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Abstract  

This thesis is focused on the silicon-based anode materials for lithium-ion batteries (LIBs) as 

well as germanium-based electrode materials for sodium-ion batteries (NIBs). In our first attempt 

we studied electrochemical cycling stability and degradation mechanisms of silicon nanowires 

(SiNWs) coated with Mg and Mg2Si for LIB anodes. Compared to SiNWs, both Mg-and Mg2Si-

coated materials show significant improvement in coulombic efficiency (CE) during cycling, 

with pure Mg coating being slightly superior by ~ 1% in each cycle. XPS measurements on 

cycled nanowire forests showed lower Li2CO3 and higher polyethylene oxide content for coated 

nanowires, thus revealing a passivating effect towards electrolyte decomposition. The formation 

of large voids between the nanowire assembly and the substrate during cycling, causing the 

nanowires to lose electrical contact with the substrate, is identified as an important degradation 

mechanism. 

In our second attempt we demonstrated that nanometer-scale TiN coatings deposited by 

atomic layer deposition (ALD), and to a lesser extent by magnetron sputtering, will significantly 

improve the electrochemical cycling performance of SiNWs LIB anodes. A 5 nm thick ALD 

coating resulted in optimum cycling capacity retention (55% vs. 30% for SiNWs, after 100 

cycles) and CE (98% vs. 95%, at 50 cycles), also more than doubling the high rate capacity 

retention (e.g. 740 vs. 330 mAh/g at 5C). The conformal 5 nm TiN remains sufficiently intact to 

limit the growth of the solid electrolyte interphase (SEI), which in turn both improves the overall 

CE and reduces the life-ending delamination of the nanowire assemblies from the underlying 

current collector.  

Our third attempt was demonstrating cycling performance improvement for SiNWs LIB 

anodes by a thin partially dewetted coating of Sn. The optimum architecture 3Sn/SiNWs (i.e. a 
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Sn layer with an average film thickness of a 3 nm covering the nanowire) maintained a reversible 

capacity of 1865 mAh/g after 100 cycles at a rate of 0.1C. This is almost double of the SiNWs, 

where the reversible capacity after 100 cycles was 1046 mAh/g (~ 78% improvement). The 

1Sn/SiNWs and 3Sn/SiNWs electrodes demonstrated much improved cycling CE, with > 99% 

vs. 94 - 98% for SiNWs. At a high current density of 5C, these nanocomposite offered 2X the 

capacity retention of bare SiNWs (~ 20 vs. ~ 10% of 0.1C capacity). It is demonstrated that the 

Sn coating both lithiates and delithiates at a higher voltage than Si and thus imparts a 

compressive stress around the nanowires. This confines their radial expansion in favor of 

longitudinal, and reduces the well-known failure mode by lithiation-induced nanowire stranding 

and fracture. TOF-SIMS analysis on the post-cycled delithiated specimens shows enhanced Li 

signal near the current collector due to accelerated SEI formation at the interface. FIB 

demonstrates concurrent en-masse delamination of SEI agglomerated sections of the nanowires 

from the current collector. Both of these deleterious effects are lessened by the presence of the 

Sn coatings. 

Germanium is a promising sodium ion battery (NIB, NAB, SIB) anode material that is held 

back by its extremely sluggish kinetics and poor cyclability. In our last attempt we demonstrated 

for the first time that activation by a single lithiation - delithiation cycle leads to a dramatic 

improvement in practically achievable capacity, in rate capability and in cycling stability of Ge 

nanowires (GeNWs) and Ge thin films (GeTF). TEM and TOF-SIMS analysis shows that 

without activation, the initially single crystal GeNWs are effectively Na inactive, while the 100 

nm amorphous GeTF sodiate to only less than half their thickness. Activation with Li induces 

amorphization (in GeNWs) reducing the barrier for nucleation of the NaxGe phase(s), while 

introducing a dense distribution of nanopores that reduce the Na solid-state diffusion distances 
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and buffer the sodiation stresses. The resultant sodiation kinetics are promising: Tested at 0.15C 

(1C = 369 mA/g, i.e. Na:Ge 1:1) for 50 cycles the GeNWs and GeTFs maintain a reversible 

(desodiation) capacity of 346 mAh/g and 418 mAh/g. The nanowires and films demonstrate a 

capacity of 355 and 360 mAh/g at 1C and 284 and 310 mAh/g at 4C, respectively. Even at a very 

high rate of 10C the GeTF delivers over 169 mAh/g. 
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Chapter 1: Introduction and Background 

Continuous increase in oil consumption and depletion of non-renewable resources threaten 

the fossil fuel energy economy. Besides, due to CO2 emissions resulting in a rise in global 

temperature with dramatic climate changes, the demand for the green renewable energy has 

become more imperative. Investments for the exploitation of renewable energy resources have 

been concentrated on wind and solar power energy plants, which require high efficiency energy 

storage systems. Indeed you probably could not imagine today world without stored energy. The 

air pollution issue in urban areas may be solved by replacing the conventional combustion 

engines with fully electric vehicles or plug-in hybrid electric vehicles. Electrochemical energy 

storage with generally number of desirable features such as pollution free operation, flexible 

power and energy density characteristics, and long cycle life, play a crucial role in this field. 

Electrochemical energy storage approaches can be distinguished by the storage mechanism. 

Energy in form of electricity can be stored in either supercapacitors or batteries. Batteries, in 

general, store energy within the electrode structure through charge transfer reactions in some sort 

of chemical manner, with high volumetric energy density. Supercapacitors, however, offer 

different storage mechanism via a capacitive process originating from electrochemical double 

layer at the electrode – electrolyte interface, resulting in rather low volumetric energy density. 

This type of energy storage systems provides higher power density and longer cycle life than that 

of batteries, although researchers try to improve its energy density as well. Lithium-ion batteries 

(LIB)s typically store between 100 – 200 W/kg while electrochemical capacitors store 1 – 10 

Wh/kg in less than 1 minute. In general, batteries are used when portable power is necessary for 

periods of hours. Supercapacitors are used for applications that require fast delivery or uptake of 

electrical energy. Plug-in hybrid electric vehicles development focuses great attention on 

batteries as power source. 
1
 A reliable power source for these vehicles should have high capacity 

and offer long cycle life while it has to be safe and capable of working in large temperature 

range. 
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1.1 Batteries 

A battery is composed of several electrochemical cells to provide the required voltage (in 

series) and/or for the required capacity (in parallel). Each cell consists of two electrodes at which 

the redox reactions take place. The electrodes are separated physically and electronically by an 

electronically insulating but ionically conducting electrolyte, which is usually a solution of 

dissociated salt in a solvent. A separator is also used for mechanical separation of two electrodes 

to prevent electronic short circuits. The ion transfer occurs through the electrolyte between two 

electrodes and the electrons travel through the external circuit connecting two electrodes so that 

the chemical reactions proceed at both electrodes. There are two main types of batteries: primary 

batteries or non-rechargeable batteries and secondary/rechargeable batteries. The major 

difference is the redox (reduction and oxidation) reactions and structural changes which can be 

reversed for the rechargeable batteries, allowing the discharged secondary batteries to be charged 

again. Since the secondary batteries are the most commonly used battery today, we focus only on 

this type of battery in this thesis. 

Driving force to accept or give away electrons between two electrodes is the difference in 

oxidation or reduction potential. The electrode that is more reducing or has stronger reducing 

driving force to give up electrons, i.e. become oxidized, is the negative electrode and the positive 

electrode will accept the electrons from the negative side and become reduced. In fact, anode is 

the side of a battery releasing electrons (oxidation occurs) and cathode is the electrode accepting 

electrons (reduction occurs) during discharge. The electrons exchanging between electrode 

materials are made to travel through the external circuit so that one can utilize the energy from 

the electron transfer process. Upon discharge, the negative electrode is oxidized and the positive 

material is reduced. Voltage difference between positive and negative poles reduces during 

discharge, i.e. electrons travel from negative to positive side until the voltage difference becomes 

too low, i.e. zero (fully discharged battery). Charging, during which at the positive side of the 

cell oxidation and at the negative pole reduction occurs, requires external energy because we 

oxidize the material that tends to reduce and reduce the electrode material which is likely to 

oxidize. Indeed we store electrical energy in the form of chemical energy in the battery electrode 

materials during charge process. The transfer of electrons through the circuit is balanced by the 
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transfer of ions in the electrolyte. The cations are adsorbed onto the inert materials’ surface, 

while are inserted into the active materials’ structure via different mechanisms. 

 

1.1.1 Voltage  

Driving force for any chemical reaction is the difference between the standard Gibbs free 

energy of formation of the products and the reactants of the reaction (Eq. 1-1). Since ΔG 

represents the useful energy from a reaction, the available electrical energy from a reaction in a 

cell is given by Eq. 1-2. 

    ∑   
 (        )  ∑   

 (         ) 1-1 

         1-2 

Where E is the voltage difference between the electrodes or voltage of the cell with the 

specific chemical reaction, in other words, E is the electromotive force (emf) of the cell reaction, 

n is the stoichiometric number of electrons exchanged in the reaction, and F is the Faraday 

constant (96485 A.sec/mol). Spontaneous processes have a negative free energy and a positive 

emf with the reaction written in a reversible fashion going in the forward direction. The voltage 

of a Li-ion battery is related to the difference in chemical potential of Li in each electrode 

material. The open circuit voltage of a cell, which is not yet discharged, can be obtained from 

Eq. 1-3.  

     
 (   

     
 )

  
 1-3 

Where µLi
+
 and µLi

- 
is chemical potential of Li in the cathode and anode, respectively. For a 

fully charged Li cell, µLi
-
 > µLi

+
, the Li cell voltage is a positive value. As it starts to discharge 

the voltage of the cell begins to drop since Li ions transfer from higher chemical potential 

(anode) to the lower chemical potential (cathode). Equation 1-4 below describes the change in 

chemical potential of Li in each electrode during discharge. 

     
         1-4 

Where µi
° 

is the chemical potential of species i in its standard state, ai is the activity of 

species i, R is the ideal gas constant, and T is absolute temperature. As the activity of specie i is 
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indeed its concentration, chemical potential and hence voltage changes as a function of Li 

concentration. This voltage change is usually reported as a function of time. 

Gibbs phase rule helps us to understand the potential profiles obtained from galvanostatic 

electrochemical examinations. 
2,3

 F is the freedom degree of the system, i.e. the number of 

thermodynamic parameters (chemical potential, voltage, temperature, and pressure) can be 

changed freely. If there is a compound, A, reacting with lithium and form LixA based on the 

following electrochemical reaction: 

A + xLi
+
 + xē → LixA 

In the reaction there are two elements, C = 2. If the A and Li form a solid solution 

(corresponding to sloped region in potential profile) there is only one phase, P = 1, thereby F 

would be three. It means that temperature, pressure, and chemical potential of lithium can change 

freely. Typical electrochemical reactions are being conducted at constant temperature and 

pressure, thereby lithium chemical potential can change freely. Change in chemical potential 

means voltage change over time, appearing as sloped region in potential curve. 

If a new phase nucleated and formed an alloy with lithium, it would result in two degrees of 

freedom. Assuming conducting the redox reactions at constant temperature and pressure, there is 

no other thermodynamic parameters to vary over time. Therefore, chemical potential of lithium 

would be constant and it means the voltage is constant over time during this reaction. 

Accordingly, a flat plateau within this potential range appears. In a word, plateau in voltage 

profile indicates coexistence of two phases. 

 

1.1.2 Capacity  

Capacity of an active material is the amount of charge, i.e. energy, which can be stored in its 

structure. In LIBs, it could be expressed as the amount of stored lithium. It represents in 

gravimetric or volumetric specific capacities where the amount of stored charge per unit mass or 

volume of the active material is presented, respectively. Ampere equals coulomb/sec. Thus, 

milliampere hour (mAh) is another way to present charge in coulomb. 
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If the stoichiometric of the lithiated compound is known, according to the point that for 

every Li
+
 only one electron transferred, one can calculate the gravimetric specific capacity 

(mAh/g) by using the below equation: 

   
        

       
 1-5 

Here, x is the mole fraction of lithium in the lithiated compound, LixA, Mw is the molecular 

weight of A, and F is the Faraday constant (96485 A.sec/mol). The volumetric specific capacity 

is defined as CV = ρCW, where ρ is the density of the host material. The total capacity of a battery 

may generally be expressed in terms of capacities of its anode and cathode materials as below: 

 

      
 
 

  
 
 

  
 
 

  
 1-6 

Where, CA and CC is the capacity of anode and cathode materials, respectively. 1/QM 

(g/mAh) is the specific mass of other components of the cell including electrolyte, separator, 

current collectors, case, and etc. QM for the Sony 18650G8 cell is about 130 mAh/g. Having a 

specific capacity of 372 mAh/g for graphite and 135 mAh/g for LiCoO2, a total specific capacity 

of ~ 56 mAh/g can be calculated for the commercial Sony Li-ion battery (2550 mAh, 46 g). 
4
 

The amount of energy that a battery is able to deliver is a function of the cell voltage (V) and 

capacity (Ah/kg). It is expressed either per unit of weight (Wh/kg) or per unit of volume (Wh/L). 

It is always important to consider both voltage and specific capacity of the electrode material to 

maximize the energy density when looking at possible new electrode materials. The total energy 

stored (E) is an integral function of the overall capacity (C) and voltage (V). 

  ∫    1-7 

 

1.1.3 Coulombic efficiency  

Coulombic efficiency (CE) is the ratio of delithiation capacity over the lithiation one. 

Indeed, it reflects how reversible the lithiation reactions are. In other words, it expresses the 

amount of irreversible consumption of lithium through the electrochemical reactions in a Li cell. 

CE lower than 100% means some lithium ions and electrons, thereby energy, consumed 
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irreversibly. For electrode materials, it has been correlated to formation of a porous amorphous 

not electrical conductive layer on the active materials’ surface called solid electrolyte interphase 

(SEI). The reason that the first CE is usually lower than that of the subsequent cycles for all the 

materials might be irreversible SEI formation at the freshly exposed surface of active materials to 

the electrolyte. Afterwards, this passivating SEI layer would protect the active materials from 

participation in side reactions with electrolyte. Thus, in following cycles CE is larger than that of 

first cycle. 

 

1.1.4 Power  

Thermodynamics describe reactions at equilibrium like the equilibrium voltage (open circuit 

voltage, EOCV). However, the voltage drops off when current is drawn from the battery due to 

kinetic limitations of reactions and processes that must occur to produce current flow. This is in 

fact electrode polarization or overpotential. The battery electrode reactions involve a number of 

chemical, physical, and electrochemical steps. The rate of each of these steps determines the 

kinetics of the electrode and of course the whole cell. Three different kinetics effects for 

polarization need to be considered: activation polarization, ohmic polarization, and concentration 

polarization. The polarization, η, is defined by Eq. 1-8 as following: 

          1-8 

Where ET is the cell voltage with current flowing and EOCV is the cell voltage at open circuit. 

Activation polarization is associated with the redox reactions at the interface of 

electrode/electrolyte. Ohmic polarization originates from the resistance due to contact problems 

between cell components and most importantly the charge transfer in the electrolyte. 

Concentration polarization is related to mass transport limitations for example limited diffusion 

of active species to and from the electrode surface. 
5
  

The power a battery can supply is related to the amount of current drained during specific 

amount of time in discharge. The polarization effects become more important when larger 

current is associated with the redox reactions in the battery. This might cause problems with 

phase transformations and solid-state diffusion in the electrode materials, affecting the voltage 
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profile during discharge/charge and also resulting in lower capacity and voltage the battery can 

deliver. In order to evaluate the cycling performance of batteries, they are typically examined at 

different current densities. For galvanostatic (constant current) cycling evaluations, battery 

researchers defined a standard rate as “C”. 1C is defined as the amount of current needed to fully 

charge or discharge a battery in one hour. So 0.1C and 2C is the current required to charge or 

discharge a battery in 10 and 0.5 hours. 

 

1.2 Lithium ion Batteries 

With the continual miniaturization of electric devices such as cell phones and labtops, the 

challenges of powering them become more important. Furthermore, as plug-in hybrid electric 

vehicles and fully electroc vehicles have been developed, much attention has been focused on 

batteries as a reliable power source. 
6-8

 Today we have many different types of batteries like 

lead-acid batteries, nickel-cadmium batteries, nickel-manganese, nickel-metal hydride, and the 

modern lithium-ion batteries. In comparison with other batteries (Figure 1-1), LIBs have some 

major advantages that it comes to energy density (both gravimetric and volumetric), power 

density, and cycling performance. In terms of design they are the most efficient batteries in the 

market right now. A reliable power source should have high capacity and offer long cycle life 

while it has to be safe and capable of working in large temperature range, which are all potential 

features of LIBs. 
9
  

Secondary lithium batteries have a higher energy density than most of other rechargeable 

batteries because lithium has the lowest reduction potential (-3.04 V vs. SHE) and possesses high 

specific capacity (3862 mAh/g). More importantly, it is the lightest electrochemically active 

metal, the third lightest element, (0.53 g/cm
3
), which means that for their size or weight they can 

store more energy than other secondary batteries. Because LIBs use non-aqueous electrolyte 

(usually organic solvents), they can operate in a large voltage range, resulting in a higher energy 

density. The specific energy density of LIBs with a voltage in the order of 4 V is ranging 

between 100 and 150 Wh/kg. Moreover, LIBs exhibit a lower self-discharge rate (the rate at 

which a fully charged battery loses its capacity only by sitting on shelf without being cycled) 

than other types of rechargeable battery. 
2,10

 These advantages could be enough drives in order to 
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be the most commonly used rechargeable batteries for different applications. However, there are 

few drawbacks with LIBs such as capacity loss and poor cyclability, which are caused by 

interactions between the electrode material and the electrolyte at their interface. Therefore, 

substantial improvements in terms of performance, cost, and safety are required to employ LIBs 

in future practical applications such as plug-in hybrid and electric vehicles. 
11

  

 

 
 

Figure 1-1: Comparison of different battery 

technologies in terms of volumetric and 

gravimetric energy density. Reproduced from 12 

Figure 1-2: A schematic illustration of the working 

principles of a lithium-ion cell. Reproduced from 9 

 

 

Frist commercial lithium-ion battery which was introduced by Sony Corporation in the early 

1990s consisted of graphite anode and LiCoO2 cathode, at which lithium ions intercalate within 

the free spaces of the host structure, immersed into EC organic solvent with LiPF6 lithium salt. 

The advantage of utilizing these two electrode materials is that they result in a high cell voltage 

of 3.6 V and an energy density of approximately 120 – 150 Wh/kg. The reactions during the 

energy storage (charging) stage are: 

                                           
    ̅ 1-9 

                             ̅         1-10 

                                  1-11 

Commercial lithium-ion batteries are regarded for approximately 500 charge/discharge 

cycles. 
13

 During charge and discharge, lithium ions shuttle reversibly between two host 

structures (Figure 1-2). 
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1.2.1 Anode Materials 

Increasing the specific energy of lithium cells requires electrode materials with higher 

capacity and/or cell voltage. To this end, several approaches are being adopted in attempts to 

enhance the performance of the state-of-the-art LIBs. With improvement in the practical 

electrochemical capacity of cathode materials from the commercialized systems (layered LiMO2, 

M = Co, Ni, Mn, being 140 – 160 mAh/g)
14

 to new cathode systems such as olivine LiFePO4, 

defective Li-Mn-O spinels, Li[NixCo(1-2x)Mnx]O2 with a capacity in a range of 160 – 180 mAh/g, 

4
 5 – 10% (Ca = 372 mAh/g and QM = 130 mAh/g) increase in total capacity of commercial LIBs 

can be obtained (Eq. 1-6). On the other hand, transition from conventional anode material with 

capacity of 372 mAh/g to novel anode systems with a capacity of 1000 – 3500 mAh/g leads to 

about 11 – 16% increase in total capacity of a LIB (Cc = 150 mAh/g and QM = 130 mAh/g). As 

finding fit cathode materials with higher capacities has been a difficult task, higher performance 

LIBs will require anode materials with higher specific capacities than those of commercial 

anodes with of course long stable cycling performance. 

Commercial graphite anode is abundant, inexpensive, and exhibits a quite stable cyclability 

over prolonged charge/discharge cycles. The weak bonding of Li with carbon, structural stability 

of graphite, and small volume change (10%) upon cycling are other advantages of graphite. Li 

insertion/extraction reaction of graphite occurs at around 0.1 V vs. Li/Li
+
, well above the critical 

voltage at which Li plating occurs and is still low enough to provide a high cell voltage. 

However, it has a modest specific capacity of 372 mAh/g upon intercalation of 1 lithium per 6 

carbon (LiC6). 
15-18

 Therefore it cannot meet the requirements for high energy power source 

demands. Most of the charge storage in graphite occurs between 0.1 and 0.2 V vs. Li/Li
+
, and at 

high rates lithium plating may occur which presents a serious safety issue. One decade ago 

carbon materials were state-of-the-art in commercialized LIBs, while nowadays battery 

applications require much more energy than the amount of charge that carbonous material can 

provide. Therefore, considerable effort has been made toward discovering a new anode material 

with good cyclability performance and high capacity for LIB applications. 



10 

  

In theory, anode material could be pure lithium with specific capacity of 3862 mAh/g and 

volumetric capacity of 2062 mAh/cm
3
, but in practice some safety problems would be necessary 

to be considered. Once Li metal piece is used as anode, lithium redeposition upon charging will 

lead to dendrite formation. The Li ions tend to plate out at locations that already had deposition 

rather than redepositing at the location where they originated, resulting in dendrite formation. 

These dendrites grow long enough to penetrate through the separator and would cause a short 

circuit in case making contact with the other side of the battery. Since large amount of current 

passes through those dendrites with small cross sections, ohmic heating occurs in presence of 

flammable organic electrolyte, leading to thermal runaway and fire/explosions. 
19,20 

Explosion 

occurs as more CO2 is produced upon side reactions of organic solvent at high temperatures. 

 

Table 1-1: Comparison of electrochemical properties of different LIB anodes. Reproduced from 21 

Material 
Density 

(g/cm
3
) 

Theoretical 

gravimetric 

capacity (mAh/g) 

Theoretical 

volumetric capacity 

(mAh/cm
3
) 

Volume 

change 

(%) 

Lithiation 

potential vs. 

Li/Li
+
 (V) 

Graphite  2.25 372 837 10 0.05 

Li 0.53 3862 2062 100 0 

Li4Ti5O12 3.5 175 613 1 1.6 

Si 2.33 3590 8365 280 0.37 

Ge 5.5 1600 8800 270 0.5 

Sn 7.29 994 7246 260 0.6 

Al 2.7 993 2681 ~ 100 0.3 

Sb 6.7 660 4422 200 0.9 

Bi 9.78 385 3765 215 0.8 

Mg 1.3 3350 4355 100 0.1 

 

The key parameters for electrode materials may be pointed out as: reversible Li ion 

insertion/extraction reactions; large capacity and light weight to offer high energy density; high 

ionic and electrical conductivity; minimum volume change during Li insertion/extraction; not too 

reactive with the electrolyte; environmentally benign; ease of manufacture; low cost. Since 

charge carrier in LIBs is lithium ions, higher capacity materials should be capable to store more 

lithium in their structure. Thus elements that are able to alloy with lithium could be very 

promising candidates for anode material applications in terms of capacity and energy. Every 

element with the capability to alloy with Li electrochemically could be employed as LIB anode 

including silicon (Si), aluminum (Al), antimony (Sb), germanium (Ge), lead (Pb), zinc (Zn), 
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cadmium (Cd), magnesium (Mg), gold (Au), platinum (Pt), and tin (Sn). Another merit of alloy 

anodes is their moderate operation voltage versus lithium, considering both safety concerns of 

lithium deposition and energy penalty of battery cells. Table 1-1 compares the electrochemical 

properties of different anode materials. 

 

 

Figure 1-3: Schematic electrode failure mechanisms for alloy anode materials: (a) material pulverization, 

(b) morphology and volume change of the entire electrode, and (c) continuous SEI growth. Reproduced 

from 22 

 

Li alloying (lithiation) is a different Li storage mechanism from Li intercalation in a layered 

material such as LiCoO2 or graphite because Li alloying generally induces significant changes in 

the host material as a new phase with different properties and crystal structure will form. 
23

 In 

spite of achieving higher specific capacity and safer operation, there are many issues around 

employing alloy anode materials in a lithium cell. The unfortunate fact about these active 

materials is that they suffer from large volume changes during lithium insertion/extraction. 

Volume change is about 10% for lithium intercalation into graphite structure between graphene 

sheets, while it could go as high as 280% for alloy anodes.
 2,21

 Huge structure 

expansion/contraction in lithiation/delithiation causes some mechanical disintegration and 

structural degradation because of nonuniform distribution of mechanical stresses. Then crack 

initiation and propagation are expected by cycling, which finally leads to mechanical failure of 
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the material. This is the main issue of using alloy anode materials for Li battery application. 

Hence, poor cyclability would occur due to integrity loss of active parts of the battery cell and/or 

losing electronic contact between active material and conductive network or active material and 

current collector. 
24-27 

Generally there are three fundamental challenges to using alloy anodes as a 

viable battery electrode material (Figure 1-3); material pulverization, morphology and volume 

change of the whole electrode, and overgrowth of SEI layer. 

 

 

 

 

Figure 1-4: Galvanostatic lithiation – 

delithiation voltage profiles of Si anode with an 

average powder size of 10 µm at cycle 1, 2, and 

5. Reproduced from 21 

Figure 1-5: LIB cycling performance of Si thin films 

with thicknesses of 1 µm and 250 nm. Reproduced 

from 9 

 

 

1.2.2 Nanostructuring Anode Materials 

Numerous approaches have been applied on these high capacity alloy anode materials to 

exhibit better cycling performance and have more stable structure during battery operation. One 

of the decent solutions is nanostructuring. Figure 1-4 shows an example of the charge/discharge 

curves of Si anode with an average powder size of 10 µm, which clearly demonstrates poor 

cycling performance of Si anode, i.e. large initial irreversible capacity, low coulombic efficiency, 

and rapid capacity loss. More obviously Figure 1-5 illustrates the difference in cycling 

performance of micron sized and nanometer sized Si thin films. Recently nanomaterials have 

been extensively developed for enhanced properties. Research has revealed that reducing active 

material size down to nano scale enhances fracture resistance of materials and also boosts 
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lithiation/delithiation rates. In other words, nanomaterials can accommodate large strain and 

stress better and more efficiently than the bulk structures, therefore large volume changes during 

cycling would not necessarily cause crack formation and pulverization of material. This directly 

results in more stable cycling performance. Indeed, smaller size structures provide better volume 

change accommodation in which cracking and fracture could be postponed due to small imposed 

stress magnitudes compared with the strength of the active material. 
28

  

 

 
Figure 1-6: Schematic of structural changes that occur for different morphologies of materials (films, 

particles, and wires) during electrochemical cycling against Li. Reproduced from 28 

 

The key advantages of utilizing nanomaterials for energy storage can be increasing 

charge/discharge rates due to shorter solid-state diffusion distances for Li, enhanced electron 

transport, and high contact area with electrolyte enabling high Li flux into the materials’ 

structure. Disadvantages associated with nanomaterials application for electrochemical energy 

storage systems could be difficulty to synthesize and/or control the shape and size, significant 

side reactions with electrolyte due to high contact with electrolyte (high surface area), and low 

volumetric energy density due to high porosity. 
29

 Volumetric energy density is significantly 

important for mobile applications. Larger surface area of nanomaterials offers more electrolyte 

decomposition on active materials surface and SEI formation through which Li is consumed 

irreversibly and leads to irreversible capacity loss. Most of SEI formation occurs at first cycle 

when a fresh active materials surface exposes to organic solvents of electrolyte at voltages below 

0.9 V vs. Li/Li
+
. Therefore, most of irreversible capacity loss during first cycle originates from 

SEI formation. Besides, continuous breakage and reformation of SEI on subsequent cycles 



14 

  

increases internal battery impedance due to thickening such a nonconductive film on active 

materials surface. Thin films, 
30-33

 nanoparticles, 
34-38

 mesoporous nanomaterials, 
39-43

 nanotubes, 

44-48
 and nanowires 

49-55
 are nanostructure morphologies, which have been tried as LIB anode 

material. Among nanostructure morphologies, one-dimensional oriented nanostructures have 

attained the most attention because of promising electrochemical cycling performance (Figure 

1-6). One-dimensional structures have become a more favorable configuration for anode active 

material and studies on nanowires and nanotubes are increasing in the last few years. 
28,44,56-69

  

 

1.2.3 Silicon Anodes 

Silicon with volume expansion of about 280% corresponding to Li15Si4 phase upon lithiation 

is the most challenging anode material for LIB applications because this huge volume change 

can lead to mechanical and structural disintegration of anode material in the form of cracking 

and fracture, consequently results in rapid capacity loss over the course of cycling. However, 

despite its mechanical instability upon (de)alloying with Li, Si remains a very interesting 

material for LIB anodes since it provides the highest known specific capacity for room 

temperature electrochemical lithiation (~ 3590 mAh/g), one order of magnitude larger than that 

of graphite. As well, Si has a low delithiation potential, around 0.37 V vs. Li/Li
+
, so that high 

battery voltages, thereby high energy density, can still be reached with the classical oxide- or 

phosphate-based cathodes. Si is an environment-friendly material and it is the second most 

abundant material in the Earth crust, which guarantees availability at low cost for future 

commercial use. Because of these attributes, a great deal of attention has been given to using 

silicon as Li-ion cell anode material. To overcome the large volume change issue and thus obtain 

better capacity retention and cycle life, various approaches have been applied to Si anodes. Of 

all, nanostructuring is the most promising method, although it is still far from practical 

application for long lasting batteries. Therefore combination of strategies (nano-sized Si and 

dispersing Si in either active or inactive matrixes) have been suggested and tried for 

improvement in Li cycling performance of Si anode.  

