulverized 

ones. 

In light of the aforementioned results, it becomes apparent that the choice of binder 

is a critical parameter to consider when developing a high capacity electrode. When 

selecting a binder, properties such as types of function groups and the resulting bonding 

with Si and the current collector, binder stiffness and stretchability, concentration and 

distribution of function groups, and the interaction of electrolyte and binder should be 

carefully examined/reviewed to achieve excellent electrochemical performance.36, 60, 64, 66 

1.6.3 Electrolyte optimization 

An electrolyte allows transport of Li ions between the anode and the cathode during 

the charge/discharge process, thus presents itself as an essential component of LIBs. An 
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ideal electrolyte would possess qualities such as high ionic conductivity, low melting and 

high boiling points, good electrochemical stability, low cost and environmentally safe.67 

The conventional electrolyte consists of single or combination of different salts such as 

LiPF6, LiClO4, LiAsF6 dissolved in linear or cyclic organic carbonate solvents such as 

ethylene carbonate (EC), diethyl carbonate (DEC), ethyl methyl carbonate (EMC), 

dimethyl carbonate (DMC) and propylene carbonate (PC).68  

The reduction potentials of many solvents used in the electrolyte formulations lie 

above the lithiation potential of conventional electrodes such as graphite and even the Si 

anodes. Formation of stable passivating layer, also known as, solid electrolyte interphase 

(SEI) through the reduction of electrolyte is therefore a key requirement for achieving long 

term cyclic stability.40, 69 The SEI is believed to be electrically insulating and ionically 

conductive thereby slowing the further reduction of electrolyte.70 

While reduction of EC based electrolyte forms robust SEI for graphite, it is 

inadequate for producing stable SEI for Si electrodes. 71 For high capacity electrodes such 

as Si, Ge and Sn that undergo large volume change during lithiation, development of stable 

SEI is challenging. Even when the electrode is mechanically stable, the instability of SEI 

can result in capacity fade. For example, nano Si electrode may be less prone to undergo 

fracture, however the SEI deforms and reforms during repeated lithiation/delithiation 

process and display poor coulombic efficiency and cyclic stability.57, 72 Therefore, various 

electrolyte additives are currently being reported in the literature to stabilize the SEI and 

reduce capacity loss. Some of the commonly studied electrolyte additives involve vinylene 

carbonate (VC), fluoroethylene carbonate (FEC), lithium bis(oxalate)borate (LIBOB) and 

succinic anhydride (SA).73 FEC and VC probably the most used/studied electrolyte 
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additives for high capacity electrodes. The stability of the SEI has been often linked to the 

type of products formed at the electrode surface after the reduction of electrolyte. Shkrob 

et al., reported that the polymeric matrix formed with FEC based electrolyte is substantially 

more cross-linked than the polymeric matrix formed with tradition EC or similar 

carbonates based electrolytes.71 They attributed the superior cyclic performance of Si 

anode in FEC based electrolyte to the elastomeric properties of the highly cross-linked 

polymer networks. Similarly, presence of large amount of lithium fluoride (LiF) has been 

attributed to the decomposition of LiPF6 and therefore undesirable for achieving stable SEI. 

In a comparative study of multiple electrolyte additives for Si thin film anode, Dalavi et 

al., reported that the surface of the electrode cycled in FEC added electrolyte composed of 

lithium alkyl carbonates, polycarbonates, and oxalates while the electrolyte cycled in 

baseline electrolyte ( 1 M LiPF6 in EC/DMC/DEC 1/1/1 vol%) had thick SEI with high 

concentration of LiF, suggesting significant decomposition of LiPF6.74 Dalavi et al. also 

reported that VC additive produced the best cyclic stability for the Si thin film anode 

compared to FEC and LIBOB additives and the SEI for the electrolyte cycled in VC added 

electrolyte consisted of poly(vinylene carbonate) with reduced amount of LIF. In a recent 

report by Jaumann et al., VC additive resulted in better cyclic stability and coulombic 

efficiency in nano structured Si@C anode than that of FEC additive.75 Jaunmann et al., 

proposed that despite the similar polymeric layers formed in the surface after the reduction 

of both the electrolyte, the presence of non-flexible and compact LiF nanocrystals in the 

polymeric matrix formed after reduction of FEC based electrolyte make the 

electrochemical performance less reversible. While VC appears to outperform FEC in thin 

films or nano Si electrodes, the results for micro/submicro Si electrode seem to be opposite. 
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For Si with particle size less than 500 nm, Nguyen et al., reported better specific capacities 

and cyclic stability with FEC additive as compared to the VC additive.76 Similarly, Uchida 

et al., also observed slightly better cyclic stability on micro Si electrode with FEC as 

compared to VC as the electrolyte additive. 77 These contrasting results suggest the effect 

of the different electrolyte additive may differ from one electrode design to another.75  

In addition to electrolyte additives to stabilize SEI in high capacity electrodes, 

attempts to reduce the electrolyte decomposition by coating a layer of artificial SEI have 

also been reported in the literature. Coatings such as lithium phosphorus oxynitride,78 TiO2 

,79 and Al2O380 have been reported to displayed superior electrochemical performance than 

bare Si electrode. 

1.7 Objective of thesis 

 

The main objectives of this thesis are to (1) develop new electrode materials for LIBs 

and (2) study synthesis-structure-performance relation. 

Porous germanium (Ge) was synthesized by a facile, single step process.22 The relation 

between mass loadings and areal capacities were examined. Full cell cyclic performance 

with commercial cathode was evaluated (Chapter 2). To exploit the stability of Ge 

electrode observed in Chapter 2 as well as reduce the amount of expensive Ge in the 

electrode, solid solutions of the Si and Ge with various compositions were synthesized and 

examined as the electrode for LIBs (Chapter 3). The promising results achieved in SixGe1-

x electrode still required substantial amount of Ge. Therefore, with the objective of coating 

a thin layer of C and Ge on Si to stabilize the electrode, carbon-germanium-silicon (CGS) 

core shell electrode has been synthesized and is currently under performance evaluation 



 

20 

 

(Chapter 4). Finally, a new low temperature aluminothermic reduction technique for the 

reduction of porous Silica to Si will be presented in Chapter 5. 
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THE ROLE OF MASS LOADING ON THE ELECTROCHEMICAL 

PROPERTIES OF A HIGH-CAPACITY ANODE FOR LITHIUM-ION 

BATTERIES 

 

2.1 Introduction 

 

Research on high capacity electrodes for Li-ion batteries (LIBs) has been driven by 

increasing interests in their applications in the battery electric vehicles (BEVs) and large-

scale energy storage systems. However, most BEVs are not yet competent enough to 

replace today’s internal-combustion-engine vehicles (ICEVs) simply because of the cost, 

specific energy, and the charging time of LIBs.   One major challenge for the large-scale 

commercialization of BEVs is to offer similar vehicle range and fueling convenience as in 

ICEVs, which inevitably requires the development of high energy density batteries. As a 

result, alloying elements such as tin (Sn), germanium (Ge), and silicon (Si) have received 

increasing attentions due to their high specific capacity. Si, with about 10 times the 

theoretical specific capacity (3,579 mAh∙g-1, Li15Si4) than the graphite electrode (372 

mAh∙g-1), because of its high capacity and low cost.1, 2 The promising electrochemical 

properties of Si, however, are often overshadowed by the fracture of the electrode resulted 

from the diffusion induced stress during lithiation and delithiation. Upon the full lithiation, 

the lattice parameter of Si electrode (5.456 Å)3 increases to 10.60 Å4 forming Li15Si4, which 

results in the electrode expansion by 300%5. The resulting fracture of the electrodes leads 

to the loss of electrical contacts between the active materials and current collectors, and 
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then the capacity fade. Another group IV element, Ge also exhibits high specific capacity 

of 1,600 mAh∙g-1,6 as well as much higher electrical conductivity (Ge: 2.1 S m-1, Si : 

1.6×10-3 S m-1) and Li ion diffusivity than that of Si (Ge: 6.25×10-12 cm2s-1, Si: 1.9×10-14 

cm2s-1).2 These properties make Ge as a candidate for LIBs with both high power and high 

energy. 

Although it is known that it is as important to fabricate thicker electrodes for the 

development of high capacity anodes, it has not been much reported yet. A study on the 

characterization of commercial lithium ion batteries by Johnson and White showed that the 

mass fraction of electrodes (anode and cathode) in a cell was typically around 60%.7 The 

current collector and separator are the non-active cell components which reduce the energy 

density while increasing the overall cost. Therefore, to decrease the cell costs while 

increase the energy density, the thicker electrodes are desirable.8 The successful 

implementation of electrodes with a high areal mass capacity (> 3 mAh cm-2) faces several 

challenges, including the delamination of the electrode from the current collector, increased 

electronic and ionic resistance, poor electrolyte penetration, and underutilization of the 

electrode at high current densities.9-12 As a result, the electrodes with a low areal mass 

capacity (< 3 mAh cm-2) are often reported in literature.13,14 A few very recent studies on 

Si electrodes showed the areal capacity >3 mAh cm-2 for about 100 cycles, however the 

current density used to achieve such performance was very low (e.g. 0.1 mA cm-2).13, 15  

Similarly, for the Ge electrode, majority of the literature reports have presented 

relatively low mass loadings (<1 mgcm-2).16-18 Recently, Lee et al. reported a higher areal 

capacity greater than 2 mAh/cm2 for the Ge electrode with a mass loading of 1.96 mgcm-

2under the current density of  1 mAcm-2.14  
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Here, we report our study on the effect of mass loadings on the electrochemical 

performance of porous Ge electrodes where the areal capacity up to 3.3 mAh cm-2 has been 

achieved at the high current density of 1 mA cm-2. Full cells consisting of porous Ge along 

with the commercial lithium cobalt oxide (LCO) were also investigated at different current 

densities (0.4 and 1 mA cm-2).   

2.2 Experimental 

Porous Ge was synthesized by the reduction of GeO2 (Alfa Aesar) in a tube furnace 

using the hydrogen gas at 450 C.8 The electrodes were prepared by tape casting the slurry 

prepared by mixing 20 wt% poly (acylic) acid (Alfa Aesar) as the binder, 10 wt% acetylene 

black as the conductive agent and, 70 wt% of the active material. Electrodes of different 

mass loadings were prepared by setting the blade clearance by adjusting the micrometer 

heads (Starrett 463) in the doctor blade.  

CR2016 coins cells were prepared with Li metal as the counter/reference electrode 

for the half cells while commercial LiCoO2 (MTI corporation) electrodes were used to 

study the full cell cyclic performance. For each thickness, 3-4 cells were prepared to 

examine the reproducibility. The electrolyte was obtained from Novolyte technologies, 

which consisted of 1 M LiPF6 in ED/DEC/DMC (1:1:1 by vol)  with 2 wt% VC. To obtain 

longer cycle life, 10 wt% FEC (of the electrolyte) as additive was added. The cells were 

cycled in Arbin BT2000 battery tester. 

The morphology and phase evolution of the as-synthesized samples were examined 

by x-ray diffraction (XRD, Rigaku) and scanning electron microscopy (SEM; ZEISS 

FESEM). The grain boundary region was examined by high resolution transmission 

electron microscopy (HRTEM, Hitachi H-9500). For post cycling transmission electron 
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microscopy (TEM) analysis of the electrodes, the coin cells were disassembled inside the 

Ar-filled glove box and washed with DMC to remove the excess electrolyte. Finally, the 

electrodes were dried in vacuum. 

2.3 Results and Discussion 

 

Figure 2.1. SEM images of (a) commercialGeO2 (b) porous Ge, (c) TEM image of porous 

Ge particle and (d) Powder XRD reflections of the commercial GeO2 and Ge reduced from 

it at 450 ºC, (e) Nitrogen adsorption/desorption isotherm of porous Ge 

 

During a reduction process, GeO2 evolves to form Ge, which is accompanied by a 

decrease in volume. If the reduction temperature is not high enough to sinter Ge (e.g. T < 

600 oC), porous Ge powders will be formed, as shown in Figure 2.1. The electron 

microscope images shown in Figure 2.1b and 2.1c display the porous nature in Ge powders 

and interconnected grains with a grain size ~50-100 nm. PXRD confirms the formation of 

(c) 

(d) 

(a) (b) 

(e) 
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elemental Ge phase upon the reduction of GeO2 at 450ºC under hydrogen (Figure 2.1d). 

The grain size was calculated ~50 nm by using the Scherer equation (d = 0.9 /cos), 

where,  is the x-ray wave length,  is the line broadening at the half maximum intensity, 

and  is the Bragg angle. Thee instrumental broadening was subtracted using the standard 

Si XRD parameters. The surface area of the porous Ge, 37.8 m2g-1, was determined by 

Brunauer-Emmett-Teller (BET) technique, and found to be examined the pore size 

distribution, Barrett-Joyner-Halenda (BJH) technique and the total pore volume was 0.075 

cm3g-1. The average pore size was found to be between 6.8-7.96 nm. The 

adsorption/desorption plots (Figure 2.1e), suggest that the material exhibits mesoporous 

behavior. 

The porous nature and nanosized grains in Ge powders offer several advantages, 

which are essential for high power battery applications. First, the diffusion length for the 

lithium ion are short, allowing a rapid charge and discharge compared to the bulk material. 

Furthermore, the porous materials are capable of accommodating the volume change with 

their pores, therefore improving the mechanical integrity in the high capacity electrode. 

