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Abstract 

 
Lithium-ion batteries (LIBs) have been used to power portable electronic devices and electric 

vehicles. However, current LIBs consisting of graphite anode and LiCoO2 cathode do not meet 

increasing requirements of more advanced applications with higher energy density and higher power 

density. Thus, it is important to develop new promising alternative electrode materials with higher 

gravimetric and volumetric capacity than conventional ones. Silicon (Si) and germanium (Ge) have 

attracted great attention as promising anode materials due to their high capacity (>1000 mAh g-1) and 

relative low reaction potential (vs. Li/Li+).  

Even though Ge has attracted less attention than Si owing to its higher cost, the increased interest 

in Ge-based materials might bring about a decrease in its cost as a result of the abundance of Ge as 

much as tin in the Earth’s crust. Compared to Si, Ge has several advantages including high electrical 

conductivity (104 times higher than in Si) and exceptional lithium ion diffusivity (400 times greater 

than in Si at room temperature) allowing high rate capability. Similar to Si, however, one critical issue 

of Ge anode is its drastic volume change of >230% which may lead to the cracking and pulverization 

of particles, resulting in a poor cycle life. To solve this problem, synthesis of nanostructured Ge is 

important. Yet, synthetic routes that can satisfy cost-effective large-scale production remain 

significant challenges. One of the most effective methods producing macro- and/or nano-porous 

materials and pure materials is metallothermic reduction process, and is simple, cost-effective and 

scalable approach. 

Herein, we report a facile, cost-effective and large-scale zincothermic reduction route for the 

synthesis of mesoporous germanium from cost-effective germanium oxide particles ranging from 420 

to 600 oC. This zincothermic reactions have several advantages including (i) a successful synthesis of 

germanium particles at low temperature (~450 oC), (ii) accommodation of a large volume change due 

to a mesoporous structure, and (iii) a cost-effective scalable synthesis (staring from inexpensive metal 

oxides). An optimized mesoporous germanium anode exhibits a reversible capacity of ~1400 mAh g-1 

after 300 cycles at 0.5 C rate and stable cycling in full-cell consisting LiCoO2 cathode having high 

energy density. 
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CHATER I. INTRODUCTION 

 

1. Various metallothermic reduction reaction 

 

Metallothermic reactions have been widely used to produce ferroalloys, such as FeV, FeCr or 

FeNb.1 After four years, this process was applied to titanium-alloys in Aachen.2,3 In all cases, metal 

reductants (e.g., Al, Mg, Ca or Si, etc.) have been used to reduce metal oxides with high melting 

temperature. These metallothermic reactions are extremely fast and self-propagating process. 

Process of typical metallothermic reaction is that after ignition up to 2/3 of total reaction time, the 

reaction proceeds extremely smooth with only small amount of smoke and no flame. After this time, 

the reaction rate was significantly increased with large amount of smoke. At earlier time, these 

phenomena were explained that the mixture requires a long time to reach the final process 

temperature with maximum reaction rate. However, neither the spontaneous increase in reaction 

rate nor different “bulk ignition time” for different reactor scales can be explained.  

Since the mixture is a very good thermal isolator, the total amount of mixture can’t influence the 

temperature in the middle of the reactor during ignition. Therefore, examinations of the local 

reaction rates inside the reactor have been conducted to develop a new theory which can explain the 

above described phenomena and reduces the danger of unexpected reaction rates, due to inadequate 

reactor geometry and fractional void of the mixture. 
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1.1. Ellingham diagrams 

 

1.1.1. Definitions of the Gibbs free energy 

 

The Gibbs free energy (ΔG) of a reaction is a measure of the thermodynamic driving force that 

makes a reaction occur. A negative value for ΔG indicates that a reaction can proceed spontaneously 

without external inputs, while a positive value indicates that it will not. The equation for Gibbs free 

energy is:  

ΔG = ΔH – TΔS                              (1.1) 

where ΔH is the enthalpy, T is absolute temperature, and ΔS is entropy.  

The enthalpy (ΔH) is a measure of the actual energy that is liberated when the reaction occurs 

(the “heat of reaction”). If it is negative, then the reaction gives off energy, while if it is positive the 

reaction requires energy.  

The entropy (ΔS) is a measure of the change in the possibilities for disorder in the products 

compared to the reactants. For example, if a solid (an ordered state) reacts with a liquid (a somewhat 

less ordered state) to form a gas (a highly disordered state), there is normally a large positive change 

in the entropy for the reaction.4 

 

1.1.2. Construction of an Ellingham Diagram 

 

An Ellingham diagram is a plot of ΔG versus temperature. Since ΔH and ΔS are essentially 

constant with temperature unless a phase change occurs, the free energy versus temperature plot can 

be drawn as a series of straight lines, where ΔS is the slope and ΔH is the y-intercept. The slope of 

the line changes when any of the materials involved melt or vaporize. Free energy of formation is 

negative for most metal oxides, and so the diagram is drawn with ΔG=0 at the top of the diagram, 

and the values of ΔG shown are all negative numbers. Temperatures where either the metal or oxide 

melt or vaporize are marked on the diagram. The Ellingham diagram shown is for metals reacting to 

form oxides (similar diagrams can also be drawn for metals reacting with sulfur, chlorine, etc., but the 

oxide form of the diagram is most common). The oxygen partial pressure is taken as 1 atmosphere, 

and all of the reactions are normalized to consume one mole of O2. 

The majority of the lines slope upwards, because both the metal and the oxide are present as 

condensed phases (solid or liquid). The reactions are therefore reacting a gas with a condensed phase 
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to make another condensed phase, which reduces the entropy. A notable exception to this is the 

oxidation of solid carbon. The line for the reaction, C + O2 → CO2, is a solid reacting with a mole of 

gas to produce a mole of gas, and so there is little change in entropy and the line is nearly horizontal. 

For the reaction, 2C + O2 → 2CO, we have a solid reacting with a gas to produce two moles of gas. 

Therefore, there is a substantial increase in entropy and the line slopes rather sharply downward. 

Similar behavior can be seen in parts of the lines for lead and lithium, both of which have oxides that 

boil at slightly lower temperatures than the metal does.  

There are three main uses of the Ellingham diagram: 

1. Determine the relative ease of reducing a given metallic oxide to metal. 

2. Determine the partial pressure of oxygen that is in equilibrium with a metal oxide at a given 

temperature. 

3. Determine the ratio of carbon monoxide to carbon dioxide that will be able to reduce the oxide 

to metal at a given temperature. 

 

1.1.3. Ease of Reduction 

 

The position of the line for a given reaction on the Ellingham diagram shows the stability of the 

oxide as a function of temperature. Reactions closer to the top of the diagram are the most “noble” 

metals (for example, gold and platinum), and their oxides are unstable and easily reduced. As we 

move down toward the bottom of the diagram, the metals become progressively more reactive and 

their oxides become harder to reduce.  

A given metal can reduce the oxides of all other metals whose lines lie above theirs on the 

diagram. For example, the 2Mg + O2 → 2MgO line lies below the Si + O2 → SiO2 line, and so 

magnesium can reduce silicon dioxide to metallic silicon. 

Since the 2C + O2 → 2CO line is downward-sloping, it cuts across the lines for many of the other 

metals. This makes carbon unusually useful as a reducing agent, because as soon as the carbon 

oxidation line goes below a metal oxidation line, the carbon can then reduce the metal oxide to metal. 

So, for example, solid carbon can reduce chromium oxide once the temperature exceeds 

approximately 1225°C, and can even reduce highly-stable compounds like silicon dioxide and 

titanium dioxide at temperatures above about 1620°C and 1650°C, respectively. For less stable oxides, 

carbon monoxide is often an adequate reducing agent.  
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1.1.4. Equilibrium Partial Pressure of Oxygen 

 

The scale on the right side of the diagram labelled “Po2” is used to determine what partial pressure 

of oxygen will be in equilibrium with the metal and metal oxide at a given temperature. The 

significance of this is that, if the oxygen partial pressure is higher than the equilibrium value, the 

metal will be oxidized, and if it is lower than the equilibrium value then the oxide will be reduced. To 

use this scale, you will need a straightedge. First, find the temperature you are interested in, and find 

the point where the oxidation line of interest crosses that temperature. Then, line up the straightedge 

with both that point, and with the point labelled “0” that is marked with short radiating lines (upper 

left corner of the diagram). Now, with the straightedge running through these two points, read off the 

oxygen partial pressure (in atmospheres) where the straightedge crosses the “Po2” scale, and this is 

the equilibrium partial pressure. It is possible to reach the equilibrium oxygen partial pressure by use 

of a hard vacuum, purging with an inert gas to displace the oxygen, or using a scavenger chemical to 

consume the oxygen.5 
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Figure 1.1.1. Ellingham Diagrams 
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1.2. Carbothermic reduction 

 

Silicon can be obtained from the reduction of quartz in the presence of carbon at high temperature. 