An inactive matrix acts as a cushion and accommodates the volume change in the Si active 

material, thereby prevents pulverization of Si. The host matrix must possess good ionic and 
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electronic conductivities and suitable mechanical strength. 
21

 Also, the inactive matrix must be 

able to sustain a high stress with a large elastic deformation (ideally superelastic material) when 

the active materials expand so that the active particles are under high compressive residual stress 

during Li insertion. This compressive stress effectively prevents particles from cracking as 

cracking occurs under tensile stress. 
70,71

 Therefore, a matrix with high strength, low ductility, 

and a low elastic modulus may reduce the tendency for active material cracking. Ball milling 

electrochemically inert metallic compounds such as TiB2, 
72

 SiC, 
73

 and TiC 
74

 with Si 

nanoparticles resulted in improvement in cycling performance of Si in LIB. Carbon coating was 

also applied onto the Si-TiN 
75

 and Si-TiB2 
76

 nanocomposite anodes and showed an improved 

performance. When there is an active matrix in anode nanocomposite, both the active and the 

host material are electrochemically reactive towards Li. The idea here is to have one component 

lithiated while the other acts as a buffer to alleviate the volume change as they react with Li at 

different onset potentials. Sb-Sn, 
77

 Mg-Si, 
78

 Sb-Al, 
79

 Sn-Ag 
80

 are the examples. 

Silicon thin film is one of the simplest nanostructures that can be prepared and used for 

lithium cycling. They can be synthesized through physical vapor deposition (PVD) and chemical 

vapor deposition (CVD). An increase in film thickness of amorphous Si thin films prepared 

using CVD on stainless steel substrate from 250 nm to 1350 nm results in lower capacity of 370 

mAh/g (vs. 1100 mAh/g) after 100 cycles at 0.175 mA/cm
2
. 

81
 For alloy anode thin films, 

thickness plays a critical role as thinner films always show more stable cycling performance. 

Ultra thin Si films down to 50 nm have been reported for antipulverization and no capacity fade 

over 2000 cycles. 
82

 Such a thin Si film is not a practical solution for commercial LIBs as the 

active material mass loading in this case would be so low, thereby the absolute measured 

capacity would be low. Very interesting approaches have been applied to Si thin film anodes for 

longer cycling stability. Yu et al. 
83

 proposed a new strategy of stress relaxation for Si films 

using an elastometer susbtrate and an anode design for more efficient ion and electron transport 

(Figure 1-7). In another study, authors introduced a small amount of oxygen (> 20 at.%) during 

synthesis of Si thin films, resulted in improvement in cycling performance as LIB anode. 
31
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Figure 1-7: (A) Long cycle stability of the battery 

cell up to the 500th cycle with nearly 85% capacity 

retention. The inset is a typical charge/discharge 

profile from the 13th cycle to the 18th cycle. (B) 

SEM images show the buckled Si after lithiation, 

after six cycles charge/discharge under the charge 

rate of 1C. Reproduced from 83 

Figure 1-8: Cycling data of Si(1-x)Gex films. (a) 

Specific capacity, (b) retained capacity. 

Reproduced from 84 

 

A high capacity of 2200 mAh/g with no capacity loss for the first 120 cycles and about 

0.15% loss per cycle for cycles 150 – 300 and 80% retention after 300 cycles was obtained using 

this strategy combined with low-temperature annealing in air. Abel et al. 
84

 investigated the Li 

electrochemical cycling performance of Si thin film with different amount of incorporated Ge 

(25, 50, 75, and 100 at.%). The idea behind this is the fact that silicon has high Li storage 

capacity (high energy density) while germanium is a superior electronic and ionic conductor 

(high power density). At 5C, Si film retains almost zero capacity, Ge film retains about 90%, 

Si25Ge75 retains 75%, and Si50Ge50 retains 68% their initial capacity. Adjusting the composition 

in the Si(1‑x)Gex system demonstrates a trade-off between rate capability and specific capacity. 
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Figure 1-9: (A) Typical cross-sectional SEM image 

of hollow Si nanospheres. (B) SEM side view (45° 

tilt) of the same sample of hollow Si nanospheres. (C) 

Reversible Li discharge capacity and Coulombic 

efficiency of the hollow Si nanospheres versus cycle 

number in comparison with the theoretical capacity of 

graphite. Reproduced from 85   

Figure 1-10: (a) and (b) Capacity retention vs. cycle number 

for SiNT's coated with 3 nm of Al2O3, TiN, and TiO2 on their 

outer surface, tested at 0.2C rate; (c) corresponding 

coulombic efficiency; and (d) rate dependence of capacity 

retention as a percentage of capacity at 0.2C. Reproduced 

from 65 

 

Hollow Si structures are also interesting candidates for future LIB anode materials. They 

provide empty space for the volume expansion. This offers lower diffusion-induced stresses, 

which could be 5 times lower than that in a solid structure with an equal volume. 
38

 This means 

that the hollow structures will show more stable structure as they fracture less during 

alloying/dealloying with Li and correspondingly show better cycling performance. Hollow Si 

nanospheres with an initial reversible capacity of 2725 mAh/g and only 8% capacity loss after 

100 cycles during 700 total cycles demonstrate good electrochemical stability of hollow 

nanostructures (Figure 1-9). 
85

 The Li electrochemical performance of hollow Si nanotubes has 

been also examined and a good performance was exhibited. The use of Si nanotubes increases 

the accessible surface area of the active material to the electrolyte, so Li ions can incorporate into 

the Si more easily. Reversible capacity of 3200 mAh/g with retention of 89% after 200 cycles at 

1C was reported for Si nanotubes. 
66

 A recent study on Si nanotubes from our group showed 

further improvement in cycling performance and more importantly on coulombic efficiency by 

coating them with ALD TiN, TiO2, and Al2O3. 
65

 Substantial improvements were achieved in the 
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capacity retention (1700 mAh/g vs. 1287 mAh/g for the uncoated baseline, after 200 cycles at 

0.2C), steady-state coulombic efficiency (100% vs. 97–98%), and high rate capability (capacity 

retention of 50% vs. 20%, going from 0.2C to 5C) (Figure 1-10). 

 

Table 1-2: Characteristics of Lithium and Sodium. Reproduced from 90 

Parameter Lithium Sodium 

Ion radius (Å) 0.76 1.06 

Atomic weight (g/mol) 6.9 23 

E° (V vs. Li/Li+) 0 0.3 

Cost for their carbonate ($/ton) 5000 150 

Capacity (mAh/g) 3829 1165 

 

1.3 Sodium ion Batteries 

LIBs gained wide popularity due to their high energy density and have been commonly used 

in portable devices nowadays. This rechargeable battery has attracted a great deal of interest for 

plug-in hybrid and electrical vehicles in the last decade. However, the LIB industry (first 

commercialized in 1991) has faced an increasing concern on the cost and scarcity of lithium 

resources since recently. 
86,87,88,89

 Other factors such as geographical limitations on the lithium 

resources are also in charge here. Sodium is an intriguing alternative for lithium because of the 

lower cost (90 – 95% cheaper sodium precursors than lithium carbonate), its far more natural 

abundance, i.e. the 6
th

 most abundant element in the earth’s crust ( 2.64 wt.% for Na vs. 0.006 

wt.% on earth for Li), and its widespread terrestrial reserves of sodium mineral salts (Table 1-2). 

90,91,92
 Lower gravimetric and volumetric density of sodium-ion batteries (NIBs, NABs, or SIBs) 

in comparison with LIBs makes it an appropriate choice for stationary energy storage systems for 

electric grids. Na-ion technology is indeed a promising low-cost alternative for current Li-ion 

system, where the most significant cost benefit originates from the fact that Al shows no activity 

toward Na, allows it to be employed as anode current collector rather than more expensive and 

heavier Cu current collectors, which are necessary for LIBs. 
93
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1.3.1 Anode Materials 

With the aim of accomplishing reasonable energy densities in NIBs with optimal cycling 

performance similar to what have been explored for LIBs in the last two decades, significant 

amount of scientific research is being conducted on discovery and optimization of new materials 

for secondary Na batteries. The Na insertion/extraction in a host material is much more 

challenging than that of Li due to the size matter. Areas of NIB research that need to be 

addressed include cathode, anode, electrolyte, and separators. Tremendous effort has been 

dedicated to develop new cathode materials resulted in diversification of the cathode structures 

from Na2FeP2O7, 
94

 NaCrO2, 
95

 Na[Ni0.25Fe0.5Mn0.25]O2, 
96

 Na0.67Mn0.95Mg0.05O2, 
97

 to low cost 

sodium manganese hexacyanoferrates, 
98

 carbon-coated Na3V2(PO4)3 embedded in porous carbon 

matrix, 
99

 porous graphite nanoplatelets, 
100

 and indigo carmine, 
101

 whereas much less work has 

been focused on the anode side.  

 

  
Figure 1-11: (a) Cycling performance and (b) rate 

performance of carbonized peat moss (CPM) with 

carbonization temperatures of 600, 900, 1100, 1400 °C 

and with activation along with commercial activated 

carbon (CAC). Reproduced from 112 

Figure 1-12: Cycling performance of banana 

peel pseudographite (BPPG) with carbonization 

temperature of 800, 1100, 1400 °C and with 

activation. Reproduced from 113 

 

 

Similar to Li, metallic Na (with theoretical specific capacity of 1165 mAh/g and volumetric 

capacity of 1130 mAh/cm
3
) 

102
 suffers from the safety issue of dendritic formation. Besides, low 
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melting point of Na (98 °C vs. Li with 181 °C) would raise more doubts concerning its safety. 

87,90,103,104,105
 After successful implementation of graphite as common anode for commercial 

LIBs, the majority of anode research has been devoted to carbon-based materials. Carbon is 

abundant, chemically inert, and is one of the most versatile elements in the periodic table. It can 

take on many structures and morphologies, ranging from diamond to graphite and everything in 

between. The sodiation of graphite is thermodynamically unfavorable at room temperature and it 

is widely known as an electrochemically inactive material in Na electrolyte. 
106

 Non-graphitic 

carbons, e.g. hard carbons, have attracted significant attention instead. 
92,107,108

 Several other type 

of carbonous materials have been suggested as NIB anode such as a highly disordered carbon 

composite with a reversible capacity of 225 mAh/g at 100 mA/g, 
109

 carbon nanofibers derived 

from cellulose exhibiting reversible capacity of 176 mAh/g at 200 mA/g, 
110

 hollow carbon 

nanospheres, 
111

 the one derived from peat moss giving a capacity of 298 mAh/g at 50 mA/g and 

203 mAh/g at 500 mA/g (Figure 1-11), 
112

 and the one derived from banana peel offering superb 

functionality for NIB, charge capacity of 221 mAh/g at 500 mA/g is degraded by 7% after 600 

cycles and a capacity of 336 mAh/g at 100 mA/g is degraded by 11% after 300 cycles with about 

100% coulombic efficiency (Figure 1-12). 
113

 

Anatase TiO2 with reasonably small volume change of 4%, 
114,115,116

 TiO2 with the hollandite 

structure, 
117

 Na2Ti3O7, 
118

 and Li4Ti5O12 
119

 have also been attempted and are appealing due to 

their cost and environmental friendliness advantages. Several different nanocomposite anodes 

showed respectable performance against Na including sandwich-like porous carbon/graphene 

composite, 
120

 acid-exfoliated MoS2 nanoflakes in a reduced graphene oxide matrix, 
121

 

nanocomposite of MoO3 nanobelts coated with conductive polypyrrole polymer, 
122

 nano-Se-

impregnated mesoporous carbon composite, 
123

 and low cost Fe2O3 nanocrystals anchored onto 

graphene nanosheets. 
124

 The amount of efforts conducted on development of sodium battery 

electrode materials in the past few years indeed shows the importance of NIBs implementation 

for the next generation of energy storage systems. 

The interest of sodium battery research on metallic anode materials has been intensified 

recently. Na can alloy with several metallic elements including Sn, Sb, Pb, P, and Bi with 

theoretical specific capacities of 847 (Na15Sn4), 660 (Na3Sb), 484 (Na15Pb4), 2596 (Na3P), and 

385 mAh/g (Na3Bi), respectively. However, there is a large volume change associated with the 
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Na alloying/dealloying reaction of these materials,  410% for Na15Sn4, 
125,126

 290% for Na3Sb, 

127,128
 365% for Na15Pb4, 

102,129
 308% for Na3P, 

130
 and 250% for Na3Bi. 

129
 Repeated volume 

expansion/contraction induces tremendous microstructural damage to the electrode materials, 

leading to severe pulverization and electric contact loss, subsequently results in capacity loss 

over time.  

 

 
Figure 1-13: (a) Cycling of the various SnGeSb mixed alloys along with comparisons to the bulk pure 

metals at a current rate of 85 mA/g. (b) Power performance of the mixed metal alloys. (c) High power 

performance of the Sn50Ge25Sb25 and Sn60Ge20Sb20 alloys. (d) Long term cycling at 425 mA/g. 

Reproduced from 138 

 

From the valuable lessons with LIB materials, several different nanostructuring approaches 

can be applied to resolve the abovementioned issues. For instance, using hybrid nanostructures is 

an effective method to accommodate the volume change produced by the alloy material, which is 

dispersed in an either active or inactive matrix. SnO2@MWCNT nanocomposite with 72% 

capacity retention (604 mAh/g) over 50 cycles at 0.1C, 
131

 layered-structured SnS2-reduced 

graphene oxide nanocomposite showing a capacity of 630 mAh/g at 200 mA/g, 
132

 Sn4P3/C 

nanocomposite with a reversible capacity of 850 mAh/g, 
133

 commercial microsized red 
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phosphorous and CNTs composite delivering initial reversible capacity of 1675 mAh/g and 

76.6% retention over 10 cycles, 
134

 amorphous phosphorous/carbon nanocomposite retaining 

about 1000 mAh/g reversible capacity after 80 cycles at 250 mA/g, 
135

 Sb nanoparticles 

embedded in the carbon nanofibers with reversible capacity of 568 mAh/g at C/15 after 400 

cycles, 
136

 and Sb2S3 coated graphene giving a capacity of 636 mAh/g after 50 cycles at 50 

mA/g, 
137

 are some examples. A novel microstructure engineering in Sn50Ge25Sb25 thin film, a 

nanocomposite consisting of 10 – 15 nm Sn and SnGe nanocrystallites densely dispersed within 

an amorphous matrix, also led to a high initial reversible capacity of 833 mAh/g and retention of 

662 mAh/g after 50 cycles at 85 mA/g with excellent rate capability of holding 381 mAh/g at 

8500 mA/g (Figure 1-13). 
138

 

 

   

  
Figure 1-14: (a,b) SEM micrographs of Hollow 

carbon nanowires (HCNWs). (c) Cycling 

performance of the HCNWs electrode at a current 

density of 50 mA/g (0.2C). (d) Discharge capacity 

of the HCNWs electrode as a function of cycle 

number at different current densities. Reproduced 

from 142 

Figure 1-15: (a) SEM and (b) TEM micrograph of 

Na4Mn9O18 calcined at 750 °C. (c) Cycle 

performance of Na4Mn9O18 samples calcined at 

different temperatures at a current density of 60 

mA/g (0.5C). (d) Discharge capacity of 

Na4Mn9O18 nanowires calcined at 750 °C at 

different current densities. Reproduced from 144 

 

Superb cycling performance of one-dimensional nanostructures in Li-ion batteries has drawn 

significant attention of Na battery researchers to consider 1D nanostructure materials as potential 

anodes for NIBs. 
139,140,141 

The key advance is the capability of the nanowire structure to 

overcome the problems associated with the large volume change upon cycling. They also offer 
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short diffusion distance, good electrical conductivity along their length, larger surface area in 

contact with the electrolyte, and more importantly, the ability to be grown directly on conductive 

substrates without any binder or additive. Examples of intriguing performances of 1D 

nanostructure anodes for NIBs could be carbon-coated anatase TiO2 nanorods structure showing 

good high-rate capability with a capacity of 53 mAh/g at rate of 33 A/g, 
116

 hollow carbon 

nanowires (Figure 1-14) with excellent cycling stability (82.2% retention over 400 cycles and 

delivering 149 mAh/g at 500 mA/g), 
142

 3D nanoforest of C/Sn/Ni/TMV1cys retaining 405 

mAh/gSn capacity after 150 cycles at 50 mA/g, 
143

 and also Na4Mn9O18 nanowires exhibiting 

77% retention after 1000 cycles at 0.5C (Figure 1-15). 
144

 

 

1.3.2 Germanium Anodes 

Ge can also electrochemically alloy with Na up to 1:1 ratio, NaGe phase with theoretical 

capacity of 369 mAh/g, 
145,146,147

 Na3Ge and NaGe4 are other equilibrium phases present in the 

Ge – Na phase diagram. 
148

 An early effort to cycle Ge powder versus Na was unsuccessful 

though. 
149

 The theoretical results show that the Na diffusion along the surface of Ge is more 

facile than that in the bulk. 
146,147

 Hence implementation of Ge nanostructures anodes for Na 

battery application is necessary, as the large surface area to volume shortens the bulk diffusion 

distances. Very recently, Baggetto et al. 
146

 and Abel et al. 
147

 reported application of Ge 

nanostructures as sodium-ion anode material, which are, to the best of our knowledge, the only 

studies examining Ge as anode for NIBs. The electrochemical performances of Ge thin film and 

Ge nanocolumnar structures are certainly promising, although more improvements are required 

for practical application. Dense evaporated Ge thin film showed a significant capacity loss after 

only 15 cycles. 
147

 Our study on thin film anodes also demonstrated that pure Ge film’s capacity 

starts to decay after few initial cycles. 
138

 Thorough characterization of cycled anodes revealed 

that a sharp Na segregation developed through the film thickness after only two cycles, 

considered as major contributor to electrical contact loss. High cost is the main drawback of Ge, 

although its price can be reduced since it is abundant on the earth’s crust. 
150
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1.4 Motivation and Scope of this Thesis 

Since current LIB systems are still far from reaching the demands of the high energy density 

on electric vehicles and hybrid electric vehicles and they cannot match the high charge/discharge 

current requirements of the next generation of batteries, this doctoral thesis aims to improve the 

long-term electrochemical cycling performance of LIB and NIB anode materials by designing 

nanomaterials and also investigate the degradation mechanisms of electrode materials. In fact, 

the ultimate goal here is to enhance battery cycle life as well as capacity of anode structures via 

design and synthesis of promising materials for mobile and stationary applications, with 

particular attention to one-dimensional nanostructure (nanowires) materials and surface coating 

strategy.  

Chapter 2 presents the results of our study on the effect of Mg and Mg2Si coating materials 

with different thicknesses on the electrochemical cycling performance of SiNWs LIB anode 

materials. The cycling performance of the coated and baseline SiNWs are compared and we 

show that how the coating materials affect the coulombic efficiency of the bare SiNWs anode 

through comprehensive surface analysis. The role of the coating materials on the mechanical 

integrity of the nanowires is also revealed by electron microscopy analysis. We also discuss how 

the SiNWs-based anode material degrades upon cycling in Li-ion cell and propose the major 

degradation mechanism for the SiNWs-based anodes with the nanowires being directly grown on 

the substrate. 

In chapter 3 we demonstrate significant improvement in the electrochemical performance of 

SiNWs by using inactive, conductive, and adherent titanium nitride (TiN) coating films. We 

explore the TiN coating effects through characterization of as-synthesized and cycled samples. 

Effect of coating deposition method (reactive sputtering and ALD) and temperature as well as 

TiN coating thickness is evaluated. We also optimize the anode materials performance by tuning 

the parameters regarding materials synthesis. TEM analysis shows that thinner or thicker than a 

certain coating thickness may not be as effective for mechanical integrity of the wires.  

We propose a SiNWs-based anode system with Sn coating deposited via magnetron 

sputtering for LIBs in chapter 4. In order to obtain the optimum electrochemical performance 

from the anode material, different Sn coating thicknesses are also evaluated. Our results clearly 
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determine the optimum conditions for the best performing anode material. Detailed analysis of 

as-synthesized, cycled, and partially cycled anode materials are also included and explain why 

sputtered Sn coating can effectively promote the cycling performance of SiNWs LIB anode. 

Partially lithiated/delithiated anodes are also characterized to further support our hypothesis. 

In Chapter 5, we propose an approach based on pre-cycling against Li through which the 

challenge of poor sodiation/desodiation kinetics of Ge NIB anode can be tackled and enabled us 

to examine the electrochemical cycling performance of GeNWs against Na for the first time. As 

well, we demonstrate that such an approach leads to improve the cycling performance of Ge thin 

film anodes. Comprehensive analysis and characterization of GeNWs and Ge thin film NIB 

anodes are also presented with the aim to help understanding why pre lithiation – delithiation 

could make such difference.  
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Chapter 2: Magnesium and Magnesium-Silicide coated Silicon Nanowire 

composite Anodes for Lithium-ion Batteries 

 

Material in this chapter has been published in: 

Kohandehghan, Alireza, Peter Kalisvaart, Martin Kupsta, Beniamin Zahiri, Babak Shalchi 

Amirkhiz, Zhipeng Li, Elmira L. Memarzadeh, Leonid A. Bendersky, and David Mitlin. 

"Magnesium and magnesium-silicide coated silicon nanowire composite anodes for lithium-ion 

batteries." J. Mater. Chem. A 1, (2013): 1600-1612. 

 

2.1 Introduction 

Lithium-ion batteries (LIBs) are rechargeable batteries offering higher energy density than 

other secondary batteries such as Nickel-Cadmium or Nickel-Metal Hydride. LIBs are the most 

promising candidates for plug-in hybrid electric vehicles due to their high operating voltage, high 

power density, high energy-to-weight ratio, and no memory effect. 
1-3

 Conventional graphite 

anodes have only 372 mAh/g specific capacity, which is much less than the required energy for 

high-power demands. 
4
 Also in terms of capacity per volume, 843 mAh/cm

3
 for graphite, there is 

still a lot of potential for improvement by changing the anode active material.  

After lithium, silicon exhibits the highest theoretical gravimetric specific capacity, 3590 

mAh/g
 
corresponding to formation of Li15Si4, and is therefore considered the most promising 

replacement for graphite in commercial LIBs. 
5,6

 However, there are major practical difficulties 

associated with the application of silicon in a rechargeable lithium-ion battery. The most 

important issue is the very large volume change of Si upon Li insertion and extraction. Whereas 

graphite expands by only ~ 10% upon lithiation to LiC6, Si expands 280% upon lithiation. 
7-12

 

This huge repeated expansion (shrinkage) during lithium alloying (dealloying) leads to poor 

cyclability due to disintegration of active materials, leading to electronic contact loss with either 

the conductive additive or the current collector. 
13-15

 The volumetric capacity of Si, even taking 

the high expansion into account, is 2172 mAh/cm
3
 and thereby exceeds that of graphite by a 

http://pubs.rsc.org/en/Content/ArticleLanding/2013/TA/c2ta00769j#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/TA/c2ta00769j#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/TA/c2ta00769j#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/TA/c2ta00769j#!divAbstract
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factor of 2.6 and even tops that of Li metal (2066 mAh/cm
3
). Thus, major efforts to improve the 

cycling stability of Si-based Li-ion battery anodes are certainly justified from an application 

point of view. 

The abovementioned problems can potentially be overcome by using nanostructured Si 

anodes in the form of thin films, nanocomposite powders with carbon or Si particles anchored to 

carbon nanostructures. 
12,16-18

 However, these have the disadvantage of incorporating a lot of 

‘dead weight’ in the form of substrates (thin films) or inactive carbon fillers and templates. In 

2008, the idea that Silicon nanowires (SiNWs) might have superior cycling stability over Si 

(nano)powders as LIB anodes was first published. 
19

 The rationale was that the nanowire 

morphology would allow for easy accommodation of volume expansion and short diffusion 

distances in the radial direction and fast electron transport in the axial direction. With the SiNWs 

directly anchored to a conductive substrate, the need for conductive additives and binders would 

also be eliminated. Cycling stability of the SiNWs was indeed superior to Si powder electrodes, 

but was not reported beyond 10 cycles. 
19

 Subsequent studies on SiNWs by the same authors 

showed approximately 40% capacity loss in the first 50 cycles which is still far from satisfactory 

for practical applications. 
20

  

Although their performance is superior to Si powders, SiNWs are still vulnerable to fracture 

and pulverization during galvanostatic cycling. 
21,22

 Thus, one of the required modifications in 

SiNWs electrodes is structural stability improvements to avoid disintegration of nanowires. To 

this end, coatings might be beneficial to prevent SiNWs from decrepitation. 
23-27

 Indeed, the 

coating could play a physical support role for improved structural integrity of the core active 

material. A proof of this principle was demonstrated by in-situ TEM studies on SnO2 nanowires, 

where carbon or aluminum coating completely inhibited radial expansion of the nanowire in 

favor of the longitudinal direction, thus maintaining the mechanical integrity of the material. 
27

 

More recently, a study on anchored arrays of SiNWs on TiN showed that Al coating can modify 

the expansion of silicon as well and also demonstrated a significant improvement in the cycling 

stability for 3-8 wt.% Al coating, although degradation was only delayed, not prevented. 
28

 

Therefore, the question remains as to what selection rules can be formulated for coatings on 

SiNWs. Al is also active towards Li, whereas Cu, reported on by Chen et al.
 29

, is inactive. Both 
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showed some benefits to the cycling stability, although active Al appeared superior. However, 

there are likely to be more confounding factors in terms of nanowire diameter and length. 
30

  

Magnesium as a coating material for SiNWs is similar to copper in the sense that it is 

reactive with Si, can improve conductivity and only accommodates Li as a solid solution, 
31

 but it 

is much lighter. Furthermore, a simple heat treatment step after synthesis of the Mg-SiNW 

composite can react the Mg to the ordered Mg2Si intermetallic phase which is reactive towards 

Li, thus allowing a comparison between ‘inactive-active’ and ‘active-active’ composite that are 

synthesized in identical ways. Upon reaction with Li, Mg2Si undergoes a displacement reaction 

upon lithiation to Li2MgSi and Mg. The total measured capacity of 1363 mAh/g is, however, 

much higher than 2 Li/Mg2Si (= 699 mAh/g), although it is not entirely clear where the 

remaining Li is accommodated. 
32,33

 It was also reported Mg2Si reacts at similar potentials to Si, 

which means both the Si core and Mg2Si shell start to expand at the same time. 
34,35

 Therefore, 

Mg2Si may be an interesting intermetallic compound as a lightweight coating for SiNW arrays.  

The large surface area due to their high aspect ratio of SiNWs is both an advantage and a 

disadvantage. Although high active area is crucial for lithiation and delithiation at higher rates, it 

results in more solid-electrolyte interphase (SEI) formation. SEI has been proven as one of the 

main sources of initial capacity loss and low coulombic efficiency since it consumes lithium ions 

and electrons irreversibly. Nevertheless, a stable SEI layer helps avoid further capacity loss on 

the subsequent cycles. 
36-38

 Previous studies on etched and surface-functionalized and carbon-

coated SiNWs showed that the reactivity of the nanowires with the organic electrolyte is 

influenced significantly by changes in the surface chemistry of the material. 
39-41

 It is therefore 

reasonable to assume that a (inter)metallic coating can also modify the SEI layer and, possibly, 

positively influence the coulombic efficiency.   

Here we present a microstructural, and electrochemical characterization study of Mg-and 

Mg2Si-coated SiNWs core-shell composites. The objective of the current work is to evaluate 

whether the coatings have any advantageous effects in terms of cycling stability and/or 

coulombic efficiency when the nanowires are utilized as Li-ion battery anodes. We compare the 

galvanostatic charge-discharge performance of the synthesized nanocomposites having various 

Mg and Mg2Si thicknesses with a bare SiNWs anode as a baseline. In addition, TEM and SEM 
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microstructural studies on the as-synthesized and post cycled nanocomposites are presented with 

particular focus on degradation mechanisms. The compositions of the SEI layers on Mg-and 

Mg2Si-coated SiNWs will be compared using XPS analysis to investigate possible correlations 

with cycling stability and/or coulombic efficiency. 

 

2.2 Experimental procedures 

316 stainless steel spacer disks (MTI Corporation), 15.8 mm in diameter and 0.5 mm thick 

served as the substrate for SiNW growth. The spacers were polished using SiC sandpaper with 

progressively smaller grit size down to 5 µm (Allied High Tech Products, Inc.) followed by 

polishing with 1.0 and 0.05 μm alumina paste (Buehler). After the polishing steps, the substrates 

were cleaned by sonication in acetone, iso-propanol, and Milli-Q water and were then dried.  

Prior to all deposition experiments, the maximum base pressure of the sputtering chamber 

was 5×10
-8

 Torr. Sputtering of Ti and Au was performed in Ar gas of 5N purity at a pressure of 4 

mTorr. A mixture of Ar and N2 (20:1) was used for sputtering of titanium nitride (TiN) during 

which the substrates were held at 250 ºC. We deposited a 200 nm thick TiN layer with a 50 nm 

Ti film as an adhesion layer underneath the nitride film on the polished spacers. Deposition was 

performed by DC-magnetron sputtering (AJA International, Inc.) of a titanium target 

(Plasmaterials, 99.995% purity) with a deposition rate of ~ 0.4 Å/sec. Deposition of the adhesion 

layer and of the TiN film were performed sequentially with continuous substrate rotation. 

Subsequently, a 10 nm Au film deposited by radio frequency (RF) magnetron sputtering with ~ 

0.35 Å/sec deposition rate to catalyze subsequent nanowire growth.  