 

The electrochemical performance of the porous Ge electrode was evaluated using 

galvanostatic charge/discharge process between 0.02 and 1.2 V vs Li/Li+. At a lower 

current density of 1,000 mA g-1 (Figure 2.2a), 340 stable cycles were obtained with a final 

specific capacity ~1,300 mAh g-1. The specific capacities were calculated based on the 

weight of active materials. The continuous increase in the specific capacity at the initial 

cycles may be attributed to the electrode activation, forming more active sites as lithiation 

proceeds deeper into the active materials19, 20. The coulombic efficiency (CE) of the first 

(b) 

(c) 

(a) 

(d) 

Figure 2.2 (a) Cyclic performance of porous Ge electrode at the current density of 1000 

mA∙g-1, and corresponding (b) voltage profile and (c) differential capacity plots and (d) 

cyclic performance at the high current density of 8 A∙g-1, after 20 formation cycles at 800 

mA∙g-1. 
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cycle was 60%, which increased to 92% at the 2nd cycle, and reached ~99% in the 10th 

cycle. The low CE may result from side reactions such as electrolyte reduction as well as 

the exposure of the new electrode surface due to mechanical disintegration.21 In the 

following cycles, a stable solid electrolyte interphase (SEI) is formed and the coulombic 

efficiency reached up to >99.5%, suggesting the stability of the electrode and the SEI layer. 

Figure 2.2b illustrates the voltage profile for the electrode cycled at current density 

of 1,000 mA∙g-1. The discharge curves display stable voltage plateaus starting the fifth 

cycle, with a negligible change in the overpotential, indicating a fast ion transport and 

lithiation kinetics. The lithiation/delithiation behavior of the electrode was examined by 

differential capacity plots, as shown in Figure 2.2c. Each peak in the plot, represents an 

electrochemical reaction or a phase change.22 The presence of peaks at 0.49, 0.35 and 0.17 

V vs Li/Li+ suggests there exists three alloying steps. Initially, the crystalline Ge is 

converted to an amorphous lithiated phase(a-LixGe), and eventually a crystalline phase (c-

Li15Ge4) is formed after the full lithiation process. No irreversible peaks are observed in 

the plot in the given voltage range, suggesting the absence of side reactions in the electrode 

which would result in the capacity fade. The delithiation process initially occurs at 0.39 

and 0.54 V vs. Li/Li+. Later, for instance, after 50 cycles, it occurs primarily around 0.39 

V vs Li/Li+, suggesting a single step delithiation (dealloying) process. During the 

delithiation process, the appearance of broader peaks (e.g. at 0.54 V vs. Li/Li+) and gradual 

vanishing of sharp peaks (e.g. at 0.39 V vs Li/Li+) are attributed to the fact that the 

delithiation process increasingly occurs in an amorphous phase.23, 24,25 

Figure 2.2d shows the cyclic performance at the high current density of 5 C (1 C 

= 1,600 mA g-1) up to 1,800 cycles. After the initial 20 activation cycles at 0.5 C (800 mA 
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g-1), approximately 73% of the initial reversible capacity (649 to 469 mAh g-1) was retained 

at the end of 1,800 cycles. The CE of the 1st cycle was 76% and remained over 99% starting 

from the 3rd cycle. The mass loading of this electrode was 0.56 mg∙cm-2. The excellent long 

term cycleability at such a high rate is due to the porous nature in Ge electrodes, which can 

sustain the lithiation induced stress without undergoing pulverization, thus providing better 

electrolyte accessibility and shorter Li ion diffusion lengths at the same time. 

Figure 2.3 presents the rate capability at the current densities of 0.2, 1, 2, 4, 8 and 

16 A∙g-1 which delivered the reversible specific capacities of 1,368, 1,254, 1,031, 894, 686, 

and 437 mAh∙g-1 respectively. The reversibility was studied by cycling the cells again, at 

8 A∙g-1 and 1 A∙g-1 after 42 cycles, which delivered 685 mAh∙g-1 and 1,173 mAh∙g-1 

respectively. Such a good rate performance is attributed to the porous morphology with 

small grain size (50 nm) and high surface area (37.8 m2g-1), which provide greater 

accessibility of the electrolyte to the active sites compared to dense bulk electrodes. The 

effect of grain size on the lithiation may be studied by using the diffusion approximation 

equation, =x2/4D, where  = time (seconds), x = diffusion length (m) and D is the diffusion 

coefficient (m2s-1). Therefore, a 50 nm Ge particle could be fully lithiated 400 times faster 

than that of a 1 micron Ge particle. Further, the rapid diffusion of Li ions causes a shorter 

lattice strain relaxation time, allowing the material to be strained quickly and uniformly. 

This facile strain relaxation is believed to prevent microstructural damage in the electrode 

particles.26 

A possible way to address the demand for high energy batteries is to increase the 

areal capacity or the thickness of the electrode.12 However, for a thick electrode operating 

at a higher current density (e.g. > 1 C), the transport of Li-ions in the electrolyte limits the 
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full utilization of the electrode, thus leads to a decrease in the areal capacity.12, 27 In 

addition, a recent study by Gallagher et al. reported the accelerated capacity fade in graphite 

electrodes under a high areal capacity (>3.3 mAh∙cm-2) due to lithium plating at the current 

densities greater than 1 C.12 Therefore, the commercially available cells for various 

applications typically deliver the areal capacity of 2.5-3.5 mAh∙cm-2.1 

 

Figure 2.3 Rate performance of Ge electrode at different current densities 

 

 

 

Figure 2.4. Cyclic performance of porous Ge electrodes with high mass loadings (a), and 

the areal capacity as a function of various mass loadings (b) Both (a) and (b) are obtained 

at the current density of 1 mA∙cm-2. The mass loadings involve the mass of binder as well 

as the conductive agents. 

(a) (b) 
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Majority of the literature on the Ge electrodes reported relatively low mass loadings 

(<1 mg∙cm-2).16-18 Recently, Lee et al. achieved a higher areal capacity (~ 2 mAh∙cm-2) for 

the Ge electrode with a mass loading of 1.96 mg∙cm-2 under the current density of  1 

mA∙cm-2.14  The areal capacity of our porous Ge as the function of different mass loadings 

is shown in Figure 2.4a. With the mass loading of 4.45 mg∙cm-2
, the areal capacity of 3.47 

mAh∙cm-2 was observed at the end of 100 cycles. This result exceeds any areal capacity 

currently reported, which also falls within the expected commercial capacity loadings. 

Figure 2.4b illustrates the relationship between the areal capacity and the mass loadings 

for the porous Ge electrode (between 0.38 to 4.45 mg∙cm-2). A linear dependence of mass 

loadings on the areal capacity is observed, which indicates the current density used (1 

mA∙cm-2) did not cause the underutilization of electrode in the given mass loadings 

(thicknesses) due to transport limitations of Li ions in the electrolyte. 

 

Figure 2.5 Electrochemical performance of porous Ge electrode, (a) cyclic performance 

of Ge and LCO full cell at 0.4 mA∙cm-2 . The capacity loadings on Ge and LCO were 1.55 

and 1.856 mAh∙cm-2 respectively. (b) corresponding voltage profile and (c) differential 

capacity plot for (a). (d) cyclic performance of Ge vs LCO full cell at 1 mA∙cm-2 

(c) 

(d) 

(a) (b) 
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To evaluate the practical performance of an electrode, a full cell is required to 

measure under various operational parameters (e.g. C-rates, electrolyte formulations, 

particle sizes, voltage range etc.). It is common in the open literature that the cyclic 

performances of half cells are reported with a Li counter electrode. In this case, the Li 

electrode typically serves as an infinite lithium source and does not contribute to the 

capacity loss in the cell, even after a significantly irreversible loss of Li during the SEI 

formation at the initial cycles. A full cell with a similar specific capacity would undergo a 

decrease in its areal capacity due to the formation of SEI layers which trap Li-ions. Figures 

2.5 (a) and (b) show the cyclic performances of porous Ge electrode in a full cell 

configuration at 0.4 mA cm-2, which adopts a commercial lithium cobalt oxide (LCO) 

cathode in the voltage range from 2.6 to 3.85 V. The maximum areal capacities for Ge 

electrode and the cathode (LCO) were calculated to be 1.55 and 1.86 mAh cm-2 

respectively. 

The differential capacity plots (Figure 2.5c) exhibit the phase transitions in the 

electrodes during charge (alloying with Ge) and discharge (dealloying from Ge) processes. 

The charge process proceeds primarily at 3.42, 3.54 and 3.75 V, while the discharge 

process occurs initially at 3.39 V and later at a wide voltage range between 3.39 and 3.7 V. 

This is in consistent with the broadening of the dealloying peaks in the differential capacity 

plots for the Ge vs. Li half cells. The irreversible capacity loss during the first cycle stems 

from the formation of SEI, as evident by a large irreversible peak around 3.58 V, which 

disappears at the later cycles. 

The full cell results obtained at the higher current density of 1 mA cm-2 is presented 

in Figure 2.5d. The maximum capacities for the Ge and LCO electrodes were calculated 
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to be 1.35 and 1.856 mAh cm-2. The areal capacity at the end of 180 cycles was 0.68 mAh 

cm-2 with CE at 99.6%. The porous morphology, despite providing cyclic stability at the 

later cycles, results in large capacity loss at the initial cycles due to an increase in the side 

reactions resulting from its high surface area. 

High capacity electrodes, for instance Si and Ge, have been known to undergo a 

large volume expansion (up to 300%) upon full lithiation.28, 29 The large expansion and 

contraction during the cycling results in the pulverization of active materials, leading to the 

loss of electrical contacts with other active materials or the current collector.30 Therefore, 

maintaining the physical connection between the active materials, current collector, 

electrolyte and binder is a key requirement to achieve the cyclic stability.31-33 

 

Figure 2.6 TEM images and selected area electron diffraction (SAED) pattern of porous 

Ge (a and b) before cycling and (c and d) after 10 cycles at 100 mA g-1. 

(c) (d) 

(a) (b) 
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The morphology and the phase transformation in the electrode before and after 

cycling were examined by TEM, as shown in Figure 2.6. Previous reports on Ge electrode 

have found the fully de-lithiated phase to be amorphous Ge, after it undergoes full 

lithiation.28, 34, 35 As indicated by the selected area electron diffraction (SAED) pattern, the 

polycrystalline Ge (Figure 2.6b) cycled 10 times at 100 mA g-1 in our electrode transforms 

into completely amorphous Ge (Figure 2.6d) after full delithiation. The fully amorphous 

de-lithiated Ge also suggests that it was fully lithiated before the delithiation process as 

indicated by the absence of crystalline phase in the SAED for delithiated electrode. The 

presence of non-lithiated core in the Ge would appear as distinct spots in SAED. The TEM 

image in Figure 2.6c indicates that the porous Ge lost it initial morphology (Figure 2.6a) 

after cycling. Several grains appear to have been connected together by the removes of 

pores. However, even after undergoing full lithiation and delithiation, the Ge grains are 

able to maintain contacts with the other active Ge grains, thereby, resulting in the cyclic 

stability of the electrode. Therefore, the stability of cyclic performance of the porous Ge 

electrode may be attributed to its ability to prevent the loss of active materials and maintain 

the electrical contacts between the active materials. 

2.4 Conclusion 

In summary, the porous Ge electrode exhibits high areal capacity and stable full cell 

cyclic performance for lithium-ion battery. At the current density of 8 A g-1, over 1800 

cycles were achieved with ~73% (649 to 469 mAh∙g-1) capacity retention. The high areal 

capacity up to 3.3 mAh g-1 was obtained. Examination of post cycled electrode suggested 

that the stability of the electrode stemmed from the ability of the individual grains to 
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maintain the electrical contacts with each other, even after a large volume change upon full 

lithiation. 
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SUBMICRO-SIZED SILICON-GERMANIUM SOLID SOLUTIONS 

WITH HIGH CAPACITY AND LONG CYCLABILITY FOR LITHIUM 

ION BATTERIES

 

3.1. Introduction  

Anode material development for high performance lithium-ion batteries has been 

driven by the recognition of mitigating the adverse effects of pulverization in high capacity 

materials, such as silicon and tin. Significant progress has been made since 20081 towards 

improving energy storage capacity over time in silicon. Silicon is an attractive anode 

candidate because of its high theoretical capacity of 4200 mAh g-1, corresponding to Li22Si5 

composition with a lattice constant of 18.66 Å and 3580 mAh g-1 for Li15Si4 with a lattice 

constant of 10.777 Å.2,3 As a result, a large volume change (~ 400%) from Si (lattice 

constant 5.431 Å and four silicon atoms in a unit cell)4 to Li22Si5 during lithiation (alloying 

with Li) process results in a loss of capacity, attributed to the pulverization of the anode 

particles, loss of contacts with the binder, disintegration of anode and subsequent 

delamination from the current collector.5 Recent in-situ electron microscopic study detailed 

an orientation-dependence of lithiation process in silicon which caused the anisotropic 

swelling.6 Theoretical calculations based on continuum mechanics show the diffusion-

induced stress during electrochemical reaction depends upon the particle size of anodes 

and the critical size for Si is ~ 130 nm.7 When the anode particles are smaller than the 

critical size, the surface energy is hypothesized to be capable of balancing diffusion-
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induced stresses, thus enable a stable cycle performance. Indeed, some promising 

experimental strategies have shown feasibility to reducing the detrimental effects of 

structural changes in anodes, including (1) to reduce the characteristic size of Si by 

synthesizing nano-sized materials, which can provide shorted lithium diffusion distances 

and accommodate large strain without pulverization to maintain good electronic contact 

with the substrate,1 (2) to lessen the total volume expansion effects by tailoring the 

nano/microstructures, crystallinity (amorphous, coatings), and the integrated network 

between anodes and binder,8-11 and (3) to tune the chemical composition, including 

alloying9 or composite with SiO for instance10,11 to improve the fracture toughness of the 

materials.12,13  

While the nano-sized materials as anodes show the promise, there is a need to utilize 

submicro/micro-sized materials for large-scale battery applications (e.g. electric vehicle) 

because of their cost-effective process, high package density, ease to scale-up, and less 

undesirable side reactions between submicro/micro-sized anodes and the electrolyte. To 

improve the electrochemical performance of submicro-sized Si, meanwhile, keeping its 

high capacity, Ge (1620 mAh g-1) and Si formed solid solution is an optimal choice. 