At present, silicon (metallurgical grade silicon) is being produced using electric arc furnace based on 

carbothermic reaction. Fig. 1.1.3. shows the schematic diagram of electric arc furnace for production 

of metallurgical grade silicon. In this process, quartz rock and various reducing agents  such as coke, 

coal, charcoal and wood chips are charged to the furnace and the temperature raised up to 2200K 

(1900°C) by electric arc. Silica is reduced by the reaction with carbon. The following intermediate 

reactions occur to complete the reduction process. The carbon in the aforementioned materials and 

the silicon undergo the chemical reaction. 6,7 

The typical source material for commercial production of elemental silicon is quartzite gravel; a 

relatively pure form of sand (SiO2). The first step in the synthesis of silicon is the melting and 

reduction of the silica in a submerged-electrode arc furnace. An example of which is shown 

schematically in Figure 1.1.2, along with the appropriate chemical reactions. A mixture of quartzite 

gravel and carbon are heated to high temperatures (ca. 1800 °C) in the furnace. The carbon bed 

consists of a mixture of coal, coke, and wood chips. The latter providing the necessary porosity such 

that the gases created during the reaction (SiO and CO) are able to flow through the bed.  

 

      SiO2(l) + 2C(s) = Si(l) + 2CO(g)                          (1.2) 

and 

SiO2(l) + Si(l) = 2SiO(g)                                (1.2.1) 

SiO(g) + 2C(s) = SiC(s) + CO(g)                       (1.2.2) 

 SiO(g) + SiC(s) = 2Si(l) + CO(g)                       (1.2.3) 

   

The overall reduction reaction of SiO2 is expressed in eq. 1.2, however, the reaction sequence is 

more complex than this overall reaction implies, and involves the formation of SiC and SiO 

intermediates. The initial reaction between molten SiO2 and C (eq. 1.2) takes place in the arc between 

adjacent electrodes, where the local temperature can exceed 2000 °C. The SiO and CO thus generated 

flow to cooler zones in the furnace where SiC is formed (eq.1.2.2), or higher in the bed where they 

reform SiO2 and C (eq. 1.2.2). The SiC reacts with molten SiO (eq. 1.2.3) producing the desired 

silicon along with SiO and CO. The molten silicon formed is drawn-off from the furnace and 

solidified.  
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Figure 1.1.2. A typical plant for production of silicon metal. 

  

16 

 



 

 

 

 

 

 

 

 

 

 
 

Figure 1.1.3. Schematic of submerged-electrode arc furnace for the production of  

metallurgical-grade silicon (MGS). 
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1.3. Calciothermic reduction 

 

Calciothermic reduction is similar to aluminothermic reduction. A research project on the 

reduction of amorphous silica (obtained from rice husk) to silicon of reasonable purity by a 

calciothermic process using calcium was carried out by Mishra et al. (1985). The reaction occurred is 

as following: 

 

SiO2 + 2Ca = 2CaO + Si                                  (1.3) 

 

Reduction of amorphous silica to silicon by calcium was carried out at 720oC.  It has been 

reported by Mishra et al. (1985) that final purity of silicon was 99.9% after acid leaching with 

concentrated HNO3 and HF. 

Another research project on a nanometer precise anatase titania replica of filter paper was 

converted into alpha phase (HCP) titanium by a calciothermic reduction process using calcium 

chloride as a molten salt. The reaction occurred is as following: 8 

 

    2Ca(g) + TiO 2 (s)  2CaO (s) + Ti(s)    using CaCl 2  at 1273K        (1.4) 

 

With the increasing temperature, the anatase titania starts transforming into the rutile phase from 

723 K. When heated to 1055 K, calcium chloride becomes a molten salt. The molten calcium chloride 

absorbs calcium vapour and promotes the electron transfer at the TiO2(s)/CaCl2(l) interface, leading 

to the expected reduction of titania to take place.9 
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1.4. Aluminothermic reduction 

 

Aluminum forms the oxide alumina, Al2O3, which is among the stablest of oxides at all 

temperatures. Only the rare earths, uranium, magnesium, beryllium, thorium, and calcium form oxides 

which are stabler than alumina. On the other hand, all the Group V and Group VI refractory metals, 

viz, vanadium, niobium, tantalum, chromium, molybdenum, and tungsten, and metals like iron and 

manganese, form oxides which are considerably less stable than alumina. The oxide of Group IV 

refractory metal, viz, titanium, zirconium, and hafnium, are about as stable as alumina. Aluminum can, 

therefore, function as an useful reducing agent for many of the commercially important metals and 

alloys. Even though the standard free energy change associated with an aluminothermic reduction 

reaction 

  

3MO + 2Al = 3M +Al2O3                          (1.5) 

 

Is considerably less negative than that associated with the corresponding calciothermic reduction 

reaction  

MO + Ca = M + CaO                             (1.6) 

 

And even though an aluminothermic reduction reaction is considerably less exothermic than the 

corresponding calciothermic reduction reaction, aluminum has emerged as a more popular reducing 

agent than calcium due to several reasons. The product of aluminothermic reduction, alumina, melt  

at 2045 oC, this is a much lower temperature than the melting point of calcia(2615 oC). The melting 

point of aluminum (660 oC) is lower than that of calcium (842 oC), but the boiling point of aluminum 

(2520 oC) is much higher than that of calcium (1494 oC). Thus the relatively small exothermic of 

aluminothermic reduction reactions is not a serious handicap because less heat is required to get the 

products molten in these reactions. Since the vapor pressure of aluminum is relatively inexpensive 

pure aluminum powder and chips, and ease of handling aluminum in the open, are the other attractive 

features of the aluminothermic reduction of oxides.10 

Since aluminum is a more active metal than silicon, it can reduce silicon dioxide to produce 

silicon. Such reaction is highly exothermic in nature and the liberated heat is adequate to sustain the 

reaction by the rapid propagation of a combustion front without further addition of energy. Use of 
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aluminothermic reduction has been suggested for production of composite materials. Examples of 

reactions for making composite materials are: 11 

 

   Cr2O3 + 2Al = 2Cr + Al2O3                                     (1.7) 

TiO2 + 4/3Al + C = TiC + 2/3Al2O3                             (1.8) 

3Fe3O4 + 8Al = 9Fe + 4Al2O3                               (1.9) 

SiO2 + 4/3Al + C = SiC + 2/3Al2O3                       (1.10) 

2MoO3 + 4Al + C = Mo2C + 2Al2O3                      (1.11) 

 

Also synthesis of alumina-aluminum-silicon composite materials has been suggested using 

aluminothermic reduction with a mixture of Al and SiO2 by the following reaction 12 

 

  3SiO2 + 4Al = 2Al2O3 + 3Si                             (1.12) 

 

This reaction can be applied for the production of silicon. However, once alumina is formed 

through the above reaction and in presence of silica, there are other two possible reactions for the 

formation of mullite and the reduction of silicon from mullite: 

 

               3Al2O3 + 2SiO2 = Al6Si2O13  (1.13) 

               8Al + 3Al6Si2O13 = 13Al2O3 + 6Si (1.14) 

 

The formation of mullite and alumina as the reduction products of aluminothermic reduction 

may not be suitable for acid leaching. 
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Figure 1.1.4. DSC curve of the Al / SiO2 compacts at scan rates from 1 to 20 oC/min  
during (a) heating and (b) cooling. 12 
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Figure 1.1.5. X-ray diffraction patterns of the Al / SiO2 system treated at different  

     reaction temperature for 30min (⊙ Al, ◆ Al2O3, ● Si)12 
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Figure 1.1.6. The phase image of microstructures of the Al / SiO2 composite12 
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1.5. Magnesiothermic reduction 

 

Silica (SiO2) can be reduced by magnesium to produce silicon through the following reaction: 

 

SiO2 + 2Mg = 2MgO + Si                              (1.15) 

 

The reaction may involve formation of Mg2Si in the early stages (Eq. 1 .16), followed by 

reduction of SiO2 by Mg2Si through the following chemical reactions (Eq. 1.17): 

 

SiO2(s) + 4Mg(g) = 2MgO(s) + Mg2Si(s)    ΔGo(900oC) = -308.5 kJ/mol       (1.16) 

Mg2Si(s) + SiO2(s) = 2MgO(s) + 2Si(s)     ΔGo(900oC) = -181.8 kJ/mol       (1.17) 

 

In the presence of excess Mg in the reactants, more Mg2Si may form by consuming elemental 

silicon through the reaction: 

 

Si(s) + 2Mg(g) = Mg2Si(s)    ΔGo (900oC) = -63.4 kJ/mol            (1.18) 

 

Bao et al. (2007) reported conversion of diatom frustules (SiO2) to porous nanocrystalline silicon 

using Mg vapour at 650°C which is the melting point of Mg. In this case, reduction reaction occurred 

from the surface to the interior of silica particles and yields the mixture of MgO and Si. Relatively 

low reduction temperature at 650°C and formation of MgO phases intertwined with the silicon 

product inhibited substantial coarsening and sintering of the silicon product. 1 3  However, 

magnesiothermic method has not found wide industrial application since the exothermic reactions 

cause excessive temperatures and result in forming magnesium silicide (Mg2Si) with Si product.14 

The formation of Mg2Si is affected by the excess Mg and reduction temperature. Decreasing 

magnesium amount resulted in decreasing Mg2Si and with increasing temperatures at fixed ratio of 

Mg to SiO2, the formation of Mg2Si increased.15 However, in this study by Kalem (2004), Mg2SiO4 

under certain conditions was not taken into account. In addition, quantitative study of phases of the 

reduction products was not performed and assessment of phases was solely based on intensity of 

Mg2Si, MgO and Si peaks. For this reason, the exact effect of reduction conditions on the formation 

of phases was not well established. Several intermediate steps may be involved with most of the gas-

solid reaction systems.1 5  More recently, Liu et al. succeeded in preparing Si nanocrystals by a 

metallothermic reduction reaction in eutectic molten salts as a reaction ‘‘solvent’’.16  
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Nevertheless, little attention was paid to the exothermic nature of metallothermic reduction 

reaction that causes a higher reaction temperature than the set temperature. The heat capacity of 

molten salts is too low to effectively consume the generated heat. It is reasonable to believe that the 

reaction temperature would rise by a few hundred degrees. This report a new preparation strategy for 

nanoporous Si by using a heat scavenger (NaCl) in a metallothermic reduction reaction. Fusion of 

NaCl (ΔHfusion = ~ 28.8 kJ/mol)17 scavenges the heat released in the exothermic reaction, which 

effectively prevents the structure collapsing and aggregation of the silicon domains. With its low cost 

and good recyclability, NaCl is a very attractive option.18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

25 

 



 

 

 
 

Figure 1.1.7. Shape-preserving magnesiothermic reduction of silica diatom.13 
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Figure 1.1.8. Generation of 3D nanoporous Si from a rice plant (A) Photographs of rice plant. (B) 

Photograph of rice husks obtained after milling. (Upper Inset) Optical microscope 

image showing the morphological characteristic of outer/inner surfaces of a rice husk. 