SiNWs arrays were synthesized by vapor-liquid-solid (VLS) mechanism in a commercial 

low-pressure chemical-vapor deposition (LP-CVD) tube furnace (Tystar, Inc.). First, the samples 

were loaded into the reactor at 300 ºC. Then the furnace is purged with Ar gas and heated up to 

the growth temperature of 525 ºC at 10 ºC/min under a flow of Ar and H2, and held at this 

temperature for 30 minutes prior to nanowire growth in order to dewet the gold film. SiNWs 

were grown at 525 ºC using a SiH4:H2 ratio of 1:4. The total pressure during growth was set at 

100 Torr and the growth time was set to 2 minutes.  
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The magnesium coating was deposited onto the SiNWs by RF magnetron sputtering at an Ar 

pressure of 4 mTorr at a rate of ~ 0.15 Å/sec. The Mg thicknesses used are 10, 20, and 50 nm 

based on a planar geometry. In order to react the Mg to Mg2Si, some of the Mg-coated SiNWs 

samples were annealed at 400 ºC for 30 minutes in a high vacuum (10
-9

 Torr) environment. After 

sample preparation, spacers were weighed with a high accuracy Mettler Toledo MX5 (1 µg 

resolution) microbalance. The resulting mass-loading of silicon on a single substrate is ~ 0.3 mg 

or 0.15 mg/cm
2
, on average.  

Electrochemical tests were carried out using a coin cell configuration, CR2032, with 

diameter and thickness of 20 mm and 3.2 mm, respectively, which had been assembled in an 

argon-filled glove box in which oxygen and moisture concentrations were kept below 0.1 ppm. 

Lithium metal foil used as counter electrode was separated from the working electrode with 

Polyethene separator (MTI Corporation, porosity of 36-44% and mainly 0.03 μm pore size) with 

19 mm diameter. The electrolyte is 1 M lithium hexafluorophosphate (LiPF6) salt in ethylene 

carbonate (EC), dimethyl carbonate (DMC), and diethylcarbonate (DEC) solution with a 1:1:1 

volumetric ratio. 
42

 

To elucidate long-term cyclability of the composite, galvanostatic charge-discharge 

experiments were performed on a BT2000 Arbin potentiostat with the cutoff potentials set to of 

0.01 and 2 V vs. Li/Li
+
. Constant current (CC) cycling was performed at 0.1C rate. Cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were 

conducted on a Solartron 1470 Multistat system with Corrware data acquisition software. For CV 

experiments, the potential was scanned in a range of 0.01-2 V vs. Li/Li
+
 with a scan rate of 1 

mV/s for 10 cycles. All electrochemical tests were conducted at room temperature. 

Samples for post-cycling characterization of their microstructure were obtained by 

disassembling coin cells in an Ar-filled glove box. Subsequently, the cycled electrodes were 

rinsed in acetonitrile to remove excess electrolyte and kept in the glovebox overnight to dry. The 

nanocomposites were analyzed with scanning electron microscopy (SEM) on a Hitachi FESEM 

S-4800 and Hitachi FESEM S-5500, the latter of which is capable of energy-dispersive x-ray 

(EDX) spectroscopy to perform elemental mapping. Transmission electron microscopy (TEM) 

was performed on a JEOL 2200FS, 2100, and 2010 at 200 kV accelerating voltage. Electron 
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diffraction patterns were simulated via the commercial software Desktop Microscopist, with the 

input of known space group information of the relevant phases. Cross-sectional samples of 

cycled materials were obtained by using a Hitachi NB5000 dual beam FIB/SEM. From the bulk 

of the sample, a suitable area was located using the SEM, the selected volume was isolated, lifted 

out, and placed on a Cu 5-post grid using the FIB and micro-sample manipulator.  

X-ray photoelectron spectroscopy (XPS) measurements were performed on an 

ULTRA (Kratos Analytical) spectrometer using monochromatic Al-Kα radiation (hν=1486.6 

eV) run at 210 W. Data collection was conducted under ultrahigh vacuum (10
-9

 Torr) from 

analyzed area of 300×700 μm
2
. Spectra were collected with an energy window of 20 eV. A 

charge neutralizer was used to compensate charging effects. The binding energy scale was 

calibrated from the universal hydrocarbon contamination using the C1s peak at 284.8 eV. The 

XPS data were analyzed using CasaXPS software. Background subtraction was done using a 

nonlinear Shirley-type background model. 

 

2.3 Results and discussion 

2.3.1 Characterization of as-made composites 

Both cross-sectional and planar-view SEM images of as-made bare SiNWs and Mg-coated 

SiNWs both before and after annealing are included as Figure 2-1. The nanowires are, on 

average, approximately 12 micrometers long and 114 nm thick. From the average diameter and 

length, the density of silicon (2.3 g/cm
3
), and the average silicon mass loading of 0.3 mg on a 

stainless steel spacer with 1.96 cm
2
 surface area, one can calculate the number nanowires on 

each substrate and the surface area-enhancement, which is approximately a factor of ~ 23 based 

on these numbers. In principle, this would result in sub-nanometer thickness for the coatings if 

coverage were perfectly uniform. However, since the nanowires are not aligned with one 

another, nor perfectly perpendicular to the substrate and strongly interconnected, coverage by 

sputtering will not be uniform. Therefore, for simplicity, we will from here on refer to each 

sample material by the geometric thickness of the coating. After annealing, the resulting Mg2Si 

thickness will be ~ 1.4 times that of Mg, assuming all Mg is transformed into Mg2Si. Thus, the 
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materials described from here on will be referred to 10, 20, 50Mg/SiNWs and 14, 28, 

70Mg2Si/SiNWs. 

 

 
 Figure 2-1: (a) cross-sectional view SEM micrograph of SiNWs forest grown on Si wafer/Ti/TiN, in-

plane view SEM micrographs for (b) bare SiNWs, (c) 10Mg/SiNWs, (d) 14Mg2Si/SiNWs, (e) 

20Mg/SiNWs, (f) 28Mg2Si/SiNWs, (g) 50Mg/SiNWs, and (h) 70Mg2Si/SiNWs nanocomposite anode 

materials. A series of representative images like (b)-(h) were used to obtain the diameter distribution in 

(i). 
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Figure 2-2(a-d) show bright-and dark-field TEM micrographs, the corresponding SAD 

pattern, and a high-resolution image of an uncoated silicon nanowire. The electron diffraction 

pattern indicates that pure Si nanowires are single-crystalline, consistent with results on other 

VLS-grown SiNWs with Au catalyst. 
43

 The dark-field micrograph was taken from the 022 

reflection of the silicon lattice.  

 

 
Figure 2-2: (a-d) TEM micrographs of as-grown pure SiNWs; (b) corresponding indexed SAD pattern 

of the nanowire oriented near the 100 zone axis, the extra weak spots are observed as a result of double 

diffraction, (c) Dark-field micrograph obtained using g=022Si reflection, (d) HRTEM image of the 

SiNW structure. (e-h) As-prepared 10Mg/SiNWs; (e) bright-field TEM image with (f) corresponding 

indexed SAD pattern, (g) dark-field TEM micrograph, obtained using g=002MgO reflection, (h) 

HRTEM image of the nanowire shown in (e). (i-l) As-synthesized 14Mg2Si/SiNWs; (i) bright-field 

micrograph and (j) corresponding indexed SAD pattern with Mg2Si ring pattern simulation, (k) dark-

field image, obtained using part of the 022 diffraction ring of Mg2Si, (l) HRTEM micrograph of the 

material in (i). (m,n) Cross-section bright-field TEM micrograph of a silicon nanowire and 

corresponding SAD pattern showing that the imaged SiNW is oriented near the 111 zone axis. 
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The particular SiNW imaged in Figure 2-2(a-d) is near the [100] zone axis. There is an extra 

set of diffraction spots appearing where the forbidden (002) reflection would be that most likely 

arises from double diffraction. From Figure 2-2(d) it can be seen that an approximately 5 nm 

thick amorphous layer is present on the nanowire surface, which could be due to a combination 

of amorphous silicon from the growth step and amorphous SiO2 resulting from exposure to air. A 

cross-sectional TEM image of a SiNW, included as Figure 2-2(m,n), shows its shape is actually 

roughly hexagonal, a feature not immediately obvious from the images in Figure 2-2(a-d). 

 

 
Figure 2-3: TEM images of sputtered 10 nm Mg onto a TEM grid (on the Cu side) at room 

temperature, (a) bright-field, (b) corresponding SAD pattern with MgO ring pattern simulation, and (c) 

dark-field TEM micrograph, obtained using part of 002MgO diffracted ring. This thin Mg layer appears 

mostly oxidized, as it did on the composite. (d) XRD patterns of bare SiNWs, 50Mg/SiNWs and 

70Mg2Si/SiNWs made by annealing 50Mg/SiNWs at 400 °C for 30 minutes. 
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Figure 2-2(e-h) and (i-l) present TEM micrographs of 10Mg/SiNWs and 14Mg2Si/SiNWs 

anode materials, respectively. For the 10Mg/SiNWs, the Mg coating seems to be completely 

oxidized as only a diffraction ring of MgO (002) could be detected. The same result is obtained 

for a planar 10 nm Mg film on a TEM grid (see Figure 2-3). However, metallic Mg could be 

detected in as-made composites with thicker Mg coating. An XRD pattern of 50Mg/SiNWs is 

included in Figure 2-3(d) clearly showing the (100), (002) and (101) reflections of Mg. When the 

Mg coated nanowires are annealed under high vacuum in the sputter system, the Mg coating 

reacts with Si to form Mg2Si. The (022) reflection ring of Mg2Si was detected as indicated by the 

arrow. From the dark-field image taken from the (022) reflection of Mg2Si in Figure 2-2, Mg2Si 

appears quite homogeneously distributed over the surface of the nanowire. 

 

 
Figure 2-4: (a-d) As-synthesized 50Mg/SiNWs, (a) bright-field micrograph and corresponding EDX 

elemental mappings of Si and Mg, (b) and (c), (d) the corresponding overlay map of both Si and Mg in 

red and green, respectively. (e-h) As-synthesized 70Mg2Si/SiNWs, (e) bright-field image of as-made 

70Mg2Si/SiNWs and corresponding EDX elemental maps of Si and Mg, (f) and (g), (h) the overlay 

map with Si in red and Mg in green. Areas where Mg and Si are not intermixed for the 50Mg/SiNWs 

and are in the 70Mg2Si/SiNWs are indicated by the arrows. (i) HRTEM micrograph of 

70Mg2Si/SiNWs and corresponding FFT pattern of (1) interior parts of coated nanowire and (2) outer 

shell of nanowire, which is covered with Mg2Si. 
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Figure 2-4 shows bright-field TEM micrographs and Si and Mg EDX elemental mappings 

for 50Mg/SiNWs, (a-d), and 70Mg2Si/SiNWs, (e-h), which are of equivalent Mg thickness 

before and after annealing, respectively. The 50Mg/SiNWs show a very clear core-shell structure 

where the region where Si is detected is clearly narrower than the area where Mg is found. The 

arrows in the images indicate the outer edge of both the nanowire and the area where Mg is 

detected. Before annealing, the areas near the arrow in Figure 2-4(c) are clearly free of Si, 

whereas a considerable amount of Mg is detected. After annealing, there is a clear overlap 

between the Si and Mg maps, showing the Si and Mg have formed the Mg2Si alloy. XRD 

patterns of bare and Mg2Si-coated SiNWs also confirm this. A HRTEM image of a region near 

the Mg2Si/SiNW interface is shown in Figure 2-4(i), together with FFTs of the nanowire core 

and the coating. From the FFT patterns, the d-spacings of (220)Si and (200)Mg2Si can be extracted 

as being 1.92 and 3.17 Å, respectively, once again showing the reaction of the Mg coating with 

the SiNW. 

 

2.3.2 Electrochemical performance 

Figure 2-5 shows the first 10 CV curves of bare and Mg-and Mg2Si-coated SiNWs for 

different coating thicknesses. The CVs of bare SiNWs show two characteristic peaks at 0.3 and 

0.5 V in the oxidation branch that are typically found for any Si-based anode. The large, broad 

peak at ~ 0.1 V in the reduction branch is also commonly observed for Si electrodes. 
28

 Over the 

course of the first 10 cycles, the peak current at 0.5-0.6 V increases by a factor of 5, likely due to 

reduction and/or break-up of the native oxide on the surface of the nanowires. For SiNWs coated 

with pure Mg, as shown in Figure 2-5(b) and (d), the picture is quite different. For 10Mg/SiNWs 

the peak currents at E ~ 0.5 V are considerably lower than even for bare SiNWs and increase by 

less than a factor of 4 in the first 10 cycles. Thus, thin Mg coating seems to be detrimental to the 

reaction kinetics towards Li insertion/extraction of the nanowires, consistent with the detection 

of a considerable amount of native oxide in the electron diffraction pattern and dark-field TEM 

image. Increasing the thickness of Mg to 50 nm, the first 10 CVs are virtually identical, 
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indicating that thicker Mg coatings are not fully oxidized and the oxide shell can be readily 

broken during cycling. 

 

 
Figure 2-5: Cyclic voltammograms of (a) bare SiNWs, (b) and (c) 10Mg/SiNWs and 14Mg2Si/SiNWs, 

(d) and (e) 50Mg/SiNWs and 70Mg2Si/SiNWs at a scan rate of 1 mV/s between 0.01 and 2 V vs. 

Li/Li+. 

 

As can be seen in Figure 2-5(c) and (e), the Mg2Si coating does not alter the general features 

of the CV curves with respect to bare SiNWs. There is no consistent trend to the maximum peak 

current densities that are achieved with increasing coating thickness, which indicates that Mg2Si 

neither improves nor deteriorates the reaction kinetics. The fact that the CV curves of bare and 

Mg2Si-coated nanowires are so similar in the activation behavior they show, also indicates that 

the native oxide on both can be reduced by lithium. Indeed, SiO2 is thermodynamically less 

stable than Li2O. It should be noted here that this is not true for MgO, which is more stable than 

both SiO2 and Li2O and will therefore not react with Li at all. 
44

 This could explain the low 
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currents and slow activation behavior found for 10Mg/SiNWs in Figure 2-5(b). Beside similar 

peak current densities, the composite also shows no additional peaks due to the Mg2Si coating.  

 

 
Figure 2-6: (a) and (b) CV curves between 0.01 and 2 V vs. Li/Li+ for a planar 100 nm Mg2Si layer at 

1 and 0.2 mV/s, respectively, (c) Galvanostatic cycling at 0.1C rate of the same over the same potential 

window. (d) Constant current measurement on 100 nm planar Mg film at 1 µA current. 

 

CV curves of a planar 100 nm thick Mg2Si film are included in Figure 2-6(a-c). At 1 mV/s, 

the CV curves are featureless and a visible contribution from Mg2Si would therefore not be 

expected at this scan rate. At 0.2 mV/s, however, current peaks at ~ 0.2 and towards 0 V and at 

0.2, 0.25, and 0.61 V vs. Li/Li
+
 are visible in the anodic and cathodic branch, respectively. Given 

that the scan rate had to be lowered from 1 to 0.2 mV/s to see any distinct features, the reaction 

kinetics of the Mg2Si phase seem to be slow.  

Figure 2-7 shows the voltage profiles of the nanocomposites during charge and discharge in 

a voltage window of 0.01-2 V vs. Li/Li
+
 at a rate of 0.1C. The potential curves for the coated and 

uncoated SiNWs electrodes are quite similar. The measured initial discharge (lithiation) specific 

capacity, first-cycle discharge capacity loss, initial irreversible capacity, and coulombic 

efficiency (CE), defined as CE=delithiation capacity/lithiation capacity, as taken from the 

galvanostatic potential curves for bare SiNWs and nanocomposites are listed in Table 2-1. 
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Figure 2-7: Charge-discharge profiles of (a) bare SiNWs, (b) 10Mg/SiNWs, (c) 14Mg2Si/SiNWs, (d) 

20Mg/SiNWs, (e) 50Mg/SiNWs, and (f) 70Mg2Si/SiNWs nanocomposite anode materials cycled in the 

potential window of 0.01-2 V vs. Li/Li+ at a rate of 0.1C. 

 

Analogous to what was found for Al-coated SiNWs, the coating has no consistent, 

significant influence on the coulombic efficiency or capacity loss in the first cycle. For all the 

electrodes, initial Li alloying exhibits a long flat plateau at ~ 0.1 V, which corresponds to phase 

transformation of crystalline Si to amorphous LixSi phase. 
45,46

 During subsequent cycles, rather 

than a single flat plateau, several sloping plateaus are observed, corresponding to multiple 

transitions between (amorphous) Li-Si phases with different Li/Si ratios. As expected, the total 

capacity decreases for thicker Mg2Si coatings, because the capacity of Mg2Si is much smaller 

than that of Si (1300 vs. 3590 mAh/g). The results for Mg-coated SiNWs are very similar to 
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those for Mg2Si coating, although in the case of Mg, the electrode with the thinnest Mg coating 

has clearly the highest CE and lowest initial capacity losses. 

 

Table 2-1: Galvanostatic constant-current electrochemical results obtained for the bare SiNWs, the 

Mg2Si, and the Mg coated Si nanowires nanocomposites at 0.1C cycle rate. 

Electrode 

Measured first 

discharge specific 

capacity          

(mAh/g) 

First discharge 

capacity loss                   

(mAh/g) 

Initial 

irreversible 

capacity    

(mAh/g) 

Initial 

Coulombic 

efficiency          

(%) 

SiNWs 3576 184 280 92.0 

10Mg/SiNWs 3209 132 134 95.8 

14Mg2Si/SiNWs 3338 141 234 93.0 

20Mg/SiNWs 3165 180 205 93.5 

50Mg/SiNWs 3030 190 205 93.2 

70Mg2Si/SiNWs 3089 172 213 93.1 

 

Upon delithiation, there is a single flat plateau at ~ 0.4 V during the first 10-20 cycles, 

followed by an upward sloping region in all delithiation profiles. It is known that at potentials 

around 20 mV vs. Li/Li
+
, crystallization of Li15Si4 can occur during lithiation. During subsequent 

delithiation, there will be a two-phase co-existence region between this crystalline phase and an 

amorphous Si-Li solid solution.
 9

 At higher cycle numbers, the shape of the delithiation curve 

changes. When the capacity decreases and the absolute current is kept constant, the ‘effective’ C-

rate will increase. This increases the overpotential during lithiation and decreases the time that 

the potential is below 20 mV and crystallization of Li15Si4 may no longer occur or to a smaller 

extent. Thus, the plateau at 0.4 V becomes much narrower during cycling. See, for instance, the 

20
th

 delithiation curve for 14Mg2Si/SiNWs in Figure 2-7(c), where the length of the plateau 

around 0.4 V is less than half of that in cycle 1, although total capacity loss is still only 7%. For 

the Mg-coated SiNWs (Figure 2-7(b), (d), and (e)), the picture is basically the same. The voltage 

profiles have the same shape as for the Mg2Si/SiNWs, both for lithiation and delithiation. 

The similarities between bare and Mg/Mg2Si-coated SiNWs are illustrated further in Figure 

2-8(a) and (c), where the capacity retention expressed as % of the first cycle is plotted vs. cycle 

number for both Mg-and Mg2Si-coated SiNWs in comparison with bare SiNWs. Both Mg and 

Mg2Si coating materials have no noticeable effect on the cycling stability at 0.1C rate, contrary 

to e.g. Al coating which was found to have favorable influence between 3 and 8 wt.% Al. 
28
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Figure 2-8: (a) % capacity retention vs. cycle number for different Mg thicknesses, (b) Coulombic 

efficiency, (c) % capacity retention vs. cycle number for Mg2Si/SiNWs nanocomposites, (d) 

Corresponding coulombic efficiency. Note that all results are from cycling at charging rate of 0.1C 

over 0.01-2 V vs. Li/Li+ voltage window. 

 

All materials show gradual capacity decay in the first 20-30 cycles and considerably faster 

degradation beyond that. Approximately 30% of the initial capacity is left after 100 cycles in 

every case corresponding to 850-1000 mAh/g. The coulombic efficiency as a function of cycle 

number is plotted in Figure 2-8(b) and (d) for Mg and Mg2Si/SiNWs, respectively. The cycles 

where the coulombic efficiency is lowest coincide with those where the capacity decays most 

rapidly. For the bare SiNWs, the CE varies from ~ 98% in the earliest and latest stages of cycling 

to < 95% around cycle 50. Interestingly, all coated materials have significantly and consistently 

higher coulombic efficiency than the bare nanowires. Both for Mg-and Mg2Si-coated SiNWs, the 

coulombic efficiency is close to 100% at the start of cycling in some cases and never below 97 

and 96% for Mg/SiNWs and Mg2Si/SiNWs, respectively. So even though the capacity retention 

is not influenced by the coatings, side reactions such as electrolyte decomposition to Li2CO3, 

which consume electrons and is thus a factor in reduced CE, appear to be inhibited to some 

extent by the coatings. 
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Figure 2-9: Comparison of the rate capability of bare SiNWs, 50Mg, and 70Mg2Si/SiNWs expressed 

in mAh/g (a) and % of initial capacity (b). (c) Impedance spectra in as-made state and (d) impedance 

spectra after 100 cycles. 

 

Because Si is a semiconductor, a metallic Mg coating could help improve conductivity in the 

composite material and help improve the charge and discharge capacity at higher rates. A 

comparison between bare SiNWs, 50Mg-and 70Mg2Si/SiNWs is shown in Figure 2-9. Each 

electrode was first cycled 20 times at 0.1C and the current was then increased stepwise up to a 

maximum of 5C for 15 cycles at each step and eventually decreased back to 0.1C up to cycle 

100. The results basically confirm the picture previously obtained from the CV curves. Even 

though Mg might be expected to enhance conductivity and thus improve the kinetics, 50Mg and 

70Mg2Si/SiNWs’ capability to cycle at high rates is actually worse than for bare SiNWs. At 0.1C 

rate, the total capacity of the bare SiNWs is higher than that of the composites due to the added 

weight, and lower capacity compared to Si, of Mg and Mg2Si. At 0.5C rate and higher, the 

difference becomes even more pronounced. Remarkably, the capacity of 50Mg/SiNWs is nearly 

identical at 0.5 and 1C rates and from that moment onwards, the rate capability of 50Mg/SiNWs 
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is superior to that of 70Mg2Si/SiNWs. This may be indicative of the superior conductivity of Mg 

metal compared to Mg2Si after the native oxide has been sufficiently broken up after a certain 

number of charge/discharge cycles. The fact that the capacities of all three electrodes virtually 

coincide again when the rate is decreased back to 0.1C further supports this.  

Figure 2-9(c) and (d) show impedance spectra for the as-made and 100 times cycled 

states, respectively. Here too, the influence of native oxide can be clearly seen both for bare 

SiNWs and 50Mg/SiNWs. The diameter of the semicircle at higher frequencies, indicative of the 

charge transfer resistance, is several hundred ohms for bare SiNWs. Remarkably, the charge 

transfer resistance for Mg2Si coated SiNWs appears to be much smaller, indicating that a native 

oxide on Mg2Si either does not form or is very thin compared to a native oxide on either pure Si 

or pure Mg. After 100 charge/discharge cycles, the charge transfer resistance is approximately 

equal for all three electrodes, as would be expected based on their (nearly) identical capacities in 

cycles 80-100.  

 

2.3.3 Post-cycling SEM and TEM characterization 

Figure 2-10 shows SEM images of bare SiNWs (a-c), 50Mg/SiNWs (d-e), and 

70Mg2Si/SiNWs (f-g) after the 1
st
 (left), 10

th
 (middle), and 100

th
 (right) cycles. As can be seen in 

parts (a) and (b), disintegration of bare SiNWs sets in early. Already after 10 cycles, a substantial 

number of nanowires are in the process of breaking up. Interestingly, rather than fracturing, the 

nanowires that are in the process of breaking up in Figure 2-10(b) have turned into a loose 

agglomeration of thin filaments. This is consistent with the morphology observed in in-situ TEM 

studies on the lithiation of SiNWs where a dumbbell-shaped morphology was observed during 

lithiation to the point of splitting the nanowire down the middle. 
21

 Similar phenomena have been 

observed for Si particles, 
12

 where pore formation inside the particles was found to occur upon 

delithiation, creating similar structural vulnerabilities to those observed for nanowires during 

lithiation cycling. Our observations here indicate that this process repeats itself during 

subsequent cycles (See Figure 2-10(c), (f), and (i)). The Mg-and Mg2Si coating seems to inhibit 

this process to some extent, similar to what was observed for Al-coated SiNWs.  
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Figure 2-10: SEM micrographs and high magnification close-up inserts of (a-c) bare SiNWs, (d-f) 

50Mg/SiNWs, and (g-i) 70Mg2Si/SiNWs after 1st (left), 10th (middle), and 100th (right) cycles at 0.1C 

rate in delithiated state. 

 

Figure 2-11 shows FIB cross-section SEM images and elemental mappings of bare SiNWs 

(top), 50Mg/SiNWs (middle), and 70Mg2Si/SiNWs (bottom) after 100 cycles. The spaces 

between the nanowires are seen to have completely filled up with SEI from the substrate all the 

way to the tips of the nanowires. It is clear from the Mg elemental maps for 50Mg/SiNWs and 

70Mg2Si/SiNWs that despite the strong directionality of sputter deposition, Mg penetrates deep 

into the nanowire forest, all the way to the TiN/SS substrate. In all three cases, large voids 

between the bottom of the nanowire forests and the substrates are observed. From the elemental 

mappings it can be seen that, especially for the bare SiNWs, large deposits of electrolyte 

decomposition products seem to have formed near these voids, as evidenced by the strong signal 

in the carbon mapping in particular. 
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Figure 2-11: FIB cross-section SEM images of bare SiNWs, 50Mg/SiNWs, and 70Mg2Si/SiNWs 

together with elemental mappings of Silicon, Magnesium, Carbon, Oxygen, and Fluorine after 100 

cycles at rate of 0.1C over 0.01-2 V vs. Li/Li+ voltage window. Note that heavier elements in the steel 

substrate and the W in the cap have a very large number of emission lines that overlap with any of the 

lighter elements and thus appear bright in all of the maps. 

 

 The same is true for the oxygen and fluorine mappings as well as the carbon map for 

50Mg/SiNWs. The formation of these large voids provides direct evidence that loss of electrical 

contact between the nanowire forest and the substrate is an important degradation mechanism, as 

we proposed before based on impedance measurements. 
28

 We also observe that the TiN 

interlayer stays in contact with the stainless steel substrate even after 100 cycles at the rate of 

0.1C and that all the contact loss occurs between the nanowires and the TiN layer. This illustrates 

the excellent Li diffusion barrier properties of TiN. 
47

 After 100 cycles, the electrode materials 

are approximately 10 micrometers thick. Initially (see Figure 2-1(a)), the average length of the 

nanowires was slightly taller at 12-15 µm. Furthermore, the top part of the cross-section of 

especially the bare SiNWs seems to have a large fraction of voids. 
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Figure 2-12: TEM micrographs of cycled 14Mg2Si/SiNWs anode material after 100 cycles at the rate 

of 0.1C in delithiated state. (a-c) A SiNW with a thick crystalline core, (b) corresponding indexed SAD 

pattern, (c) dark-field image of silicon, obtained using g=022Si. (d-f) A crystalline core-amorphous 

shell SiNW, (d) bright-field of the nanowire with mentioned crystalline and amorphous areas, (e) 

corresponding indexed SAD pattern, (f) dark-field micrograph, obtained using g=022Si. (g) Bright-field 

with corresponding SAD pattern of a completely amorphous SiNW. 

 

This suggests that the major part of the nanowire forest has agglomerated to a thick, solid 

mass of Si near the substrate. This phenomenon of electrochemically-induced agglomeration has 

often been observed. It was found by Karki et al. 
48

 that silicon nanowires that cross each other 

become ‘welded’ together after lithiation/delithiation. This provides a mechanism through which 

agglomeration of nanowires can occur. Similarly, lithiation-induced ‘contact flattering’ has been 

reported by Gu et al. 
12

 for lithiation of Si nanoparticles embedded in, or attached to, a carbon 

matrix. The coated nanowire forests are slightly higher after cycling, suggesting some benefit to 

the mechanical strength of the nanowires from the coatings, although the difference is less than 

25%. This provides an explanation for the observed void formation as thick Si films are known 

to delaminate in early stages of cycling. 
15 
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Figure 2-12 shows TEM micrographs of 14Mg2Si/SiNWs after being cycled 100 times at a 

rate of 0.1C in the delithiated state. It demonstrates three different SiNWs with different degrees 

of crystallinity. The SiNW shown in Figure 2-12(a-c) is mostly single crystalline with weak 

diffuse rings, showing there likely is a small amount of amorphous material as well. In Figure 

2-12(d-f), one can see a nanowire that is for the most part amorphous, but has a partly crystalline 

core, which is confirmed by the dark-field micrograph obtained from 022 reflection of silicon. 

Finally, Figure 2-12(g) shows a TEM micrograph of a completely amorphous SiNW, confirmed 

by the diffuse rings in the SAD pattern. These observations may be explained as follows. As-

made nanowires are rigid and brittle and some may break, or almost break off, during coin cell 

assembly. Only these nanowires would remain completely, or almost completely, single-

crystalline, as the nanowires are completely amorphisized after the first cycle. 
28

 Nanowires that 

survive for multiple cycles will therefore end up with a larger amorphous fraction. These 

nanowires may become detached from the substrate due to the void formation that was observed 

in Figure 2-11.  Depending on the cycle number at which nanowires lose their electrical 

connections with the current collector or the rest of the nanowire forest, they will have different 

crystalline-to-amorphous ratios. 

The mechanical integrity of the nanowires themselves will also play a role. Bare SiNWs are 

subject to disintegration, as was most obvious from the inset in the SEM image of Figure 

2-10(b). Similar to Al, the coatings seem to improve the mechanical integrity of the nanowires, 

as comparison of Figure 2-10(a-c) with (d-f) and (g-i) shows. Despite the improved mechanical 

integrity, the cycling stability is not improved, contrary to Al-coated SiNWs. Comparing the 

Mg/Mg2Si coating on the one hand and Al on the other, there are a number of important 

differences. Al can alloy with Li up to a 1:1 ratio and will itself undergo considerable expansion. 