Addition of Ge has been shown to improve the capacity retention in Si-Ge nanowires14 and 

mechanically milled powders.15 However, more studies on process-structure-property 

relations in the materials from a new synthetic route are needed to fully exploit their 

potential. The mechanism still remains elusive. It is known that the addition of a solute 

(Ge) into silicon creates a local stress field during the formation of solid solution, which 

interacts with resident dislocations and subsequently impedes their motion. As a result, an 

increase in yield stress in silicon-based anodes can be obtained, which are capable of 
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withholding greater stresses to initiate slip and the attendant yielding. Here we report that 

a complete miscible Si-Ge solid solution series in a bulk form.16 The solid solution 

synthesis is a simple single step process, which is easily scalable and cost- effective. The 

process can be used to prepare anodes in kilograms per batch. Stable specific capacity was 

obtained in Si-Ge solid-solutions. Despite the volume change of ~260%, the fracture 

toughness of lithiated Ge is much larger than that of lithiated Si.17 Additionally, in 

comparison with Si, Ge exhibits both higher electrical conductivity (104 times than that of 

Si)18 and higher ionic diffusivity for lithium ions (400 times of Si).19 Electrochemical 

performance tested results show that the crystalline Si-Ge solid solution electrodes 

delivered much better stability than that of Si and Ge only, particularly in Si0.50Ge0.50. We 

obtained a stable capacity of 1210 mAh g-1 at the current density of 500 mA g-1 after 80 

cycles and 610 mAh g-1 at the current of 1600 mA g-1 after 400 cycles based on the total 

mass of the electrode. In situ XRD technique was employed to investigate the phase 

evolution during the electrochemical cycling.  

3.2. Experimental  

3.2.1 Materials preparation and characterization  

Silicon (laser synthesized, US Research Nanomaterials) and germanium (Alfa 

Aesar) powders were mixed with a proper ratio to form Si1-xGex. Boron powders were 

added to Si1-xGex to obtain 2 wt.%. The mixed powders were added with isopropanol and 

then kept ultrasonic dispersing for 30 min. The mixture was vacuum dried at 120 C for 2 

hours, followed by heating the mixture up to the temperature of 1140C for 4 hours in the 

presence of continuous flow of hydrogen gas (200 sccm). X-ray diffraction (XRD, Rigaku 

X-ray diffractometer, Cu-K) analysis was performed to study the phase structure and 
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crystallinity. The particle size and the morphology of the anode materials were studied by 

using a scanning electron microscopy (Zeiss Ultraplus Thermal Field Emission SEM). The 

elemental mapping was carried out by using the aberration corrected scanning TEM 

(STEM FEI Titan 80-300) with an energy dispersive spectroscopy (EDS).    

3.2.2 Electrochemical measurements 

The slurry for the working electrode consisting of 80 wt.% of active materials,10 

wt.% of carbon black (1400 m2/g, Akzo Nobel Surface Chemistry, Inc.), and 10 wt% of 

sodium alginate binder, dispersed in deionized water (MP Biomedicals, LLC), which were 

mixed together followed by ball milling for eight hours. Finally, the slurry was casted on 

a copper foil using a doctor blade, followed by vacuum drying at 90C for 16 hours and 

stored inside a globe box under argon atmosphere. 

Coin cells were assembled inside the argon-filled globe box with 1 M LiPF6 in 

dimethyl carbonate and fluoroethylene carbonate (1:1 by volume) as the electrolyte and 

lithium metal (Alfa-Aesar, 99.9%) as the counter electrode and Celgard 2400 as the 

separator. The cells were galvanostatically discharged and charged on a battery test system 

(Arbin BT2000) between 0.02 to 2.0 V at room temperature. The specific capacities were 

measured based on the total mass of the electrode materials including the binder and the 

conductive agent.  

3.3. Results and Discussion  

3.3.1 Theoretical Analysis of Strengthening in Si-Ge Solid-Solutions 

Material fracture occurs when the energy available for the crack growth is sufficient 

to overcome the resistance of the materials. The fracture toughness of a material represents 

the resistance of a material (e.g. surface energy and plastic work) to the propagation of 
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defects such as dislocations. A number of mathematical expressions were developed to 

estimate the critical particle size below which the fracture of the particles could be 

prevented. Huggins et al. carried out an early attempt to estimate the critical size (dc) of the 

anode particles:20 
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where KIC is the fracture toughness of the material, T= (V/V), representing 

transformation strain, and B is the biaxial elastic modulus. The common parameters for 

silicon are: T = 3, B = 170 GPa,9 KIC = 1.06 MPa·m1/2.21 The critical size is calculated to 

be ~ 0.28 nm, which is not congruent with the experimental observations for silicon (up to 

150 nm).6 The selection of proper parameters is a ubiquitous challenge in some mathematic 

models to predict the critical size.  

More than often, the models of lithiation-induced deformation and fracture 

assumed the elastic behavior of the electrodes. Recently, Zhao et al. argued that the 

observation of large morphological changes clearly indicates that charge/discharge cycles 

caused inelastic deformation.22 A new model based on the assumption of inelastic 

electrodes was developed by considering elastic-plastic deformation and fracture. This 

model works well for high-capacity materials because of their large volume expansion 

during lithiation. Center to the development of mathematic models for Si-Ge alloys is to 

consider pre-existing flaws, e.g. constraints at the local solute atoms. For a non-linear 

elastic body, the energy release rate can be obtained by J Contour Integral, defined as the 

change in the potential energy of the material with respect to the change in crack area. For 

the lithiation-induced cracks, the mode I fracture (i.e. the tensile stress acts normal to the 
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plane of crack) may be assumed. The concept of J integral applies equally well to structures 

failing in elastic conditions and in fully plastic conditions, therefore, KIC is related to JIC 

as23 
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  (3.2) 

where  is the Poisson’s ratio, and E is the Young’s modulus of the materials. For the 

inelastic host materials, Zhao et al. proposed a mathematical relation to estimate the critical 

size of the inelastic hosts as electrodes for lithium ion battery by considering diffusion, 

elastic-plastic deformation and fracture, as7 
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where  is the fracture energy of the particle,  is a yield stress, and Z is dimensionless 

number of order unity. We now can estimate the critical size of Si1-xGex by considering JJC 

= K and using proper values of E, KIC and . Eq [3] becomes:  
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Mechanical properties, e.g. Young’s modulus, of Si-Ge alloys have been reported, 

particularly in Yonenaga’s series of publications for the alloys at high temperatures (> 

500oC).12, 13, 24-26 The stress-strain for germanium rich alloy was similar to Ge, likewise 

silicon-rich alloy similar with Si. The unique behavior occurs in compositions with x ~0.50 

at which an athermal stress is in its maximum.26 Below the athermal stress, dislocations are 

pinned due to the dynamic interaction between a solute and surrounding dislocations, thus 

strengthening Si-Ge alloys. Although much work was done at high temperatures, these 

results are consistent with our electrochemical measurements. 
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3.3.2 Structure, Strain, and Critical Size of Si-Ge Solid Solutions 

Silicon and germanium are fully miscible to form crystalline alloys due to their 

similar chemical properties, including valence structure, bonding orbitals (sp3), crystal 

structure (diamond FCC), and indirect bandgap. Our initial experiment focused on the 

refinement of diffraction patterns of the Si-Ge alloys. 

 

Figure 3.1 XRD patterns of Si, Ge and Si-Ge solid solution series 

 

 Figure 3.1 shows x-ray diffraction (XRD) patterns of Si1-xGex (x=0-1), suggesting 

the formation of single phase solid solutions. The XRD patterns for the mixture of silicon, 

germanium and boron particles is included for comparison. To confirm the composition, 

elemental distribution of Ge and Si in the solid solutions were examined by elemental 

mapping, which are presented in Figure 3.2. Homogenous distribution of Si and Ge in the 

all of solid solutions can be observed. The atomic compositions obtained by quantitative 

analysis of the elemental mapping results were closed to the feed ratio (Table 3.1).  
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Figure 3.2 TEM images and elemental mapping for Si, Ge and both components for 

Si0.25Ge0.75 (a, b,c and d), Si0.5Ge0.5 (e,f,g,h) and Si0.75Ge0.25 (i,j,k,l). 
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Table 3.1 EDS analysis the chemical composition of Si-Ge solid solutions 

 Si / at.% Ge / at.% 

Si0.25Ge0.75 26.8 73.2 

Si0.5Ge0.50 49.0 51.0 

Si0.75Ge0.25 75.3 24.7 

 

Refinement was carried out to calculate lattice parameters and residual lattice 

strain. Williamson-Hall plots were used to obtain the residual strain in the solid solution, 

assuming that the diffraction peaks follow a Lorentzian distribution, as: 
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where total is the full-width half-maximum of the XRD peak after a subtraction of a 

systematic broadening,  is the incident x-ray wave length,  is the diffraction angle, t is 

the crystal size, and d is the difference of the d spacing corresponding to a typical peak. 

A plot of total cos() vs. 4 sin() yields the crystal size from the intercept value, and the 

strain (d/d) from the slope. The lattice parameter was calculated from a linear 

regression analysis of the measured lattice constant, obtained from each peak, against 

Nelson–Riley function: 

 (cos2/sin + cos2/)/2 (3.6) 

Figure 3.3 shows the lattice constantand residual strain as a function of germanium 

content (x). The lattice constant follows Vegard’s law, thus exhibites a tread of linear 

dependence of x. The subject of the deviation from Vegard’s law in the vicinity of x = 0.50 

was extensively studied by the semiconductor physics community.27-30 The residual strain 

in Si-Ge solid solution was simulated by ab initio molecular dynamics calculation, showing 
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bond lengths between Si-Si, Si-Ge, and Ge-Ge pairs were a function of composition thus 

resulting in local stress field.28, 30 X-ray absorption fine structure (XAFS) measurements,31 

however, found the bond-angle relaxation in the vicinity of Si0.50Ge0.50, resulting in a 

deviation from Vegard’s law. Moreover, XAFS results showed that the Si-Si bond length 

was only weakly dependent on composition, whereas there was a significant change in the 

Si-Ge bond length and an even larger change in the Ge-Ge bond length. Hence, the addition 

of Si into Ge is expected to significantly influence Ge-Ge bond, thus creating greater 

residual strain, as we observed here, as shown in Figure 3.3.The parameters obtained from 

literature for germanium are;  = 0.28, KIC = 1.004 MPa·m1/2, Z = 0.91, and E = 102 GPa,32 

and its critical size can then be estimated from Eq. [4] ~ 400 nm with a measured strain of 

1.4%. For a particle of a given size at fixed values of fracture energy and young’s modulus, 

the critical particle size to avert the fracture is inversely proportional to the square of the 

lattice mismatch strain as given by Eq. [3.4]. The strain values would be much greater 

during lithiation. In this research, the average particle size for these electrodes is in the 

range of 0.3 - 0.5 micrometers, as shown in Figure 3.4.  
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Figure 3.3 Lattice Constant and Strain in Si-Ge Solid Solution Series. 
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Figure 3.4 SEM images of (a) Si, (b) Si0.25Ge0.75, (c) Si0.50Ge0.50, (d) Si0.75Ge0.25and (e) Ge 

before cycling. 

 

3.3.3 Electrochemical performance of Si-Ge Solid Solutions 

Coin cells were used to evaluate the electrochemical performance of the Si-Ge solid 

solutions. To embody the unique properties of the solid solutions, control experiments were 

carried out Si and Ge electrode under same conditions. Figure 3.5 shows the cycling 

performance of the Si, Ge, and Si-Ge solid solutions electrodes at a current density of 500 

mA g-1 after 5 cycles of activation at 100 mA g-1. It is worthwhile to note that all of the 

capacity is based on the total weight of electrodes, which include active materials, binder, 

and conductor agent. The first discharge (lithiation) capacities of Si, Si0.75Ge0.25, 

Si0.50Ge0.50, Si0.27Ge0.75 and Ge electrodes were 3197.9, 2715.7, 2228.4, 1968.2, and 1499.8 

mAh g-1, and their first charge (delithiation) capacities are 2066.3, 2073.4, 1561.1, 1338.9, 

and 963.6 mAh g-1, respectively. After five cycles of activitation at 100 mA g-1, the initial 

capacity was 417.9, 1869.1, 1425.0, 1277.7, and 844.9 mAh g-1 for Si1-xGex (x = 0, 0.25, 

0.50, 0.75, and 1), the corresponding to Coulombic efficiences are 87.1, 98.6, 96.1, 94.9, 

(a) 

(c) (d) (e) 

(b) 
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and 95.4%,  at a higher current density of 500 mA g-1, accordingly. The capacity retention 

of the five samples in the 80th cycle are 16.0, 55.2, 84.6, 79.2, 98.2% for Si1-xGex (x = 0, 

0.25, 0.50, 0.75, and 1).  