(Lower Inset) Circular chart indicating the composition of rice husks. (C) Optical 

microscope image of a rice husk shell magnified from the black box in B. (Inset) Si-

mapped SEM-EDS image suggesting that Si exists mostly along the outer rugged 

surfaces of rice husks. (D) A series of photographs summarizing the procedures of 

synthesizing nanostructured Si from rice husks. (Left to Right) Pretreated rice husks by 

an acid-leaching process, rice husk-originated silica by a thermal decomposition 

process, a Si/MgO mixture formed after a magnesiothermic reduction process, and the 

final 3D porous Si obtained after an additional two-stage acid etching process.19 
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Figure 1.1.9. Investigation of decomposition of alkaline carbonates during a MRR without or with 

NaCl heat scavenger, indicating a much lower reaction temperature with the heat 

scavenger.18 
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1.6. Conclusion 

 

Numerous methods for pure metal source materials have been described, including a template-

based chemical synthesis, metal-assisted chemical etching, and metallothermic reaction. Among them, 

the metallothermic reduction process is one of the most effective methods, because it is simple, cost-

effective, and a scalable approach to making macro- and/or nano-porous materials and pure materials. 

Since the Ellingham diagram was well defined in 1944, a lot of industries have produced various 

alkali metals from complex minerals by thermal reduction. For example, Si particles have been 

synthesized from rice husk (silica source) via a magnesiothermic reaction. 

When pure silicon materials prepared in this way were used as energy applications, most of them 

showed a significant improvement in purity, application performances and cost reduction, compared 

to another silicon materials made by another process. Also, many researchers study on the shape-

reserving metallic materials was made by this metallothermic process such as, alumino-, magnesio- 

carbo- calico- thermic. However, this process cause many disadvantages as follows: (i) the process 

required too high temperature over melting point of metal powder for fully reduced oxide materials. 

(ii) the process occur exothermic reactions. (iii) small alkali-metal particles is dangerous due to the 

fume of metal cause explosion. (iV) this process make the by-products as Al2O3, but, the alumina 

hard to dissolve etching solution.  
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2. Lithium ion batteries 

 

2.1. Brief History and Basic Working Principles of LIBs 

 

The main motivation for using Li metal as anode in battery technology was the fact that it is the 

most electropositive (ca. 3.4 V versus standard hydrogen electrode) and the lightest among metals 

(molecular weight of 6.94 g mol-1and specific gravity of 0.53 g cm-3) with high energy density. Due to 

this exceptionally low density, Li has a specific capacity of 3860 mA kg-1, in comparison with a heavy 

metal such as Pb, which has a specific capacity of 260 Ah kg-1. In addition, another attractive aspect 

of Li electrochemistry lies in its small ionic radius, which is ideal for diffusion. The use of materials 

that are highly electropositive in a battery allows an electrochemical cell to operate at higher voltages. 

Hence, with the use of Li anodes, a high voltage battery with an extremely high energy density is 

possible. Owing to these characteristics, commercial Li batteries rapidly found applications in almost 

facets of life.1-5  

Similar to other innovations, technological development of Li batteries resulted from several far-

reaching contributions within half a century. A working Li battery was first demonstrated in the 1970s, 

however, they were only able to develop a primary (non-rechargeable) battery. Eventually, Exxon 

Company manufactured the first commercial secondary Li batteries, which uses Li metal anode, 

lithium perchlorate in dioxolane electrolyte, and LiTiS2 cathode.6-11 Discovery of materials that react 

with Li in a reversible matter, later identified as intercalation compounds, was key to the 

commercialization of Li batteries. Although the potential of intercalation materials were widely 

known among the solid-state chemistry circles, it was not a common knowledge to scientists working 

on battery systems.12 The work on LiTiS2 cathodes gained prominence, leading to several related 

studies based on layered manganese oxide. Several attempts were made to convert metallic Li battery 

into a secondary battery but these efforts failed due to two main issues: 1) forming of dendrites at the 

anode during charging which easily cause short-circuiting; 2) the high chemical reactivity of metallic 

Li, which results into poor battery characteristics, poses inherent risk for thermal runaway reactions 

that put the safety of these batteries in question.13 The uneven dendritic growth during charge-

discharge cycles presented explosion hazards, limiting the use of these Li systems. Soon enough, 

Sony introduced a highly efficient secondary Li battery in 1991 following the breakthrough research 

on LixMO2 (where M is Co, Ni, or Mn) by Goodenough’s group, until today this family of layered 

intercalation compounds are still used almost exclusively.14-15  

Commercialization of Li ion battery, by the joint venture between Asahi Kasei and Toshiba in 
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1992, marked the birth of the Li battery era that made it possible to store energy at twice the capacity 

of nickel-cadmium or nickel-metal hydride batteries. To solve the safety issues previously 

encountered when using Li metal, Li metals were substituted by insertion anode materials. Hence, Li 

ion batteries can be defined as “non-aqueous secondary batteries using transition metal oxides 

containing lithium ion (such as LiCoO2) as a positive electrode and carbonaceous materials (such as 

graphite) as a negative electrode”.7 Research works on the electrochemical Li intercalation and release 

in graphite led to this Li ion or rocking-chair technology.8,10 Dealing with ionic-phase Li proved easier 

as compared to metallic Li, thus making Li ion cells intrinsically safer than Li metal-based cells. 

Moreover, the cell reaction is not chemical in nature, leading to a more stable battery characteristic 

over long charge-discharge cycle life without serious degradation from side reactions. In comparison 

to Li metal-using cells, the C/LiCoO2 cells are produced in a fairly simple and efficient manufacturing 

process, not requiring any special inert atmosphere since LiCoO2 and graphitic carbon are both stable 

in air. By providing a cell voltage of around 3.6∼4.0 V and a gravimetric energy density of 120∼150 

Wh kg-1, Li ion battery made it possible to operate electronic devices even with a single cell.16 

As previously discussed, in a Li ion cell, Li ions intercalate and deintercalate reversibly on both 

the anode and cathode, over hundreds of cycles. In a typical structure, a Li ion cell is composed of a 

graphite anode (e.g. mesocarbon microbeads, MCMB), a Li metal oxide cathode (e.g. LiMnO2 and 

LiCoO2), and a Li salt (LiPF6)-containing electrolyte based in mixed organic solvents, along with the 

separator.17 A good advantage of graphite and other carbon-based anodes is its capability to allow the 

insertion/deinsertion reactions close to the potential of Li metal. Moreover, the cyclability and safety 

are remarkably enhanced with a carbon anode, in contrast with a Li metal anode.18 

In the LIBs, lithium ions move from the anodes to the cathodes during discharge. Electrons also 

move from anodes to the cathode through external circuits during discharge and those electrons 

activate electronics which connect to the circuit. The lithium ions and electrons move back from 

cathodes to anode during charging as seen in Figure 1.2.1., which illustrates the Li ion operating 

principles. The most conventional LIBs are composed of the LiCoO2 cathodes and graphite anodes.11, 

19-23 The following equations explain chemical reactions during the discharge and the charge at each 

electrode.19 Choosing a particular material for the three major components (anode, cathode, and 

electrolyte) of a Li ion cell depends on the physical, chemical, electronic, and electrochemical 

properties, which dictates the cell’s operating voltage, energy density, safety, and cycle life. 
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Positive electrode: 

LiCoO2 ⇆ Li1-xCoO2 + xLi+ + xe- 

Negative electrode: 

LixC6 ⇆ xLi+ + xe- + C6 

Overall reaction:  

LiCoO2 + xC6 ⇆ Li1-xCoO2 + xLiC6 
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Figure 1. 2. 1. Movement of Li+ in an electrolyte and insertion/extraction of Li+ within electrodes 

in a lithium secondary battery. 
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2.2. Components in lithium ion batteries 

 

Table 1.1 shows the key components of a lithium secondary battery. Its materials can be described 

as follows. Because lithium is removed from the lattice structure and released as ions, stable transition 

metal oxides are used as cathodes. Anode materials should have a standard reduction potential similar 

to that of lithium so as to stabilize the released ions and provide a large electromotive force. The 

electrolyte consists of a lithium salt in an organic solvent, thus maintaining electrochemical and 

thermal stability within the range of the working voltage. In addition, separators made of polymers or 

ceramics have a high-temperature melt integrity, which prevents short circuits caused by electrical 

contact between the cathode and the anode. 