Some reports on Mg metal give its maximum capacity as > 3000 mAh/g corresponding to 

MgLi3, 
49

 others suggest that Li merely deposits onto Mg without forming new phases. 
50

 Mg 

metal can dissolve up to 17 at.% Li, corresponding to 226 mAh/g (see also Figure 2-6(d)), 

without undergoing phase transformation and will not expand very much. A similar argument 

can be made for Mg2Si. CC measurements on a planar Mg2Si film (see Figure 2-6(a-c)) did show 

the capacity to be approximately equal to the aforementioned study by Kim et al. 
32

, which 

should induce considerable expansion in the coating as well. However, the CV curves showed 
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that the reaction kinetics of the Mg2Si phase is slower than those of Si, delaying expansion 

relative to the Si nanowire. This can make the coatings more prone to delamination, again 

leading to more agglomeration of the nanowires compared to an active coating such as Al.  

 

2.3.4 XPS measurements 

The coulombic efficiency during extended cycling was consistently higher for both Mg-and 

Mg2Si-coated nanowires as compared to bare SiNWs (see Figure 2-8). The reasons for this 

difference may be deduced form a more detailed compositional analysis of the SEI layer during 

cycling. To this end, X-ray photoelectron spectroscopy (XPS) was performed on as-made and 

cycled electrodes. Figure 2-13 shows C 1s, O 1s, F 1s, Si 2p, Li 1s/Mg 2p, and P 2p XPS spectra 

for bare SiNWs as well as both Mg-and Mg2Si-coated materials in the as-made state and after 1, 

10, and 100 cycles in delithiated state. All XPS spectra shown in Figure 2-13 were obtained from 

the top surface of the (cycled) nanowire forests. In all three cases, the presence of a native oxide 

is detected in the as-made material. The MgO signal disappears for both 50Mg and 

70Mg2Si/SiNWs after cycle 1, which indicates that the oxide is either reduced, as is possible for 

SiO2, or simply covered by the SEI layer. For bare SiNWs, the peak assigned to SiO2 has strong 

overlap with other signals in the O 1s spectra, but the Si 2p spectra show that the native oxide is 

clearly present in the as-grown state. After the first cycle, there is no Si signal in the XPS 

spectra. For bare SiNWs, a small amount of LiF is detected only after 10 cycles. After 100 

cycles, the signal is barely detectable anymore. For both 50Mg and 70Mg2Si/SiNWs, the LiF 

signal keeps increasing during cycling and for 70Mg2Si/SiNWs the signal is by far the strongest.  

Both in the C 1s and F 1s spectra, a small shoulder is visible beside the hydrocarbon and LiF 

peaks at 286.7 eV and 686.9 eV, respectively. The second peak in the F 1s spectra is most likely 

due to the presence of a mixed Li-P-O-F salt as reported by Nadimpalli et al.. 
51

 The peak at 290 

eV in the C 1s spectra is consistent with the presence of free carbonate (CO3
2-

) ions as in Li2CO3. 

52
 The shoulder next to the main hydrocarbon peak in the C 1s spectra can also be assigned to C-

O or C=O groups for the coated SiNWs.  
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Figure 2-13: C 1s, O 1s, F 1s, Si 2p, Li 1s/Mg 2p, and P 2p  high resolution XPS spectra of bare 

SiNWs, 50Mg/SiNWs, and 70Mg2Si/SiNWs from the top surface of as-synthesized structures and the 

film formed on top of structure after 1st, 10th, and 100th cycles in delithiated state. 

 

The main peak in the O 1s spectra is near to where it is expected for Li2CO3 although the 

maximum is at slightly higher binding energies. This is also consistent with carbonate groups 
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that are still attached to a hydrocarbon group on at least one side, 
51,52

 or with oxygen atoms as 

part of ether linkages. 
52

 From the XPS spectra, the elemental composition of the samples’ 

surface was determined and the results, in atomic percentage, are listed in Table 2-2. For all 

electrodes, irrespective of cycle number, except the as-made material, a large amount of Li is 

detected, which may be in the form of Li2CO3, lithium alkylcarbonates or LiF, all of which are 

decomposition products of the electrolyte. 
53

 The SEI layers on the bare and coated nanowires 

show some clear differences in composition. Especially the Li content is significantly lower for 

the Mg-coated SiNWs as compared to the bare SiNWs. The same is true for the oxygen content, 

which suggests the Mg coating induces formation of electrolyte decomposition products other 

than Li2CO3. A significant amount of Mg also remains detectable throughout the course of 

cycling when measured from the top of the nanowire forest.  

 

Table 2-2: Atomic composition (in percentage) as derived from the XPS spectra in Figure 2-13. 

Electrode SiNWs 50Mg/SiNWs 70Mg2Si/SiNWs 

State 
As-

grown 
1st 10th 100th 

As-

synthesized 
1st 10th 100th 

As-

synthesized 
1st 10th 100th 

C 1s 11.5 24.3 26.3 35.5 9.1 27.4 31.3 31.6 8.6 24.4 29.7 31.7 

O 1s 24.7 38.2 38.2 33.7 12.6 32.8 32.2 29.5 12.7 30.6 31.3 24.3 

Si 2p 62.9 - - 0.4 1.5 - 0.1 0.2 1.2 0.2 0.2 0.2 

Li 1s - 37.0 34.2 29.9 - 31.0 28.5 24.0 - 29.1 26.8 31.6 

F 1s - 0.3 0.9 0.3 - 1.5 0.3 2.1 - 3.7 1.0 10.7 

Mg 2p - - - - 76.8 6.8 7.1 12.3 77.5 11.2 10.3 - 

Other 
0.9 

(Au) 
0.2 0.4 0.2 - 0.5 0.5 0.3 - 0.8 0.7 

1.5 

(P) 

 

The LiPF6 salt in the electrolyte is always in a chemical equilibrium with its decomposition 

products LiF and PF5. 
53

 However, a significant amount of fluorine is detected only in the Mg-

and Mg2Si-coated SiNWs but mostly in Mg2Si/SiNWs. PF5 is highly reactive and may also be 

reduced further to PF3 combining with 2 Li ions and 2 electrons to form more LiF and also 

reducing the coulombic efficiency. Both a slightly lower CE and a higher amount of LiF were 

found for Mg2Si/SiNW as compared to Mg/SiNWs, indicating that this reaction was more 

prevalent for the Mg2Si-coated SiNWs. Furthermore, PF5 is a strong Lewis acid and can initiate a 

ring-opening polymerization reaction of ethylene carbonate. 
54,55

 The resulting polymer, 

depending on the exact conditions, will consist of polycarbonate and polyethylene oxide (PEO) 
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blocks where the carbonate units may evolve CO2 gas, eventually resulting in a polyethylene-

oxide polymer on the surface of the active material. 
55

 Based on these observations, the amount 

of LiF and C-O-C linkages should be correlated, which was indeed observed for the coated 

nanowires. The decomposition of LiPF6 to PF5 and LiF is an electroless process and would not 

contribute to lower the coulombic efficiency. The polymerization of EC, except for possible 

initial formation of an anionic end-group, also proceeds without electron transfer. The formation 

of significant amounts of LiF and PEO on coated SiNWs and the absence of the same on bare 

SiNWs could therefore explain the differences in coulombic efficiency. PEO, contrary to lithium 

alkylcarbonates resulting from electrolytic reduction of electrolyte solvents contains no ionic 

groups and would therefore act as a passivating layer with relatively poor Li ionic conductivity. 

This may explain our observation that bare SiNWs have superior rate capability over 

Mg2Si/SiNWs (see Figure 2-9). 

We have elucidated a number of important degradation mechanisms that occur 

simultaneously during electrochemical cycling of SiNWs. From the cross-sections in Figure 

2-11, it is obvious that detachment of the nanowires from the substrate/current collector is an 

important factor in determining the cycling stability of the electrodes. A build-up of electrolyte 

decomposition products such as those detected by the XPS measurements can exert additional 

mechanical pressure leading to detachment of the active material from the substrate. The high 

concentrations of carbon, oxygen, and fluorine found near the large voids in the bare SiNW and 

50Mg/SiNW electrodes in Figure 2-11 seem to support this. It should be noted that coulombic 

efficiency is a very important parameter in practical operation of a battery. For all our electrodes, 

the coulombic efficiency was considerably lower than 100%, which is due to a combination of Li 

consumption by SEI formation and immobilization of Li in nanowires that detach from the 

substrate or fracture before they are fully delithiated. In our coin cell configuration, the Li foil 

provides a virtually inexhaustible reservoir of Li/Li
+
, so that Li that is trapped in the SEI layer 

can be replenished. However, in a Li-ion battery all the Li is initially contained in the LiCoO2 

electrode. Immobilization of Li in the SEI layer will immediately lead to a decrease in the 

capacity of the battery. So while the intrinsic capacity degradation due to loss of active material 

appears to be roughly the same for all of our electrodes, the improvement of the coulombic 

efficiency for the coated materials is definitely an important finding.  
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In order to bring SiNWs closer to application, the weight of the substrate should be reduced 

or eliminated. Using TiN diffusion barriers, it should be possible to use Cu foil as 

substrate/current collector instead of stainless steel disks. Furthermore, since the formation of 

voids and detachment of the nanowire assembly from the substrate seems to be an important 

degradation mechanism, further improvements could be achieved by using the nanowires in 

‘powder’ form, either by detaching them from the substrate prior to electrochemical testing or 

synthesizing them by wet-chemical methods and mixing them with binders and conductive 

additives. Stable capacity of up to 2000 mAh/g Si over 50 cycles was recently achieved in this 

manner. 
56

 Based on our results, further improvements could be achieved by conformal coating 

of the nanowires to improve coulombic efficiency and reduce nanowire agglomeration during 

cycling.  

 

2.4 Conclusions 

The electrochemical properties and microstructural evolution of bare silicon nanowires and 

nanowires coated with Mg and Mg2Si were studied and compared. Compared to bare SiNWs, the 

coulombic efficiency was significantly higher for the coated materials, most significantly so for 

the Mg-coated material. XPS analysis showed clear differences in the composition of the SEI 

between bare and coated nanowires and evidence for a passivating polyethyleneoxide layer was 

found in the latter case. For both the Mg-and Mg2Si-coated materials more decomposition 

product from the electrolyte salt in the form of LiF and Li-P-O-F compound was found 

compared to bare SiNWs. SEM showed a beneficial effect of the coatings on the mechanical 

integrity of the nanowires during early-stage cycling. FIB cross-sectional SEM identified the 

formation of large voids between the bottom of the nanowire forests and the TiN substrate as 

possibly the most important capacity degradation mechanism in SiNW electrodes. This 

diminishes electrical contact between the substrate and active material, leading to capacity 

degradation in all the materials studied. Agglomeration of the nanowires upon repeated 

lithiation/delithiation cycling into a microns-thick Si layer is a possible driving force for the 

observed delamination. Future efforts should therefore concentrate on improving adhesion 

between the nanowires and the substrate and use of deposition methods that can produce 
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conformal coatings that fully cover the nanowires such as atomic layer deposition to avoid 

nanowire agglomeration. 
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Chapter 3: Silicon Nanowire Lithium-ion Battery Anodes with ALD 

Deposited TiN Coatings Demonstrate a Major Improvement in Cycling 

Performance 

 

Material in this chapter has been published in: 

Kohandehghan, Alireza, Peter Kalisvaart, Kai Cui, Martin Kupsta, Elmira Memarzadeh, and 

David Mitlin. "Silicon nanowire lithium-ion battery anodes with ALD deposited TiN coatings 

demonstrate a major improvement in cycling performance." J. Mater. Chem. A 1, (2013): 12850-

12861. 

 

3.1 Introduction 

Lithium-ion batteries (LIBs) offer several advantages such as high gravimetric and 

volumetric energy density, high power density, and low self-discharge rate. Since the first 

commercial announcement of LIBs, tremendous effort has been made in material development 

which has resulted in diversification of the cathode materials from LiCoO2 to other Li-transition 

metal oxides such as spinel LiMn2O4 and Li-transition metal phosphates, especially LiFePO4, as 

well as improved and safer electrolyte chemistries. 
1
 On the other hand, for anodes, graphite is 

still the primary material in commercial Li-ion batteries having been this way since their 

introduction. 
2
 However, since the theoretical gravimetric and volumetric capacities of graphite 

are limited to 372 mAh/g and 837 mAh/cm
3
, respectively, research into higher energy density 

anodes is ongoing and has been intensifying over the past decade. 
3
 

Graphene-based carbon nanostructures generally have higher capacity than graphite 

combined with good rate capability. 
4,5

 However, the group 14 elements other than carbon, Sn, 

Ge and Si, can theoretically be alloyed with up to 3.75 Li atoms per atom of the host material 

and are all being investigated as anode materials with even higher capacities. 
6-8

 Because of its 

high abundance, low toxicity, and largest specific capacity per weight (3590 mAh/g) after 

lithium (3862 mAh/g), Si is the most attractive alternative to graphite. 
9-14

 It also has a high 

http://pubs.rsc.org/en/Content/ArticleLanding/2013/TA/c3ta12964k#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/TA/c3ta12964k#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/TA/c3ta12964k#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2013/TA/c3ta12964k#!divAbstract
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volumetric capacity of about 8257 mAh/cm
3
. In fact, even after taking the high volume 

expansion after full lithiation up to Li15Si4 (280%) 
15,16

 into account, the volumetric capacity is 

still higher than that of Li metal; 2170 vs. 2066 mAh/cm
3
. However, it is this same high volume 

expansion that has hindered practical application of silicon as a LIB anode material. Repeated 

volume expansion and contraction upon cycling results in severe decrepitation, breakdown of the 

electronic contact within the electrode, and rapid capacity fading to, in some cases, nearly zero. 

17,18
 

A variety of silicon nanostructures have shown improved performance in LIBs as anode in 

terms of capacity and cyclability, 
19-30

 e.g. by making porous
 26

 or hollow spherical and tubular 

structures 
27-30

 part of the volume expansion can be accommodated internally. Silicon nanowires 

(SiNWs) grown on a conductive substrate can potentially eliminate the need for binders and 

conductive additives and have attracted the most attention during the past five years. 
19,22-25,31-41

 

Their small diameter keeps Li diffusion distances short and enables accommodation of the strain 

in the radial direction. Most early studies on SiNWs presented nanowires performance over few 

initial cycles during which cycling stability of SiNWs is always superior to powder. After 30-40 

cycles, SiNWs anode starts to lose its capacity rapidly. For instance, about 70% capacity loss 

after 100 cycles within 0.01-2 V vs. Li/Li
+
 at 0.1C, 

24
 and ~ 63% loss after 80 cycles over a 

similar potential window at 0.2C have been observed. 
32

 This failure is known to be due to 

fracture of the individual nanowires, as well as due to solid electrolyte interface (SEI) driven 

nanowire agglomeration and en-masse delamination. 
33

 

In order to modify materials expansion and SEI amount and composition and thereby 

improve the electrochemical cycling stability, some surface coatings have been shown to be 

effective. 
24,33,36-40

 For example, enhanced cyclability was achieved for Al-coated SiNWs. 
24

 This 

was attributed to an electrical conductivity improvement due to the metallic coating, which also 

buffered the induced volume change. Radial expansion has been shown to be greatly reduced by 

coatings. 
42

 Furthermore,
 
below a nanowire diameter of ~ 50 nm, a thin layer of SiO2 has been 

observed to even prevent expansion altogether. 
43

 Thermodynamic calculations showed that 

although the maximum Li content in Si is influenced by stress, 
43,44

 up to 80% of the theoretical 

capacity of free-standing Si can be achieved with only 25% volume expansion. 
43

 Therefore, it is 
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expected that applying a conformal coating to SiNWs will have a strong positive influence on 

their electrochemical cycling stability. 

Transition metal nitrides have many applications in energy storage and conversion 
45

 

including but not limited to LIBs, supercapacitors, electrocatalysis and oxygen reduction 

catalysts for fuel cells 
46

 or Li-air batteries. 
47

 For TiN in particular, its high electrical 

conductivity (resistivity of 25 µΩ.cm) 
48

 is one of its most important attributes. As a conductive 

additive in the form of nanoparticles, it has been widely applied in both supercapacitors 
49,50 

and 

Li-ion batteries to enhance the performance of cathodes 
51

 as well as anodes 
52-54

 as a way to 

increase the rate capability of the electrodes. Combined with Si, either by ball-milling 
55

 or 

chemical synthesis, 
56

 TiN has also proved useful to enhance electrical conductivity and hence 

rate capability in a composite material. However, all aforementioned studies use TiN in the form 

of (nano)particles, either as a homogeneous mixture or in the form of a core-shell composite, 

although in the latter case, the coating would be highly defective.     

Atomic layer deposition (ALD) has been proven able to conformally coat structures with 

high aspect ratios 
21,57,58

 and can be expected to achieve uniform and conformal coating with 

arrays of SiNWs as well. TiN can be deposited using ALD and has been used in this form to 

enhance the performance of lithium titanate spinel powder electrodes by increasing electrical 

conductivity. 
59

 Since it is also quite tough and unreactive towards Li, it can potentially fulfill a 

dual role in SiNW electrodes. It is expected to increase rate performance through its high 

electrical conductivity, and in addition act as a structural support/passivation layer for SiNWs 

and increase their cycle life. While a relatively thick (> 50 nm) layer of TiN is actually an 

effective barrier layer to prevent Li penetration, 
60

 it is expected that for truly nanocrystalline 

TiN, several nm-thick coatings there would be sufficient Li diffusion through the boundaries to 

enable lithiation in the first cycle. Moreover, Li would diffuse through any local nanoscale 

cracks that were to form on the TiN surface, even if the coating layer were to be macroscopically 

intact.  
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3.2 Experimental  

We prepared the SiNW electrodes by using a gold-catalyzed, vapour–liquid–solid (VLS) 

growth on 316L stainless steel spacers ( 15.5 mm, 1.89 cm
2
). In order to prevent penetration of 

Au into stainless steel at elevated temperatures, a Ti/TiN diffusion barrier with layer thicknesses 

of 50 nm/200 nm was magnetron sputtered (AJA International, ATC Orion 8) onto the polished 

spacers. The base pressure in the sputtering chamber was always below 5×10
-8

 Torr. For reactive 

sputtering of TiN, a N2:Ar ratio of 1:20 was used and the deposition temperature raised to 250 

°C. A 10 nm Au catalyst layer was deposited after cooling the substrate down to room 

temperature. SiNWs were grown in a commercial Tystar CVD furnace using a SiH4:H2 ratio of 

1:4 at a pressure of 100 Torr. The resulting mass loading of SiNWs grown under these conditions 

on each electrode is approximately 0.32 mg. TiN was coated onto SiNWs structures by means of 

both reactive sputtering under the same conditions as for the barrier layer and by ALD. ALD 

deposition was performed using an Oxford FlexAL ALD instrument with TiCl4 and N2 as the Ti 

and nitrogen sources, respectively. TiN coatings were deposited at 120 ºC for different cycle 

numbers to control the thickness, with the average deposition rate of 0.2 Å/cycle.   

CR2032 button half-cells with SiNW working electrodes and Li counter electrodes were 

assembled in an Ar glovebox with less than 0.2 ppm oxygen and moisture contamination. A 

polyethylene (MTI technologies) separator (porosity of 36–44% and 0.03 mm pore size) soaked 

with a liquid electrolyte of 1 M LiPF6 dissolved in a 1:1:1 volume ratio of ethylene carbonate 

(EC): dimethyl carbonate (DMC): diethyl carbonate (DEC) organic solvents was placed between 

the electrode and the lithium in the cell. The cells were galvanostatically charged and discharged 

on a computer controlled BT2000 Arbin potentiostat between 0.01 and 2 V (vs. Li/Li
+
) at various 

current densities. Capacities and C-rates were calculated based on the combined mass of the TiN 

coatings and the SiNWs. Cyclic voltammetry (CV) was carried out using Versa STAT 3 

potentiostat in potential range of 0.01-2 V vs. Li/Li
+
, at 1 mV/s scan rate. Electrochemical 

impedance spectroscopy (EIS) measurements were performed in a frequency range from 1000 

Hz to 100 mHz with a perturbation amplitude of 10 mV. All electrochemical measurements were 

run at room temperature. 
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For post-cycling characterization, the coin cells were disassembled in an Ar-filled glovebox. 

The electrodes were rinsed with acetonitrile to ensure removal of excess electrolyte. 

Subsequently, the cycled materials were vacuum dried overnight at room temperature. The 

morphology of as-synthesized and cycled electrodes was observed using a field-emission 

scanning electron microscope (FESEM, Hitachi S-4800). Cross sectional SEM images of the 

bulk cycled materials were acquired by using a Hitachi NB5000 dual beam FIB/SEM. 

Conventional transmission electron microscopy (TEM) was performed using a JEOL JEM-2100. 

Selected area diffraction (SAD) patterns were processed using an open source software package 

that was developed in-house (Diffraction-Ring-Profiler). Electron energy loss spectroscopy 

(EELS) measurements were conducted using a JEOL 2200FS TEM operated at 200 kV in a 

scanning mode (STEM) with a nominal analytical beam size of 0.5 nm. High angle annular dark 

field (HAADF) images were recorded simultaneously with the EELS analysis. EELS analysis for 

compositional mapping were achieved with an in-column Ω filter in the microscope. The 

software employed for signal collection and data extraction from EELS spectra was Digital 

Micrograph (Gatan, Inc.). The data extraction was performed by following the standard 

procedure of pre-edge background subtraction and integration on the edge. 
61

 For each elemental 

map, a thickness map was also calculated from low-loss EELS spectra recorded for the same 

region to check for possible artifacts arising from large variation in thickness. We mapped Si, C, 

N, Ti, and O elements by integrating over core-loss edges of Si L, C K, N K, Ti L, and O K-

edge, respectively. 
62

 Lithium maps for cycled materials were collected by integrating over low-

loss edge of Li K-edge. 

Surface composition of electrode materials is characterized via X-ray photoelectron 

spectroscopy (XPS) using an ULTRA (Kratos Analytical) spectrometer with Al Kα X-ray source 

(hν=1486.6 eV) run at 210 W. The main XPS chamber has a base pressure of less than 10
-9

 Torr. 

The beam was rastered over an area of 300×700 µm
2
. All XPS spectra were calibrated according 

to universal C 1s binding energy at 284.8 eV. We used CasaXPS software for the peak fitting, 

background removal, and also atomic concentration calculation. Background subtraction was 

done using a nonlinear Shirley-type model. 

 

http://code.google.com/p/diffraction-ring-profiler/
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3.3 Results and Discussion 

3.3.1 As-synthesized Microstructures 

We will employ a shorthand designation to label the various SiNW specimens, based on the 

synthesis method employed and the TiN thickness. For instance, 5 nm ALD TiN synthesized is 

termed ALD5TiN/SiNWs. From the mass increase of the electrode after ALD TiN deposition, 

the surface area enhancement can be estimated as approximately a factor 12, as the added weight 

(0.0593 mg) was equivalent to a planar film of ~ 60 nm. This same nominal thickness deposited 

by sputtering would also result in 5 nm thick TiN coating on the nanowires if the sputter flux 

were able to penetrate all the way to the nanowire base and will be designated Sp5TiN/SiNWs. 

TEM analysis confirms a highly uniform coating thickness for the case of ALD, but a relatively 

heterogeneous coating for the case of sputtering due to shadowing of the sputter flux. The 

smaller improvement with sputtering as compared to ALD is very likely due to the processes’ 

intrinsically less conformal character where shadowing prevents atomic penetration near the base 

of the electrodes. 

Figure 3-1 presents TEM micrographs of the as-synthesized Sp5TiN/SiNWs (a-c), 

ALD1TiN/SiNWs (d-f), ALD5TiN/SiNWs (g-i), ALD15TiN/SiNWs (j-l), and Sp15TiN/SiNWs 

(m-o). In the selected area diffraction (SAD) patterns shown in Fig. 1 (middle column), the rings 

of various sharpness correspond to the crystalline TiN with a cubic structure ( mFm3 ), matching 

the simulation shown on the left side of the micrographs. The individual spot pattern corresponds 

to the SiNWs, which are either single crystal or twinned. It was straightforward to perform dark-

field imaging of the TiN coatings while leaving out the Si spots. As Figure 3-1(a) indicates, the 

magnetron sputtered TiN coatings cover the SiNW core in a non-uniform manner. The coating is 

thicker on the right side of the nanowire compared to its left side, demonstrating the effect of 

flux shadowing during sputtering. Moreover, a comparison of the bright-field images of the 

sputtered coating with the ALD coating, demonstrates that the former contains much coarser TiN 

crystallites. Figure 3-1(b-c) highlight the substantially coarser crystallites in the sputtered TiN 

coatings: The TiN SAD pattern in Figure 3-1(b) is actually discontinuous, with the individual 

TiN crystallites being readily imaged in dark-field using a portion of this pattern. Figure 3-1(d-f) 

show the TEM micrographs of ALD1TiN/SiNWs in the as-synthesized state.  
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Figure 3-1: (a-c) TEM micrographs of as-synthesized Sp5TiN/SiNWs; (a) bright-field micrograph, (b) 

corresponding selected area diffraction (SAD) pattern with TiN ring pattern simulation, and (c) dark-

field micrograph, obtained by using a portion of the 200TiN ring pattern. (d-f) ALD1TiN/SiNWs; (d) 

bright-field micrograph, (e) SAD pattern with simulation, (f) dark-field micrograph obtained using the 

arrowed portion of the diffuse ring pattern. (g-i) ALD5TiN/SiNWs; (g) bright-field micrograph, (h) 

SAD pattern with simulation, and (i) dark-field micrograph obtained using the arrowed portion of TiN 

ring pattern. (j-l) ALD15TiN/SiNWs; (j) bright-field micrograph (k) SAD pattern with simulation, (l) 

dark-field micrograph taken using the arrowed portion of g=200TiN reflection. (m-o) TEM micrographs 

of Sp15TiN/SiNWs, (m) bright-field micrograph, (n) corresponding indexed SAD pattern with TiN 

simulation, and (o) dark-field micrograph taken using portion of 200TiN ring. 
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The washed out ring in the SAD pattern fits with the 200TiN from the simulation. Increasing 

the TiN thickness to 5 nm results in sharper and more clearly defined TiN rings. While it is very 

difficult to discern the TiN crystallites from the dark-field micrographs of the 1 nm thick 

coatings (Figure 3-1(f)), when the layer is 5 nm thick the individual grains may be readily 

imaged (Figure 3-1(i)). The TiN grain size further increases when the coating is 15 nm thick. 

Direct analysis of the dark-field micrographs yielded an average TiN grain size of 4 nm for the 

ALD5TiN/SiNWs, 7 nm for the ALD15TiN/SiNWs and 9 nm for Sp5TiN/SiNWs, with the 

sputtered microstructure having an overall much wider crystallite size distribution. This is even 

more obvious for the Sp15TiN/SiNWs depicted in Figure 3-1(m-o). 

 

 
Figure 3-2: High-resolution TEM (HRTEM) micrograph with the corresponding Fast Fourier 

Transform (FFT) pattern insert, High Angle Annular Dark Field (HAADF) micrographs, and EELS 

elemental maps of Si, N, and Ti for (a-b) Sp5TiN/SiNWs, (c-d) ALD5TiN/SiNWs, and (e-f) 

ALD15TiN/SiNWs. 
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Figure 3-2(a) shows a high resolution TEM (HRTEM) micrograph of the TiN coating in 

Sp5TiN/SiNWs, confirming its relatively coarse polycrystalline morphology. From the Fast 

Fourier Transform (FFT) it is confirmed that the fringes are associated with 222TiN and 220Si 

planes. EELS analysis shown in Figure 3-2(b) shows a typical thickness of the sputtered TiN 

coating, which is actually substantially thicker (~ 8-9 nm) than the mean value of 5 nm. 

Conversely, HRTEM and EELS results for the ALD5TiN/SiNWs and ALD15TiN/SiNWs 

demonstrate a much more uniform coating morphology, finer TiN crystallite sizes, and coating 

thicknesses exactly in line with what was expected from the number of ALD deposition cycles. 

 

 
Figure 3-3: XPS spectra of SiNWs, Sp5TiN/SiNWs, ALD1TiN/SiNWs, ALD5TiN/SiNWs, and 

ALD15TiN/SiNWs materials in as-synthesized state. 