 

Figure 3.5 Cyclic capacity performance of (a) Si, (b) Si0.75Ge0.25, (c) Si0.50Ge0.50, (d) 

Si0.25Ge0.75 and (e) Ge. (f) Voltage profiles of Ge0.50Si0.50 electrode. The first 5 cycles 

were measured at the current density of 100 mA g-1 while the rest were obtained at 500 

mA g-1. Capacity is based on total weight of electrode. 

As shown in Figure 3.5a, a rapid decrease in capacity was observed in silicon (0.3 

– 0.5 micrometers), which consistent with literature reporting of the fracture of silicon 
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electrode with an average particle size > 150 nm.6 With Ge added int to the submicro sized 

Si, the capacity retention and cyclic performance are clearly improved. It is illumistrated 

that added Ge into Si will enhance the stabilty of Si. More interestingly, with increasing 

the composition of Ge, the capacity retention increase at first, then decrease. It indicated 

that the different component of Si-Ge solid solutions have different structral stability  of 

materials. As we discussed above, the Si-Ge solid solutions with different ratio have 

different strain, which maybe the key part to effect the cycliability of Si-Ge solid soltuions. 

According to the strain in Si-Ge solid solutions (Figure 3.3), the strain of Si0.5Ge0.5 solid 

solution is the highest. As we known, the residual strain of the solid solution provides the 

resistance for the movement of dislocations, due to interaction between the stress field of 

the solute and the dislocation. Highest residual strain obtained around equi-molar 

concentration. Compared to the Ge and Si0.5Ge0.5 solid solution electrode, although the 

capacity retention of Ge is higher than that of Si0.5Ge0.5 solid solution, the capacity of 

Si0.5Ge0.5 solid solution is 1.5 times higher than that of Ge electrode. Meanwhile, the 

Coulombic efficiences of the solid solution is 99.4%, which higher than that of Ge (96.2%) 

at the 80th cycle. It is clear that the Si0.5Ge0.5 solid soltion elecrode exhibithed the best 

cycling performance and the highest capacity amongst the five electrodes, which can be 

attributed to the highest stain.    

The select voltage profile of the Si, Ge, and Si-Ge solid solutions are displayed in 

Figures 3.6a to 3.6d. Compared to Si electrode (Figure 3.6a), the Si-Ge solid solutions 

and Ge electrodes exhibited improved capacity retention, suggesting structural stability of 

these materials compared to Si electrode. With the component of Ge increase, the length 

of a small sloping region between 0.125 and 0.02 V vs Li/Li+ is increase. This sloping 
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region is attributed to LixGe covert to Li15Ge4, which is consistent with in-situ XRD studies 

as follows.  

 

Figure 3.6 Voltage profile for 1st, 2nd, 20th, 40th and 50th cycle for (a) Si, (b) Si0.75Ge0.25, 

(c) Si0.25Ge0.75 and (d) Ge electrodes 

 

Further research was carried out to investigate the rate capability of the best 

performing Si0.50Ge0.50 electrode at various current densities, as shown in Figure 3.7a. The 

rate capability of the solid solution is plotted at the current rates of up to 10 A g-1 for the 

voltage range of 0.02 V to 2.0 V vs. Li/Li+. The specific capacity based on the total 

electrode mass is ~ 1475, 1324, 1171, 982, 789, and 453 mAh g-1 at 0.1, 0.5, 1, 2, 4, and 

10 A g-1, respectively. The subsequent cyclic capacity was measured again at 0.5 A g-1, 

which was 1209 mAh g-1, indicating the capacity was recovered 91.3% after rate-
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performance test. The electrode exhibited highest capacity fading at 10 A g-1, with the 15% 

capacity loss during a five-cycle operation. Such a rapid capacity degradation during 

charging/discharging at 10 A g-1 could be explained by the inhomogeneity in Li distribution 

caused by crowded Li in the outer shell of the particles because of the lithiation rate being 

faster than diffusion of lithium ion in the active anodes, resulting in large stress in the 

particle, as reported by Zhao et al.33 Furthermore, it has been reported that such high stress 

could lead to growth of preexisting cracks. The inhomogeneity of Li distribution is higher 

at greater lithiation rates, resulting in large lattice mismatch and implying that the charging 

rate (alloying with lithium) is the driving force for the fracture of materials. The slight loss 

in capacity when the current rate is brought back to 0.5 A g-1 compared to previous cycles 

at the same discharge rate could also be explained by the loss of active materials due to 

some materials being fractured at a high discharge rate of 10 A g-1. 

In order to further assess the stability of the Si0.50Ge0.50 solid solution electrode at 

high rates, we evaluated the rate dependence of specific capacity of this solid solution, as 

presented in Figure 3.7b.  The discharge capacity of the Si-Ge solid solution electrode is 

608 mAh g-1 after 400 cycles at a current density of 1600 mA g-1. The capacity retention 

of the electrode after 400 cycles is as high as 76.7%, suggesting a marginal degradation 

during cycling (~0.058% per cycle). The specific capacity is still about twice its theoretical 

value for graphite electrode. This result illustrates that the Si0.50Ge0.50 solid solution 

electrode has excellent capacity retention and a long cycle life at high rate. 
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Figure 3.7  (a) Rate capability of the Si0.50Ge0.50 solid solution at different current densities 

(0.1 , 0.5, 1, 2, 4 and 10 A/g). (b) Cyclic capacity performance of Si0.5Ge0.5 electrode at the 

current density of 1600 mA g-1, after 5 formation cycles at 200 mA g-1. 

 

To understand why the Si0.50Ge0.50 solid solution electrode exhibits excellent 

electrochemical performance, we analyzed the differential capacity of the Si, Ge and Si-

Ge solid solution electrodes. Differential capacity analysis was used to study the 

mechanism of the electrochemical reactions during the lithiation and delithiation process. 

Each peak generally represents an electrochemical reaction or phase transition in the active 

material.34 Figure 3.8a - e show the differential capacity plots for solid solution electrodes. 

For pure germanium, three peaks are initially observed at 0.14V, 0.27 V, and 0.49 V. After 

first few cycles, they center at 0.16V and 0.36 V, suggesting a two-step alloying process. 

For the delithiation process, the two peaks were initially observed at ~0.38 V and ~0.51 V. 

Ultimately, after a few cycles, a single prominent peak was observed at ~0.39 V, suggesting 

a single-step delithiation (dealloying) process.  

(a) 
(b) 
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Figure 3.8 The differential capacity plots for solid solution electrodes for 1st, 2nd, 20th, 40th 

and 50th cycle. (a) Si, (b) Si0.75Ge0.25, (c) Si0.50Ge0.50, (d) Si0.25Ge0.75 and (e) Ge electrodes 

at the current density of 100 mA/g for the first five cycles and the rest at 500 mA/g 

 

Figure 3.8a presents the dQ/dE plots for the silicon anode showing a single 

lithiation and delithiation peak at ~0.1 V and ~0.44 V, respectively for the 1st cycle. Starting 

from the 2nd cycle, two lithiation peaks were observed at the ~0.23V and ~0.1 V. Similarly, 

two delithiation peaks were observed at ~0.27 and ~0.43 V. Figures 3.8 (b, c and d) show 

the dQ/dV plots for the Si0.75Ge0.25, Si0.50Ge0.50 and Si0.25Ge0.75 solid solution electrodes 

respectively, corresponding to voltage-capacity relations shown in Figures 3.6a to 3.6d. 

For the Si0.25Ge0.75 electrode (Figure 3.8d), the major lithiation peaks can be observed at 

~0.34 V and 0.15 V, and the delithiation process appears to be a two-step process at ~0.36 

V and ~0.5 V. For the Si0.50Ge0.50 electrode, apart from the first cycle, the three lithiation 

peaks are developed at ~0.42V, 0.29V and 0.12 V for rest of the cycles while the 

delithiation peaks were observed at ~0.30V and 0.5 V. These results are congruent with the 

previous work reported by Abel et al on thin film Si/Ge alloys.9 More discussion is 
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provided below. It may be interesting to note that the position of lithiation peaks are found 

to shift to the slightly lower voltages as the concentration of Si increases in the Ge 

electrode, indicating the formation of homogeneous solid solutions due to the absence of 

separate peaks for pure Si and Ge. Furthermore, post cycling TEM and the corresponding 

elemental mapping of the Si0.50Ge0.50 electrode were presented in Figure 3.9, which 

revealed Si and Ge element in the solid solution still keep uniform distribution, without 

aggreation after cycling. This result corroborates the stable cyclic performance of the Si0. 

05Ge0.50 solid solution electrode.  

It is commonly known that the ability of metals subject to plastic deformation can 

be suppressed by reducing the mobility of dislocations. Alloying a metal with solute atoms 

has been known to restrict the movement of dislocations and ultimately resulting in the 

increase in tensile and yield strengths. Enhancement of the mechanical strength of silicon 

by doping with germanium has been reported in semiconductor community, primarily at 

elevated temperatures > 500 oC.12,13 Yonenaga, in several of his publications, reported that 

Si/Ge alloy showed a maximum yield stress in Si0.50Ge0.50.
26,24 This finding is consistent 

with the more stable cyclic capacity observed in Si0.50Ge0.50 solid solution in our work. 

Germanium (atomic radius 122 pm) is larger than that of silicon (111 pm) in size, hence 

when the larger solute atom (Ge) is added to the solvent atoms (Si), a compressive stress 

is generated near Ge atoms. This additional compressive stress can relieve strain created 

during lithiation/delithiation, thus enables more stable cyclic performance. From the 

differential capacity plots, it is apparent that the largest peak during lithiation of Ge is 

formed ~0.16 V, suggesting most volume expansion around that voltage. For Si, however, 

the first peak of lithiation forms at ~0.1 V, lower than that of Ge. The first peak of lithiation 
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for solid solutions largely overlaps with that of Ge. Hence, the presence of Ge atoms in the 

Si can prevent from fracturing even at the particles sizes larger than the critical size (<150 

nm) reported for Si by several other scholars.6,35 

 

Figure 3.9 Post cycling TEM and elemental mapping images of (a,b,c) Si0.25Ge0.75, (d,e,f) 

Si0.5Ge0.5 and (g,h,i) Si0.75Ge0.25 

 

3.3.4 Phase evolution investigated by in situ XRD during electrochemical cycling 

In situ XRD was used to understand the processes of lithiation and delithiation of 

the Si-Ge solid solution anode. In this work, a high power (9 kW) diffractometer enabled 

us to determine structures during the first two cycles between 0.01 and 3.0 V at the current 
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density of 0.15 A g-1. In addition to its high power, a significant advantage of this 

diffractometer is its fast scan rate which allows one to gather sufficient structural details 

during the electrochemical reaction. In addition, the XRD spectra exhibit higher resolution 

than these obtained from a synchrotron setup.36,37 As shown in Figure 3.10, the peak 

intensity of Si0.5Ge0.5 reflections initially increased during the 1st lithiation cycle, then 

decreased (Figure 3.10c). Such increase in intensity is attributed to the reaction of the 

residual Ge or Si oxides with Li-ions, which are converted to Ge or Si. When discharging 

to ~0.165 V (scan number 20), the intensity of reflection, (220) and (311), is at its 

maximum; while the intensity of (111) reflection continued to increase until 0.138 V (scan 

number 40), then decreased again. This observation shows that Li-ions react with Si0.5Ge0.5 

starting from higher index facets, i.e. (220) and (311), which exhibit more open structure 

than that of (111) facet. With more lithium diffusing into the solid solution, the intensity 

of all peaks of Si0.5Ge0.5 decreases. Further discharge to 0.112 V (scan number 75), a broad 

peak appeared at 2θ ~ 41o, corresponding to nano-sized or amorphous Lix(Ge,Si). Another 

broad peak appeared at 2θ ~ 23o when discharged to 0.038 V (scan number 120). When the 

cell was fully discharged (scan number 154), the presence of crystalline Li15(Ge,Si)4 was 

observed, along with a few broad reflections, suggesting the presence of cluster-size 

Lix(Ge,Si). Interestingly, the (111) peak of Si0.5Ge0.5 was still seen after full discharge 

which could be  due to the high mass loading (~7 mg cm-2) of work electrode. Upon charge, 

the reflections of the lithiated phases began to diminish. When charged to 0.608 V (scan 

number 249), all peaks of Li15(Ge,Si)4 disappeared. During the delithiation process, the 

crystalline phase was converted to nano or amorphous Si0.5Ge0.5 solid solution. In the 

second cycle, similar phenomenon was observed, in which all of the crystalline Si0.5Ge0.5 



 

62 

 

disappeared at the end of discharge while the intensity of crystalline Li15(Ge,Si)4 was 

stronger than that observed during the 1st cycle. 

 

  

(a) 

(b) 
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Figure 3.10 (a) First two-cycle discharge-charge curves and the corresponding in situ XRD 

patterns corrected between 0.01 and 3.0 V at 0.15 A g-1 of the Si0.5Ge0.5 solid solution 

anode. Last diffraction scan as background. (b) Discrete XRD, prior to background 

subtraction, selected from (a). (c) Selected XRD patterns during the 1st discharge process 

of the Si0.5Ge0.5 solid solution anode, prior to background subtraction. 

(a) 

(c) 
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. 