LIBs are composed of cathodes, anodes, separators, and electrolytes.24 In commercial LIBs, 

common cathode materials are metal oxides or phosphates (e.g. LiCoO2, LiMnO2, LiFePO4, etc.) 

(Table 1.1).19, 25-26 However, these metal oxides and phosphates show insufficient specific capacity and 

power densities for large scale energy applications.19 In order to overcome these problems, high 

performance cathode materials such as Li(NixMnyCo1-x-y)O2 type and Li2MnO3-stabilized LiMO2 (M 

= Mn, Co, Ni) materials have been intensively studied.19 Development of high performance anodes is 

another important issue as well. The most conventional anode material is graphite.27 However, the 

graphite anodes only exhibit a theoretical capacity of 372 mAh g-1 which is not enough for the large 

scale energy applications.28-29 Therefore, breakthrough in energy density and power density of anode 

materials has to be achieved. Lithium alloying compounds (e.g., Si, Ge, Sb, Al, Sn, etc.) are 

considered to be alternatives but still many problems such as extremely huge volume expansion 

during the charge and formation of unstable solid electrolyte phase (SEI) layer.29 Separators are also 

important component in LIBs. Polyolefin separators, including polypropylene (PP) and polyethylene 

(PE), have been commercialized due to their productivity and superior mechanical properties.30-31 

However, drawbacks including poor wetting behaviors in electrolytes, low thermal and dimensional 

stabilities at elevated temperature have to be solved.32 Electrolytes also need to be more stable at high 

voltage for high power LIBs.11 
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Table 1.1. Characteristics and examples of key components in a lithium secondary battery. 
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2.2.1. Cathode materials 

 

Cathode materials have the highest proportion in the LIB material cost, as shown in Figure 1. 2. 2. 

Therefore, development of more inexpensive new cathodes materials is inevitable. Moreover, the high 

capacity, safety, and environmentally friendly cathode materials have to be studied for the next 

generation LIBs. Lithium transition metal oxides have been used as cathode materials in the 

conventional LIBs. Primary lithium transition metal oxides for cathode materials can be categorized 

with their structures including: 1) layered structure (LiMO2, M = Co, Mn, Ni, and their combinations 

or substitutions), 2) spinel structure (LiM2O4, M = Co, Mn, Ni), and 3) polyanion structure 

(LixMy(XO4)z (M = metal, X = W, Mo, P, Si, etc.).19-20, 24  

The representative material in layered structure is LiCoO2, Li(NixCoyMnz)O2 (NCM), and 

Li(NixCoyAlz)O2 (NCA),33 which metal oxide slabs and lithium ion are alternatively stacked. Cobalt, 

nickel, and manganese element in this structure are generally regarded as a characteristic of high 

energy density, capacity, and structure stability for material design, respectively. For example, NCA 

and NCM are well constructed through each element combination. The NCM price is cheaper than 

that of NCA, and its side reactions do not occur even at high-voltage charge (> 4.3V), showing an 

excellent life characteristics. However, the electronic conductivity of NCM is lower than that of LCO, 

resulting in poor rate capability.34 Cathode materials with layered structure have different 

characteristics depending on the type of metal and ratio in crystal structure. For spinel structure, LMO, 

which has been proposed by Thackeray et al. in 1983,35 is a representative, and its oxygen framework 

is the same as that of layered structure. Unlike layered structure, the collapse of crystal structure is not 

shown when Li ion is extracted during cycling. Also, not only it can be operated at ~ 4V with high 

power density induced by 3- dimensional pathway of Li-ion, but also LMO has a cost competitiveness 

due to low Mn price. Despite of these advantages, it has a shortcoming of the capacity reduction at 

high temperatures.33, 36 In olivine structure, LFP is a representative, and has been attractive due to its 

low cost, high thermal stability and environment friendliness.37 LFP describes excellent 

electrochemical properties due to a unique structure stability. However, its discharge voltage exhibits 

3.45 V whose value is lower than that of spinel and layered based cathode material,40 giving a 

decrease of electric power and restriction on the use in practical application. Recently, carbon coating 

and the addition of Mn in LFP structure have been tried to increase an electrical conductivity and 

discharge voltage, respectively.38-39 Depending on the characteristic of cathode materials, LCO and 

NCA is mainly applicable to small IT devices and electrically-drive tools, respectively, while NCM 

and LMO has been used in ESS or EV applications. 
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Figure 1. 2. 2. (a) The proportion of material cost in Lithium-ion batteries and 

(b) the scale of LIB material market. 
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2.2.2. Anode Materials 

 

In lithium secondary batteries, oxidation reactions occur spontaneously in anode materials during 

discharge, while reduction reactions spontaneously take place in cathode materials. For instance, in a 

lithium secondary battery consisting of LixC/Li1-xCoO2, the anode material LixC donates electrons 

and lithium ions. In this case, LixC itself oxidizes. Similarly, the cathode material Li1-xCoO2 accepts 

electrons and lithium ions. In this case, Li1-xCoO2 itself reduces. At the anode, lithium ions are stored 

and released during charge and discharge, respectively.41, 45-46 

In the case of the graphite anode, one lithium reacts theoretically with six carbons, as shown in the 

equation below. The voltage of the graphite anode in comparison with the lithium electrode (Li+/Li) 

ranges from 0.0 to 0.25V and its theoretical specific capacity is 372 mAh g-1. The potential of pristine 

graphite is 3.0 V but rapidly declines when lithium is intercalated. For both the cathode and the anode, 

the potential of the lithium electrode decreases by increasing lithium within the electrode active 

material, finally reaching 0 V.41-45 

 

LixC6 → C6 + xLi+ + xe-   0.00-0.25V ( versus Li+/Li ) 

 

Decomposition of the electrolyte occurs at the surface of the anode during charging since its 

reduction potential is relatively higher than that of lithium. Such decomposition not only causes the 

formation of solid electrolyte interphase at the surface of the electrode but also suppresses the electron 

transfer reactions between the anode and the electrolyte, thus preventing further electrolyte 

decomposition. The performance of Li batteries is strongly influenced by the characteristics of the SEI 

film deposited at the electrode surface. Many attempts are being made to produce a more compact SEI 

layer with outstanding electrochemical properties by introducing additives that induce decomposition 

prior to the electrolyte decomposition. 47,48 

Anode materials influence the performance of lithium secondary batteries, including energy 

density, power density, and cycle life. To maximize the performance of lithium secondary batteries, 

anode materials should fulfill the following conditions: 

1) Anode materials should have a low potential corresponding to a standard electrode and provide 

a high cell voltage with the cathode. The potential relating to electrochemical reactions must be 

a close approximation of the electrochemical potential of lithium metal. 

2) No significant change in the crystal structure should occur during reactions with lithium ions. 

Change in structure leads to the accumulation of crystal strain and hinders the reversibility of 
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electrochemical reactions, thus resulting in poor cycle life characteristics. 

3) Anode materials should engage in highly reversible reactions with lithium ions. Ideal reversible 

reactions have 100% charge/discharge efficiency, indicating no change in reaction efficiency 

with advanced cycles. 

4) Fast diffusivity of lithium ions is required within the active electrode material at the anode since 

this is particularly important to realize cell performance.  

5) High electronic conductivity is necessary to facilitate the movement of electrons during 

electrochemical reactions. 

6) Active anode materials should be sufficiently dense so as to obtain a high electrode density. This 

is an important design factor that is considered to enhance battery energy. For example, graphite 

material shows a theoretical density of 2.2 g/ml and a theoretical capacity density of 818 

mAh/ml. 

7) Materials should store a large amount of charge (Coulomb) per unit mass. 