 

Figure 3-3 shows the XPS spectra of the as-synthesized bare SiNWs and of the ALD and 

sputter TiN coated ones and the atomic compositions are listed in Error! Reference source not 

found.. The large universal hydrocarbon peak at 284.8 eV was used to calibrate the energy scale 

in the measured spectra. The spectra show that the outer surface of the TiN is partially oxidized 

to TiO2 though even in the case of the 1 nm ALD layer the TiN signal is still present. Since the 
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standard enthalpy of TiO2 formation (-946 kJ/mol Ti) 
63

 is greater than that of TiN (-337 kJ/mol 

Ti), 
64

 this result is expected. The peak positions in the Ti 2p and N 1s spectra are at roughly the 

same binding energies as those reported before for planar TiN films with a native oxide film. 
65

 

 

3.3.2 Electrochemical Performance 

Figure 3-4(a), (c), and (e) show cyclic voltammetry (CV) profiles of bare SiNWs, 

ALD5TiN/SiNWs, and Sp5TiN/SiNWs measured at a rate of 1 mV/s. Fig. 3(b), (d), and (f) show 

the constant-current (CC) voltage profiles for the same electrodes at a rate of 0.1C. The CC and 

CV curves for ALD1TiN/SiNWs and ALD15TiN/SiNWs are included in Figure 3-4(g-h) and (i-

j), respectively. For all three electrodes, a peak at ~ 150 mV appears in the reduction branch of 

cycle 2-10, which we commonly observe for SiNW electrodes. 
24,33 

Only in the first cycle, where 

Li is inserted into the pristine, crystalline SiNWs, this feature is not seen. In the oxidation 

branch, two broad peaks are observed at 300-350 and 500-550 mV that correspond to Li-Si de-

alloying, forming amorphous Si. Over the course of cycling, all peak currents increase and the 

spacing between the two oxidation peaks becomes smaller, most clearly for Sp5TiN/SiNWs. The 

increase in the peak currents is a result of more Si becoming activated in the course of CV 

cycling. The partial merging of the two oxidation peaks can be ascribed to progressively more 

material crystallizing into Li15Si4 at low potentials (< 50 mV) upon discharge. Upon subsequent 

lithium extraction this would lead to a single sharp oxidation peak when this phase dissolved. 
66

 

As can be seen from Figure 3-4, thicker ALD coatings lead to slower activation and the 

sputter-coated electrode activates the fastest. This reflects the Li barrier properties of thick TiN 

layers and the conformal coverage by ALD as opposed to sputtering. The latter is not likely to 

fully penetrate to the nanowire base resulting in less than 100% coverage, but could still form a 

percolated network between the nanowire base and tip. This would result in an overall 

improvement in the electronic conductivity, resulting in the fastest activation and highest peak 

currents observed here. The same features can be seen in the CC profiles where a long plateau is 

observed in the first cycle at approximately 100 mV, which is indicative of Li insertion into 

crystalline Si. After one full cycle, Si is usually found to be fully amorphisized 
24

 and as a result, 

all later cycles show two sloping plateaus at ~ 250 and 100 mV. The delithiation profiles show a 
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long plateau at 0.4 V, which is indicative of a transition between crystalline Li15Si4 and 

amorphous LixSi. 

 

 
Figure 3-4: Cyclic voltammetry curves (left column) and galvanostatic voltage profiles (right column) 

of (a-b) SiNWs, (c-d) ALD5TiN/SiNWs, (e-f) Sp5TiN/SiNWs, (g-h) ALD1TiN/SiNWs, and (i-j) 

ALD15TiN/SiNWs. 
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The capacity of ALD5TiN/SiNWs increases between cycle 2 and 10 and the plateau in the 

delithiation voltage profile at ~ 0.4 V is wider in the 10
th

 cycle compared to the first two. A 

magnification of cycle 1, 2, and 10 is included as Figure 3-5 and shows this more clearly. This is 

indicative of a clamping effect by the TiN coating for this particular electrode which will be 

discussed in more detail later. 

 

 
Figure 3-5: Magnification of cycle 1, 2, and 10 CC voltage profiles for ALD5TiN/SiNWs showing the 

increase in capacity between cycle 2 and 10 and the small plateau at ~ 30 mV vs. Li/Li+ indicated by 

the arrow, signifying crystallization of Li15Si4 

 

Figure 3-6(a-c) shows the total capacity, the capacity retention in percent, and the coulombic 

efficiency as a function of cycle number, at a rate of 0.1C for the ALD TiN coated specimens. 

The same data for sputtered TiN coated SiNWs with different TiN thicknesses are presented in 

Figure 3-6(d-f). Both results are also presented in Table 3-1 for comparison. Bare SiNWs 

electrode shows specific capacities of 3576 and 3298 mAh/g upon first lithiation and delithiation, 

respectively, which are close to the theoretical capacity of Si, based on Li15Si4 formation (3590 

mAh/g). Of all the materials tested, ALD5TiN/SiNWs shows the highest capacity retention and 

best coulombic efficiency. In fact 5 nm is the key thickness to yield significant improvement 

over bare SiNWs, both for ALD and sputter-deposited coatings. The 1 nm TiN also significantly 

improves the coulombic efficiency, but is less effective in promoting capacity retention. The 
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nanowires with the 15 nm coating actually perform slightly worse than the baseline. The 

difference between the performances of the sputtered versus the ALD deposited films may be 

explained by the initial film structures: In Si nanowire based anodes, cycling induced failure is 

caused by the well-known fracture of the individual nanowires due to the severe volume changes 

incurred by lithiation/delithiation. 
33 

It is also caused by lithiation-assisted welding of the 

nanowires and by nanowire agglomeration due to extensive SEI growth, leading to en-masse 

delamination from the current collector. 
24,67,68

 

 

 
Figure 3-6: Galvanostatic cycling behavior of SiNWs with (a-c) ALD TiN and (d-f) sputtered TiN 

coatings, tested at a rate of 0.1C. (a,d) Specific capacity retention as a function of cycle number, (b,e) 

Capacity retention in % of initial value, and (c,f) Coulombic efficiency. 
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Table 3-1: Galvanostatic cycling results for ALD and sputter coated SiNWs, tested at a rate of 0.1C. 

 Specific capacity (mAh/g) % capacity 

Cycle number 1
st
 100

th
 100

th
 

SiNWs 3576 1065 29.8 

Sp1TiN/SiNWs 3377 732 21.7 

Sp5TiN/SiNWs 3348 1408 41.8 

Sp15TiN/SiNWs 3035 805 26.5 

ALD1TiN/SiNWs 3399 1009 29.7 

ALD5TiN/SiNWs 2915 1566 53.7 

ALD15TiN/SiNWs 2462 648 26.3 

 

The cycling capacity retention and the coulombic efficiency are also somewhat correlated, 

since extensive SEI growth will lead to irreversible trapping of Li. As will be demonstrated, TiN 

coatings of the appropriate geometry and microstructure are effective in reducing the severity of 

both types (individual and en-masse) of failures. The sputtered TiN films are geometrically less 

uniform and have a coarser grain size than the ALD films. The thickness nonuniformity would 

give more site-to-site variability in mechanical (fracture) and chemical (SEI growth) protection, 

with essentially none being imparted in regions where flux shadowing was severe, such as near 

the nanowire base. We will briefly discuss the thickness dependent performance of TiN later 

after presenting the post-cycled microstructure. 

The electrically conductive TiN coatings also substantially improve the rate-dependent 

capacity retention of the SiNWs. The results for the ALD coatings are shown in Figure 3-7(a,b), 

while the sputtered coatings are shown in Figure 3-8(a,b). The electrodes were cycled at 0.1C for 

20 cycles, followed by 15 cycles at 0.5, 1, 2, and 5C. The trends in the rate performance are 

consistent with the rest of the cycling data, with the ALD5TiN/SiNWs being the best. It is worth 

noting that despite the negative "dead weight" contribution of the TiN layer to the total capacity 

of the electrode, at high rates the coated SiNWs possess more than twice the capacity of the 

uncoated baseline (740 mAh/g vs. 330 mAh/g at 5C). 



78 

  

 

 
Figure 3-7: (a-b) Galvanostatic cycling behavior of SiNWs with ALD TiN coatings, tested at a rates of 

0.1C–5C. (a) Specific capacity retention as a function of cycle number, (b) Capacity retention in % of 

initial value, (c-d) Electrochemical impedance spectra of SiNWs with ALD coatings, as-synthesized (c) 

and after 100 cycles at 0.1C (d). 

 

Table 3-2: Conductivity of planar TiN films deposited by ALD and sputtering measured by four-point 

probe. 

Deposition technique ALD Sputtering 

Thickness (nm) 15  15                                         200 

Deposition temperature (°C) 120                                    300 250 

Resistivity (µΩ.cm) 6576                                 2847  4614                                     170 

Sheet resistance (Ω/□) 4384                                 1898  307                                           8 

Conductivity (S/cm) 152                                    351  217                                     5882 

 

Since TiN is highly electrically conductive, for example being 152 S/cm for a 15 nm planar 

ALD film (see Table 3-2). This is much higher than the 1-10 S/cm reported for lithiated silicon. 

69
 Therefore a major electrical conductivity enhancement would be expected were the coatings to 

remain generally intact and connected to the current collector. The sputtered coatings (Figure 
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3-8) do not provide any capacity retention enhancement at high rates. For example, at 5C the 

capacity of the Sp5TiN/SiNWs is approximately 290 mAh/g. This is a testament to the much 

higher effectiveness of the ALD method in penetrating down the nanowire base and hence 

providing a continuous electrically conductive path. 

 

 
Figure 3-8: (a-b) Galvanostatic cycling behavior of SiNWs with sputtered TiN coatings, tested at a 

rates of 0.1C–5C. (a) Specific capacity retention as a function of cycle number, (b) Capacity retention 

in % of initial value, (c-d) Electrochemical impedance spectra of SiNWs with sputtered coatings, as-

synthesized (c) and after 100 cycles (d). 

 

Electrochemical impedance spectroscopy (EIS) was employed to further examine the 

cycling behavior of the TiN coated SiNW’s. Figure 3-7(c,d) show the Nyquist plots for the as-

synthesized and the post-cycled ALD coated specimens. The same data is shown for the sputter 

coated nanowires in Figure 3-8(c,d). The impedance spectra of the as-made electrodes were 

modeled with the equivalent circuit depicted in Figure 3-9(a). Rel represents the electrical 

resistances (contacts, etc.), Cdl the electrical double layer capacitance, Rct is the charge transfer 

resistance and ZW a Warburg-type element representative of Li diffusion into Si. 
70

 For the 
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cycled electrodes an additional parallel combination of a resistor and capacitor are added to 

represent Li transport through the SEI film denoted as Rf and Cf, respectively. 
70-72

 Both circuits 

are depicted in Figure 3-9 and simulated spectra representing the best fit to the data for 

ALD1TiN/SiNWs are in Figure 3-10. The numerical values obtained from modeling are listed in 

Table 3-3. 

 

 
Figure 3-9: Equivalent electronic circuits used to model the impedance data of as-made (a) and cycled 

(b) electrodes. 

 

The huge charge transfer resistance (Rct ≈ 400 Ω) of the as-grown SiNWs indicates that the 

surface of the Si electrode is initially covered with a non-conducting native layer of SiO2. The 

trend in the charge transfer resistance, which is roughly equal to the diameter of the semicircle in 

the spectra, indicates that the 15 nm TiN gives much higher charge transfer resistance than the 1 

and 5 nm coatings. Lithium ion transfer through the TiN must occur through its grain boundaries, 

or through geometric defects such as nano-scale cracks and isolated pores (TEM revealed 

minimal porosity in the ALD layers). Therefore it is reasonable to surmise that the 15 nm TiN 

layer has properties closer to its "bulk" analogue, blocking or at least impeding Li ion diffusion. 

Comparing the spectra in Figure 3-7(c) and Figure 3-8(c) and the numerical values for Rct in 

Table 3-3, we see this is indeed the case. Rct is approximately 120 Ω for ALD1, ALD5, and 

Sp5TiN/SiNWs and 170 and 150 Ω for ALD15 and Sp15TiN/SiNWs, respectively. The thinner 

TiN films seem not to possess this problem, with the 5 nm and the 1 nm essentially behaving 
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nearly identically. The EIS results indicate that the coating process actually has the important 

effect of negating the impedance contribution due to SiO2, likely by both reducing the existing 

oxide and by protecting against additional growth after synthesis. 

 

 
Figure 3-10: Impedance spectra of ALD1TiN/SiNWs in as-made (a) and cycled state (b) together with 

simulations based on the equivalent circuits shown in Figure 3-9(a) (red line) and Figure 3-9(b) (black 

line). Note that the fit is slightly better using the circuit with 2 time constants, but it is very hard to 

resolve them. 

 

Table 3-3: Resistance values obtained from modeling the impedance data in Figure 3-7 and Figure 3-8 

with the equivalent circuit in Figure 3-9(a) for as-made and Figure 3-9(b) for cycled electrodes. 

 SiNWs 
ALD1TiN

/SiNWs 

ALD5TiN

/SiNWs 

ALD15Ti

N/SiNWs 

Sp5TiN

/SiNWs 

Sp15TiN/

SiNWs 

As-made electrodes 

Rel (Ω) 2.3 3.5 3.9 3.4 3.5 3.2 

Rct (Ω) 403.5 117.3 126.2 172.7 114.3 149.2 

Cycled electrodes 

Rel (Ω) 8.8 6.9 5.2 6.7 5.6 8.6 

Rf (Ω) 13.7 16.3 10.5 21.6 12.1 3.5 

Rct (Ω) 39.4 25.5 23.5 24.8 37.9 48.2 

 

After 100 cycles, Rct is substantially lowered for the bare SiNW electrode as compared to 

the as-synthesized state, going from ~ 400 to ~ 40 Ω. This is attributed to the native SiO2 layer 

being reduced by Li. 
32

 Formation of larger amounts of SEI will increase the total impedance of 

the electrode and this should be taken into account when modelling the data for the cycled 

electrodes
 
(see Figure 3-9(b)). 

71,72 
However, from the spectra in Figure 3-7(d) and Figure 3-8(d) 

it is obvious that the time-constants of Li migration through the SEI layer and Li transfer into Si 



82 

  

through the TiN coating are comparable, as only one semicircle can be distinguished clearly. The 

total resistance Rf + Rct associated with transfer of Li from the electrolyte, through the SEI, into 

the SiNW is clearly larger for bare SiNWs compared to ALD5TiN/SiNWs, 53 vs. 34 Ω, 

consistent with the observed differences in coulombic efficiency and rate capability. 

 

 
Figure 3-11: Top-down SEM micrographs of post-100 cycles electrodes; (a) bare SiNWs, (b) 

ALD5TiN/SiNWs, and (c) ALD15TiN/SiNWs. 

 

3.3.3 Post-Cycled Microstructure 

Figure 3-11 shows SEM micrographs SiNWs, ALD5TiN/SiNWs, and ALD15TiN/SiNWs 

electrodes after 100 cycles at 0.1C. Even from this relatively cursory top-down view of the post-

cycled microstructures it is evident that the 5 nm ALD TiN coating prevents the nanowires from 

agglomerating during cycling. The effect of the TiN coating on the structural stability of 

nanowires is further investigated through TEM analysis. Conventional TEM analysis of cycled 

ALD1TiN/SiNWs, ALD5TiN/SiNWs, ALD15TiNSiNWs, and Sp5TiN/SiNWs is presented in 

Figure 3-12. The post-cycled SiNWs are found to be amorphous, which is commonly observed, 

already after 1 cycle. Deep lithiation, below 50 mV vs. Li/Li
+
, results in the formation of 

crystalline Li15Si4. Upon subsequent delithiation the crystalline Li15Si4 transforms back into the 

amorphous phase. As no other phase transformation occurs upon further delithiation, silicon is 

amorphous at the end of the charging step. The nanocrystallites appearing bright in dark field 

images (e), (h) and (k) are TiN, which was imaged using the crystalline TiN patterns shown and 

simulated in (d), (g) and (j). 
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Figure 3-12: Bright-field, SAD, and dark-field TEM micrographs of post-100 cycled (a-b) 

ALD1TiN/SiNWs, (c-e) ALD5TiN/SiNWs, (f-h) ALD15TiN/SiNWs, (i-k) Sp5TiN/SiNWs. The dark-

field micrographs were obtained using the arrowed portion of the TiN ring pattern. 

 

The effectiveness of the TiN coatings in preventing silicon nanowire disintegration and SEI-

induced agglomeration may be evaluated from the TEM micrographs of the cycled materials. 

The ALD1TiN/SiNWs electrodes form a porous network, which is quite similar to is commonly 

observed for bare nanowires. 
24,32,33

 Increasing the TiN coating thickness to 5 nm results in much 

better structural stability of the wire, with much less void formation/disintegration of the Si 

cores. Moreover, analytical TEM and XPS shown in the subsequent sections will demonstrate 

that the 5 nm coating is optimum for minimizing SEI formation as well. The bright-field and 
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dark-field micrographs (Figure 3-12(c) and (e)) confirm that there is minimal detachment 

between the Si core and the TiN shell. Further increase in ALD TiN thickness to 15 nm causes 

crack formation at the Si-TiN interface (arrowed in Figure 3-12(f)). Such an unintact interface is 

not expected to offer any chemical or structural protection to the underlying Si nanowire. As may 

be seen from Figure 3-12(f), the nanowire consequently develops porosity. The Sp5TiN/SiNWs 

coating does not seem to separate from the nanowire, but offers less protection than the ALD 

coating of the same thickness for the reasons previously discussed. 

 

 
Figure 3-13: HAADF images and EELS elemental maps of Si, Li, C, O, and Ti for (a) SiNWs, (b) 

Sp5TiN/SiNWs, (c) ALD5TiN/SiNWs, and (d) ALD15TiN/SiNWs electrodes after 100 cycles. In (a) and 

(c) Si and Li maps were obtained from the region marked by the dashed rectangle, while C and O were 

obtained from the region marked by the solid rectangle in the HAADF. 
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Figure 3-13 shows HAADF images and EELS elemental maps of the bare SiNWs and the 

TiN coated composites after 100 cycles. In the baseline bare SiNW’s, the Li, C, and O signals 

are strong not only near the edge of the wires but though out the entire wire thickness. This 

indicates that not only are the wires highly porous, but that the SEI layer has grown directly into 

that porosity, in addition to forming on the original wire surfaces. Conversely the 5 nm TiN 

samples show much more limited SEI formation, primarily near the original SiNW-electrolyte 

interface. The specimen displaying the lowest levels of SEI formation is ALD5TiN/SiNWs. 

Similarly to the uncoated baseline, the ALD15TiN/SiNWs specimen is highly porous with thick 

and interpenetrating SEI. SEI formation due to the decomposition of conventional LIB 

electrolyte is known to occur rapidly form on a fresh Si surface below ~ 0.8 V. 
32,73,74

 The 

relatively intact 5 nm ALD TiN prevents the Si from "stranding" and hence exposing fresh 

surfaces during each discharge cycle. This promotes cycling stability and improves coulombic 

efficiency. 

Of course some plastic deformation and/or cracking and/or interfacial slip of the TiN must 

occur during lithiation, since 280% volume expansion cannot be accommodated purely 

elastically. Quantitatively explaining the complex role of thickness in the effectiveness of the 

ALD TiN coating may be beyond the scope of the current study. From the measured Young’s 

modulus of TiN of 450 GPa and the estimated maximum yield strength of 40 GPa, 
75

 the 

maximum elastic strain is approximately 9% for the coating, which can accommodate 16% 

volume expansion of Si. Although coating layers have been found to greatly reduce expansion of 

small-diameter nanowires, above 50 nm the volume expansion upon full lithiation quickly 

increases to a factor of 2-2.5. 
43 

Using our experimental procedures, the average nanowire 

diameter is usually larger than 100 nm, 
24,33

 which means the SiNWs will undergo a large 

volume increase upon full lithiation. Qualitatively we could make general arguments that a thin 

layer (1 nm) remains adherent on the nanowire surface but is simply not strong enough to 

provide sufficient mechanical support. That would explain the improved coulombic efficiency (a 

passivated surface and hence less SEI), but minimal improved cycling lifetime (wires still 

fracture). The 15 nm film may be too elastically stiff, fracturing and separating from the SiNW’s 

in a manner that you would expect from more "bulk" TiN films that are brittle. Thus, in effect, 
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the two materials would be "ships passing in the night", having no useful synergy during 

electrochemical cycling. A coarser grain size of the 15 nm TiN specimen would also reduce its 

fracture strength. The fact that the 15 nm TiN layer actually makes the cycling capacity retention 

slightly worse than the baseline is related to the initial capacity loss during cycle 1. According to 

Figure 3-6(a), the capacity of ALD15TiN/SiNWs quickly drops during the first cycle and then 

degrades roughly at the same rate as baseline SiNWs.  

 

 
Figure 3-14: Representative FIB cross-sectional SEM micrographs of (a) SiNWs, (b) ALD1TiN/SiNWs, 

(c) ALD5TiN/SiNWs, and (d) ALD15TiN/SiNWs anode materials after 100 cycles. In (a), (b), and (d) 

one-way arrows point to the en-masse separation of the SiNWs from the current collector, while in (c) the 

arrows point to an interface which substantially more intact. Vertical two-way arrow gives the thickness 

of the agglomerated film and may be used for magnification. 

 

We hypothesize that the thick elastically stiff TiN layer actually interferes with the 

nanowires during their initial lithiation, and promoting fracture of the brittle partially crystalline 

silicon. The 5 nm ALD film is an optimum positive compromise of such effects, providing a 

mechanical support for the Si, while not undergoing catastrophic fracture or not delaminating. 
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The slightly depressed capacity for ALD5TiN/SiNWs that was observed in the first few CC 

cycles (see Figure 3-4(d) and Figure 3-5) is further evidence for this. The 5 nm ALD coating 

appears to be the only one exerting a clamping effect that actually has an effect on the storage 

capacity of the Si by reducing the expansion 
43 

over multiple cycles. This shows that 5 nm ALD 

TiN is indeed the most mechanically robust of all the coatings tested. However, the capacity 

increases between cycle 2 and 10 towards its theoretical value, which shows that this coating 

does also fracture to some extent during cycling. 

FIB cross sectional SEM micrographs of the cycled materials are shown in Figure 3-14. 

Since the spaces between the nanowires are filled up with electrolyte decomposition products, 

the overall electrode morphology resembles that of a porous sponge rather than a nanowire array. 

However the FIBed ALD5TiN/SiNWs agglomerate was also the most porous, which is 

consistent with the least electrolyte decomposition products being formed in that specimen. The 

average height of these agglomerate structures is indicated in each figure, being the highest for 

ALD5TiN/SiNWs. This indicates that 5 nm ALD TiN is the most effective in providing 

continued mechanical support to the nanowires during cycling, promoting longitudinal expansion 

at the expense of radial. Another significant difference between the specimens was the extent of 

delamination that is observed between the bottom of the cycled nanowire assembly and the 

current collector. This effect is best observed when contrasting the bare SiNWs and the 

ALD5TiN/SiNWs. The cross-section of the bare SiNWs shows delamination across the entire 

image, whereas for ALD5TiN/SiNWs most of the array remained in contact. The 

ALD1TiN/SiNWs and ALD15TiN/SiNWs show extensive delamination, as indicated by the 

arrows. 

Li 1s, C 1s, O 1s, and F 1s XPS spectra of bare SiNWs, Sp5TiN/SiNWs, ALD1TiN/SiNWs, 

ALD5TiN/SiNWs, and ALD15TiN/SiNWs are shown in Figure 3-15. Electrolyte decomposition 

products such as Li2CO3, Li alkylcarbonates, and polymeric species are found. In addition to the 

hydrocarbon signal each C 1s spectrum has a shoulder off the main hydrocarbon peak centered at 

about 286-287 eV. This broad shoulder indicates the presence of either C-O or C=O bonding and 

matches with polyethylene oxide; -(CH2CH2O)n-. 
76 

There is also a higher energy signal at ~ 289-

290.5 eV, can be related to O-C=O bonding in carboxylic groups. The broad peak at around 290 

eV is due to the combination of the Li2CO3 with a binding energy of ~ 290.3 eV and semi-
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organic lithium alkyl carbonates compounds with a binding energy that is generally slightly 

lower.
 76

  

 

 
Figure 3-15: Li 1s, C 1s, F 1s, O 1s, P 2p, Si 2p, Ti 2p, and N 1s XPS spectra of SiNWs, Sp5TiN/SiNWs, 

ALD1TiN/SiNWs, ALD5TiN/SiNWs, and ALD15TiN/SiNWs materials after 100 cycles at 0.1C. 
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Lithium ethylene dicarbonate (CH2OCO2Li)2 is another product of the ethylene carbonate 

(EC) reduction and has a C 1s binding energy in the same range. In general, organic SEI 

compounds are produced mostly by the reduction of EC and to less extent diethyl carbonate 

(DEC) solvent molecules at the electrode/electrolyte interface. 
76

 There is some variation in the 

position of the maxima which indicates there are variations in the relative amounts of the 

different electrolyte reduction products. However, the overall chemical composition, as 

summarized in Table 3-4, varies very little between the electrodes.  

 

Table 3-4: Atomic composition of SiNWs, Sp5TiN/SiNWs, ALD1TiN/SiNWs, ALD5TiN/SiNWs, and 

ALD15TiN/SiNWs anode materials in as-synthesized (Figure 3-3) and cycled (Figure 3-15) states in 

percentage, obtained from XPS measurements.   

Material State C O Si Li F P Ti N Cl Au 

SiNWs 
As-grown 12.2 24.1 62.9 - - - - - - 0.9 

0.1C 33.7 33.4 - 28.9 3.8 0.1 - - - - 

Sp5TiN/SiNWs 
As-synthesized 30.3 27.5 6.7 - - - 19.7 15.7 - - 

0.1C 33.6 33.5 - 28.4 3.6 0.9 - - - - 

ALD1TiN/SiNWs 
As-synthesized 30.3 29.8 26.8 - - - 6.9 4.8 0.9 0.4 

0.1C 35.4 33.6 1.3 26.6 2.0 1.0 - - - - 

ALD5TiN/SiNWs 
As-synthesized 37.2 33.8 10.7 - - - 9.8 6.9 1.4 0.1 

0.1C 36.5 32.7 0.2 26.9 2.0 1.6 - - - - 

ALD15TiN/SiNWs 
As-synthesized 36.7 35.5 - - - - 14.5 10.8 2.4 - 

0.1C 33.7 33.7 - 28.7 2.1 1.6 - 0.2 - - 

 

XPS spectra of O 1s for cycled materials show characteristic peaks of the same carbonate 

and polymeric compounds as the C 1s spectra. The Li 1s spectra show one broad peak where 

both the signal for Li2CO3 and LiF are usually found. 
77

 The signal intensities for Li are similar 

for each of the electrodes, indicating that the chemical composition of the SEI is similar in each 

case. The XPS signal only comes from the top 10 nm and is thus not indicative of the total 

amount of electrolyte decomposition product formed. As a consequence, Ti, N, and Si signals are 

no longer visible in the XPS spectra of the cycled electrodes (see Figure 3-15). From the data in 

Table 3-4 it can be seen that the overall chemical composition of the cycled electrodes is indeed 

very similar. The only difference between the electrodes, judging from the coulombic efficiency 
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data and the FIB cross-sections is the total amount of SEI formed, the reason for which is 

improved mechanical stability for ALD5TiN/SiNWs as we discussed earlier. 

 

3.4 Conclusions 

Nanoscale coatings of electrically conductive titanium nitride (TiN), deposited by atomic 

layer deposition (ALD) and by magnetron sputtering, resulted in improvements in the 

electrochemical performance of silicon nanowires (SiNWs) lithium-ion battery anode. The 

conformal and uniform ALD-deposited TiN with an optimum thickness of 5 nm achieves the 

best cycling capacity retention at 55% vs. 30% for bare SiNWs after 100 cycles at 0.1C. 

Furthermore, the ALD coatings substantially improved the electrode rate performance; 740 

mAh/g vs. 330 mAh/g at 5C. Sputtered TiN resulted in a lower performance enhancement, most 

likely due to the processes’ intrinsically directional deposition flux, preventing the coating 

material from penetrating all the way to the substrate. Combined EELS, TEM, FIB-SEM, and 

XPS analysis of the cycled electrodes demonstrated that for the optimized coating thickness (5 

nm deposited with ALD), the nanowires remain largely intact, reducing SEI formation and 

nanowire disintegration associated with characteristic ‘stranding’. Furthermore, the FIB cross-

sections provided additional evidence for improved mechanical stability as the post-cycled 

ALD5TiN/SiNWs, demonstrating much less cycling-induced delamination from the current 

collector.  This overlayer actually influences the ratio of longitudinal vs. radial lithiation-induced 

volume expansion in the wires, with the coated cycled arrays being 15% taller than the uncoated 

ones despite having an identical initial height. 
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Chapter 4: Nanometer-scale Sn Coatings Improve the Performance of Silicon 

Nanowire LIB Anodes 

 

Material in this chapter has been published in: 

Kohandehghan, Alireza, Kai Cui, Martin Kupsta, Elmira Memarzadeh, Peter Kalisvaart, and 

David Mitlin. “Nanometer-scale Sn Coatings Improve the Performance of Silicon Nanowire LIB 

Anodes.” J. Mater. Chem. A 2, (2014): 11261-11279. 

 

4.1 Introduction  

Scientific research on improved materials for lithium-ion batteries (LIBs) has been ongoing 

for at least the last two decades. 
1-5

 The key advantages of LIBs over other secondary battery 

chemistries are their substantially higher energy and power densities. The majority of 

commercial LIBs rely on a graphite anode which lithiates to for LiC6, and possesses gravimetric 

and volumetric capacities of 372 mAh/g and 837 mAh/cm
3
,
 
respectively. Silicon, with its order 

of magnitude higher capacity of 3590 mAh/g and 8257 mAh/cm
3
 for Li15Si4, is a promising 

replacement for graphite. 
6-10

 High power may be achieved through material modification of the 

Si anodes to enhance the electrical conductivity and/or accelerate the lithiation reaction kinetics, 

e.g. 
11

.
 
While attractive in terms of capacity, Si suffers from cyclability issues associated with the 

~ 280% lithiation driven volume change (for Li15Si4). 
12-15

 This continual volume expansion and 

contraction causes pulverization of active material in parallel to unstable solid electrolyte 

interphase (SEI) growth on the freshly exposed Si surfaces. This is why silicon barely retains its 

large initial capacity over the long course of cycling.  