  

(a) 

(b) 

Figure 3.11 (a) First cycle discharge-charge curves and the corresponding in situ XRD 

patterns corrected between 0.01 and 3.0 V at 0.2 A g-1 of the Si anode. Last diffraction 

scan as background. (b) Selected XRD patterns during the 1st discharge process of the Si 

anode, prior to background subtraction 
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Figure 3.12 First cycle discharge-charge curves and the corresponding in situ XRD 

patterns corrected between 0.01 and 2.0 V at 0.05 A g-1 of the Ge anode. Last diffraction 

scan as background. (b) Selected XRD patterns during the 1st discharge process of the Ge 

anode, prior to background subtraction. 

 

To better understand the function of Si and Ge in the Si0.5Ge0.5 solid solution, 

control experiments were carried out by using the parent Si and Ge anodes, as shown in 

Figures 3.11 and 3.12, respectively. The Si anode behaved in a similar manner with 

Si0.5Ge0.5, as show in Figure 3.11 with the formation of cluster-type LixSi, which is then 

converted to Li15Si4 phase, and finally all of crystalline phase disappeared. It was surprising 

to observe that the intensity of all Si peaks decreased at the beginning (Figure 3.11 a), 

indicating there is no preferential lithiation facet for Si. For the Ge anode (Figure 3.12), 

the first step involved with the conversion of surface GeO2 to Ge, shown by the increase 

of the intensity of Ge peaks. The second step was the lithiation process of Ge to form 

nanosized LixGe, and Li15Ge4 phase, and then the formation of Li11Ge6 phase. To the best 

(b) 
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of our knowledge, the formation of Li11Ge6 was observed for the first time during the in 

situ characterization,38,39 likely attributed to the use of high power diffractometer. Finally, 

Li11Ge6 phase was converted to cluster-type Ge. According to the selected scan XRD 

patterns (Figure 3.12b), the intensity of Ge (111) and (220) peaks increased at the 

beginning (scan number 80) due to the conversion of GeO2 to Ge. However, the intensity 

of Ge (311) peak decreased, which means that the Li ions react preferentially with Ge at 

the (311) face. Based on the in situ XRD of Si and Ge anodes, the addition of Ge into Si 

changed the direction of lithiation, result in improving the stability of Si anode. 

3.4. Conclusions  

A series of Si-Ge solid solutions were synthesized from a facile single step process. 

Strain analysis and electrochemical measurements showed the presence of Ge solute 

strengthening in Si-Ge solid solutions. The results revealed that Si0.50Ge0.50 exhibits a stable 

discharge capacity of 1210 mAh g-1 at current density of 500 mA g-1 after 80 cycles, 610 

mAh g-1 at 1600 mA g-1 after 400 cycles based on the total mass of the electrode. The 

capacity retention of the electrode after 400 cycles is as high as 76.7%, suggesting a 

marginal degradation during cycling (~0.058% per cycle). The observed electrochemical 

performance offers a new perspective for the possibility of utilizing the sub-micron sized 

SixGe1-x as advanced anode material of lithium ion battery. It can be inferred from the 

obtained results that doping Si with Ge enhances the fracture resistance of Si. Solid 

solutions with equimolar compositions of Si and Ge produced the stable capacity 

performance, which is most likely due to the yield strength being highest at that 

composition as reported in literature, implying its better structural stability. In situ XRD 

studies were used to understand the phase evolution in Si0.50Ge0.50 electrode during the first 
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two cycles, which possessed three steps during the discharge process and one-step during 

the charge processes. More interesting, it revealed that the lithiation process are faster from 

the higher index facets than that of the low index facet. 
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SUBMICRON SILICON ANODE STABILIZED BY SINGLE STEP 

CARBON AND GERMANIUM COATINGS FOR HIGH CAPACITY 

LITHIUM-ION BATTERIES

 

4.1 Introduction 

During the past few decades, high energy density and sufficient power density have 

enabled the widespread application of lithium-ion batteries (LIBs) in the portable 

electronics. In recent years, they have attracted greater attention as an energy storage 

medium for electric vehicles (EVs). Despite preliminary commercial success realized in 

full-electric vehicles (FEVs) , the energy density of the state-of-the-art LIBs (~150 Wh/kg) 

is yet not comparable to that of the internal combustion engine.1 For the 2020 

commercialization of EV batteries, the  United States Advanced Battery Consortium LLC 

(USABC) has targeted the energy densities of 235 Wh/kg (system level) and 350 Wh/kg 

(cell level) for economically viable applications.2 The critical value of the battery pack 

energy density for successful commercialization of FEVs lies around 225 Wh/kg.3 

The energy density of LIBs may be enhanced by increasing the cell working 

potential (voltage), and/or the specific capacity of the electrode. The state-of-the-art LIBs 

using graphite anode (specific capacity: 372 mAh/g) and lithium iron phosphate cathode 

(specific capacity: 170 mAh/g)  offers the energy density around 150 Wh/kg only.4  

Therefore, the development of novel electrodes with a high specific capacity is needed. 
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The silicon (Si) electrode, with a high specific capacity (3579 mAh/g) and low working 

potential (~0.5 V vs Li/Li+), has been widely pursued as an attractive alternative to the 

graphite electrode. The high specific capacity in Si stems from its ability to incorporate 

3.75 Li ions per Si atom (Li15Si4). However, the full lithiation of Si results in a volume 

expansion of ~300% in the particle.5 The diffusion-induced stress due to the lithiation can 

result in the fracture of individual Si particles, and the consequential loss of electrical 

contact with the neighboring active materials or the current collectors. The mechanical 

disintegration of the electrode could result in the loss of active materials, as well as increase 

side reactions as new surfaces are exposed to the electrolyte.6  

Engineering electrode morphology (e.g. porous nanomaterials)7, 8, reducing particle 

size (<150 nm)5 and designing exotic nanostructures9-11 (nanowires, nanorods)  have been 

commonly employed to enhance the mechanical stability of Si electrodes. However, the 

promising electrochemical performance delivered by nanomaterials is often accompanied 

by the low specific and volumetric energy densities, and increased electrolyte reduction 

owing to the high surface area In addition, nanomaterials are prone to undergo aggregation 

during the lithiation/delithiation process, resulting in further pulverization  in subsequent 

cycles.12, 13 The cost and sophisticated synthesis techniques (e.g. chemical vapor 

deposition, template growth, and laser ablation) associated with nanomaterials have 

prevented the Si battery technology transfer from lab scale coin cells to the battery packs 

of electric vehicles (EVs). 14, 15 Therefore, the stabilization of commercially available, low-

cost micro/submicron silicon would help pave the path for achieving scalable, long-cycle-

life, and high-energy-density LIBs, required for next generation applications. 
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A brief survey of recent literature reports reveals limited studies on the stabilization 

of micron/submicron-sized Si as compared to the reports on nano-Si (100 nm or less) based 

electrodes. Some recent approaches to stabilize macro-Si electrodes include nano-

structured Si-C micro particles16, self-healing polymer coating14, carbon coated sub-micron 

Si17 and so on. The nano-structured Si-C micro particles achieved about 200 cycles, 

however, the synthesis process required high temperature (950 C) operation, HF etching 

(highly hazardous) and acetylene gas (extremely flammable).16 The scalability of such a 

process may be challenging.14 Other reports typically have achieved around 100 cycles. 14, 

17, 18 

A common attribute among the aforementioned processes, involved coating Si with 

carbon or a polymer. The significance of carbon coating on electrochemical properties and 

the mechanical stability of Si electrode has been extensively studied. For instance, an in-

situ TEM study on the  lithiation process examined in carbon-coated Si nanowires, revealed 

that the coating not only increased the rate of lithiation but also constrained the total volume 

expansion.19 A separate study on carbon coated tin electrodes also observed that the 

amorphous carbon coatings prevented the pulverization of ~200 nm tin particles.20 

Incorporation of the carbon coating on Si has also been reported to improve the electrical 

conductivity due to the reduction of contact resistance between the active materials.21, 22 

In this report, we have presented a facile, one-step synthesis of Si@Ge@C core-

shell anode for long life and high capacity LIBs. The advantages of Ge coating in the 

electrode are three fold; first, it is an active material with a high theoretical capacity (1600 

mAh/g), second, it has a higher fracture resistance than that of Si in the lithiated phase 23, 

and third, the difference in the lithiation potential between Si and Ge, allow subsequent 
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release of stress/strain alleviating the mechanical disintegration24, 25.  In-situ TEM studies 

have also revealed that Ge particles (<620 nm) can avoid pulverization even upon full 

lithiation.5 The Ge and coatings offered excellent electrochemical and mechanical 

properties, essential for commercial applications.  

4.2 Experimental 

4.2.1 Synthesis and characterization 

The carbon-germanium–silicon (Si@Ge@C) core-shell material was prepared by 

thermal decomposition of tetraethyl germanium (CH3CH2)4Ge on Si powders (0.5-2 m). 

1.24 grams of tetraethyl germanium (Alfa Aesar, 99%), was mixed with each of the three 

different masses (0.12, 0.24 and 0.48 g) of sub-micron-sized Si (Sky Spring nanomaterial’s, 

Inc.) and sealed in a ½” inch Swagelok reactor inside an argon glove box. The sealed 

reactor was then heated inside a tube furnace at 580C for 5 hours. The product formed 

after the decomposition was then transferred from the reactor to the glove box. The 

products were respectively named as Si@Ge@C-12 (0.12 gram Si and 1.24 gram 

(CH3CH2)4Ge), Si@Ge@C-24 (0.24 gram Si and 1.24 gram (CH3CH2)4Ge) and 

Si@Ge@C-48 (0.48 gram Si and 1.24 gram (CH3CH2)4Ge), based on the weight of Si used 

for the same amount of precursor. 

The as-prepared core-shell material was then characterized by x-ray diffraction 

(XRD, Rigaku X-ray diffractometer, Cu K), scanning electron microscopy (SEM, Zeiss 

Ultraplus FESEM) coupled with energy-dispersive x-ray spectroscopy (EDXS), raman 

spectroscopy (Horiba, 632 nm) and transmission electron microscopy (TEM, FEI Titan 80-

30). 
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4.2.2 Electrochemical tests 

The electrodes were prepared by mixing a 80 wt% active material (core-shell 

powder), 12 wt% poly(acrylic) acid binder and 8 wt% carbon black with the deionized (DI) 

water, which was tape casted on a copper foil. The electrolyte comprised of 1 M LiPF6 in 

a  mixture of ethylene carbonate (EC) / dimethyl carbonate (DMC) / diethyl carbonate 

(DEC) 1:1:1 (vol %) containing  2 wt% vinylene carbonate (VC). 10 wt% fluoroethylene 

carbonate (FEC) was also added to enhance the cyclic stability. CR2016 coin cells were 

assembled inside the glove box (O2< 0.1 ppm, H2O <0.1 ppm) with Li metal as the counter 

/reference electrode. The electrochemical cycling tests were conducted in an Arbin BT2000 

battery cycler at a constant-current charge/discharge process between the voltage range of 

1.8 – 0.02 V. The specific capacities were calculated based on the weight of active materials 

(C, Ge and Si). The mass loadings of the electrodes ranged from 0.5-0.7 mg/cm2. 

Electrochemical impedance spectra were obtained using a Biologic potentiostat with a 

galvanostatic current amplitude of 100 µA between the frequency 500 kHz and 0.1 Hz. For 

post-cycling analysis (SEM, Raman and TEM), the electrodes were disassembled inside 

the glove box, and washed with di-methyl carbonate (DMC) to remove the excess 

electrolyte, and finally dried in vacuum at 80 °C prior to further characterization. 

4.3 Results and Discussion 

4.3.1 Material characterization 

The morphology of the Si particles before and after coating C and Ge can be 

compared in Figure 1. The size distribution of pristine Si is wide, ranging from 0.5 µm to 

over 2 µm (Figure 1 a).  
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Figure 4.1 SEM images of (a) Si, (b) Si@Ge@C-12, (c) Si@Ge@C-24 and (d) 

Si@Ge@C-48 

   

After coating C and Ge, the random shaped Si particles evolve into spherical or 

angular shapes, based on the amount of precursor decomposed. For the highest precursor 

to Si mass ratio (1.24 gm precursor/0.12 gm Si), the majority of the coated particles assume 

spherical shapes (Figure 4.1 b). The sphericity of the product is reduced with the decrease 

in the ratio of precursor to Si (Figure 4.1 c and d). The morphology and size of the initial 

particles also seem to affect the final morphology. For instance, all the spherical Si 

nanomaterials (~50 nm) acquire uniform coating and assume spherical shape after coating 

(Figure 4.2.) The TEM elemental mappings confirm the core shell architecture consisting 

of Si core followed by intermediate Ge shell and the outermost C layer (Figure 4.3).  

(a) 

(c) (d) 

(b) 
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Figure 4.2 SEM images of Si NP (a) before and (b) after C and Ge coating 

 

Figure 4.3 TEM elemental mapping of the Si@Ge@C electrode prepared with 20-30 nm 

Si core 

(a) (b) 
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The evolution of final morphology may be attributed to the tendency to reduce the 

surface area of coatings. The large particles with less sphericity require much larger amount 

of precursor to achieve a spherical core-shell morphology.  