Other important factors that determine energy density and power are specific surface area, tap 

density, particle size, and distribution. Because the anode has a large specific capacity per unit mass, it 

is more difficult to intercalate or deintercalate lithium ions in comparison with the cathode. As such, 

the design of the anode should take into account the fast movement of lithium ions in order to enhance 

the performance of Li batteries. Table 1.2. shows the main characteristics of common anode 

material.49, 50 

Since the commercialization of graphite-based LIBs, a considerable number of materials have 

received great attention as potential alternative anodes.51 Many studies have focused on materials 

which can react with lithium ions. Electrochemical reactions between anode materials and lithium 

ions are categorized into three types, including 1) carbonaceous materials (intercalation-

deintercalation reaction), 2) lithium alloys (alloying reaction), and 3) metal oxides (conversion 

reaction).52-54 

Carbonaceous materials can be classified into two types, like graphite and amorphous carbon.55, 56 

Graphite is well known as a typical intercalation/deintercalation anode material.52,57,58 Lithium ions 

are intercalated between the layers of graphite during discharge and the reverse reaction occurs in 

charge. Graphite has been successfully commercialized in the early 1990s due to its low lithium 

reaction potential (< 0.2 V vs. Li/Li+), low irreversible capacity, and low prices. However, a low 

theoretical capacity of 372 mAh g-1 cannot meet the demand for large scale energy applications such 

as smart grid system, ESS, and EVs.52,57 There were several attempts to improve capacity of graphite 

by physical (heating up to 3000oC) and chemical (chemical oxidation) methods.59 However, the 

41 

 



treated graphite anodes showed still insufficient capacity for large scale energy application. In 

addition to graphite, amorphous carbon can be assorted by extent of graphitizability under the heat 

treatment.60 Soft carbon can be graphitized under heat treatment, while hard carbon is difficult to be 

graphitized even at high temperatures above 2500oC due to its disorder.60 Hard carbons can deliver 

higher capacity and better rate capability than those of graphite due to its microporous structure.61 In 

spite of those advantages, hard carbon shows large irreversible capacity in the first cycle and large 

hysteresis in voltage profiles.62 Thus, hard carbon is usually used with other anode materials via 

composite type or core shell structure.63,64 Soft carbon exhibits moderate electrochemical properties 

between graphite and hard carbon.64 

As mobile devices become increasingly lightweight, compact, and multifunctional, the energy 

density of lithium secondary batteries should be enhanced to achieve long operating time. For 

commercially available graphite, the lithium storage capacity (LiC6) has been limited to 372 mAh/g 

(or 820 mAh/cm3). This problem can be overcome by using anode materials with a larger lithium 

storage capacity. Besides graphite, Si and Sn are good examples of high-capacity materials that can 

react with lithium to form alloys. Research is being actively carried out on various alloys related to 

such metals.  

Li, Li–Al, and Li–Si alloys have been considered as cathode materials with the aim of increasing 

the capacity of lithium secondary batteries, but lithium metals have not been commercialized due to 

safety issues caused by dendrite formation. To overcome this problem, other metals (Si, In, Pb, Ga, Ge 

Sn, Al, Bi, S, etc.) that form alloys with Li have been proposed.65 These metals react with lithium at a 

specific voltage range during charging to become alloys and return to their original state when 

discharged, thus allowing continuous reversible charge/discharge. Unlike intercalation/deintercalation 

reactions in graphite, reversible reactions occur upon alloying/dealloying with lithium. The 

charge/discharge reaction of the electrode involving metal elements is as follows: 

 

xLi+ + xe- + M ↔ LiM  ( → : Charge, ← : Discharge) 

 

Alloying occurs when metals are neutralized by receiving electrons and lithium ions during 

charging, whereas dealloying is the opposite process of returning lithium ions to the original metal. 66  

Most metals show a higher specific capacity than graphite (LiC6), while Si has a theoretical 

capacity greater than 4000 mAh/g. Here, we should take note of the working voltage of these 

materials. Metal–lithium reactions occur at relatively low potential but not for graphite. If these 

metals are selected as anode materials of lithium secondary batteries, energy density can be reduced 
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even with a high capacity per unit mass due to the decrease in battery voltage. However, these high-

capacity alloys have become promising materials, as energy consumption and working voltage have 

dropped with recent developments. Since past research has focused on Si and Sn, more studies should 

be conducted on Ge, Pb, and Al. 

Transition metal oxides (MxOy , M = Co, Fe, Ni, Cu, Mn, etc.) have been investigated as anode 

materials for LIBs because they can react with lithium ions via conversion reaction.53,56,67,68 Metal 

oxide anodes can be categorized according to their reaction mechanisms: (i) conversion reaction 

mechanism (MOx, where M = Co, Fe, Cu, Ni, etc.) (ii) Li alloy reaction mechanism (e.g., SnO2) (iii) 

insertion/extraction reaction mechanism (e.g., TiO2, WO2).54,56,69 Even though most of the transition 

metal oxides deliver higher capacity than graphite anodes, their large-scale application is still hindered 

due to the several reason such as large initial irreversible capacity, relatively high lithium reaction 

voltage, and capacity degradation during cycling.54,56 Nanostructuring and surface modification of the 

transition metal oxides have been developed to solve those drawbacks.54,56  

However, they cannot still meet the requirements of large scale energy application. Therefore, 

development of the higher capacity, rate capability, safety, and furthermore, environmentally friendly 

anode materials is urgently needed for the next generation LIBs. 
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Table 2.2. Characteristics of anode materials. 
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2.2.3. Separators 

 

Separator has a function to separate cathode and anode electrode for a prevention of electrical 

contact between the electrodes. Also, it enables lithium ion to penetrate through the pores during 

electrochemical reaction, and accounts for 15% in LIB material cost. The most conventional separator 

is polyolefin with semi crystalline structure.70,71 The most common polymers for separators are 

polyethylene and polypropylene.70-72 Separators have to be electronically insulator and ionically 

conductor at the same time. Also, there are several requirements of the separators for LIBs and they 

can be classified into two categories, one for electrochemical performance and the other one for safety 

(Table 1.3.). Depending on how separator is produced, it can be classified into dry- and wet-based 

process. IT devices adapt a separator from a mixed process, while EV system utilizes one from dry-

process due to an excellent high-temperature stability. Generally, separator has a thickness of ~ 20 μm, 

which is porosity film based on polyolefin.57 Also, the very small pores are produced to pass through 

lithium ions only, and the separator porosity has greatly influenced on the output characteristics of the 

battery.57 For existing small applications, separator is mainly comprised of polyethylene or 

polypropylene, and the research of increasing porosity has been studied to enhance a cycle-life and 

high power characteristics in automobiles’ LIB. Importantly, separator is critical component to 

influence on stability in battery, i.e., induces rapid thermal shrinkage when batteries are exposed to 

heat above 150 °C, finally, resulting in an internal short-circuit. Therefore, in order to prevent 

explosion of the battery, the thermal contraction is also required for cell stability, and the surface 

coating with inorganic materials has been applied to realize the required thermal property.74 Recently, 

because smart device such as tablet PC have required thinner characteristic, a level of 16 μm is needed 

to follow the growing demand. 
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Parameter Requirements 
 

 
 

Thickness (μm) ≤25 
 
 
 

MacMullin number ≤11 
 
 

Gurley (s/10 cm3) <35 
 
 

Wettability Complete wet-out in typical battery electrolyte 
 
 

Chemical stability Stable in battery for 10 years 
 
 

Pore size (μm) <1 
 
 

Puncture strength >300 g/25.4 μm 
 
 

Thermal stability <5%  

Tensile strength <2%  

Pin removal Easy removal from all major brands of winding machines 
 
 

Melt integrity ≥200 °C 
 

 

 
Table 1.3. Requirements for Li-ion battery separators33 

 

 

 

 

 

46 

 



2.2.4. Electrolytes 

 

Electrolyte can be considered as an intermediate allowing a transport of lithium ion during 

charge/discharge. Typically, it consists of co-solvent, which is mixed with a low viscosity solvent and 

a high permittivity solvent, and a lithium salt prepared by dissolving a predetermined concentration.75 

In order to meet several requirements for the liquid electrolytes, each component such as solvents, 

additives, lithium salts should have a suitable function. Furthermore, the electrolytes should have 

wider operating potential and temperature ranges than those of conventional liquid electrolytes for the 

next generation LIBs. 

Lithium hexafluorophosphate (LiPF6) is generally used as lithium salt due to high ionic 

conductivity and good stability. To stabilize an interface between electrode and electrolyte, the 

additives is added, and a fluorine-based electrolytes is currently being used to improve an electrolyte 

stability with poor flame retardancy.76 For the development of advanced electrolyte, it is strongly 

considered that electrolyte should be designed with i) non-fluorine-based flame retardant property, ii) 

electrochemical stability within operating voltage, iii) thermal stability at high operating temperature, 

and iv) securing the ion conductivity at low temperature. Additionally, a polymer electrolyte is 

considered due to little leakage and high stability, but its ion conductivity is low. Therefore, to address 

this problem, a plasticizer is added to make gel condition which can improve a rate of ionic 

conductivity in polymer electrolyte.77 
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CHATER II. SCALABLE SYNTHETIC ROUTE FOR POROUS GERMANIUM ANODE 

MATERIALS FOR HIGH-PERFORANCE LITHIUM-ION BATTERIES 

 

1. Introduction 

 

Lithium-ion batteries (LIBs), essential electrochemical energy storage devices, have been used to 

power for portable electronics, such as cell phones, laptops, and digital cameras, because of their 

advantageous properties, including high working voltage, high energy density, long cycle life, and no 

memory effect.1-3  However, current LIBs consisting of graphite anode and LiCoO2 cathode do not 

meet increasing requirements of more advanced applications with both higher energy density and 

higher power density. Thus, it is crucial to develop new promising alternative electrode materials with 

higher gravimetric and volumetric capacity than conventional ones.4, 5 For example, in an 18650 cell 

consisting of graphite anode with a capacity of 372 mAh g-1 and LiCoO2 cathode with a capacity of 

~137 mAh g-1, if graphite anode is replaced with lithium-alloying materials having a capacity of 

>1000 mAh g-1, the total battery capacity would increase by more than 20%.6, 7 For this reason, silicon 

(Si) and germanium (Ge) have attracted increasing attention as promising high capacity anode 

materials. 