Intense efforts have been directed toward overcoming the pulverization issue, with 

improvements being achieved through a variety of nanostructuring approaches. 
16-25

 Attention 

has been focused on silicon nanowires (SiNWs) as their "1D" morphology shortens Li diffusion 

distances and also offers strain accommodation.
 26,27

 However, without additional microstructural 

engineering to reduce cracking and runaway SEI formation, even these structures are not 

http://pubs.rsc.org/en/content/articlelanding/2014/ta/c4ta00993b#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2014/ta/c4ta00993b#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2014/ta/c4ta00993b#!divAbstract
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sufficiently mechanically robust during extensive cycling. Recent transmission electron 

microscopy studies revealed the nanometer scale degradation phenomena and structural 

instabilities of SiNWs during lithiation/delithiation. 
28,29

 It has been shown that there is a gradual 

volume expansion/contraction over the lithiation/delithiation time (or as a function of the 

voltage) depending on the lithiation extent of the Si core. 
12,30

 Failure processes associated with 

extensive SEI formation and lithiation accelerated agglomeration of the SiNWs through a 

lithium-assisted welding process have also been revealed. 
31,32

 Surface coating of Si anodes with 

the materials ranging from a polymer, 
33

 Ge 
34

 to Cu, 
35,36

 Al, 
37

 Ag, 
38

 Mg 
32

 and TiO2,  
23,39

 TiN, 

23,40,41
 Al2O3,

 23,42
 SiO2, 

8
 Mg2Si 

32
 has generally led to cycling and rate performance 

improvements. A novel shell structure of TiO2-x/C has been also shown to improve the cycling 

performance of Si anode. 
43

 The cycling improvement is generally attributed to enhanced 

structural stability, while the rate performance is associated with the coatings offering a highly 

electrically conductive path down to the current collector. Proper coatings may induce a 

compressive stress in the nanowire during lithiation, thereby limiting the initiation of cracks. 
37

 

Evidence for this effect is provided by a measured reduction of the SiNWs radial expansion in 

favor of longitudinal expansion. 
40

 Coatings may also make the radial expansion of SiNWs more 

isotropic, which should also reduce the degree of cracking. 
11

  

Metallic Sn would be an intriguing choice coating material for SiNWs. Tin is both ductile 

and electrically conductive, therefore being able to boost both the structural stability of Si and its 

rate performance. It is also highly electrochemically active towards Li, with a theoretical 

capacity of 996 mAh/g (Li22Sn5), which corresponds to ~ 260% volume change upon full 

lithiation. 
44,45

 Hence a Sn coating is expected to be effective in generating compressive stresses 

on the Si surface, especially if it lithiated first. The high capacity of Sn also contributes to the 

overall capacity of the anode, allowing for its inclusion without a significant energy density 

penalty for the system. Binary Si – Sn nanocomposites with a variety of geometries have 

exhibited attractive cycling performances in LIBs. 
46,47

 However a nano-scale Sn coating on 

SiNWs has not been attempted. In this study we demonstrate that such an architecture, termed 

Sn/SiNWs, does indeed lead to improve the cycling capacity retention, coulombic efficiency, and 

rate capability as compared to an electrode based on a generic uncoated SiNWs array. In order to 

understand the mechanism through which this performance enhancement is achieved, we 
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analyzed the partially lithiated and delithiated electrodes using analytical and high resolution 

TEM (EELS TEM and HRTEM), focused ion beam (FIB) analysis, time-of-flight secondary ion 

mass spectroscopy (TOF-SIMS), and X-ray photoelectron spectroscopy (XPS).
 

 

4.2 Experimental procedure 

We prepared the SiNW electrodes by using a gold-catalyzed, vapour–liquid–solid (VLS) 

growth on 316L stainless steel spacers ( 15.4 mm, 1.86 cm
2
). In order to prevent penetration of 

Au into stainless steel at elevated temperatures, a Ti/TiN diffusion barrier with layer thicknesses 

of 50 nm/200 nm was magnetron sputtered (AJA International, ATC Orion 8) onto the polished 

spacers. The base pressure in the sputtering chamber was always below 5 × 10
-8

 Torr. For 

reactive sputtering of TiN, a N2:Ar ratio of 1:20 was used and the deposition temperature raised 

to 250 °C. A 10 nm Au catalyst layer was deposited after cooling the substrate down to room 

temperature. SiNWs were grown in a commercial Tystar CVD furnace using a SiH4:H2 ratio of 

1:4 at a pressure of 100 Torr. The resulting mass loading of SiNWs grown under these conditions 

on each electrode is approximately 0.32 mg in average. The average length and diameter of the 

resulting SiNWs are 12 µm and 114 nm, respectively (see Figure 4-1(a)). 
32,37

 The surface area 

enhancement over the geometric surface of the support, due to the nanowires, was approximately 

12. 
40 

The SiNW electrodes were removed from the CVD furnace, were stored at ambient for 

approximately 24 – 48 hours and were radio frequency (RF)-magnetron sputter coated with Sn 

from an elemental high purity target. Depositions were performed with continuous substrate 

rotation in presence of Ar gas with 5N purity at a sputtering pressure of 4 mTorr, with a 

maximum base pressure of 5 × 10
-8

 Torr. The deposition rates were both calibrated in-situ using 

an in-plane crystal monitor and ex-situ through a series of thickness vs. time, power 

measurements. A rate of ~ 0.3 Å/s was employed for all three depositions. Both after CVD 

growth and after sputter coating, the samples were weighed using a high accuracy Mettler 

Toledo MX5 microbalance (1 µg resolution) to confirm the mass loadings. The planar geometric 

tin thicknesses were 10, 30, and 50 nm, being equivalent to 4, 11, and 17 wt.% Sn of the total 
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active electrode mass, respectively. As will be shown, the films were partially dewetted, 

especially for the case of the 50 nm Sn. However, we will refer to the coating thickness as the 

geometric thickness/surface area enhancement, i.e. 10/12, 30/12, and 50/12, with the 

understanding that this is an approximation that is convenient for labeling.  

Lithium half-cells were assembled in 2032 button configuration with lithium foil as counter 

electrode and polyethylene separators (MTI Corporation, porosity of 36 – 44% and average 0.03 

μm pore size). The electrolyte employed was 1 M LiPF6 solvated in ethylene carbonate 

(EC):diethyle carbonate (DEC):dimethyle carbonate (DMC), 1:1:1 volumetric ratio. Assembly 

was performed in an Ar glovebox with less than 0.2 ppm moisture and oxygen contents. For 

constant current (CC) experiments, the batteries were galvanostatically cycled within 0.01 − 2 V 

(vs. Li/Li
+
) at various current densities using a computer controlled BT2000 Arbin potentiostat. 

Specific capacities were calculated based on the combined Si and Sn mass loading, while the C 

rates were based on the theoretical specific capacity of the electrode as calculated by rule of 

mixtures (3590 mAh/g for Si and 996 mAh/g for Sn). We employ the usual definition of a 

reversible capacity being the capacity at first delithiation, i.e. during the first discharge process. 
7
 

Cyclic voltammetry (CV) experiments were conducted on a Solartron 1470 Multistat system 

with Corrware data acquisition software, with a scan rate of 1 mV/s in a range of 0.01 – 2 V vs. 

Li/Li
+
. Electrochemical impedance spectroscopy (EIS) measurements were performed on Versa 

STAT3 potentiostat in a frequency range of 1000 Hz – 100 mHz with an AC amplitude of 10 

mV. Prior to testing the battery OCP was allowed to stabilize overnight, reaching a voltage of 

approximately ~ 1.98 V for the as-synthesized specimens and ~ 1.12 V for the post cycled 

electrodes. All the electrochemical experiments were performed at room temperature. For post-

cycling microstructural analysis, the electrodes were disassembled in an Ar glovebox, rinsed in 

acetonitrile and stored there overnight as to remove any residual electrolyte.  

The samples were characterized using transmission electron microscopy (TEM) (JEOL JEM 

2100 and JEOL 2200FS, both at 200 kV). TEM micrographs were recorded under similar current 

density and exposure time. Electron diffraction patterns were simulated using the commercial 

software Crystal Maker 
TM

 and shareware Diffraction Ring Profiler, 
48

 with the input of known 

space group information of the relevant phases. The Diffraction Ring Profiler integrates the SAD 

ring pattern intensities to accurately calculate the center point of each ring. High resolution TEM 
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(HRTEM) measurements were conducted using scanning TEM (STEM) (JEOL 2200FS, 200 kV) 

with a nominal analytical beam size of 0.5 nm. Electron energy loss spectroscopy (EELS) was 

performed using a JEOL 2200FS with an in-column Ω filter in scanning mode (STEM) with a 

nominal analytical beam size of 0.5 nm. High angle annular dark-field (HAADF) micrographs 

were recorded simultaneously with the EELS measurements. Digital Micrograph (Gatan, Inc.) 

was employed for signal collection and data extraction. The standard procedure of pre-edge 

background subtraction and integration on the edge was used for the data extraction from the 

recorded EELS spectra. 
49

 For each elemental map, a thickness profile was calculated from low-

loss EELS spectrum to check for possible artifacts due to large variation in thickness. We 

acquired O, Si, and Sn maps by integrating over the core-loss edges of O K, Si L, and Sn M–

edge, respectively. Low-loss Li K-edge was used for lithium mapping in cycled materials. 

Cross sectional SEM images of the bulk cycled materials were acquired by using a Hitachi 

NB5000 and a Zeiss NVision 40 dual beam FIB/SEM machines. X-ray photoelectron 

spectroscopy (XPS) measurements of as-synthesized and cycled materials were conducted on 

ULTRA (Kratos Analytical) spectrometer using Al – Kα radiation (hν = 1486.6 eV) run at 210 

W. Data collection was conducted in an ultra-high vacuum (10
-9

 Torr) chamber and the X-ray 

beam was rastered over an area of 300 × 700 µm
2
. High resolution spectra were collected with an 

energy window of 20 eV. Charging effects were compensated by a charge neutralizer. We 

analyzed the XPS spectra using CasaXPS software and used the universal hydrocarbon 

contamination at 284.8 eV in C 1s spectra to calibrate the binding energy scale. Background 

subtraction was done using a non-linear Shirley-type background model. The 100 cycled 

materials were also depth analyzed using time-of-flight secondary ion mass spectroscopy (TOF-

SIMS) instrument, ION-TOF GmbH. The analysis chamber was kept at a pressure of < 5 × 10
-9

 

mbar. 2 kV cesium ions with current of  148 nA were used for sputtering over an area of 300 × 

300 µm
2
 and a 25 kV Bi ion source was used for analysis over an area of 40 × 40 µm

2
.
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4.3 Results and Discussion 

4.3.1 As-synthesized microstructure 

As indicated in the experimental, the SiNW electrodes with Sn coating of mean thickness of 

1 ( 10/12), 3 ( 30/12), and 5 ( 50/12) nm are labeled 1Sn/SiNWs, 3Sn/SiNWs, and 

5Sn/SiNWs, respectively. The films are partially dewetted, so this labeling sequence is employed 

for convenience without the implication that these thicknesses are locally exact. Figure 4-1 

shows the as-synthesized nanowire arrays. Figure 4-1(a) shows a low magnification cross-

sectional SEM micrograph of the as-grown uncoated SiNWs. Figure 4-1(b-d) show plan-view 

SEM images of the as-synthesized nanowires with high magnification inserts, highlighting 

1Sn/SiNWs, 3Sn/SiNWs, and 5Sn/SiNWs, respectively.  

 

 
Figure 4-1: (a) Low magnification cross-sectional SEM micrograph of the as-grown uncoated SiNWs. 

Plan-view SEM images of the as-synthesized nanowires with high magnification inserts. (b) 1Sn/SiNWs, 

(c) 3Sn/SiNWs, and (d) 5Sn/SiNWs. 

 

Though the nanowires generally grow vertically, there is a good deal of variation in their 

heights, diameters, and orientations. It may be seen that while a mean value may be assigned 

nanowire length (12 µm) and diameter (114 nm), it is difficult to assign an exact height to the 
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array per se due to the significant site-to-site height variation. As will be demonstrated, it is only 

after extensive cycling (100 cycles) that we may assign a mean height to the electrode.  

 

 
Figure 4-2: TEM micrographs of as-synthesized (a-c) 1Sn/SiNWs; (a) bright-field micrograph, (b) 

corresponding selected area diffraction (SAD) pattern with β-Sn (top quarter panel) and Si (bottom) 

simulation, (c) dark-field micrograph obtained using a portion of the 211 Sn ring pattern. (d-f) 

3Sn/SiNWs; bright-field micrograph, SAD pattern and dark-field obtained using a portion of the 211 Sn 

ring pattern. (g-i) 5Sn/SiNWs; bright-field micrograph, SAD pattern, and dark-field micrograph obtained 

by using a portion of 211 Sn ring. 

 

Figure 4-2 shows TEM micrographs of as-synthesized (a-c) 1Sn/SiNWs, (d-f) 3Sn/SiNWs, 

and (g-i) 5Sn/SiNWs. The left column shows the bright-field images, the middle column shows 
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the indexed selected area diffraction (SAD) patterns, while the right column shows dark-field 

micrographs of the Sn nanocrystals. The β-Sn (space group of I41/amd, a0 = 5.8197 Å and c0 = 

3.1749 Å) SAD ring pattern becomes less continuous with increasing film thickness, agreeing 

with the bright-field and dark-field results that show a coarsening of the particles and a reduction 

in their number density with increasing film thickness.  

 

 
Figure 4-3: High Angle Annular Dark Field (HAADF) micrographs and EELS elemental maps of Si, Sn, 

and O for (a) 1Sn/SiNWs and (b) 3Sn/SiNWs. High-resolution TEM (HRTEM) micrographs with the 

corresponding Fast Fourier Transform (FFT) patterns insert for (c) 1Sn/SiNWs, (d) 3Sn/SiNWs, and (e) 

5Sn/SiNWs materials. 

 

As expected there is evidence of the Sn nanocrystallites being oxidized in their surface, with 

a washed-out ring associated with the primary (110) reflection of rutile SnO2 (space group of 
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P42/mnm, a0 = 4.7370 Å and c0 = 3.1850 Å). It is important to note that both the bright-field and 

the dark-field images of the Sn crystallites generally highlight their dimension in the plane of the 

SiNW surface. The dimensions of the Sn particles normal to the nanowire surface (i.e. the 

"thickness" of the dewetted Sn film) should be smaller though still substantially thicker than the 

nominal 1, 3, and 5 nm. Moreover since sputter flux is not conformal and there is shadowing, the 

Sn films are expected to be thicker near the nanowire surface than near their base. 

Figure 4-3 further highlights the as-synthesized microstructures. Figure 4-3(a) and (b) show 

the High Angle Annular Dark Field (HAADF) micrographs and EELS elemental maps of Si, Sn, 

and O for 1Sn/SiNWs and 3Sn/SiNWs, respectively. Figure 4-3(c), (d), and (e) show the high-

resolution TEM (HRTEM) micrographs with the corresponding Fast Fourier Transform (FFT) 

patterns insert for 1Sn/SiNWs, 3Sn/SiNWs, and 5Sn/SiNWs, respectively. In the HAADF the Sn 

nanocrystallites display stronger mass-thickness contrast and appear bright. The O map around 

the Sn crystallites indicates that the surface is oxidized. The HRTEM images show that the Sn 

crystallites are multiply twinned, and that some of the particles are actually polycrystalline.  

 

 
Figure 4-4: C 1s, O 1s ,Si 2p, and Sn 3d XPS spectra for as-prepared SiNWs, 1Sn/SiNWs, 3Sn/SiNWs, 

and 5Sn/SiNWs. 
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The near-surface structure of the as-synthesized electrodes was further characterized using 

XPS (Figure 4-4). Sn 3d and O 1s spectra confirm formation of native SnO2 upon exposure to 

air. The Sn 3d spectrum is composed of two minor peaks at binding energies of 484.5 and 493 

eV corresponding to Sn 3d5/2 and Sn 3d3/2 of Sn
0
, respectively. Moreover, there are two major 

peaks at 486.7 and 495 eV corresponding to SnO2 3d5/2 and SnO2 3d3/2, respectively. 

Accordingly, a pronounced O 1s peak at 530.5 eV confirms presence of native SnO2 onto the 

very top surface of the nanocomposites. The atomic composition of as-prepared materials is 

listed in Table 4-1. 

 

Table 4-1: Composition (in at.%) of as-prepared materials, obtained from XPS spectra shown in Figure 

4-4. 

Material C O Si Sn 

SiNWs 12.18 24.08 63.74 - 

1Sn/SiNWs 23.01 42.51 17.52 16.96 

3Sn/SiNWs 20.87 44.57 8.49 26.07 

5Sn/SiNWs 27.55 38.70 5.35 28.40 

 

For all three electrodes the Sn phase is partially dewetted from the Si surface, agreeing with 

bulk thermodynamics of a positive heat of mixing between the two elements, no intermediate 

phases and negligible room temperature solubility. 
50

 Importantly, the degree of dewetting 

increases with film thickness. In the case of 1 and 3 nm Sn films the structure consists of 

interconnected Sn nanocrystallites with a percolated structure being largely maintained across 

the majority nanowire surfaces. However in the 5 nm film, the coarser and more sparsely 

distributed Sn nanoparticles are primarily (not entirely, since size and position are statistically 

distributed) isolated. The kinetics of thin film dewetting and breakup on a weakly chemically 

interacting support have been recently detailed by several groups, e.g. 
51,52

. In the sub-10 nm 

regime dewetting occurs through grain growth and grain-boundary grooving, and is highly time 

dependent. As explained by ref. 
52

, grain-boundary grooving is mediated by surface diffusion and 

is a result of the interface evolving toward a constant curvature surface, constrained by an 

equilibrium dihedral angle at the grain boundary.  
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Figure 4-5: Cyclic voltammetry (CV) curves (left column) for cycles 1 – 10 and galvanostatic voltage 

profiles (right column) for cycles 1 – 100. CV data was collected at 1 mV/s, the constant-current (CC) 

measurements were conducted at 0.1C. (a,b) bare SiNWs, (c,d) 1Sn/SiNWs, (e,f) 3Sn/SiNWs, (g,h) 

5Sn/SiNWs, and (i,j) 100 nm blanket Sn film. 
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During ambient temperature sputter deposition, which is actually quite a high homologous 

temperature for Sn (Tm = 232 °C), the adatoms are expected to be very mobile on the Si surfaces. 

Given the deposition rate of 0.3 Å/s and that the films are 10, 30, and 50 nm in geometrical 

thickness, it is expected that the thicker films will undergo more dewetting in-situ during the 

deposition process. At Sn real (not geometrical) thickness much beyond the ones explored in this 

study, there will be enough material to form continuous blanket films. However rapidly diffusing 

pure metals on weakly chemically interacting surfaces, such thicknesses may be 50 nm or even 

higher. 
53

 For instance, for the case of Cu being deposited at a similar homologous temperature 

on a non-wetting support, the film needs to be nearly 100 nm before it is fully continuous. 
54

 As 

we will demonstrate in the electrochemical section, whether the Sn nanocrystallites are 

interconnected across the nanowires in effect forming a structural mesh, or are primarily isolated, 

will profoundly influence the coating's efficacy. 

 

4.3.2 Electrochemical Performance and Cycled Microstructure 

Figure 4-5 shows CV curves (left column) and galvanostatic voltage versus specific capacity 

profiles (right column) of SiNWs, 1Sn/SiNWs, 3Sn/SiNWs, 5Sn/SiWs, and a blanket 100 nm Sn 

film. The CV data is shown for cycles 1 – 10, while the constant current (CC) data is shown for 

cycles 1, 2, 10, 50, 80, and 100. The CV tests were performed at 1 mV/s, while the CC data was 

collected at 0.1C (359 mA/g - 314 mA/g). The CV profiles show three significant broadened 

redox peaks:  The main reduction peak occurs between 0  0.2 V. The overlapping peaks in the 

oxidation profile are at 0.3  0.4 V and 0.45  0.55 V. These peaks correspond to the multiple 

stages of lithium alloying and dealloying with Si, consistent with the previous SiNWs studies. 

32,37,39,40
 The current associated with Si being lithiated to below 0.05 V is associated with the 

formation of crystalline Li15Si4 phase from the amorphous LixSi. This phase transformation has 

been recently shown to occur congruently, without long distance displacement and diffusion of 

the atoms. 
55

 However, the portion of the total capacity that is gained below 0.05 V decreases 

with increasing cycle number, potentially indicating that with cycling a progressively higher 

fraction of the total electrode active mass remains amorphous.  
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The CV profiles of the nanocomposites represent an overlap of the CV curves for Sn and 

SiNWs, with no additional redox reactions being detected. The most distinct case is for the 

highest mass loaded Sn specimen (17 wt.% Sn), 5Sn/SiNWs, where the Sn peaks at the described 

positions are well discerned for both the anodic and the cathodic portions of the CV. During the 

first lithiation, the surface SnO2 converts to electrochemically active Sn and an inactive Li2O, 

56,57
 the latter being similarly present upon the reduction of surface SiO2 by Li. 

14
 This reaction 

would initiate at an analogous voltage as the formation of the SEI layer (roughly below 0.75 V), 

the two being indistinguishable on the experimental CV. From the CV profile of 100 nm Sn film 

plotted in Figure 4-5(i), a reduction peak centered near 0.6 V corresponds to Li2Sn5 formation, 

followed by a peak at 0.45 V associated with appearance of LiSn. The large and broadened peak 

that is centered near 0.3 V is associated with the progressive formation of the Li7Sn3, Li5Sn2, 

Li13Sn5, Li7Sn2 and finally the terminal Li22Sn5 (theoretical capacity 991 mAh/g). These phases 

are known to be difficult to deconvolute both electrochemically and through X-ray 

crystallography, since they are all based on the bcc unit cell of Li with a varying arrangement of 

Li and Sn atoms on the individual unit sites. 
56,58,59

 Similar to the original reports of delithiation 

of Li22Sn5, the anodic portion of the CV contains four distinct oxidation peaks, centered at  

0.52, 0.7, 0.77, and 0.85 V. 
56,58-60 

The cycling performance of the electrodes is displayed in Figure 4-6(a-c), the total specific 

capacity of each electrode, the capacity retention in percentage of cycle 1 capacity, and the 

coulombic efficiency as a function of cycle number. The first lithiation capacities of the 

nanocomposites are lower than that of the bare SiNWs due to extra weight of the Sn coating, 

which has a lower specific capacity than Si (996 mAh/g vs. 3590 mAh/g). However with cycling 

the 1Sn/SiNWs and the 3Sn/SiNWs electrodes overtake the baseline SiNWs electrode both in 

terms of % capacity retention (this occurs by cycle 8 for 3Sn/SiNWs) and in terms of the overall 

capacity retention (this occurs by cycle 33 for 3Sn/SiNWs). This may be attributed to the 

partially dewetted yet still continuous nano-scale coating of Sn that structurally stabilizes the Si 

nanowires during lithiation and delithiation. Even the 5Sn/SiNWs electrode, where it was shown 

that the Sn coating is largely discontinuous, offers an improvement (though not as pronounced) 

in the % of the cycling capacity retention. The 5Sn/SiNWs electrode starts at a significantly 



108 

  

lower specific capacity due to the 17 wt.% Sn (cycle 1 capacity of 3006 mAh/g vs. 3576 mAh/g), 

but finishes the 100 cycles at a nearly exact capacity as the baseline (~ 1040 mAh/g).  

 

 
Figure 4-6: Constant-current cycling behavior of SiNWs, 1Sn/SiNWs, 3Sn/SiNWs, and 5Sn/SiNWs 

electrodes, tested at a rate of 0.1C. (a) Specific capacity as a function of cycle number, (b) capacity 

retention vs. cycle number, defined as a percentage of the first cycle capacity, and (c) corresponding 

coulombic efficiency. (d) Rate performance, percent capacity retained normalized to cycle 3 at 0.1C. (e,f) 

Electrochemical impedance spectroscopy (EIS) of SiNWs, 1Sn/SiNWs, 3Sn/SiNWs, and 5Sn/SiNWs in 

as-synthesized and after 100 cycles at 0.1C, respectively. 
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The cycle 1 coulombic efficiency (CE) for the SiNWs, 1Sn/SiNWs, 3Sn/SiNWs, and 

5Sn/SiNWs electrodes are all analogous; 92, 91, 90, and 91%. The minor degradation of cycle 1 

CE for the 1Sn/SiNWs and 3Sn/SiNWs electrodes is likely related to the irreversible conversion 

of SnO2 to Li2O, with the more continuous coatings offering more surface area and hence more 

surface oxide for this reaction. Since the underlying Si is still covered by a SiO2 layer that would 

be permanently reduced to Li2O at cycle 1 (the nanowires were exposed to ambient prior to Sn 

deposition), the irreversible capacity loss is cumulative. As may be observed in Figure 4-6(c), a 

clear and substantial difference emerges in the cycling CEs of the materials. By cycle 3, the 

electrodes 1Sn/SiNWs and 3Sn/SiNWs have a CE of upwards of 99%. The CE of 5Sn/SiNWs is 

intermediate, ranging from 99% to 97% between cycles 2 and 100. The CE of the baseline 

SiNWs is the lowest, finishing at 97.5% at cycle 100. As will be highlighted by the post-cycled 

microstructural analysis, this improvement in cycling CE is due to the more continuous 1Sn and 

3Sn coatings being effective in reducing the levels of SEI formation. 

Considering the CV and CC data for pure Sn and for the nanocomposites, Sn lithiates first 

(starting at ~ 0.78 V) and fully delithiates last (completes at ~ 0.83 V). Conversely, Si begins 

substantial lithiation starting at 0.35 V, and finishes delithiation at ~ 0.6 V. This means that 

during lithiation/delithiation of core SiNWs the Sn coating is always at least partially lithiated. 

Given the volume expansion of the LixSn phases (0.2 < x < 4.4), ranging from 23 to 259%, 
56

 the 

core Si is always under compressive stress from the LixSn shell. It is expected that this relatively 

ductile compressive sheath will reduce the magnitude of the cracking, disintegration, and 

consequent electrical contact separation of the nanowires from the current collector in the course 

of cycling. 
37,40

 The reduced effectiveness of the 5Sn/SiNWs is expected since the much of the 

coating is present as isolated Sn particles that cannot provide such a support. As has been shown 

by several stress modeling studies, thicker coatings are expected to be more effective in 

supporting the nanowires and preventing fracture. 
13,61,62

 Thus the 3Sn/SiNWs represents the best 

compromise of the negative influence of Sn dewetting at higher film thicknesses and the positive 

influence of a thicker and hence stronger supporting shell. Upon reduction by Li, SnO2 

transforms into Sn nanoparticles surrounded by an amorphous Li2O matrix. 
63

 The amorphous 

Li2O, which has been shown to be ductile near room temperature and can sustain large 

mechanical stress, 
64

 should also impart some structural support to the inner SiNWs. 
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High rate capacity retention performance (normalized to cycle 3 at 0.1C) is presented in 

Figure 4-6(d). The anodes were cycled at 0.1C (359-314 mA/g) for 20 cycles and then at 0.5C 

(1795-1572 mA/g), 1C (3590-3143 mA/g), 2C (7180-6286 mA/g), and 5C (17950-15720 mA/g) 

each for 15 cycles. All materials perform identically at 0.1C for 20 cycles, but a difference 

emerges at 0.5C, where the Sn coated electrodes are markedly superior. As the charging rate 

increases, Sn coated electrodes show progressively better performance as compared to the 

uncoated baseline. The improvement in the cycling performance at high rates, due to the Sn 

coatings, stems from their role in providing a highly electrically conductive path down to the 

current collector. The electrical conductivity of Sn is 10
5
 S/cm, which is markedly higher than 

that for silicon (1.6 × 10
-3

 S/cm) or even Li doped Si ( 10 S/cm at most). 
65

 All the coatings 

appear to be analogously effective in improving the rate performance, which differs from the 

cycling capacity retention results. This may be explained by a hypothesis that even for the 

thickest coating there is always some continuous percolated electron path down to the current 

collector, i.e. some Sn nanocrystallites touch each other all the way down to the base. For 

electron conductance a fully interconnected mesh across the entire area of the nanowire is not 

essential as it is for mechanical stabilization. 

 

 
Figure 4-7: Equivalent circuits used for fitting impedance spectra of (a) as-synthesized bare and coated 

SiNWs, and (b) post-100 cycles (at 0.1C) bare and coated SiNWs. 

 

Electrochemical impedance spectroscopy (EIS) further confirms the favorable impact of the 

nanoscale Sn coatings. The Nyquist plots in Figure 4-6(e,f) are for the as-synthesized and the 

post-100 cycles electrodes. The Nyquist plots exhibit well-defined features including a high-

frequency depressed semi-circle followed by a 45° sloped line in the low-frequency region of the 

spectra. The intercept of the spectra with the real part of the impedance axis shows equivalent 

series resistance (Res) of the half-cell. The diameter of the high frequency semi-circle represents 
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the interfacial charge transfer resistance (Rct). 
66

 We modeled the impedance spectra of as-

prepared and cycled materials with the equivalent circuits shown in Figure 4-7(a,b), respectively. 

The values and the associated errors obtained from the model fit are listed in Table 4-2. The 

simulated and the measured EIS spectra for all the anode materials in as-synthesized and cycled 

states are presented in Figure 4-8.  

 

 
Figure 4-8: The measured and modeled EIS plots for (a) as-synthesized and (b,c) post 100 cycles at 0.1C 

anode materials. Modeled data obtained from using the equivalent circuit shown in (a,b) Figure 4-7(a) and 

(c) Figure 4-7(b). 
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Table 4-2: Resistance values obtained from fitting the EIS results presented in Figure 4-6(e) and (f) using 

the equivalent circuits shown in Figure 4-7(a) and (b) for as-synthesized and cycled data, respectively. 