Based on the previous reports, the decomposition of tetraethyl germanium to form 

Ge and C coating may be summarized by the following reactions.26, 27 

Ge(C2H5)4  Ge + 4C2H4 + 2H2 

C2H4 (1+z)C + (1-z)CH4 + 2zH2 

Tetraethygermanium can be reduced to Ge and the hydrocarbons at a temperature 

higher than 420 °C. 28 The products mostly contain Ge , ethylene and hydrogen.27 Further 

decomposition of ethylene leads to the formation of amorphous carbon.26  

Figure 4.4 XRD patterns of Si along with the C and Ge coated Si (a) and the corresponding 

raman spectrums (b)  

 

(a) (b) 
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The X-ray diffraction (XRD) patterns of the Si particles before and after coating 

are presented in Figure 4.4a. The broader peaks for Ge, adjacent to the Si peaks, suggest 

nano-crystalline Ge grains. Using Scherrer equation (d=K/*cos, where d is the 

crystalline size, K is the shape factor,  is the wavelength of x-ray Cu K ,  is the full 

width at half maximum and  is the Bragg’s angle), the crystalline size (d) is estimated to 

be ~20 nm. The absence of carbon reflections in the XRD pattern suggests the amorphous 

nature of the carbon coatings. Further analysis with Raman spectroscopy confirms the 

presence of carbon, indicated by the characteristic D and G peaks around the wave numbers 

1340 and 1592 cm-1, respectively (Figure 4.4b). The sharp peaks at the wave numbers 

~515 and ~300 cm-1 confirms the presence of crystalline Si and Ge in the material. 

SEM EDXS analysis was employed to characterize the elemental composition of 

each electrode. The results are presented in the Supplementary section (Figures 4.5, 4.6 

and 4.7). The elemental compositions are measured to be 48.42 wt% C, 11.93 wt% Si and 

29.65 wt% Ge for Si@Ge@C-12, 38.2 wt% C, 26.22 wt% Si and 35.57 wt% Ge for 

Si@Ge@C-24 and 34.16wt% C, 39.01 wt% Si, and 26.82 wt% Ge for Si@Ge@C-48 

respectively. It is also evident from the EDX spot analysis on individual particles in 

Figures 4.5, 4.6 and 4.7, that the C and Ge rich particles are mostly spherical in shape. 

The elemental distribution of C, Ge and Si in the electrode was investigated by 

TEM elemental mapping. Figure 3 (a-e) indicate the presence of outermost layer of carbon, 

followed by an inner layer of Ge and the innermost core of Si. 
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Figure 4.5 EDX analysis of Si@Ge@C-12. Selected regions/particles are displayed on 

left while the corresponding EDX results are displayed on the right. 
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Figure 4.6 EDX analysis of Si@Ge@C-24. Selected regions/particles are displayed on 

left while the corresponding EDX results are displayed on the right 
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Figure 4.7 EDX analysis of Si@Ge@C-48.  Selected regions/ particles are displayed on 

left while the corresponding EDX results are displayed on the right. 
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4.3.2 Electrochemical performance  

The significance of core-shell architecture is demonstrated in Figure 4.8, by 

comparing the cyclic performance of pristine micron-sized Si with the Si@Ge@C core 

shell electrodes. The cells are cycled at 2 A/g after three formation cycles at 0.2 A/g. The 

pristine Si suffers rapid capacity fade, losing more than 90% of its initial capacity (2,426 

mAh/g, 1st cycle) within the first 50 cycles. At the end of 200 cycles, the specific capacity 

is reduced to 58 mAh/g. In contrast, the Si@Ge@C core-shell electrodes demonstrate 

excellent cyclic stability for the tested 200 cycles. The specific capacities at the end of 200 

cycles for Si@Ge@C-12, Si@Ge@C-24 and Si@Ge@C-48 electrodes are 422, 671 and 

772 mAh/g respectively. At the end of 200 cycles, all the electrodes were able to maintain 

over 80% of their initial stable capacity. 

Figure 4.8 (a) Cyclic performance (discharge capacities) of Si, Si@Ge@C-12, 

Si@Ge@C-24 and Si@Ge@C-48 electrode at 2 A/g. The current rate of the first three 

formation cycles was 200 mA/g. (b) rate performance of the four electrodes at different 

current densities. 

  

The rate performance of the three core-shell electrodes are presented in Figure 

4.8b. The electrodes are cycled at the current densities of 0.1, 0.5, 1, 2, and 4 A/g. To 

(a) 
(b) 
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examine the reversibility, the electrodes are cycled again at the previous current densities 

of 2, 1 and 0.5 mA/g. The specific charge capacities at the corresponding current densities 

are presented below 

 

Figure 4.9 Coulombic efficiency (CE) of the core shell electrodes. FCE stands for first 

cycle efficiency. CEs from second cycles are presented above 

 

It can be observed that the initial coulombic efficiency (CE) of the electrode 

increases as the weight content of the carbon decreases. The micropores in the amorphous 

carbon are believed to increase SEI formation.29, 30 Therefore, the electrode with smaller 

mass fraction of amorphous carbon can be expected to have higher first cycle CE.  The first 

cycle CEs of Si@Ge@C-48, Si@Ge@C-14 and Si@Ge@C-12 are 82, 75 and 73% 

respectively (Figure 4.9). The coulombic efficiency reaches ~99% for all the electrodes 

after 10 cycles. 

While the capacity contribution from amorphous carbon by itself is not known 

quantitatively in this work, its contribution to the total specific capacities of the electrodes 

cannot be completely ruled out; at least for the initial cycles. The lithiation peak on cyclic 
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voltammetry (CV) plots or the differential capacity plots near 0 V have been commonly 

attributed to the lithiation of amorphous carbon electrodes in several previous reports.31-35 

It can be noted that such peaks are not observed in Si  (Figure  4.10 d) or in Ge electrode36, 

but are prominent in the Si@Ge@C electrodes (Figure 4.10 a, b and c). Therefore, these 

peaks may be attributed to the lithiation of amorphous carbon in the core shell electrodes. 

Furthermore, it can be observed that the peak sizes are proportional to the amount of carbon 

in the electrode. A closer examination further reveals that these peaks get smaller with 

increasing cycle numbers, indicating irreversible capacity loss typically observed in 

amorphous carbon electrodes.30 

Similarly, for Si and Ge, the contribution of each element to the total specific 

capacity can be qualitatively verified by the post-cycling raman spectrum and differential 

capacity plots (Figure 4.11). The cells are cycled at low current density (50 mA/g) to 

maximize the lithiation. It is well known that the fully delithiated Si and Ge attain the 

amorphous phase, provided that they are fully lithiated first. Compared to that of pristine 

core shell electrodes (Figure 4.4), the raman spectra for lithiated electrodes exhibit broader 

Ge and Si which are shifted to lower wave numbers (~480 cm-1 for Si and ~280 cm-1 for 

Ge) (Figure 4.11). This indicate the formation of amorphous phases upon full delithiation. 

Therefore, it may be concluded that both Si and Ge have contributed to the total specific 

capacity. Differential capacity plots (Figure 4.10 a, b and c) further corroborate this idea. 

Previous reports have demonstrated the lithiation potentials for Si electrodes to be around 

0.1 and 0.25 V vs Li/Li+ and the delithiation processes around 0.28 and 0.45 V vs Li/Li+.37, 

38 
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.  

 Figure 4.10 Differential capacity plots for (a) Si@Ge@C-12, (b) Si@Ge@C-24 and (c) 

Si@Ge@C -48 electrodes (d) Si at 50 mA/g  

 

 

Figure 4.11 Raman spectra of the electrodes cycled at 50 mA/g 

(c) (d) 

(a) (b) 
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Figure 4.10, presents the differential capacity plots for the control (micro Si) 

electrode, which align with the aforementioned reports. Similarly, the distinct delithiation 

peak at 0.5V vs Li/Li+ and the lithiation peaks at 0.1 V , ~0. 3 V and ~0.5V Li/Li+ can be 

associated to Ge.36, 39, 40 The Ge lithiation peak at ~0.5 V, however, is not prominent for 

being much smaller in height compared to the largest lithiation peak for the whole 

electrode.  

The area under a differential capacity plot provides the specific capacity of an active 

material. Therefore, the decrease in size of the Ge delithiation peaks (0.5 V vs Li/Li+) with 

the increase in the mass ratio of Si to precursor, suggests the decrease in the mass fraction 

of Ge in the electrode. The amount of Ge decreases from 39.65% to 26.83 % as Si/precursor 

ratio is changed from (0.12/1.24) to (0.48/1.24). At the same time, the increasing peak 

height for Si (0.45 V vs Li/Li+) suggests increasing fraction of Si as the ratio increases. The 

elemental composition data presented in the Figure 4.5, 4.6 and 4.7 further confirm this 

observation.  

The structural integrity of the electrodes was examined through SEM images. The 

morphology of the electrodes before and after cycling can be compared in Figure 4.12. 

The cells are cycled at 200 mA/g for 10 cycles. As compared to Figure 4.12 (a), the Si 

electrode has undergone pulverization (Figure 4.12b) after cycling. In contrast, the post-

cycled morphology of the core-shell electrode reveal that the C and Ge-rich electrodes 

(spherical ones) are more resistant to pulverization. Furthermore, the soft carbon in the 

carbon rich electrodes can provide cushion for the surrounding electrodes during the 

expansion and contraction, thus reduction the electrode delamination41. However, not all 

the particles are able to retain their precycled morphologies. Si rich particles, with low 
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sphericity (elongated particles), are found to have undergone pulverization as observed in 

Figures 4.12 (d, f and h). 

  

  

  

  

Figure 4.12 SEM images of the (a) Si before cycling, (b) Si after cycling, (c) Si@Ge@C-

12 before cycling (d) Si@Ge@C-12 after cycling, (e) Si@Ge@C-24 before cycling, (f) 

Si@Ge@C-24   

(a) 

(h) (g) 

(e) (f) 

(d) (c) 

(b) 
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The mechanism of structural stabilization of core shell electrodes may be realized 

by analyzing the lithiation potential of the core and shell(s) and the stress-strain behavior 

in the interface. For example, the lithiation potential of Ge (~0.5 V) is larger than that of 

Si (~0.25 V). With the Si core and Ge shell, the shell will be lithiated first. As a result, a 

compressive strain is generated in the Si core which alleviates the structural disintegration 

of the electrode during its lithiation. 25 

In addition to Ge shell, the probable role of C shell in enhancing structural stability 

needs some discussion. The effect of carbon coating on the structural stability of Si anode 

during lithiation was recently examined by Xu et al., via in-situ transmission electron 

microscopy (TEM). 42 It was reported that bare Si electrode pulverized into several small 

pieces after full lithiation. However, the soft carbon coated Si electrode only suffered a 

single crack on one side. The surface coatings such as C and Ni , have been reported to 

transform the lithiation dynamics of Si from anisotropic to isotropic, thereby reducing the 

number of fractures.42, 43 Increasing the coating thickness makes the lithiation more 

isotropic43 and reduces the maximum tensile stress in the core to preserve the structural 

integrity.44 These arguments could explain our observation about the structural stability of 

spherical, C and Ge rich, electrodes and the pulverization of the large elongated electrodes 

with higher Si content. 

To further examine the role of C and Ge coatings on the cyclic stability of the three 

Si@Ge@C electrodes, electrochemical impedance spectra (EIS) were collected after 5th 

and 20th cycles (Figure 4.13a and b). An equivalent circuit model presented in Figure 

4.13c is used to fit the experimental data in order to extract the parameters of interest.19 

The Nyquist plots, along with the fitted results, for the four electrodes (Si, Si@Ge@C-12, 
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Si@Ge@C-24 and Si@Ge@C-48) are plotted together for 5th, and 20thcycles in Figure 

4.13.The EIS consist of two partially overlapped semicircles at high frequencies while a 

sloped line is observed at low frequencies. The first semicircle originates from the 

geometric capacitance (C_film) and the Li+ migration resistance through the SEI (R_film), 

while the second one at the intermediate frequencies represents the charge transfer 

resistance (R_ct) and the double layer capacitance (C_dl) at the electrode/electrolyte 

interface. And finally, the sloped line is associated with mass transfer (diffusion) resistance 

(W0).
19, 20  Previous studies have related the diameter at the intermediate frequency to the 

interparticle contact resistance. 21, 22 

The parameters obtained after fitting the experimental data to the above model are 

presented in Figure 4.13d. The extracted parameters clearly suggest that the charge 

transfer resistance in the Si electrode is higher than that of the other three electrodes and 

the differences get more prominent with the increase in cycle number. The increased charge 

transfer resistance in Si may be attributed to the fact that the Si electrode undergo fracture 

and pulverization during cycling as observed in the SEM image in Figure 4.12b. The larger 

inter-particle contact resistance in the Si electrode could be introduced due to 

fracture/pulverization of the electrode and lack of conductive medium to connect the 

fractured particles. However, the excellent cyclic stability along with the smaller charge 

transfer resistances in the core-shell electrodes indicate that even the large Si@Ge@C 

particles that might have undergone fracture can still maintain electrical contact with other 

particles or current collectors.22 The contact resistances in the electrodes are fairly stable 

from 5th to the 20th cycle. The electrochemical stability of core shell electrodes therefore 

stems from the enhanced mechanical strength, and the ability of better maintain electrical 
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contact between the active materials/current collector even after fracture, owing to the C 

and Ge shells. 

Figure 4.13 Electrochemical impedance spectra of Si, Si@Ge@C-12, Si@Ge@C-24 and 

Si@Ge@C-48 after (a) 5 cycles. (b) 20 cycles, (c) the equivalent circuit model used to fit 

the experimental data and (d) the charge transfer resistance for each electrode after 5 and 

20 cycles. The scatter plots represent the experimental data while the solid lines represent 

fitted results.  