Even though Ge has attracted less attention than Si owing to its higher cost, the significantly 

increased interest in Ge-based materials might bring about a decrease in its cost as a result of the 

abundance of Ge as much as tin in the Earth’s crust.8 Compared to Si, Ge has several advantages as 

follows: (i) Although the gravimetric capacity of Ge, 1384 mAh g-1 corresponding to Li15Ge4 at room 

temperature, is much lower than Si (3579 mAh g-1 at room temperature), the volumetric capacity of 

Ge, 7366 Ah cm-3, is second only to Si (8334 Ah cm-3).9 (ii) Ge exhibits high electrical conductivity 

(104 times higher than in Si) due to its smaller band gap of 0.6 eV.10,11 and exceptional lithium ion 

diffusivity (400 times greater than in Si at room temperature) allowing high rate capability.12 And (iii) 

Ge anode shows isotropic lithiation behavior, while Si exhibits highly anisotropic behavior. The 

isotropic lithiation may lead to a highly reversible capacity by minimizing fracture of Ge anode.9 

Similar to Si, however, one critical issue of Ge anode is its drastic volume change of >230% 

which may lead to the cracking and pulverization of particles, resulting in a poor cycle life. 11,13 To 

overcome this problem, numerous efforts have been made to design Ge-based materials, including 

down-sizing the particle11, one-dimensional nanostructure9,14,15, dispersing Ge into an inactive/active 

matrix16, porous structures9,17, and coating a shell18, which have significantly improved their 

electrochemical performances.  

55 

 



For example, Cho and co-workers reported the dimensional control of Ge nanoparticles from zero-

dimensional (0D) hollow to 3D porous assemblies of Ge nanoparticles. They also demonstrated the 

synthesis of Ge nanotubes and graphene-coated Ge nanowires which can exhibit high rate capability 

and long-term stable cyclability.19,20 Moreover, Hand and co-workers presented a simple synthesis of 

amorphous hierarchical porous GeOx anodes with a high capacity of ~1250 mAh g-1 after 600 

cycles.21 Other nanocomposites including Ge/carbon and carbon-coated Ge also showed significantly 

improved electrochemical performances with a controlled volume expansion of Ge anode and stable 

cyclability over 100 cycles.18,22-26 These materials have been synthesized by the use of organic-capped 

Ge, expensive Ge precursor, and hazardous Ge precursor (e.g., GeH4 and GeCl4) via multiple 

complicated processes.27 In addition, magnesiothermic reduction using magnesium as a reducing 

agent may give rise to potential safety risk due to excessive thermal shock during the chemical 

reaction.17 Therefore, the development of a simple, safe, cost-effective, and scalable synthetic route 

for high-performance Ge battery anode has been greatly attractive but still very challenging.  

Herein, we present a facile and cost-effective synthetic route for mesoporous Ge particles, in 

which zinc (Zn) metal with low melting temperature (420 oC) is used as reducing agent for conversion 

of cheap GeO2 to mesoporous Ge via zincothermic reduction reaction (ZRR). This process enables us 

to retain the shape of original GeO2 and to introduce mesopores in the final Ge particles. This strategy 

has several advantages as follows: (i) reaction temperature of ZRR is much lower than typical 

metallothermic reaction (e.g., Mg, Al, and Ca), (ii) a large volume change of Ge during 

lithiation/delithiation is accommodated by mesoporous structure, and (iii) this process enables us to 

produce mesoporous Ge materials in a large scale and (iv) the ZRR process is environmentally benign 

and cost-effective approach which can be extended to produce mesoporous metal or semiconductors 

from inexpensive metal oxides. An optimized mesoporous Ge anode exhibits a high reversible 

capacity of ~1400 mAh g-1 after 300 cycles at 0.5 C rate, excellent rate capabilities, and a stable 

cycling performance in the full cell (consisting of Ge anode and LiCoO2 cathode) having high energy 

density. 
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2. Experimental 

 

2.1. Synthesis of hollow germanium oxide materials 

 

Hollow GeO2 structures were synthesized by hydrolysis of GeCl4 under ultrasonication. In a 

synthetic procedure, the molar ratio of Ge to Sn is 1:1. 1.635 g of SnCl4-5H2O was dissolved in 35 

mL of ethanol (99.9%, Sigma Aldrich) and under ultrasonication for 10 min. GeCl4 (99.999%, Alfa 

Aesar)/ethanol (1 g/10 mL) solution was then added into the above SnCl4 solution. Subsequently, 7 

mL of deionised water and 1 mL of concentrated NH3-H2O were added into the above solution, 

followed by ultrasonication for 120 min. The white precipitate was collected by centrifugation and 

rinsed several times with ethanol before drying at 80 oC under vacuum. 

 

2.2. Synthesis of porous germanium materials 

 

Commercial bare germanium oxide (GeO2 99.999%, Sigma-Aldrich) was uniformly mixed with 

zinc powder (Zn 99.9%, Alfa Aesar) in mortar process. The mixture was placed inside a stainless steel 

vessel whose cap was then closed in an argon-filled glove box. In a typical process, the furnace was 

heated to 450, 600, 700, 800 oC, at a rate of 5 oC min-1 and kept at this temperature for 3 hr. The 

samples were immersed in a 1M Hydrochloric acid (HCl) solution at 30 oC for 1 hour to remove ZnO 

by-products.  

 

2.3. General characterization 

 

The morphologies of samples were characterized by Field Emission scanning electron microscopy 

(FE-SEM, Hitachi S-4800) operating at 10 kV and X-ray diffractometer (XRD, Bruker D8-Advance) 

operated at 3 kW using CuKα radiation. Raman spectrum was obtained using 3mW, 532nm source 

from a JASCO spectrometer (NRS-3000) to characterize the germanium phase in the germanium and 

germanium oxide materials.  
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2.4. Electrochemical Test 

 

Electrochemical properties of the Ge electrodes were evaluated using coin-type half-cells (2016R) 

at 25 oC. The Si-based electrodes were composed of Ge active materials, super-P carbon black, and 

poly(acrylic acid)/sodium carboxymethyl cellulose (1:1, w/w) binder in a weight ratio of 7:1.5:1.5. 

The electrolyte was 1.3 M LiPF6 with ethylene carbonate/diethyl carbonate (PANAX Starlyte, Korea, 

3/7 (v/v)) including 10wt% fluoroethylene carbonate additive. The half-cells were tested 

galvanostatically between 0.01 and 1.5 V (versus Li/Li+) at C/20 C/5 and C/2 rates. The full cell was 

formed using the z-Ge as the anode, LiCoO2 as the cathode, and a 1.3 M LiPF6 with ethylene 

carbonate/ethylmethyl carbonate (3/7 (v/v)) including 10wt% fluoroethylene carbonate additive as 

electrolytes. The cell was cycled at C/10-C/2 rate within a 2.5-4.2 V voltage limit using WBCS 3000 

battery systems. 
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3. Results and discussion 

 

3.1. Synthesis of hollow GeO2 nanoparticles 

 

A schematic illustration shows the synthetic process of mesoporous Ge materials via a ZRR 

process of hollow germanium oxide powder (Scheme in Figure 1). Hollow germanium oxide (GeO2) 

nanoparticles react with Zn vapor at well above the melting temperature of Zn metal, resulting in a 

formation of Ge and ZnO by-products after the ZRR. Subsequently, the ZnO by-products are 

completely removed in a concentrated hydrochloric acid to make mesoporous hollow Ge 

nanoparticles. We prepared hollow GeO2 nanoparticles by the hydrolysis of Ge4+ and Sn4+ precursors. 

It can occur simultaneously to generate insoluble GeO2 and Sn(OH)4 white precipitates, the small 

nanoparticles gradually self-assemble to form large ellipsoids. Simultaneously, gradual dissolution of 

the Sn(OH)4 templates also takes place due to the basic etching under continuous ultrasonication. the 

hollow structure can be generated as a result of simultaneous etching of the Sn(OH)4 template.23  

 

GeO2 (s) + 2Zn (g) → 2ZnO (s) + Ge(s)   ΔG°(450 oC) = -99.263 kJ mol-1   (2-1) 

 

The SEM image of synthesized GeO2 nanoparticles shows hollow shape morphologies GeO2 

nanoparticles with particles size of 200~300nm. In a high-magnified TEM image, as-synthesized 

GeO2 particles show hollow shape morphologies. (Figure 2.2.(a)) The zincothermic reaction of the 

bare hollow GeO2 led to the shape-preserving mesoporous Ge (zGe) without perturbing the original 

GeO2 structure. In a high-magnified TEM image, as-synthesized Ge particles show mesoporous 

structures without changing the particle size (Figure 2.2.(b)). The X-ray diffraction (XRD) pattern of 

the as-synthesized hollow GeO2 particles shows a crystal structure of trigonal GeO2 phase. These 

nanomaterials may incur a high synthetic cost due to multistep synthetic processes. Also, 

nanomaterials as LIB anode materials have several disadvantages, including low volumetric energy 

density due to reduced tap density, and undesired side reactions between the electrode and electrolyte 

due to large surface areas.4 
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Figure 2. 1. Schematic illustration showing the synthetic process of mesoporous Ge material 

by zincothermic reduction. Radial distribution function of 
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Figure 2. 2. Characterizations of mesoporous Ge materials synthesized by zincothermic reaction. (a) 

SEM images of synthesized GeO2 showing hollow structure. (b) Magnified SEM image 

in Figure. 2.2.(a) shows mesoporous structure. (c) XRD pattern of as-synthesized hollow 

GeO2 (Black). (d) XRD pattern of the reduced pure Ge materials (Red). 
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Figure 2. 4. Ex-situ XRD pattern of as-synthesized hollow Ge from hollow GeO2 nanoparticles 

 in zincothermic reduction at step of low temperature (360 ~ 480oC). 
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3.3. Fabrication of Ge materials by zincothermic reduction 

 

To overcome demerits of nanomaterials, we extended this strategy to micrometer-sized bulk GeO2 

particles. The SEM images of commercially available bulk GeO2 particles show large secondary 

particles (10-20 μm) irregularly stacked by primary particles (100-500 nm in size), tiny pores are 

formed in the stacked regions of primary particles (Figure 2.5.(a) and (b)). The XRD pattern of the 

GeO2 particles shows a crystal structure of trigonal GeO2 phase (Figure 2.5.(c)).28 It should be noted 

that a ZRR process of the bulk GeO2 with low surface area requires additional exothermic heat. When 

the bulk GeO2 reacted with Zn vapor at 500 oC (or 550 oC) for 3 h, most of GeO2 was converted to Ge, 

but small amount of GeO2 still remained (Figure 6). 