 SiNWs 1Sn/SiNWs 3Sn/SiNWs 5Sn/SiNWs 

As-synthesized electrodes 

Res (Ω) 2.2 ± 0.69% 3.9 ± 1.07% 2.8 ± 0.73% 2.6 ± 0.39% 

Rct (Ω) 396.4 ± 0.91% 131.7 ± 1.37% 201.3 ± 0.35% 66.7 ± 0.34% 

Post-100 cycles electrodes (equivalent circuit shown in Figure 4-7(a)) 

Res (Ω) 9.7 ± 0.49% 8.6 ± 2.1% 5.0 ± 1.95% 9.5 ± 1.90% 

Rct (Ω) 62.6 ± 1.64% 40.7 ± 1.86% 27.9 ± 0.77% 59.0 ± 1.02% 

Post-100 cycles electrodes (equivalent circuit shown in Figure 4-7(b)) 

Res (Ω) 9.0 ± 0.66% 7.3 ± 0.32% 4.9 ± 1.24% 8.9 ± 0.28% 

Rf (Ω) 22.9 ± 6.96% 26.6 ± 1.51% 27.8 ± 0.52% 11.4 ± 6.19% 

Rct (Ω) 59.7 ± 5.78% 7.8 ± 3.36% 2.9 ± 7.96% 47.0 ± 2.45% 

 

In as-synthesized state Rct is consistently lower for the Sn/SiNWs (132, 201, and 67 Ω) 

composites than for the uncoated baseline (396 Ω). Prior to the first lithiation there should be 

minimal SEI formed on the nanowire surfaces. At this stage the electrode's Rct may be correlated 

primarily to the difficulty in Li ion transfer from the electrolyte into the native oxide that covers 

the materials. We therefore attribute the difference in the initial charge transfer resistances 

between the uncoated and the Sn coated specimens to the nature of the oxides initially present on 

their surfaces. A thin amorphous layer of SiO2 will instantaneously form on the silicon 

nanowires’ surface upon exposure to air. As our XPS and TEM confirm, for the case of 

Sn/SiNWs the surface oxide is SnO2. SnO2 is known as an n-type semiconductor with an 

electrical resistivity of ~ 200 Ω.cm, while SiO2 resistivity is known to be 10
14

 – 10
16

 Ω.cm. 

Moreover while both oxides are irreversibly reduced by Li ions, SiO2 is expected to be more 

tenacious judging by its higher standard enthalpy of formation (-911 kJ/mol vs. -581 kJ/mol). 

One can therefore put forth a qualitative argument that these two factors, worse electrical 

conductivity and enhanced stability of SiO2, will lead to a higher charge transfer resistance of the 

as-synthesized uncoated SiNW electrodes.  

The inset in Figure 4-6(f) and the values reported in Table 4-2 demonstrate that the post-100 

cycle total charge transfer resistance (Rct + Rf) for bare SiNWs is substantially larger than that 
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for the Sn coated SiNWs. This is attributable to the difference in the extent of SEI formation for 

each of the specimens during cycling. The SEI is an electrically insulating - Li ion conducting 

multilayer composite, with both organic (e.g. alkyl carbonates, and polyethylene oxide) and 

inorganic (LiF and Li2O) phases. 
67,68

 During cycling, as the SEI builds up in thickness, there is a 

concomitant increase in the number of interfaces, all which contributing to the charge transfer 

resistance. 
66,68

 Poor coulombic efficiency is typically associated with the irreversible and 

continuous formation of SEI. Both the solvent and salt of the electrolyte solution are 

thermodynamically unstable and undergo reduction on the anode roughly at 0.7 V vs. Li/Li
+
 

during the first lithiation cycle.
 67,69

 These surface films passivate the anode surface and prevent 

further decomposition of the electrolyte solution. However, high volume changes experienced by 

silicon during electrochemical cycling can continuously weaken and fracture the SEI layer, 

exposing fresh silicon to the electrolyte with each cycle. This will form a new SEI layer mostly 

composed of electrolyte reduction products such as Li2CO3 and increase the amount of SEI with 

each cycle. The instability of the SEI can eventually lead to overall capacity loss, poor 

coulombic efficiency, and subsequent failure of the battery due to one or a combination of a loss 

of active material and a depletion of Li. 
39,70-72

 Besides solvent reduction products such as 

Li2CO3 and alkyl carbonates, SEI also partially consists of LiF which is a (electroless) 

decomposition product of the LiPF6 salt but can also be formed through reaction with trace 

amounts of water to HF and eventually LiF. 
73,74

 The post-100 cycles EIS data are in an excellent 

accord with the coulombic efficiency of the anodes, presented in Figure 4-6(c). Moreover the 

charge transfer resistances scale as 3Sn/SiNWs < 1Sn/SiNWs < 5Sn/SiNWs < uncoated SiNWs, 

which is exactly the reverse order of these electrodes' coulombic efficiencies. This supports our 

argument that a lower cycling CE is well-correlated with higher levels of SEI formation, since 

the formation of reduction products such as lithium carbonate and lithium alkyl carbonate will 

irreversible consume electrons and Li ions.  

In Si nanowire based anodes, cycling induced failure is caused by fracture of the individual 

nanowires due to the severe volume changes incurred by lithiation/delithiation. 
32

 It is also 

caused by lithiation-assisted welding of the nanowires and by nanowire agglomeration due to 

extensive SEI growth, leading to en-masse delamination from the current collector. 
31,32,72,73

 For 

the case of Si coated with a secondary phase (carbon), several additional phenomena are 
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observed from in-situ experiments. Si particles embedded in a carbon nanofiber matrix will 

actually show delayed cycle-1 lithiation. 
75

 In addition, depending on the strength of the carbon 

matrix, lithiation of the embedded silicon nanoparticles actually resulted in fracture of the carbon 

fibers. For the case of a carbon nanotube core and an amorphous Si shell the authors 

demonstrated a relatively weak interfacial bonding between the two materials, which may be 

improved by surface functionalization of the CNTs. 
76

  

 

 
Figure 4-9: FIB cross-sectional SEM images of post 100 cycled (a) bare SiNWs, (b) 1Sn/SiNWs, (c) 

3Sn/SiNWs, and (d) 5Sn/SiNWs electrodes. 

 

These and similar in-situ studies demonstrate that coatings are not a 100% satisfactory 

solution for eliminating the problem of lithiation-induced fracture in silicon. However, they do 

help in reducing the extent of fracture, thus promoting enhanced cycling life. In our case the Sn 

coatings resulted in 78% improvement in capacity retention after 100 cycles (1865 mAh/g vs. 

1046 mAh/g), which is respectable. Moreover the TEM results that will be shown in Figures 8 

and 9 fairly conclusively demonstrate that the Sn shell (which is not continuous) does help to 
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stabilize the Si nanowire structure preventing it from stranding, i.e. fracturing longitudinally. As 

the FIB results shown in Figure 5 indicate, a major mode of failure of nanowire arrays is their 

SEI - induced agglomeration and large-scale separation from the current collector. The coatings 

clearly help in this respect too. As will be demonstrated, the cross-sectional FIB/SEM 

micrographs, the top-view SEM images, and the XPS results all reveal that there is less SEI 

formed on the Sn coated SiNWs.  

FIB cross-section SEM micrographs of a representative region in each of the post 100-

cycled electrodes are shown in Figure 4-9. Rather than being a clearly discernable array of 

individual nanowires, the electrodes are an agglomerated composite of Si, pores, and SEI. For all 

specimens, some cracks appear both through the nanowire agglomerates and at the porous film – 

current collector interface. Such coordinated large-scale separation from the current collector is 

major source of overall capacity decay in Si nanowire and nanotube architectures.
 23,39,40

 The 

associated cause of this failure is the cycling-induced overgrowth of SEI on each nanowire, 

ultimately fusing them together to make a compressively stressed semi-porous film from what 

was initially an array of individual non-contacting structures. The overall extent of interfacial 

cracking was most in the case of the bare SiNWs and the best with the 3Sn/SiNWs electrodes, 

agreeing with the cycling capacity retention results.  

The FIB cross-sections also display well discernable differences in the height of the post-

cycled films. As shown by the length of the vertical arrows in Figure 4-9, which are obtained 

from a Gwyddion 2.31 software analysis of the SEM images, the average height of the post-

cycled SiNWs, 1Sn/SiNWs, 3Sn/SiNWs, and 5Sn/SiNWs electrodes is 10.2 m, 11 m, 12.2 

m, and 10.9 m. As discussed in
 77

, coatings effective for reducing cycling-induced fracture of 

1D Si nanostructures will promote anisotropic volume changes upon lithiation/delithiation, 

favoring longitudinal rather than radial expansion/contraction. The protective shell will still have 

to locally fracture as to allow the inevitable lengthwise expansion of the nanostructure to 

accommodate the inserting Li (in alloying reactions the total volume expansion due to lithiation 

invariably scales with Li content 
56

). Such cycling induced changes in the nanowire lengths 

versus their diameters may be taken as a de-facto measure of the protective shell quality. As less 

damage is incurred at each cycle, there is less SEI growth on the freshly exposed Si surfaces. 
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Since growth of SEI on pre-existing SEI is relatively slow, 
78,79

 the 3Sn/SiNWs are the least 

agglomerated, have optimum CE, the least amount of SEI, and the least delamination. Figure 

4-10 shows the plan-view SEM micrographs of (a) SiNWs, (b) 1Sn/SiNWs, (c) 3Sn/SiNWs, and 

(d) 5Sn/SiNWs anodes after 100 cycles. The results agree with the cross-sectional data with the 

3Sn/SiNWs electrodes being the least agglomerated with SEI while the bare SiNWs being the 

most. 

 

 
Figure 4-10: Plan-view SEM micrographs of (a) SiNWs, (b) 1Sn/SiNWs, (c) 3Sn/SiNWs, and (d) 

5Sn/SiNWs anode materials after 100 cycles at 0.1C. 

 

Figure 4-11 shows TOF-SIMS depth profiles of Li and Ti concentration through the 

thickness of the post-cycled (100 cycles at 0.1C) bare SiNWs and 3Sn/SiNWs, analyzed in their 

delithiated state. Since the samples were fully charged, any remnant Li must originate from the 

SEI layer rather than from the bulk of the Si. The Ti signal originates from the TiN diffusion 

barrier and marks the current collector – active electrode interface. For the case of bare SiNWs 

there is an enhanced Li signal at this interface. In fact, the actual Li segregation profile is 

actually sharper than what the TOF-SIMS results indicate since the current collector's inherent 

roughness will smear the measured through-thickness Ti and Li distributions. Notably the Li 
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profile in the Sn-coated specimens is much more uniform. We argue that accumulation of SEI 

(which is mostly composed of Li-containing compounds) near the interface is the major 

contributor to the en-masse delamination of the nanowire assembly from the underlying current 

collector. The TOF-SIMS results are in good agreement with this hypothesis and with the FIB 

observations. Moreover Li segregation Si has been demonstrated both experimentally and from 

theoretical studies. 
80-82

 Our group has also recently reported early (after 2 cycles) interfacial 

segregation of Na in the bulk of Sn thin films sitting on stainless steel current collectors. 
83

 The 

two phenomena - early segregation of Li and cycling-induced preferential SEI formation at the 

interface - may in fact be interrelated. Li (and Na) segregation is known to both elastically and 

plastically soften the material. This may result in more localized deformation during 

charging/discharging, and would potentially lead to more fresh Si being exposed to the 

electrolyte per cycle.  

 

 
Figure 4-11: TOF-SIMS depth profiles of Li and Ti concentration through the thickness of delithiated (a) 

bare SiNWs and (b) 3Sn/SiNWs, after 100 cycles at 0.1C. The Ti signal originates from the TiN diffusion 

barrier and demarcates the active electrode – current collector interface. 

 

The high-resolution XPS spectra of the post 100 cycles electrodes are shown in Figure 4-12. 

The individual panels show C 1s, O 1s, Li 1s, F 1s, Si 2p, Sn 3d, and P 2p spectra. The near-

surface atomic composition (at.%) of each cycled electrode is shown in Table 4-3. These XPS 

results provide insight into the composition of the SEI layer that has built on the materials’ 
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surface upon cycling, as a result of decomposition of the lithium salt and the reduction of organic 

solvents. 

 

 
Figure 4-12: XPS spectra of  the post 100 cycles electrodes, panels show C 1s, O 1s, Li 1s, F 1s, Si 2p, 

Sn 3d, and P 2p. 
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Table 4-3: The near-surface atomic composition (at.%) of each electrode after 100 cycles, analyzed in 

delithiated state. 

Material C O Si Sn Li F P 

SiNWs 33.74 33.41 - - 28.96 3.76 0.13 

1Sn/SiNWs 34.94 34.83 0.05 0.12 21.73 4.85 3.48 

3Sn/SiNWs 34.48 38.85 0.36 0.39 19.47 4.29 2.16 

5Sn/SiNWs 34.91 33.89 - - 25.46 3.83 1.91 

 

The 1Sn/SiNWs and 3Sn/SiNWs electrodes still show both a Si and a Sn signal, indicating 

that the SEI layer in these structures is thinner than in baseline SiNWs and in 5Sn/SiNWs. In 

particular, the 3Sn/SiNWs shows the highest Si and Sn intensity, indicating that it has the 

thinnest SEI of all, which is in agreement with the FIB/SEM images, Figure 4-9 and Figure 4-10, 

and the charge transfer resistance values from the EIS plots, Figure 4-6(f).  The higher amounts 

of C and O compared with F and P in all the materials indicates that the SEI layer formed chiefly 

through the reduction of solvent molecules, particularly EC. Lithium carbonate, Li2CO3, and 

lithium ethylene dicarbonate, (CH2OCO2Li)2, are produced upon the electrochemical reduction 

of EC solvent. Polyethylene oxide (PEO), (CH2CH2O)n, is another product of EC degradation. 

84
 

In C 1s spectra, the shoulder off the main hydrocarbon signal at about 286 – 287 eV is 

attributed to PEO. Lithium ethylene dicarbonate peak in C 1s appears at the binding energy of 

288 – 289 eV. The peak associated with the Li2CO3 is located at about 290 eV. The O 1s spectra 

confirm the assignments made for C 1s spectra. The maximum intensity has a binding energy of 

around 531 – 532 eV for all the materials with a broad shoulder at higher binding energy of 532 

– 534 eV. The main peak at ~ 531.5 eV represents Li2CO3 compound and the signals 

approximately located at 532.5 and 533.5 eV are associated with the PEO-like polymers and 

lithium ethylene dicarbonate, respectively. Presence of fluorine and phosphorous in the SEI film 

suggests that degradation of LiPF6 salt occurred during cycling. LiF is the main compound 

formed upon degradation of LiPF6 through either a chemical decomposition or a reaction in 

presence of water. Li 1s spectra also have a broad peak with the onset binding energy of 51.5 eV 

extended to 57 eV. This consists of a main peak at approximately 55.2 eV, corresponding to 

Li2CO3, and another peak at about 56 eV, for LiF. Correspondingly, the main peak in F 1s 

spectra at ~ 684.5 eV is assigned to LiF. 
84

 The main signal in P 2p is from LixPFyOz, produced 
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from the reaction of PF5, formed upon chemical decomposition of LiPF6 salt, with the 

contaminations and compounds in the cell. The XPS measurements indicate that the SEI layer 

consists mostly of Li2CO3 and LiF compounds. A CasaXPS software analysis of the Li 1s spectra 

reveals that the SEI would consist of 98, 89, 83, and 92% of Li2CO3, when we assumed that 

Li2CO3 and LiF are the only compounds appearing in the Li 1s spectra. 

 

 
Figure 4-13: TEM micrographs of the post cycled electrodes: (a,b) SiNWs, (c-e) 1Sn/SiNWs, (f-h) 

3Sn/SiNWs, and (i-k) 5Sn/SiNWs. The SAD patterns include the ring simulations for both α- and β-Sn. 

The dark-field images obtained from the arrowed part of the corresponding SAD patterns. 
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Figure 4-13 shows conventional TEM micrographs for the electrodes after 100 cycles of 

testing in delithiated charge state. As is well known the Si is amorphized after the first 

delithiation cycle. The structure of the post-cycled Sn, however, is ambiguous. While the 

interconnected Sn nanoparticles do retain their general morphology, it is difficult to conclude the 

degree of amorphization that has occurred as a result of cycling. It is known that delithiation 

converts the LixSn phases back to a mixture of α-Sn (space group of Fd3m, a0 = 6.4912 Å) and β-

Sn (both structures are simulated in the SAD overlay). 
44,85

 However these coatings are thinner 

than even the "nanostructures" reported in literature and are also mechanically stressed by the 

underlying Si during cycling. Thus in our opinion it is not possible to conclusively state from the 

electron diffraction patterns whether the majority final Sn sheath is amorphous, nanocrystalline, 

or a combination of the both. Moreover even if the Sn particles were 100% nanocrystalline, 

below a certain crystallite size they would appear "X-ray amorphous" in the SAD, displaying 

only continuous washed out rings. There are isolated spots in all the recorded SAD patterns that 

are indexable as either -Sn or -Sn. The Sn crystallites associated with the arrowed -Sn or -

Sn spots are imaged in dark-field in the leftmost panels in the Figure.  

The key observation from the above series of images is that the baseline SiNWs and the 

5Sn/SiNWs have disintegrated into strands that run parallel to the nanowire axis. This failure 

mode has been shown to occur initially along [110] directions parallel to the nanowire length and 

along twin interfaces. 
28,29

 As the subsequently amorphous Si is additionally lithiation cycled, 

damage accumulates in the form of progressive crack growth, development of new pores, and 

SEI formation on fresh Si surfaces. 
28,32,70

 After cycling, the 1Sn/SiNWs and the 3Sn/SiNWs are 

much more intact, retaining close to their original geometry and showing minimal intra-wire 

porosity. This agrees with the cycling lifetime data and supports the argument for the 

effectiveness of Sn coatings with an optimum thickness. Overall the TEM-observed degree of 

damage (Figure 4-13) in the post cycled nanowires scales well with the cycling stability results: 

SiNWs > 5Sn/SiNWs > 1Sn/SiNWs > 3Sn/SiNWs. Although there is a concern regarding the 

mechanical integrity of the interface of heterogeneous structures, 
75,76

 our conventional post 100 

cycle TEM analysis demonstrated that the dewetted Sn coating is still attached to the surface of 

the SiNWs. Moreover Sn experiences less drastic mechanical degradation in the course of Li 

alloying in comparison with Si. 
86
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Figure 4-14: HAADF micrographs, EELS elemental maps of Li and  corresponding low-loss EELS 

spectra obtained from the rectangular areas marked in the HAADF images for SiNWs and 3Sn/SiNWs at 

(a-c) 0.35 V during lithiation and (d-f) 0.52 V during delithiation. 

 

We performed EELS analysis on partially lithiated and partially delithiated baseline SiNWs 

and 3Sn/SiNWs. The samples were analyzed after 10 cycles at 0.1C. A terminal voltage of 0.35 

V was employed for partial lithiation, and 0.52 V for partial delithiation. The HAADF 

micrographs with the corresponding Li EELS maps are presented in Figure 4-14. Even after 10 

cycles, some of the bare nanowires show evidence of lengthwise fragmentation (Figure 4-14(d)). 

A comparison between the Li maps for SiNWs and 3Sn/SiNWs at 0.35 V during lithiation shows 

that the nanocomposite holds significantly more Li than the bare SiNWs. This is further 

illustrated by the corresponding magnified low-loss spectra of the anodes, obtained from the 

green rectangular areas of the nanowires. The Li K-edge is more apparent in the 3Sn/SiNWs’ 

spectra than that in the baseline SiNWs’. This is also evident by the ratio of Li concentration per 

unit volume in 3Sn/SiNWs to that in bare SiNWs, estimated from the low-loss spectra using the 

quantification approach presented in 
87

, which is 1.75 in average for partially lithiated specimens. 

Likewise, the EELS Li maps of SiNWs and 3Sn/SiNWs at 0.52 V during delithiation show a 

higher Li content in the coated nanowire. The Li K-edge in the low-loss spectra of the partially 
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delithiated specimens also highlight this distinction. The average ratio of Li concentration in 

partially delithiated 3Sn/SiNWs to that in SiNWs is 2.48. 

Combining these EELS observations with the CV and CC data shown in Figure 4-5, one can 

conclude that upon discharge the Sn coating will lithiate first, i.e. at a higher voltage. Moreover, 

the CV and CC results show that upon charging Sn layer will remain lithiated up to higher 

voltages than Si, with the last plateau for Sn being near 0.8 V vs. about 0.4 V for Si. Thus Sn 

coating expands first upon lithium insertion, applying a compressive stress to the SiNWs. As the 

lithiation reaction proceeds the increasing Li content in the LixSn phases gives larger volume 

expansion to the Sn shell.  

 

 
Figure 4-15: HRTEM micrographs of 3Sn/SiNWs with the corresponding FFT patterns after 10 cycles at 

0.1C. (a,b) fully lithiated at 0.01 V and (c,d) fully delithated at 2 V vs. Li/Li+. Magnified images of the 

fringes in the HRTEM micrographs are shown in the inset of each micrograph. The scale bar in the high 

magnification insets is 2 nm. 

 

Figure 4-15 shows HRTEM micrographs of 3Sn/SiNWs in fully lithiated and fully 

delithiated state. The FFT patterns of the fully lithiated electrode shows the presence of fringes 

associated with the Li22Sn5 phase (space group of F23, a0 = 19.214 Å). This indicates that the 
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fully lithiated Li15Si4 (volume expansion ~ 280% relative to pure Si) is surrounded by a Li22Sn5 

shell (volume expansion of  260% relative to Sn). As such differential volume expansions may 

not be accommodated purely elastically, there should be a substantial plastic flow in both phases. 

Moreover recent modeling and experimental work has demonstrated that substantial elastic 

softening will occur in both Sn and Si upon lithiation,
 88,89

 which would influence both the elastic 

response and plastic flow. The HRTEM images of the fully delithiated electrode demonstrate a 

mix of α-Sn and β-Sn, consistent with the conventional TEM micrographs of the post 100 cycles 

specimens (Figure 4-13).  

It is instructive to compare the performance of our Sn/SiNWs electrodes with other 

composite SiNWs-based anode systems reported in scientific literature. Table 4-4 displays the 

electrochemical performance of our best performing electrode material (3Sn/SiNWs) along with 

previously reported results for core-shell architectures including SiNWs coated by Al, 
37

 Mg and 

Mg2Si, 
32

 ALD TiO2, 
39

 ALD TiN, 
40

 carbon, 
90-92

 copper, 
90

 conductive polymer (PEDOT), 
93

 

silicon nanoparticles, 
94

 nitrogen-doped graphite, 
95

 and amorphous silicon. 
96

 These studies all 

aimed to improve the long-term galvanostatic cycling performance of SiNWs LIB anodes by 

some form of a surface coating strategy. From the listed data, it can be concluded that the 

nanometer-scale Sn coatings represent a highly effective approach for both improving the 

cycling capacity retention and the coulombic efficiency, the improvement in the CE being 

especially noteworthy.  

Finally, we believe that ductile electrically conductive mesh coatings are an effective 

strategy for improving the performance of a range of powder-like active materials, which could 

be scaled for commercial applications. Batch magnetron sputter coating of powders is feasible 

given a system with a sputter-down configuration and a vibrating powder hopper as a sample 

holder. Moreover, the coating strategy may not necessarily involve magnetron sputtering. 

Approaches such as chemical vapor deposition, atomic layer deposition, electrochemical and 

electroless plating, are all scalable for coating relatively large quantities of powders. Early work 

by researchers like Dahn et al. have demonstrated the feasibility of these methods for improving 

the cycling lifetime of both anode and cathode materials, many of which have approached 

commercial viability. 
97,98 
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Table 4-4: Comparison of capacity and coulombic efficiency of our best performing anode with 

previously published different coated SiNWs anode materials at different rates. 

SiNWs 

synthesis 

method 

Average 

nanowire 

diameter 

(length) 

Coating 

material 

Potential 

window 

(V) vs. 

Li/Li
+
 

Cycling 

rate 

Cycle 

num

ber 

Specific 

capacity 

(mAh/g) 

Coulombic 

efficiency 

(%) 

Rate 

capability in 

mAh/g 

(cycling rate) 

Ref. 

Au 

catalyzed 

VLSa-CVD 

114 nm           

(12 µm) 

Sn 

0.01 – 2 0.1C 

1 3192 90.1 
850 (5C) 

This 

work 100 1874 99.5 

Al 
1 3347 92.8 

N/Ab 37 

100 1300  99 

Mg 
1 3209 95.8 

229 (5C) 
32 100  980  99.2 

Mg2Si 
1 3089 93.1 

144 (5C) 
100  844  97.7 

ALD TiO2 
1  3000  90 

1020 (5C) 39 

100 1600  99.5 

ALD TiN 
1 2915 89 

740 (5C) 40 

100 1566 97.6 

100 nm 

(N/A) 

Carbon 

0.02 – 2 
0.05C    

(210 mA/g) 

1 3702 83.2 
3201 (0.5C) 

90 15 2776 N/A 

Copper 
1 2967 90.3 

3061 (0.5C) 
15 2561 N/A 

200 nm 

(N/A) 

Conductive 

polymer 

(PEDOT) 

0.01 – 1 
0.2C      

(840 mA/g) 

2 3263 N/A 
N/A 93 

100 2510 N/A 

100 nm     

(10 µm) 

Si 

nanoparticles 
0.05 – 1 

0.2C      

(800 mA/g) 

1  1670 81 
N/A 94 

30 1600  99 

Metal-

assisted 

chemical 

etching 

20 – 300 

nm       

(90 µm) 

Carbon 0.02 – 2 
~ 0.04C 

(150 mA/g) 

1 3344 84  2100 (0.07C 

or 300 mA/g) 
91 

40 1326  95 

80 nm        

(7 µm) 

N-doped 

graphite 
0.01 – 1 

 0.14C    

(600 mA/g) 

1 2140 92 
N/A 95 

45 1260 > 99 

VSc-CVD 
N/A 

(N/A) 

Amorphous 

silicon 

0.01 – 2 
0.2C       

(850 mA/g) 

1 2500 80.4 
N/A 

96 30 1975 98 

0.15 – 2 
1 1060 86.2  800 (1.6C or 

6800 mA/g) 100 901  98.5 

SBA-15 

template 

6.5 nm     

(20 nm) 
Carbon 0 – 1.5 

0.2C      

(600 mA/g) 

1 3161 86 
2466 (2C) 92 

80 2750 98 

a Vapor-Liquid-Solid, b Not available, c Vapor-Solid 

 

4.4 Conclusions  

Silicon nanowire - based lithium ion battery anodes suffer from cyclability issues associated 

with the ~ 280% lithiation driven volume change. Here we demonstrate that a thin partially 

dewetted surface film of physical vapor deposited lithium-active Sn will significantly improve 
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their performance. The optimum architecture employed Sn coating with an average thickness of 

3 nm. This electrode maintained a reversible capacity of 1865 mAh/g after 100 cycles at 0.1C, 

almost double that of the bare SiNWs that degraded to 1046 mAh/g. Furthermore, these 

nanocomposites offered 2X the capacity retention of bare SiNWs at a high current density of 5C, 

and demonstrated a cycling coulombic efficiency of > 99.3% vs. 94 - 98% for the baseline. 

Using HRTEM combined with EELS TEM, FIB SEM, and TOF-SIMS analysis we elucidate the 

phenomenology by which the Sn boosts cycling performance. The electrochemical data 

combined with EELS maps of partially lithiated/delithiated bare and Sn-coated SiNWs show that 

the Sn coating lithiates first during discharge. Moreover, CV and CC results show that Sn will 

fully delithiate at a higher voltage than Si upon charging. The compressive stress induced by the 

LixSn quasi-shell then confines the radial expansion of the core nanowire in favor of longitudinal 

expansion, reducing the concomitant mechanical failure and SEI growth associated with the 

well-known stranding phenomena of 1D Si nanostructures. The findings of our study should 

provide a broadly applicable design methodology for nanoscale coatings employed to improve 

the cycling performance of a variety of LIB anode materials. 
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Chapter 5: Activation with Li Enables Facile Sodium Storage in Germanium 

 

Material in this chapter has been published in: 

Kohandehghan, Alireza, Kai Cui, Martin Kupsta, Jia Ding, Elmira Memarzadeh, Peter 

Kalisvaart, and David Mitlin. “Activation with Li Enables Facile Sodium Storage in 

Germanium.” Nano Lett., 2014, 14 (10), pp 5873–5882 

 

5.1 Abstract 

Germanium is a promising sodium ion battery anode material that is held back by its 

extremely sluggish kinetics and poor cyclability. We are the first to demonstrate that activation 

by a single lithiation - delithiation cycle leads to a dramatic improvement in the practically 

achievable capacity, in rate capability, and in cycling stability of Ge nanowires (GeNWs) and Ge 

thin film (GeTF). TEM and TOF-SIMS analysis shows that without activation, the initially 

single crystal GeNWs are effectively Na inactive, while the 100 nm amorphous GeTF sodiates 

only partially and inhomogeneously. Activation with Li induces amorphization in GeNWs 

reducing the barrier for nucleation of the NaxGe phase(s), and accelerates solid-state diffusion 

that aids the performance of both GeNWs and GeTF. Low rate (0.1C) Li activation also 

introduces a dense distribution of nanopores that lead to further improvements in the rate 

capability, which is ascribed to the lowered solid-state diffusion distances caused by the effective 

thinning of the Ge walls and by an additional Na diffusion path via the pore surfaces. The 

resultant kinetics are promising: Tested at 0.15C (1C = 369 mA/g, i.e. Na:Ge 1:1) for 50 cycles 

the GeNWs and GeTF maintain a reversible (desodiation) capacity of 346 mAh/g and 418 

mAh/g, respectively. They also demonstrate a capacity of 355 and 360 mAh/g at 1C and 284 and 

310 mAh/g at 4C. Even at a very high rate of 10C the GeTF delivers 169 mAh/g. Preliminary 

results demonstrate that Li activation is also effective in promoting cycling stability of Sb 

blanket films. 