4.4 Conclusions 

We demonstrated a single step, low temperature (580°C), facile technique for 

coating C and Ge on micro/submicro Si. The coatings offered excellent electrochemical 

cycling performance for 200 cycles. C and Ge rich spherical particles were able to retain 

their morphology after cycling while large micron-sized electrodes with low sphericity 

were pulverized. Despite pulverization of the large micron-sized particles, the C and Ge 

coated Si electrodes displayed lower charge transfer resistance suggesting their ability to 

(a) 

(b) 

(c) 

(d) 
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maintain better electrical contact with each other and the current collector. The coatings 

allowed them to be more resistance to fracture and offer long cycle life. This method offers 

a much simpler way to enable micron/submicron-sized Si electrodes for high-capacity LIBs 

required for next-generation applications. 
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CHAPTER 5 : 

 

HIGH PERFORMANCE POROUS SILICON@C ANODE 

SYNTHESIZED BY LOW TEMPERATURE ALUMINOTHERMIC 

REACTION 

 

5.1 Introduction 

Silicon (Si) has received increasing attention as a promising anode material for the 

next generation lithium-ion batteries (LIBs) because of its high theoretical specific capacity 

(3579 mAh/g) and low lithiation potential (<0.5 vs Li/Li+). By replacing the conventional 

graphite electrode (specific capacity: 372 mAh/g) with Si-based anode, LIBs are expected 

to have > 300 Wh/kg specific energy which could allow the electric vehicles drive 300-400 

miles range in a single charge.1, 2 Significant efforts have been made in the development of 

Si-based anodes since it was first studied by Boukamp et al. in 1981.3-6  However, the key 

challenge for commercial application of Si anodes, as shared by other alloying elements 

such as tin (Sn) and germanium (Ge), has been the fracture and pulverization of the 

electrodes upon full lithiation. The diffusion induced stress generated during lithiation 

leads to the mechanical disintegration and electrical isolation of the electrodes, resulting in 

rapid capacity fade.7, 8  

The cycling performance of an electrode can be greatly affected by the structural 

design of the electrode materials.9-11 Materials engineering approaches to address the 
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mechanical disintegration of Si have mainly been employed towards the development of 

various Si/C composites and novel electrode architectures.4, 9, 12-15 Porous silicon materials, 

among all the nanostructured Si, have been demonstrated to have excellent cycling stability 

owing to its ability to alleviate the net volume expansion.5, 16-18 The porous architecture 

also delivers enhanced rate performance by virtue of the short diffusion length.18 Hence, 

numerous techniques have been reported for the synthesis of porous Si including 

electroless etching, electrochemical etching, template assisted synthesis, magnesiothermic 

reduction and aluminothermic reduction.19-23  

Beyond the above progresses in the porous Si structure, production of battery grade 

Si materials with a scalable and low-cost approach is essential to lower the manufacturing 

cost of LIBs and hence promote the market penetration of electrical vehicles. 

Metallothermic reduction of silica into elemental Si using aluminum (Al) or magnesium 

(Mg) has recently received great attention for battery applications due to its simplicity, 

low-cost and scalability.16, 24 Aluminothermic reduction in particular has important 

advantages over magnesiothermic reduction. First, it can avoid the formation of 

magnesium silicide and the potential release of dangerous silane gas in the subsequent 

byproduct removal process. Second, the aluminothermic reduction of silica can be 

conducted at a temperature below 300 °C with the reaction media such as AlCl3. These 

features make the procedure attractive for scaling up the production. Recently, nano Si was 

produced by reduction of high silica zeolite at 250 °C in aluminium-aluminum chloride 

(m.p. ~192 °C) system. Yet, the Si anode lacked engineered porous structure and exhibited 

rapid fade losing 50% capacity after 200 cycles.25 In another report, silica nanoparticles 
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were reduced with excess AlCl3 to form hollow Si microspheres yet it also lost about half 

of its initial capacity within 100 cycles.23 

Because the porous structure of the product can be greatly affected by the precursor, 

one way to control the porous structure is to select the porous SiO2 precursor with desired 

porous structure and manage to preserve the porous morphology in the final product. The 

porosity of the electrode can greatly affect its energy density. Higher porosity in the final 

product due to pulverization of p-Si can significantly reduce the volumetric energy density 

of the electrode. Similarly, aggregation of the microstructures due to high local temperature 

achieved during the exothermic reaction can be detrimental to its electrochemical 

performance. Therefore, new methods for metallothermic reduction of p-SiO2 have to be 

developed to enable its shape preservation in the final product in order to achieve the 

desired energy density. 

In this work, we developed a new aluminothermic reduction reaction that uses a 

eutectic mixture of AlCl3 and ZnCl2 as the mediator. AlCl3 (m.p. ~190°C) and ZnCl2 (m.p. 

~290°C) forms a eutectic mixture around the composition of 0.52 mole fraction of ZnCl2 

with the melting point of 116 ± 2 °C.26-28 It not only serves as the reaction media, but also 

enables the aluminothermic reduction to be done through the unique reaction route at a 

temperature as low as ~180 °C. Furthermore, the addition of ZnCl2 makes the mixture less 

sensitive to ambient moisture, thus more convenient for handling.29 With carbon pre-

coating on the porous SiO2 precursor, porous Si@C core shell structured anodes could be 

obtained with structure and morphology similar to that of the porous precursor.  Therefore, 

this work represents a new low-cost approach for Si synthesis and represents a step forward 

for the development of Si anodes for high-energy-density lithium ion batteries. 



 

99 

 

5.2 Experimental 

5.2.1 Material synthesis 

The porous Si (p-Si) was synthesized by aluminothermic reduction of porous silica. 

A mixture of  ~0.323 g of ZnCl2 (Alfa Aesar, 99.99%) and ~0.295 g of AlCl3 (Alfa Aesar, 

anhydrous , 99%)) was heated at 330 °C for 1 hr and then cooled  to the room temperature, 

forming a eutectic mixture with a composition containing ~52 mol % ZnCl2. Next, ~0.1 g 

of silica (Kromasil, particle size of 5 um, pore size of 300 Å) was mixed with Al powders 

(Alfa Aesar, 97.5%, 3-5 um) and the solidified eutectic salt mixture. The mixture was then 

sealed in a Swagelok reactor and heated at 210 °C for 16 hr in a tube furnace under argon 

atmosphere. The product was washed with 1 M HCl solution and then 10 wt% HF solution 

to remove the byproducts and residual silica and vacuum dried at 70 °C. 

Carbon coated porous silica spheres was prepared by an approach similar to those 

previously reported.30 0.2 g of the carbon precursor, 2, 3-dihydroxynapthene (Alfa aesar 

>98%) was dissolved in acetone followed by addition of 0.4 g of silica. The mixture was 

stirred for 3 hr and the solvent was evaporated from the mixture at 70 °C. The sample was 

then vacuum dried at 80 °C for 2 hr. Finally, the sample was heated in an alumina boat in 

a tube furnace under argon atmosphere at 900 °C for 4 hr. Porous Si@C core shell structure 

(p-Si@C) was prepared by mixing ~0.16 g of porous SiO2@C core-shell structure with 

~0.2 g Al powder and heated with the eutectic salts mixture of ZnCl2 and AlCl3 at 220 °C 

for 16 hr. The product was then washed with HCl and water and finally with 10 wt% HF 

solution to remove the byproduct and residual silica from the sample. 
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5.2.2 Sample characterization 

The X-ray diffraction (XRD) patterns were obtained using Rigaku X-ray 

diffractometer (Cu Kα radiation). The Morphology and structure of the samples were 

examined on FEI Helios Nano lab dual-beam focused ion beam scanning electron 

microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM) using 

an FEI Titan 80–300 microscope operating at an accelerating voltage of 300 kV. Raman 

spectra were collected using Horiba Raman spectrometer using 632 nm laser. Surface area 

and the corresponding pore volume of the samples were examined by a Quanta chrome 

Autosorb automated gas sorption system using nitrogen adsorption isotherm at the relative 

pressure P/P0 of ~0.99 using Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda 

(BJH) methods. 

5.2.3 Electrochemical measurement 

The electrodes were prepared by tape casting the slurry composed of 70 wt% active 

materials (p-Si or p-Si@C), 20 wt% Poly(acrylic acid) and 10 wt% acetylene black on a 

copper foil. The electrochemical properties of the electrode were examined by assembling 

CR2032 coin cells in an Ar filled glovebox with water and oxygen concentration less than 

0.1 ppm. The Li metal was used as the counter/reference electrode while Celgard 2400 

served as the separator. The electrolyte was prepared by mixing 1 M LiPF6 in a mixture of 

ethylene carbonate (EC) and diethyl carbonate (DEC) in the weight ratio 1:1. FEC (10 

wt%) was added as additive in the electrolyte to enhance the cycling stability. The cells 

were tested between 0.02 – 1.6 V using galvanostatic discharge and charge on an Arbin 

BT-2000 battery tester.  The mass loadings of the electrodes were between 0.6 to 0.8 

mg/cm2. The cells were cycled at the current density of 0.1 A/g for first two cycles while 
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the rest were cycled at 1.2 A/g. The current densities and the specific capacities were 

calculated based on the weight of p-Si. The electrochemical impedance spectra (EIS) were 

obtained through Solartron 1287 frequency response analyzer between the frequency range 

from 1 MHz to 0.5 Hz with an ac amplitude of 10 mV. For the cycling postmortem analysis, 

the cycled electrodes were retrieved by disassembling the cells inside the glovebox at 

charged state, washed with dimethyl carbonate several times and dried.  

5.3 Results and Discussion 

Figure 5.1a schematically illustrates the design principle for the synthesis of porous 

Si@C (p-Si@C) core-shell structure that effectively preserves the spherical and large 

secondary particle morphology. Without the pre-coated carbon shell, spherical structure of 

the micron size secondary particle could not be maintained, only obtaining broken pieces 

consisting of porous Si. On the contrary, with the carbon coating framework, p-Si@C can 

inherit the spherical shape of the porous SiO2 precursor. It has to be noted that the reduction 

reaction in the carbon coated precursor can happen at almost the same temperature as that 

without coating. This is confirmed by the similar diffraction patterns of p-Si and p-Si@C 

with strong Si characteristic peaks indicating similar crystalline size of Si (Figure 5.1b). 

The scanning electron microscopy (SEM) results of p-Si and p-Si@C in Figure 

5.1c-f corroborate the feasibility of our synthesis principle. The morphology of the silica 

precursor and the Si product is compared in Figures 5.1c and 5.2d. The SEM images reveal 

that the spherical shaped porous silica (~ 5 um) powders (Figure 5.1c) are reduced to 

randomly shaped Si with wide distribution of characteristic sizes (Figure 5.1d). A close 

comparison of the mesoporous p-SiO2 (Figure 5.1c inset and Figure 5.2) to the p-Si further 

reveals that the pore sizes in p-Si are remarkably increased to the macroporous range 
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(Figure 5.1d inset). The secondary particles of p-Si are reduced to less than 3 µm. The 

TEM images also reveal the variation of grain sizes from ~10 nm to a few hundred nm 

(submicron) (Figures 5.2b and c). The dark field STEM image further confirms the 3D 

porous architecture composed of the Si nanoparticles (Figure 5.2d).   

 

Figure 5.1 (a)Schematics of the process of synthesis of p-Si and p-Si@C. (b) XRD 

spectrum of final p-Si and p-Si@C obtained after reduction in eutectic mixture of AlCl3 

and ZnCl2. (c) SEM images of the (c) p-SiO2 at low and high magnification (inset), (d) p-

Si at low and high magnification (inset), (e) SEM images of p-SiO2@C and (f) SEM 

images p-Si@C obtained from p-SiO2@C 

 

Figure 5.2 TEM images of (a) pristine p-SiO2, (b) p-Si showing nano crystalline and larger 

dense grains, (c) higher magnification of (b) displaying nano-crystallites, and (d) STEM 

image of p-Si 
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With carbon pre-coating on porous SiO2, the obtained p-Si@C exhibits the same 

spherical morphology as the p-SiO2@C and the porous SiO2 precursor (Figures 5.1e and 

1f), which is because the carbon coating network could efficiently hold the porous 

nanosized SiO2 or Si particles together during the synthesis process. Carbon coating was 

confirmed by the Raman spectra (Figures 5.3a and 5.3b) and SEM EDX elemental 

mapping (Figures 5.4), and the weight content of carbon in p-Si@C is determined to be 

17.32 wt. %, as measured by thermogravimetric analysis (TGA) (Figure 5.5). The sharp G 

band at 1600 cm-1 along with low intensity ratio between the D and G bands (ID/IG =0.75) 

indicate high degree of graphitization (Figure 5.3a).31  The ID/IG ratio remains similar 

(0.77) after the reduction reaction, which suggests the graphitic properties of the carbon 

coating layer is well preserved and is beneficial for enhancing the electrical conductivity 

of the p-Si@C material. In addition, a sharp absorption band also appears at ~520 cm-1, 

further confirming the presence of crystalline Si (Figure 5.3b). 

  

Figure 5.3 Raman spectra of (a) p-SiO2@C and (b) p-Si@C. 

(a) (b

) 
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Figure 5.4 SEM image (a) and the corresponding EDX elemental mapping for (b) C 

(red), (c) Si (green), and (d) O (blue) in p-SiO2@C. 

 

 

Figure 5.5 Thermogravimetric analysis (TGA) of p-Si@C. The amount of carbon in the 

sample was measured to be 17.32%. 