As the bulk GeO2 was reacted with Zn vapor at 600 oC (at well above the melting temperature 

(420 oC) of Zn powders) for 3 hr under argon gas, Ge particles (z600-Ge) and ZnO by-products were 

successfully synthesized without unreacted GeO2, as confirmed by XRD pattern in Figure 2.7.(c) 

Subsequently, ZnO by-products were completely removed in a concentrated HCl to obtain pure Ge 

particles (Figure 2.7.(c)). The GeO2 was completely transformed to Ge with ZnO by-products 

according to the following chemical equation (1): 

 

GeO2 (s) + 2Zn (g) → 2ZnO (s) + Ge(s)   ΔG°(600 oC) = -93.94 kJ mol-1   (1) 

 

During the ZRR reaction, secondary particles of the GeO2 broke into many nano-sized primary 

particles and, simultaneously, were converted to nano-sized Ge particles. Figure 2.7.(a) and 2.7.(b) 

show SEM images of as-synthesized z600-Ge particles with particle size of 100-500 nm. In general, 

metallothermic reduction process generates extra-heat, resulting in collapse the original structure of 

metal oxide materials.29,30 To solve this problem, we employed sodium chloride (NaCl) as a heat 

scavenger to retain the original GeO2 structure after the ZRR reaction. In this study, the GeO2, NaCl, 

and Zn powder (GeO2:Zn:NaCl = 1:1.25:2.25 by mass) were homogeneously mixed together in an 

argon-filled glovebox. After the chemical reduction, NaCl salt was washed out several times by water 

and ZnO by-products were removed from 1M hydrochloric acid (HCl) at 30 oC for 1h. The XRD 

patterns display that the as-synthesized Ge/ZnO composite contained large amount of ZnO by-

products and NaCl used as heat-scavenger (Bottom of Figure 2.7.(c)). When the composite materials 

were dissolved in a 1M hydrochloric acid (HCl) etchant solution at 30 oC, a negligible amount of ZnO 

was not detected in the XRD pattern (Top of Figure 2.7.(c)). After complete removal of ZnO and 

NaCl, the XRD pattern of z600-Ge particles clearly shows crystalline hexagonal phase Ge particles. 

Whereas, the ZRR temperature of the bulk GeO2 was increased to 700 oC and 800 oC, a mixture of 

mesoporous/macroporous particle and micrometer-sized aggregated porous Ge particles were 
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synthesized, respectively, due to excess exothermic heat (Figure 2.8.). The crystal size of the Ge 

particles with respect to different ZRR process was calculated by Scherrer analysis of the XRD data.31 

The average size of the crystalline domains is calculated by the following Scherrer formaula (1): 

 

τ = Kλ/βcosθ   equation (1) 

 

where K is a dimensionless shape factor, λ is the X-ray wavelength, β is the line broadening at half 

the maximum intensity, and θ is the Bragg angle. From the Scherrer formula, crystallite sizes of Ge 

particles synthesized at 600 oC, 700 oC, and 800 oC, are 93, 149, and 162 nm, respectively. With 

increasing reduction temperature, the crystal size of the Ge increased (Figure 2.7.(d)). Thus, the 

reaction temperature can affect not only increasing particle size of Ge, but also increasing crystallite 

size. Figure 2.7.(e) shows Raman spectra of as-synthesized z600-Ge and bulk GeO2. The spectrum of 

bulk GeO2 powder shows a peak at 448 cm-1 corresponding to symmetric Ge-O-Ge stretching, and the 

bands at 167 and 260 cm-1 corresponding to complex translation and rotation of GeO4 tetrahedral 

(Bottom of Figure 2.7.(e)).15 The Raman spectrum of z600-Ge indicates that two peaks of crystalline 

and amorphous Ge (with very small portions) are observed at 300 cm-1 and 270 cm-1, respectively 

(Top of Figure 2.7.(e)).27  
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Figure 2. 5. SEM images of (a) bulk germanium oxide powder and (b) Magnified SEM images 

indicate that the porous surface of original germanium oxide was made from primary 

nanoparticles. (c) XRD pattern shows that the original germanium oxide is a crystalline 

trigonal structured material.(PDF #: 03-065-6772) 
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Figure 2. 6. XRD pattern of as-synthesized hollow Ge from hollow GeO2 nano particles in 

zincothermic reduction at low temperature (550oC).  
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Figure 2. 7. Characterizations of mesoporous Ge materials synthesized by zincothermic reaction. (a) 

SEM image of synthesized Ge showing porous structure. (b) Magnified SEM image in  

Figure. 2.7.(a) shows mesoporous structure. (c) XRD pattern of as-synthesized Ge and 

ZnO composite(Black), after acid treatment pure Ge materials(Red). (d) Calculation of 

crystal size using Scherrer equation each temperature. (e) Raman spectrum of germanium 

materials indicates characteristic of crystallite Ge and amorphous Ge and crystal GeO2. 

(f) ) Magnified Raman spectrum of Figure 2.7.(e). 
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Figure 2. 8. Characterization of as-synthesized mesoporous Ge materials obtained by two-different 

reaction temperatures. (a)SEM image of as-synthesized z-Ge materials at 800oC (b) 

magnified SEM image shows macroporous z-Ge particle (c) XRD pattern clearly shows 

that the germanium is a crystalline material (d) SEM image of as-synthesized z-Ge 

materials at 700oC (e) magnified SEM image shows z-Ge powders mixed with 

mesoporous particle and macroporous particle (f) XRD pattern shows that the peaks 

mean pure germanium. 
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3.4. Electrochemical properties of as-synthesized Ge anode materials 

 

The galvanostatic discharge-charge cycling for the Ge particles was carried out in the potential 

region of 0.005-1.5 V at different current density. The commercially available micrometer-sized Ge 

anodes show remarkable initial coulombic efficiency of 93.3% due to a good electrical conductivity of 

single crystalline Ge (Figure 2.9.(c)) 14. However, the bulk Ge electrode exhibited the poor capacity 

retention of 38% at a 0.2 C rate after 30 cycles, resulting from a large volume change of the large Ge 

particles during battery operation.14 In contrast, hollow Ge nanoparticles obtained by the ZRR process 

(seen in Figure 2.2.) showed highly stable cycling stability, corresponding to the capacity retention of 

86% at 0.5 C after 100 cycles (Figure 2.10.(b)). It is attributed to the peculiar structure, nanopores in 

the shell part and the interior nanocavities, which can provide extra void space to accommodate a 

large volume change occurring during the lithiation/delithiation process. However, initial coulombic 

efficiency of the mesoporous hollow Ge anode is 74%, corresponding to the discharge (lithiation) 

capacity of 1470 and charge (delithiation) capacity of 1086 mAh g-1, due to a serious side reaction of 

nanomaterials with a high surface area. Considering advantages and disadvantages of nanomaterials, 

the z600-Ge particles with mesoporous structures may be appropriate as promising anode materials in 

LIBs. Figure 2.10.(c) shows the first cycle voltage profile of the discharge and the charge of the z600-

Ge electrodes at a rate of 0.05 C in the coin-type half cell (2016R). The first discharge and charge 

capacities of the z600-Ge electrode are 1585 mAh g-1 and 1410 mAh g-1, corresponding to a high 

initial coulombic efficiency of 89%. It should be noted that increase of the ZRR temperature led to an 

enhancement of the initial coulombic efficiency. It suggests that increasing both crystallite and 

particle size of Ge may contribute to enhancement of electrical conductivity, resulting in a fast kinetic 

of lithiation and delithiation. The Ge electrodes (z700-Ge and z800-Ge) obtained by ZRR process at 

700 oC and 800 oC shows remarkable initial coulombic efficiency of 90 and 92.2% (Figure 2.11.(a) 

and (c)). However, as expected, cycling performance of the two Ge electrodes (z700-Ge and z800-Ge) 

bring to the opposite tendency by a huge volume change with respect to the increasing particle size. 