 

Both p-Si and p-Si@C exhibit porous nature even though the morphology is quite 

different. The surface area and pore volume of p-SiO2 are 98.5 m2/g and 0.927 cm3/g 

respectively (Figures 5.6 a and 5.6b). After the reduction to p-Si, both parameters are 

increased to 146.1 m2/g and 1.062 cm3/g, respectively (Figures 5.6 c and 5.6 d). However, 

being macroporous, the true pore volume of the p-Si could not be measured by nitrogen 

adsorption technique as the differential pore volume remained nearly constant at the 

maximum value for the pore size larger than 100 nm. Compared to the aforementioned 

results, the carbon shell of p-Si@C results in higher surface area of 253 m2/g (Figure 5.6e). 
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However, the pores in p-Si@C are found to be smaller than those of both p-SiO2 and p-Si. 

The average pore diameter of p-Si@C is 18-45 nm (Figure 5.6f). The higher pore volume 

(1.12 cm3/g) and smaller average pore size indicate the highly porous property of the 

carbon coating. 

Figure 5.7 shows the detailed porous structure of p-SiO2@C and p-Si@C. The 

cross-section SEM images show pores of 30-50 nm distributed uniformly throughout the 

particle of p-SiO2@C (Figure 5.7a and 5.7b). After the reduction to p-Si@C, the pores 

between Si become larger (Figure 5.7c and 5.7d) which may be attributed to the shrinkage 

of Si grains owing to its smaller molar volume (12.17 cm3/mol) than that of amorphous 

Figure 5.6.  Nitrogen adsorption/desorption isotherms and BJH pore size distribution for 

p-SiO2 (a and b), p-Si (c and d) and p-Si@C (e and f) 
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silica (27.27 cm3/mol).32 SEM elemental mappings (Figure 5.8) further reveal that both 

samples have carbon coating in the pores inside the particle. A small amount of residual 

oxygen can be observed in p-Si@C (Figure 5.8h). The carbon coated 3D porous 

architecture can be expected to improve electrolyte accessibility, enhance electron and Li 

ion conduction and minimize the net volume change during lithiation and delithiation. 

The final morphology of the p-Si was governed by the unique mechanism of the 

mediated Al reduction reaction. The reaction mechanism was investigated by systematic 

study of the phase compositions of the precursor and the as-synthesized product. Al and 

AlCl3 were fed in stoichiometrically excess amount to maximize reduction of the silica. 

Figure 5.9 confirms the presence of Al, AlCl3 and ZnCl2 in the reactants. Being amorphous, 

the silica phase is not observed. After the reaction, the product mostly contains Zn, AlCl3, 

and AlOCl (Figure 5.9b). The XRD reflections for Si are not pronounced owing to its 

small fraction in the product. Based on the evolution of phase compositions, it could be 

inferred that the ZnCl2 is consumed in the presence of Al to form crystalline Zn.33 After 

that, the porous SiO2 is reduced by Al and AlCl3 to form porous Si along with the formation 

of aluminum oxychloride (AlOCl) .25 The possible reaction routes are therefore 

summarized as follows. 

2Al(s) + 3ZnCl2(l) → 3Zn(s) + 2AlCl3(g)           Grxn (210 °C) = -103 kJ/mol (1) 

4Al(s) + 3SiO2(s) + 2AlCl3(g) → 3Si(s) + 6AlOCl(s)      Grxn (210 °C) = -627 kJ/mol (2) 

Due to the volume shrinkage (from SiO2 to Si) after the solid/gas phase reaction, 

the original morphology of the parent p-SiO2 could not be preserved, resulting in the 

random shaped macroporous morphology of the p-Si. Consistent with previous reports, the 
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original morphology of the precursor during reduction to elemental Si could not be 

maintained.34, 35  

The pulverization of p-Si during the aluminothermic reduction of p-SiO2 was 

circumvented by pre-coating the p-SiO2 with carbon before the reduction. It was observed 

that the carbon coating slightly lowered the extent of reduction at 210°C; therefore, the 

reduction was carried out at 220 °C. In addition to lowering the reduction temperature, the 

eutectic mixture of the AlCl3 and ZnCl2, also prevented the formation of SiC, an electrical 

insulator at room temperature, which is known to be fatal to the battery performance.36  

The significance of the eutectic mixture on reducing the reaction temperature can 

be realized by comparing the XRDs of the products obtained at different temperature. The 

eutectic salt mixture allowed the reduction reaction to proceed at the temperature as low as 

180 °C. (Figure 5.10a). The reaction at ~210 °C is very thorough using the eutectic 

mixture.  XRD patterns of the products obtained after being washed with aqueous HCl by 

using the eutectic mixture and AlCl3 are compared side-by-side. Under the similar 

conditions (input temperature, duration of reaction and Al/silica/salt ratio) with AlCl3 salt 

alone, only a small fraction of silica is reduced to Si (Figure 5.10b). In contrast, in the 

eutectic mixture, most of the silica has been successfully reduced to Si, with very marginal 

silica phase observed in the XRD pattern of the product (Figure 5.10c). The role of ZnCl2 

in lowering the melting point of the salt mixture and therefore lowering the reduction 

initiation temperature is thus clearly demonstrated even when the ZnCl2 may not directly 

participate in the reduction of Silica. 
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Figure 5.7 SEM images of the electrode cross-section of p-SiO2@C at (a) low 

magnification and (b) high magnification, and p-Si@C at (c) low magnification and (d) 

high magnification 
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Figure 5.8 SEM images and the corresponding elemental mapping of the cross-section 

of the p-SiO2@C (a, b, c and d) and p-Si@C (e, f, g and h) for elements C (red), Si 

(green) and O (blue). 
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Electrochemical performance: p-Si and p-Si@C show similar charge/discharge curves 

to typical Si electrodes and exhibit good cycling stability (Figure 5.11). The p-Si electrode 

initially delivers a high specific capacity of ~2100 mAh/g after the formation cycles. After 

250 cycles, the electrode is able to retain ~76% of its highest initial capacity achieved at 

Figure 5.9 XRD spectrum of the (a) reactants mixture before the reduction reaction, (b) 

the products after the reaction and (c) reactants analyzed separately for reference. The 

samples were sealed with Kapton tape to prevent the exposure to air /moisture. 

 

Figure 5.10 XRD spectrum of the HCl washed products formed after reduction for 16 

hours of p-SiO2  at 180 °C (a) and at 210 °C in (b) AlCl3 and (c) eutectic mixture of AlCl3 

and ZnCl2 
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the current density 1.2 A/g. Calculated based on the active mass of Si, the specific capacity 

for p-Si@C stabilizes at ~2100 mAh/g after initially increasing from ~1950 mAh/g for the 

first cycle at 1.2 A/g. As shown in Figure 5.11a, the p-Si@C (blue plot) delivers higher 

specific capacity of ~1880 mAh/g after 250 cycles, retaining ~89% of its initial specific 

capacity. It is believed that in addition to preserving the morphology, the pre-coated C 

offered enhanced structural integrity, thereby leading to the enhanced cycling performance. 

The electrochemical performance of control electrodes consisting of Si nanoparticles (Si 

NPs) is also compared with those of p-Si and p-Si@C. The control electrode with Si NPs, 

despite demonstrating fairly stable cycling performance for first 60 cycles, loses 56% of 

its capacity after 140 cycles. The inferior cycling performance of Si NPs may be attributed 

to the lack on interconnected Si network and the electrical isolation from the conducting 

agents as well as instability of the SEI formed on its surface during repeated cycling.37-39  

It is interesting to notice that despite lower first cycle efficiency (~79%) of the p-

Si@C than that of p-Si (87%), the coulombic efficiency (CE) exceeds that of p-Si after the 

4th cycle and remains higher for the subsequent 200 cycles (Figure 5.11b). The CE for p-

Si reaches 99% after 83 cycles while p-Si@C is able to do so at the 27th cycle. The lower 

first cycle efficiency of the p-Si@C, compared to p-Si, is attributed to the greater 

irreversible capacity loss during the formation of solid electrolyte interface (SEI) in the 

microspores of the amorphous carbon coating2, 10. It is consistent with the fact that the p-

Si@C material has a lot of micropores and large surface area. Yet, once the micropores are 

filled with stable SEI, the exposure of the Si core to the electrolyte is restricted leading to 

high CE and stable cycling.2, 40 
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Figure 5.11 (A)Cycling performance of p-Si (red plot) and p-Si@C (blue plot) and (b) 

corresponding coulombic efficiencies, voltage profile of (c) p-Si and  (d) p-Si@C, (e) 

normalized specific capacity of p-Si and p-Si@C,  and (f) rate performance of p-Si and  

p-Si@C at different current densities 
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A close examination of the charge/discharge curves of p-Si and p-Si@C shows that 

the voltage profiles of p-Si and p-Si@C have noticeable difference in the first cycle 

lithiation (discharge) process (Figure 5.11c and d). The lithiation in p-Si@C starts above 

1 V vs Li/Li+ (Figure 5.11e). It has been known that amorphous carbon can be lithiated at 

a voltage of ~1.0 V vs Li/Li+.10 However, such behavior is not observed in the subsequent 

cycles, suggesting irreversible lithiation. It is for this reason that the initial CE for p-Si@C 

is low. However, as the SEI starts to stabilize, it takes a short period of time for the CE of 

p-Si@C to reach >99%. Having smaller specific surface area, p-Si initially exhibits 

relatively higher CE compared to p-Si@C. However, the CE in the following cycles is 

lower than that of p-Si@C and it takes a longer time to reach 99%. Apart from the first 

Figure 5.12 Differential capacity plots of (a) p-Si and (b)p-Si @C for the first cycle, and 

(c)p-Si and (d)p-Si@C for 3rd, 4th and 5th cycles 
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cycle, the rest of the voltage profiles and the differential capacity plots (Figure 5.12) show 

no apparent difference. Both p-Si and p-Si@C exhibit two step lithiation (0.24 and 0.09 V 

vs Li/Li+) and two step delithiation (0.29 and 0.48 V vs Li/Li+) (Figure 5.12 c and d) in 

agreement with the previous reports on Si electrodes.41, 42  

Because of the improved electronic conduction from the carbon coating, p-Si@C 

exhibits an improved rate capability over p-Si (Figure 5.11f). The p-Si@C electrode is 

able to deliver ~1290 mAh/g even at the high current density of 8 A/g which is significantly 

higher than that achieved by p-Si ( ~980 mAh/g)at the same current density. The reason 

for p-Si@C delivers higher specific capacities than that of p-Si at the current densities of 

2 and 4 A/g, can attributed to the enhanced kinetics of lithiation/electron transport due to 

the carbon coating in the external Si surface as well as the internal pores.43 Electrochemical 

impedance spectra were obtained for the electrodes after 200 cycles to compare the charge 

transfer resistance between the two electrodes. A typical EIS consists of two overlapped 

semicircles at high frequencies and a sloped line at low frequencies. The first semicircle at 

the highest frequency domain is usually attributed to the Li+ migration through the surface 

films while the one at the intermediate frequencies is associated with interfacial charge 

transfer.44 The experimental data were fitted with an equivalent circuit model presented in 

Figure 5.13a. From the fitted spectra (Figure 5.13b), the Li+ migration resistance through 

the SEI (R_film) is found to be higher in p-Si (9.0 ohms) than that of p-Si@C (3.2 ohms). 

This indicates that SEI in p-Si@C is thinner.45 Similarly, the charge transfer resistance 

(R_ct) is also higher in p-Si (89.0 ohms) than that of p-Si@C (49.1 ohms). The smaller 

resistances for p-Si@C may be attributed to thinner SEI and enhanced electrical 

connections between the nanosized Si particles by virtue of the carbon coatings.  
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Apart from the superior cycling performance, another advantage of the carbon 

coating is that it improved the structural integrity of the electrode during cycling. SEM 

images of electrode before (Figure 5.14a) and after cycling (Figure 5.14b) demonstrates 

that the p-Si@C material was able to retain the overall spherical shape even after 200 

cycles. That is because the carbon coating provides the mechanical support to the Si 

framework to minimize electrode pulverization that is associated with large volume change 

during lithiation/delithiation.  

Furthermore, it can also help maintain the required electrical contact, even after 

electrode undergoes fracture.46  Therefore, the superior cycling performance of p-Si@C 

could be attributed to the interconnected Si network and its greater resistance to undergo 

mechanical disintegration, formation of more stable SEI, and the uniform carbon coating 

which can better maintain the electrical contact with the neighboring Si/current collector. 

 

Figure 5.13 (a) Equivalent circuit model used to fit the experimental data and (b) 

electrochemical impedance spectra (EIS) of p-Si and p-Si@C after 200 cycles 

(experimental and fitted results) 
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Figure 5.14 SEM images of the p-Si@C electrode (a) before cycling and (b) after 200 

cycles at 1.2 A/g in the voltage range of 0.02 – 1.6 V 

5.4 Conclusion 

A low temperature (210 °C) aluminothermic reduction reaction process has been 

successfully developed to synthesize porous silicon (Si) as an anode for LIB applications. 

The process was enabled by using a eutectic mixture of AlCl3 and ZnCl2 as the mediator. 

The porous Si exhibited excellent cycling performance, delivering the initial specific 

capacity ~ 2100 mAh/g at the current density of 1.2 A/g. Pre-coating the carbon on the 

silica before the reduction displayed much better cycling stability and higher coulombic 

efficiency (>99%) through preserving the overall spherical shape. The superior 

electrochemical performance of both p-Si and p-Si@C over Si NP electrode demonstrated 

the importance of interconnect Si network for extending cycle life. This simple one-step 

reduction process may be widely employed to synthesize porous Si from the silica with 

various initial morphologies.  

  

(a) (b) 
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