The z700-Ge and z800-Ge anodes showed capacity retentions of 59% and 17% at a 0.2 C rate after 

100 cycles, respectively (Figure 2.11.(b) and (d)). In contrast, the z600-Ge electrodes exhibited 

outstanding long-term cycling stability, corresponding to the capacity retention of 99% at 0.5 C rate 

after 200 cycles, compared to initial cycle (Figure 2.10.(d)). Furthermore, the coulombic efficiency 

per cycle retains >99.5%, suggesting that mesoporous structure with increasing active sites can 

increase reversible electrochemical lithium storage. 

Excellent electrochemical performances of z-Ge series electrodes may be explained as follows: (i) 

Increasing crystallite size of Ge particles depends on the ZRR temperature and affects to enhancement 

of initial coulombic efficiency. (ii) Decreasing crystallite size contributes to the cycling stability, since 
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increasing amorphous contents within Ge particles can enhance the electrochemical properties, like 

prevention of particle fracture and decreasing volume change during cycling. And (iii) suitable 

amount of mesopores within active materials can act as a buffer space which can accommodate a 

large volume change. 

As control experiment, we synthesized macroporous Ge particles using one of well-known 

metallothermic reduction, magnesiothermic reaction at 700 oC for 1 h. Bulk GeO2 was successfully 

converted to Ge particles and MgO by-products (GeO2 (s) + 2Mg (g) → 2MgO (s) + Ge(s), 

ΔG°(700 oC) = -599.63 kJ mol-1 ). However, owing to the high exothermal heat, the seriously 

aggregated Ge particles were produced (Figure 2.12.(a)). In this reaction, the Mg and Ge materials 

easily make alloy compound materials such as Mg2Ge at reaction temperature. So, we must care 

about ratio of Mg and Ge materials. However, Zincothermic reaction didn’t occur to make alloy 

compound between Zn and Ge materials. m-Ge prepared by a magnesiothermic reaction shows low 

initial coulombic efficiency of 81.9% (Figure 2.12.(c)). And cycling performance of the m-Ge 

electrode showed capacity retentions of 73.7% at a 0.2 C rate after 100 cycles. It is attributed to a 

huge volume change of big Ge particles shown in Figure 12a. 

Moreover, the z600-Ge electrodes can exhibit high specific capacity of 1178, 1075, and 804 mAh 

g-1 at the different current density rate of 2.63 (2 C), 3.89 (3 C), and 6.47 A g-1 (5 C), respectively, 

indicating their excellent high-rate capability, even though any coating layers (e.g., carbon, metal, 

conductive polymers, etc).32-36are not introduced on the Ge surface (Figure 2.10.(e)). 

The electrochemical performances of the mesoporous Ge anodes were tested in a half-cell. This is 

not sufficient to address its relevance as a promising anode material for practical LIB applications. 

Thus, we tested a full cell (loading density of 0.915 mAh cm-2) where the z600-Ge electrode was 

coupled with a LiCoO2 cathode. The first charge/discharge voltage profile of the Ge / LiCoO2 full-

cell shows a coulombic efficiency of 80% in the pre-cycle at 0.1C rate at a voltage range of 2.5-4.2 V 

(Inset image of Figure 2.10.(f)). Subsequent long-term cycling (up to 2nd cycle at C/2 charging-C/2 

discharging rate) showed good capacity retention of 84% after 50 cycles (Figure 2.10.(f)). It suggests 

that the mesoporous z600-Ge is a promising candidate as anode material for practical LIB 

applications. 
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Figure 2. 9. Characterization of commercial Ge materials.(c-Ge) (a) SEM images of as-prepared c- 

Ge powders, (b) XRD pattern shows clearly peak of crystal Ge. Electrochemical 

performances of c-Ge electrodes, (a) the first cycle voltage profile was obtained at a rate 

of C/20 in the range of 0.01-1.5 V. The discharge capacity of the c-Ge electrode was 

1306 mAh g-1 with initial coulombic efficiency of 93.3%. (d) Cycle performance of the c-

Ge electrode was obtained at C/5 rate (during 10cycles) and C/2 rate (after 10th cycle). 
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Figure 2. 10. Electrochemical performances of mesoporous hollow-Ge electrodes synthesized at 

450(Black), 600 oC(Red). (a) The first cycle voltage profiles of each electrodes 

obtained at a rate of C/20 in the range of 0.01-1.5 V. (b) Cycle performances of each 

electrodes obtained at C/5 rate in the range of 0.01-1.5 V. Electrochemical 

performances of mesoporous Ge electrodes synthesized at 600 oC. (c) The first cycle 

voltage profiles of the electrode obtained at a rate of C/20 in the range of 0.01-1.5 V. (d) 

Cycle performances of mesoporous Ge electrodes obtained at C/5, C/2 rate in the range 

of 0.01-1.5 V. (e) Rate capabilities of Ge electrode (delithiation and lithiation rate was 

same rate). (f) Cycle performances of full cell consisting of LiCoO2 / Ge electrodes 

obtained at a rate of C/2 in the range of 2.5-4.2 V. In the inset, The first cycle voltage 

profiles of full cell. 
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Figure 2. 11. Electrochemical performances of as-synthesized z-Ge electrodes obtained by 

zincothermic reaction. (a) The first cycle voltage profile was obtained at a rate of 

C/20 in the range of 0.01-1.5 V. The discharge capacity of the z700-Ge electrode 

was 1411 mAh g-1 with initial coulombic efficiency of 88.5%. (b) Cycle 

performance of the z700-Ge electrode was obtained at C/5 rate. (c) The first cycle 

voltage profile was obtained at a rate of C/20 in the range of 0.01-1.5 V. The 

discharge capacity of the z800-Ge electrode was 1348 mAh g-1 with initial 

coulombic efficiency of 92.2%. (d) Cycle performance of the z800-Ge electrode was 

obtained at C/5 rate 
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Figure 2. 12. Characterization of as-synthesized Ge electrodes (m-Ge) obtained by magnesiothermic 

reaction. (a) SEM images of as-synthesized m-Ge powders, (b) XRD pattern shows 

that many peaks mean composite materials having crystal of Ge and Mg2Ge. 

Electrochemical performances of m-Ge electrodes, (a) the first cycle voltage profile 

was obtained at a rate of C/20 in the range of 0.01-1.5 V. The discharge capacity of the 

Ge electrode was 1415 mAh g-1 with initial coulombic efficiency of 81.9%. (d) Cycle 

performance of the m-Ge electrode was obtained at C/5 rate. 
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3.5. Characterization of Ge anode in LIB system 

 

Mesoporous Ge electrodes (fabricated by zincothermic reduction) showed a high specific capacity, 

outstanding cycling stability, and excellent rate capabilities. However, the other critical issue for 

effective anode material in practical LIBs is to a formation of stable solid-electrolyte-interphase (SEI) 

layer on the electrode surface during a repetitive lithiation/delithiation process.37-38 

It is noteworthy that the surface chemistry of metal-based electrodes offering the promise of high 

theoretical capacity is the critically important issue that influences the kinetics of lithiation–

delithiation and the interfacial stability of the electrodes during long-term cycling. To investigate the 

surface chemisty of the Ge electrode, ex-situ X-ray photoelectron spectroscopy (XPS) analyses were 

performed. Figure 2.13. shows the F 1s, and C 1s XPS spectra for the Ge electrode cycled during 200 

cycles at 25 °C. Two major peaks are shown in the F 1s XPS spectrum of Figure 2.13.(b) one can be 

the peak assigned to the C-F bond (686.3 eV) produced by the fluoroethylene carbonate (FEC) 

decomposition (FEC + Li+ + e- → CH2=CHF + Li2CO3, CH2=CHF → C−F containing polymer 

species)37 and the other can be attributed to LiF (684.5 eV) by the reaction of the C−F containing 

polymer species (CH2−CHF)n) with Li ion and electron. This result suggests that employing FEC 

additive is efficient means to form the SEI layer on the Ge electrode preventing unwanted electrolyte 

decomposition during cycling. The C1s XPS spectrum of Figure 2.13.(a) shows four types of carbon: 

C−H (285.0 eV), C−O−C/CH2-CHF (286.5 eV), O−C=O (carbonate species; 288.0 eV), and 

Li2CO3/C−F (290.5 eV). The appearance of two peaks corresponding to carbon bonded to fluorine 

(C−F and CH2-CHF) at 286.5 and 290.5 eV 38 indicates that the unique function of FEC as the SEI 

forming agent is realized on the developed Ge electrode during long-term cycling. 
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Figure 2. 13. (a) C1s and (b) F1s XPS spectra of mesoporous zGe600 electrode after 200 cycles. 
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4. Conclusion 

 

Nanostructured germanium is a promising material for high-performance energy storage devices, 

yet synthetic routes that can satisfy cost-effective, easy-to-handle, and large-scale production remain 

significant challenges. Herein, we report a large-scale zincothermic reduction route for the synthesis 

of mesoporous germanium from cost-effective germanium oxide particles ranging from 420 to 600 oC. 

This zincothermic reactions have several advantages including (i) a successful synthesis of 

germanium particles at low temperature (~450 oC), (ii) accommodation of a large volume change due 

to a mesoporous structure, and (iii) a cost-effective scalable synthesis (staring from inexpensive metal 

oxides). An optimized mesoporous germanium anode exhibits a reversible capacity of ~1400 mAh g-1 

after 300 cycles at 0.5 C rate and stable cycling in full-cell consisting LiCoO2 cathode having high 

energy density. 
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