 

http://pubs.acs.org/doi/abs/10.1021/nl502812x
http://pubs.acs.org/doi/abs/10.1021/nl502812x
http://pubs.acs.org/doi/abs/10.1021/nl502812x
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5.2 Introduction  

Sodium ion batteries (NIBs) are an intriguing alternative to LIBs because of sodium's lower 

cost, as well as its geographically wider spread terrestrial reserves with overall much higher 

natural abundance. 
1,2,3

 Since graphite can't intercalate Na (but can Li), scientific attention is 

often directed to various non-graphitic carbons. 
4,5,6,7,8,9,10,11

 Potential non-carbon NIB anode 

materials include amorphous, anatase, and hollandaite TiO2, 
12,13,14,15

 Na2Ti3O7, 
16

 Li4Ti5O12, 
17

 Sn 

and Sb - based nanocomposites, 
18,19

 mesoporous FePO4, 
20

 and Ti3C2. 
21

 Sodium can alloy with 

several metallic elements including Sn, Sb, Pb, P, and Bi with theoretical specific capacities of 

847 (Na15Sn4), 660 (Na3Sb), 484 (Na15Pb4), 2596 (Na3P), and 385 mAh/g (Na3Bi), respectively. 

22,23,24
 However, there is a large volume change (250 - 410%) associated with the Na 

alloying/dealloying reaction in these materials. The volume change upon sodiation, and the 

concomitant elastic softening of the matrix material, 
25

 leads to mechanical damage of the 

electrode and a relatively rapid cycling-induced capacity fade.  

One approach for reducing the extent of the rapid capacity fade problem is to employ 

composite nanostructures that buffer the volume change by introducing a secondary active or 

inactive matrix. Examples include employing natural wood fiber as a mechanical buffer for Sn, 
26

 

FeS2 conversion electrodes, 
27

 Sn4P3 - carbon nanocomposites, 
28

 monodisperse Sb nanocrystals, 

29
 Sn nanoparticles with conductive polymer binder, 

30
 nano-Se-impregnated mesoporous 

carbons, 
31

 Fe2O3 nanocrystals anchored onto graphene nanosheets, 
32

 SnO2@MWCNT 

nanocomposites, 
33

 layered SnS2-reduced graphene oxide, 
34

 commercial microsized red 

phosphorous and CNTs composite, 
35

 amorphous phosphorous/carbon nanocomposite, 
36

 Sb 

nanoparticles embedded in the carbon nanofibers, 
37

 Sb2S3 coated graphene, 
38

 microstructure 

engineered alloys such as Mo3Sb7, Sn-Ge, and Sn-Ge-Sb, 
39,40,41

 and MoS2. 
42

 Another 

methodology involves creating 1D nanostructures with empty space that similarly buffers the 

volumetric expansion. Materials in this class include hollow carbon nanowires, 
43

 3D nanoforests 

of C/Sn/Ni/TMV1cys, 
44

 and Na4Mn9O18 nanowires. 
45

  

Germanium is a promising NIB anode material, having been experimentally demonstrated to 

electrochemically react with Na to slightly beyond a 1:1 atomic ratio (NaGe, 369 mAh/g) for 

pure Ge, 
46,47,48

 as well as substantially above 1:1 for alloyed Ge. 
40

 However cycling and rate 
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capability of Ge with Na remains limited, being effectively negligible for coarser structures such 

as powders. 
49

 Delithiation is well known to introduce nanoporosity into a range of insertion and 

conversion anode materials, including Si and Ge - based films, nanowires, nanotubes, 

nanoparticulates, etc. 
50,51

 Our original hypothesis was that by a single round of 

lithiation/delithiation prior to Na testing, we could drastically modify germanium's NIB 

performance in a positive manner. This could be achieved by reducing the Na solid-state 

diffusion distance via the introduction of nanopores that would be wetted by the electrolyte. 

Sluggish solid-state diffusion of Na is known to plague NIB anodes and generally makes them 

inferior to their LIB counterparts. 
52

 What we discovered was that a secondary essential feature 

necessary for successful Na storage is that the Ge electrode is fully amorphous. This conclusion 

was reached by considering the complete inability to sodiate the pristine single crystal Ge 

nanowires, which possessed dimensions that were finer than the amorphous as-deposited Ge 

films that did charge albeit poorly.  

 

5.3 Experimental section 

GeNWs arrays were synthesized in a low-pressure CVD tube furnace (Tystar, Inc.). The 

arrays were grown directly onto mirrored-finished (polished down to 1 µm) 316L stainless steel 

spacers (MTI Corporation) with diameter of 15.4 mm covered with 50 nm Ti adhesion and 100 

nm TiN diffusion barrier layers. Prior to nanowire growth, in order to de-wet the 10 nm Au 

catalyst film the samples were annealed at 320 ºC under vacuum for one hour. A 1:4 mixture of 

GeH4: H2 was utilized as the working gas with the total pressure of 100 Torr, with growth being 

done at 320 ºC for 2 minutes. The average GeNWs mass loading was 0.2212 mg, measured with 

a Mettler Toledo MX5 microbalance (0.1 µg resolution). A series of 100 nm thick Ge films 

(0.0865 mg average mass loading) were deposited at nominally ambient temperature onto 

polished (P-4000 SiC) stainless steel spacers using RF-magnetron sputtering (max. base pressure 

of 5 × 10
-8

 Torr). 

We employed 2032 button half-cells versus Li or Na metal (MTI). Li activation was done 

with 1 M LiPF6 in EC:DEC:DMC 1:1:1 by volume (MTI and Alfa Aesar). Li activated 

electrodes were disassembled, rinsed in acetonitrile (Fisher Scientific) and dried in a glovebox (< 
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0.2 ppm H2O and O2 content) overnight. They were then reassembled in the same glovebox for 

NIB testing, employing 1 M NaClO4 (Alfa Aesar, 98-102% purity) EC:DEC 1:1 by volume. 

Polyethylene separators (MTI Corporation) with 36 − 44% porosity and 0.03 mm pore size (Ø 19 

mm) were used for both LIB and NIB assemblies. Electrochemical impedance spectroscopy 

(EIS) measurements were performed on Versa STAT3 potentiostat (Princeton Applied Research) 

in a frequency range of 1000 kHz – 1 mHz with an AC amplitude of 10 mV. All the 

electrochemical experiments were performed at room temperature.  

Electron energy loss spectroscopy (EELS) and energy-dispersive X-ray (EDX) spectroscopy 

were performed using a JEOL 2200FS (200 kV) with an in-column Ω filter in scanning mode 

(STEM) with a nominal analytical beam size of 0.5 nm. The standard procedure of pre-edge 

background subtraction and integration on the edge was used for the data extraction from the 

recorded EELS spectra. 
53

 For each elemental map, a thickness profile was calculated from low-

loss EELS spectrum to check for possible artifacts due to large variation in thickness. Ge-M, Li-

K, C-K, and Na-L edges were used for elemental mapping in cycled materials. We used multiple 

linear least squares (MLLS) fitting of EELS spectra for separating Ge-M and Na-L edges. 

 

5.4 Results and discussions 

Plan-view and cross-sectional SEM micrographs of the as-grown germanium nanowires 

(GeNWs) arrays are shown in Figure 5-1(a) and (b). The wires possess relatively uniform 

diameters, with the catalytic gold particles being primarily at their top. The projected diameter 

and length distribution histograms, shown in Figure 5-1(c) and (d), demonstrate that the 

nanowires are on average 48 nm thick and 3 µm long. TEM analysis of as-grown GeNWs is 

presented in Figure 5-1(e-h). The selected area diffraction (SAD) pattern, the dark-field image (g 

= 022Ge), and the HRTEM image all indicate that the examined nanowire is single crystal (space 

group of Fd3m, a0 = 5.6578 Å), though other nanowires were twinned. According to the 

HRTEM micrograph the nanowire is covered with ~ 2 nm layer of amorphous germanium oxide, 

although there is some error associated with this estimate due to carbon contaminants. The 

pronounced O 1s and Ge 3d peaks at about 532 eV and 32.9 eV in the high resolution XPS 
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spectra for the as-grown GeNWs (Figure 5-2) shows that the oxide is GeO2, being formed upon 

exposure to air after the growth.  

 

  
Figure 5-1: (a) Top-view SEM micrograph and (b) cross 

sectional SEM image of as-grown GeNWs array at 320 °C 

for 2 minutes. (c,d) Histogram diagram of projected 

diameter and length of the nanowires, respectively. (e-h) 

TEM micrographs of as-grown GeNWs: (e) bright-field, (f) 

corresponding indexed selected area diffraction (SAD) 

pattern of the nanowire oriented near the [01-1] zone axis, 

(g) dark-field micrograph obtained using g = 022Ge 

reflection, and (h) HRTEM micrograph with the 

corresponding Fast Fourier Transform (FFT) pattern insert. 

Figure 5-2: XPS spectra of as-grown GeNWs and 

GeNWs after first delithiation (2 V vs. Li/Li+) at 

0.1C and 5C. Panels present C 1s, O 1s, Ge 3d, Li 

1s, F 1s, and P 2p. 

 
Figure 5-3: CC voltage profile for cycle 1 and corresponding dQ/dV plot insert for GeNWs at (a) 0.1C and (b) 

5C with 0.01 – 2 V vs. Li/Li+ window. 
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The GeNWs arrays were activated through a single lithiation - delithiation cycle between 

0.01 and 2 V vs. Li/Li
+
. The rate was kept at 160 mA/g, which may be approximated as 0.1C. 

Those arrays were labeled GeNWs-A-0.1C. Additionally, some high rate Li activation was 

performed at a rate of 5C (8000 mA/g), with those specimens being labeled GeNWs-A-5C. Both 

Li activation constant-current (CC) voltage profiles, with the differential capacity inserts, are 

shown in Figure 5-3. Li activated at 0.1C the nanowires display a lithiation/delithiation capacity 

of 1491/1311 mAh/g, with corresponding coulombic efficiency of 87% (Figure 5-3(a)).  

 

  
Figure 5-4: TEM analysis of GeNWs activation (full lithiation, 

full delithiation) with Li at a rate of 0.1C; (a) Bright-field TEM 

micrograph, (b) Selected area diffraction (SAD) pattern with 

ring simulation for Ge, (c) High Angle Annular Dark Field 

(HAADF) micrograph, (d) High resolution TEM (HRTEM) 

micrograph with corresponding FFT insert, and (e) HAADF 

micrograph and EELS elemental maps of Ge, Li, and C. (f) 

Histogram of the projected pore sizes generated within the 

GeNWs as a result of activation. 

Figure 5-5: TEM analysis of GeNWs after one 

lithiation – delithiation at 5C. (a) Bright-field 

micrograph with the corresponding indexed 

simulated and experimental SAD patterns, 

inserted. (b) HRTEM micrograph with the 

corresponding FFT pattern insert. (c) HAADF 

micrograph and EELS elemental maps of Ge, Li, 

C, and O. The Ge and Li maps are obtained from 

the solid rectangular, while the C and O maps are 

recorded from dashed rectangular. 
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The long plateau at 0.35 V corresponds to the alloying of initially crystalline Ge with Li to 

form an amorphous LixGe phase. 
54

 This is followed by a sloping plateau centered at about 0.2 V, 

which is attributed to the formation of amorphous Li15Ge4. 
55

 While there is some evidence of a 

short crystallization plateau at a lower potential (e.g. 0.1 V), the subsequent fully delithiated 

structure will be fully amorphous, e.g. 
54,56

 and related citations. Li activated at 5C the nanowires 

show a lithiation/delithiation capacity of 1389/1250 mAh/g, with corresponding coulombic 

efficiency of 90.2% (Figure 5-3(b)). Lithiation and expansion of Ge nanowires has been reported 

to proceed isotropically, 
57,58

 contrary to the dumbbell-shapes that develop in SiNWs which 

cause them to split apart. 
59,60,61

 This implies that our Li activation process will not impart 

substantial macroscopic mechanical damage to the structures. 

The microstructure of GeNWs after the 0.1C activation is characterized in Figure 5-4, while 

the microstructure at 5C is shown in Figure 5-5. The bright-field TEM micrograph in Figure 

5-4(a) reveals the presence of nanopores within the amorphous nanowires. In the bright-field 

image the pores appear as brighter areas within the darker nanowire structure. In the high angle 

annular dark field (HAADF) image shown in Figure 5-4(c) the pores appear dark. While a single 

nanowire is shown in each image, their microstructure is general, being observed in all the wires 

examined. Beyond the washing/drying procedure described in the experimental section, the 

nanowires did not receive any additional sample preparation, which means that there is no 

possibility of the porosity being introduced by anything other than the lithiation/delithiation. We 

also did not observe a change of the number and size of pores under 200 kV electron beam, i.e. 

the pores are not created through electron beam damage. As expected and demonstrated in SAD 

pattern in Figure 5-4(b) and the HRTEM micrograph shown in Figure 5-4(d), the activated 

GeNWs are amorphous.  

Software analysis (Gwyddion 2.31 TM) of more than 130 TEM images (about 4500 

nanopores) led us to obtain reliable statistical information regarding the pore size distribution 

(PSD) for delithiated GeNWs at 0.1C. The PSD, plotted in Figure 5-4(f) demonstrates that 

projected pore size is in the range of 1 to 73 nm, with an average being 9 nm. Nanopore 

formation in delithiated Ge anodes has been observed previously 
55,62,63

 and there is good 

evidence that nanoporosity promotes rapid lithiation kinetics, e.g. 
64,65

. As discussed in ref. 
66

, it 

may be a result of local clustering of the vacancies introduced by the Li flux during delithiation. 
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This occurs because of the high mobility of the vacancies in the amorphous LixGe and also fast 

rate of long-range transport of Li ions. Assuming that they are wetted by the electrolyte, these 

pores are expected to effectively reduce the Ge wall thickness (hence the solid-state diffusion 

distance) and provide additional active surfaces for sodiation/desodiation. Moreover pore 

surfaces should act as fast paths for Na diffusion. 

 

 
Figure 5-6: (a,b) Cyclic voltammetry (CV) curves for cycles 1 – 10 of GeNWs and GeNWs-A-0.1C 

electrode materials, respectively, conducted at 0.1 mV/s. (c,d) Galvanostatic voltage profiles for cycles 1, 

2, 10, 30, and 50 for GeNWs and GeNWs-A-0.1C anodes, respectively. The constant-current (CC) 

profiles were collected at 0.15C, both against Na and in 0.01 – 2 V vs. Na/Na+ voltage window. (e) 

Reversible capacity as a function of cycle number for GeNWs, GeNWs-A-0.1C, and GeNWs-A-5C 

anodes at 0.15C. (f) Rate performance of anode materials, reversible capacity vs. cycle number. 



139 

  

 
Figure 5-7: (a) Cyclic voltammetry (CV) curves for cycles 1 – 10 at the rate of 0.1 mV/s and (b) 

galvanostatic voltage profiles of GeNWs-A-5C at cycle 1, 2, 10, 30, and 50 at charging rate of 0.15C. 

Both CV and CC measurements were conducted within 0.01 – 2 V vs. Na/Na+ window. 

 

 Figure 5-5 shows the detailed TEM analysis of GeNWs after one lithiation – delithiation at 

5C. The corresponding SAD pattern and also the FFT pattern show that the nanowires after 

delithiation at 5C are amorphous, similar to what is observed for the 0.1C. A key difference is 

that nanopores are not observed at this higher activation rate. We argue that at 5C there is 

insufficient time for vacancy clustering to lead to pore formation. It is improbable that the 

nanopores exist but that they are below the practical resolution of the TEM employed for the 

analysis (nominal beam size ~ 0.5 nm in STEM mode with the sub-nanometer practical 

resolution, and TEM resolution of 0.2 nm in parallel illumination mode). This will be supported 

by the electrochemical impedance spectroscopy results presented later in the paper. The porosity 

findings are in qualitative agreement with the recent work by Chen and Sieradzki. 
67

  

 

Table 5-1: Composition (in at.%) of delithiated GeNWs after first cycle at 0.1C and 5C, obtained from 

the XPS spectra shown in Figure 5-2. 

 
C O Ge Li F P 

0.1C 43.51 27.85 0.61 24.63 3.04 0.36 

5C 41.11 32.90 3.02 20.14 2.28 0.55 

 

The authors delithiated Sn and observed a reduction of the mean pore size with higher 

charging rates. For the case of Ge, however, the 5C rate is apparently so high that the pores do 

not have time to form at all. This is in turn consistent with ~ 20 °C being a much lower 
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homologous temperature for Ge than for Sn, with a resultant much reduced equilibrium vacancy 

concentration and mobility in the former. According to Figures 1 and S5 the thickness and 

morphology of the Li-induced SEI is comparable in both 5C and 0.1C specimens, with the 5C 

actually having a somewhat thinner SEI layer (8 - 10 nm vs. 10 - 16 nm).  

The XPS spectra of delithiated GeNWs at 0.1C and 5C are included in Figure 5-2. 

According to the XPS analysis shown in Table 5-1 the composition of the SEI in both specimens 

is generally similar, except for a the relative concentration of Li contained in the SEI (24.63 at.% 

for 0.1C vs. 20.14 at.% for 5C). Peak analysis of the spectra suggests that the SEI layer largely 

consists of Li2CO3, (CH2OCO2Li)2, and –(CH2CH2O)n–. Besides these compounds, the peaks 

associated with LiF and LixPFyOz also appear in the Li 1s, F 1s, and P 2p spectra of the 

delithiated GeNWs. The presence of Ge signal and absence of GeO2 signal in the Ge 3d spectra 

after 1st delithiation shows that as expected the native oxide is reduced by Li. According to XPS 

on the 5C specimen there is a slightly stronger Ge signal from the underlying nanowire, which 

also indicates that the SEI is thinner on the average. 

Figure 5-6 and Figure 5-7 compare the NIB anode electrochemical performance of the 

activated versus the unactivated nanowires. Results are shown for both the 0.1C and 5C Li 

activation. Figure 5-6(a) and (b) contrast the cyclic voltammetry (CV) curves for cycles 1 – 10 of 

GeNWs vs. GeNWs-A-0.1C. Figure 5-6(c) and (d) contrast the galvanostatic voltage profiles for 

cycles 1, 2, 10, 30, and 50 for GeNWs vs. GeNWs-A-0.1C. Figure 5-7(a) and (b) show the CV 

and galvanostatic results for GeNWs-A-5C, respectively. Cyclic voltammetry was performed at 

0.1 mV/s scan rate, while galvanostatic charge-discharge voltage profiles were performed at 55 

mA/g (~ 0.15C), both tested with a 0.01 – 2 V vs. Na/Na
+
 window. The CV curves of GeNWs 

show no well-defined redox peaks on either the anodic or the cathodic sweep, while the total 

current decreases quickly with cycle number. This is an indication that only SEI is being built up, 

as the current is only on the reduction branch. Conversely the CV curves for GeNWs-A-0.1C 

show a well-defined single cathodic peak centered at about 0.03 V, and a distinct anodic peak 

centered at ~ 0.66 V. The increase in the peak currents is a result of more material becoming 

activated in the course of potentiodynamic CV cycling, and does not occur during the 

galvanostatic tests. Similar behavior is observed for CV's silicon nanowire (SiNWs) LIB anodes, 

e.g. refs. 
50,68-71

. The galvanostatic profiles show that activation with Li results in flat rather than 
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sloping plateaus, and much-improved capacity retention. At cycle 2 onwards the sodiation 

plateaus in GeNWs-A-0.1C remain consistently centered near 0.09 V. The long plateau indicates 

a two-phase region, corresponding to the transformation of amorphous Ge to a single amorphous 

NaxGe phase or to a series of thermodynamically similar amorphous NaxGe structures with 

different near-neighbor configurations.   

 

  
Figure 5-8: Coulombic efficiency (%) of GeNWs-

A-0.1C and GeNWs-A-5C anodes at 0.15C. 

Figure 5-9: Plan-view SEM micrographs of 

GeNWs-A-0.1C after (a) first and (b) 55 cycles in 

desodiation state cycled at 0.15C. 

 

The overall capacity for GeNWs vs. GeNWs-A-0.1C/GeNWs-A-5C is hugely different. 

GeNWs shows an initial reversible capacity (capacity at desodiation) of 16.3 mAh/g and a 

coulombic efficiency (CE) of 25%. By contrast, GeNWs-A-0.1C and GeNWs-A-5C demonstrate 

an initial reversible capacity of 367 and 366 mAh/g with a CE of 79% and 80%, respectively. 

The reversible capacity obtained in the first cycle for GeNWs-A agrees well with the terminal 

composition NaGe (369 mAh/g). A recent simulation study concluded that the most energetically 

favorable phase for sodiation of amorphous Ge is Na1.56Ge (576 mAh/g). 
72

 Thus further 

sodiation beyond 1:1 may be kinetically rather than thermodynamically limited. The initially low 

CE of GeNWs-A is primarily attributed to the irreversible formation of an SEI layer, which has 

been reported to start at about 0.9 V vs. Na/Na
+
. 

146
 A contributor to cycle 1 CE loss in GeNWs 

is the irreversible reduction of surface GeO2 by Na, i.e. GeO2 + 4Na
+
 + 4ē => Ge + 2Na2O. 

GeNWs-A-0.1C and GeNWs-A-5C would have GeO2 already irreversibly reduced by Li during 

the activation process. For the case of GeNWs, the extremely low initial CE occurs because so 
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little of the bulk GeNWs sodiates, despite the entire electrode surface still becoming reduced 

from GeO2 and covered over by SEI.  

 

  
Figure 5-10: XPS spectra of GeNWs and GeNWs-A-0.1C 

after first sodiation (0.01 V vs. Na/Na+) and desodiation (2 

V vs. Na/Na+). Panels present C 1s, O 1s, Na 1s, Cl 2p, Ge 

3d, Li 1s, F 1s, and P 2p. 

Figure 5-11: C 1s, O 1s, Na 1s, Cl 2p, Ge 3d, Li 1s, F 1s, 

and P 2p high resolution XPS spectra for GeNWs and 

GeNWs-A-0.1C anode materials cycled against Na after 

55 cycles at 0.15C. 

 

Figure 5-8 shows the cycling CE of the GeNWs-A-0.1C and GeNWs-A-5C at 0.15C, with 

values (80% - 95% for GeNWs-A-0.1C and 80% – 99% for GeNWs-A-5C) that are on par with 

what has been previously reported for Ge films and related nanostructures when tested against 

Na. 
146,147

 Low cycling CE is well-correlated with high level of SEI formation. The decrease in 

the efficiency of GeNWs-A is attributed to irreversible and continuous new SEI formation on 
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freshly exposed material surfaces during each cycle, leading to SEI thickening with each cycle 

(see SEM micrographs in Figure 5-9).  

 

 

 

Figure 5-12: TOF-SIMS depth profiles of 

Na and Fe concentration for GeNWs-A-

0.1C anode after 55 cycles in desodiation 

state. 

 
Figure 5-13: Equivalent circuit used for 

fitting electrochemical impedance spectra. 

Figure 5-14: (a) Electrochemical impedance spectroscopy (EIS) 

spectra for GeNWs after first delithiation (2 V vs. Li/Li+) at 0.1C 

and 5C. EIS spectra for GeNWs-A-0.1C and GeNWs-A-5C 

anodes after (b) initial sodiation (0.01 V vs. Na/Na+), (c) first 

desodiation (2 V vs. Na/Na+), and (d) 55 cycles at 0.15C in 

desodiated state with the high frequency portion of the spectra 

inserts. 

 

XPS spectra for GeNWs-A-0.1C after cycle 1 (Figure 5-10) and cycle 55 (Figure 5-11), and 

corresponding atomic composition of GeNWs-A-0.1C in Table S2, demonstrate buildup a 

thicker and Na richer (3.61 vs. 13.10 at.%) SEI onto the material with cycling. Time-of-flight 

secondary ion mass spectrometry (TOF-SIMS) depth profile of Na concentration for GeNWs-A-

0.1C after 55 cycles in desodiation, shown in Figure 5-12, indicates significant SEI formation at 
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the interface of active material and substrate, similar to our previous observation for SiNWs LIB 

anodes. 
71

  

 

Table 5-2: Composition (in at.%) of GeNWs-A-0.1C after first and 55 cycles in desodiated state, 

obtained from the XPS spectra shown in Figure 5-10 and Figure 5-11. 

 
C O Ge Au Na Cl Li F P 

Cycle 1 43.44 28.21 1.58 0.02 3.61 0.49 21.61 0.80 0.24 

Cycle 55 51.46 32.32 0.37 0.03 13.10 1.21 1.03 0.28 0.20 

 

Figure 5-6(e) contrasts the cycling performance of the GeNWs, GeNWs-A-0.1C, and 

GeNWs-A-5C, tested at 0.15C. GeNWs-A-0.1C demonstrate much improved cycling capacity 

retention, with their reversible capacity degrading by only 2.4% going from cycle 2 to 55. From 

cycle 1 to 11 the capacity of GeNWs-A-0.1C decreases by 9%. Capacity is then stable up to 

cycle 27, and increasing very slightly (2%) by cycle 47. High rate cycling performance is another 

challenge for Na-ion batteries due to slow diffusivity of Na ions in the solid-state. 
73

 The rate 

capability of the three materials is shown in Figure 5-6(f). Cycling was performed at 0.15C (55 

mA/g), 0.5C (185 mA/g), 1C (369 mA/g), 2C (738 mA/g), 4C (1476 mA/g), 6C (2214 mA/g), 

8C (2952 mA/g), and 10C (3690 mA/g), each for 10 cycles, then returning to 0.15C for the final 

10 cycles. As expected the baseline GeNWs did not sodiate at any of the rates. GeNWs-A-0.1C 

however exhibited a reversible capacity of 375 at 0.5C, 355 at 1C, 284 at 4C, and 103 mAh/g at 

10C, the latter being considered quite a high rate for battery electrodes. The electrode also 

recovered 88% of its capacity (344 mAh/g) when the cycling rate was finally reverted back to 

0.15C.  

The 5C activation still improves the sodiation performance although no nanopores are 

present in the structure. Both the 0.1C and 5C activated GeNWs show a very comparable cycling 

performance of 343 mAh/g and 339 mAh/g after 55 cycles. Thus pore formation is not a 

contributor improved cycling stability. However the nanopores do affect the rate performance. 

The GeNWs-A activated at 0.1C, which contains nanopores within its structure, shows more 

promising high rate performance, e.g. 284 vs. 245 mAh/g at 4C or 182 vs. 133 mAh/g at 8C. 
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Thus the pores do not help cycling stability but do improve rate capability; which is ascribed to 

the lowered solid-state diffusion distances caused by the effective thinning of the Ge walls. 

However even if not all the pores are fully wetted by the electrolyte, the additional surface 

created by the activation process will provide a secondary short circuit diffusional path for the 

Na. The sodium ion diffusion coefficient in Ge was estimated to be about 10
-13

 cm
2
/s, being 

faster in the near surface layers than in the bulk. 
147

  

An essential point in considering the role of activation is that of Li - induced amorphization. 

Amorphizing of initially highly crystalline nanowires should both accelerate sodium bulk 

diffusion and reduce the energetic barrier for nucleation of the Ge-Na phases. The presence of 

well-defined sodiation plateaus in the case of GeNWs-A, and their complete absence in the 

baseline GeNWs, supports the argument that two-phase formation is easier in the former. 

Improved reversible Li alloying/dealloying was reported for amorphous material versus their 

crystalline counterparts. 
74

 Moreover, the amorphous Li anode materials have demonstrated 

higher capacities.
 75

 Higher ion mobility in amorphous structures in comparison with the 

crystalline materials is also established. 
76,77

 For instance, Li ion diffusion in amorphous Si is 

estimated to be one to three orders of magnitude larger than that through crystalline Si. 
78

 

Lithiation of GeNWs is known to be relatively straight forward, 
55,56,62

 explaining why the initial 

Li activation process does not suffer from the same severe kinetic limitations as sodiation of 

pristine GeNWs. The diffusivity of Na in Ge is markedly slower than that of Li in Ge, with 

activation energies for Na migration being 1.5 eV vs. 0.5 eV for Li migration. 
147

 

The XPS spectra for GeNWs and GeNWs-A-0.1C, after 1 and 55 cycles, are shown in 

Figure 5-10 and Figure 5-11. Surface atomic composition of GeNWs-A-0.1C anode after cycle 1 

and 55 are listed in Table 5-2. Presence of Li2CO3 and LiF in the SEI in GeNWs-A-0.1C 

confirms the presence of the initial lithiation induced SEI even after cycling. During each cycle 

new SEI is known to preferentially form on freshly exposed active material surfaces (e.g. on 

graphite, Si, Ge), rather than on preexisting SEI, which is electrically insulating. 
79,80

 It is 

therefore not surprising that the Li activation - related SEI would still be detectable by XPS, 

since the Na-containing SEI would not form directly on top of it but rather in regions where it 

was no longer in contact with Ge. Overall the SEI developed in Na electrolyte (NaClO4 in 

EC:DEC) upon cycling is primarily composed of Na2CO3, Na alkyl carbonates, PEO, and NaCl. 
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For instance, a common SEI compound for the electrodes cycled in EC-based electrolytes (either 

vs. Li or Na) is PEO, which shows a signal at energy values around 286 – 287 eV in the C 1s 

spectrum as a shoulder to the main hydrocarbon peak. 
22

 The peak at about 288 – 289 eV is for 

the CO2 environment, corresponding to esters or oxalate compounds such as sodium oxalate 

(Na2C2O4). 
81

 The broad peak at binding energies 289 – 290 eV is from compounds containing 

CO3
-2

, such as sodium carbonate, Na2CO3, and sodium alkyl carbonates, ROCO2Na. Same 

conclusions were drawn from analyzing the O 1s spectra.
 
The peaks related to Na carbonates and 

PEO compounds enlarge with cycling, as may be seen for instance in the C 1s spectra. 

 

Table 5-3: Modeling results for EIS spectra of GeNWs anodes, shown in Figure 5-14. 

Material State Res (Ω) Rct + Rf (Ω) Cdl (µF) 

GeNWs 
1 Delithiation @ 0.1C 3.8 286.2 137 

1 Delithiation @ 5C 2.7 244.9 84 

GeNWs-A-0.1C 
1 Sodiation 52.8 10832 - 

1 Desodiation 6.2 2854 45 

55 Desodiation 9.5 7469 61 

GeNWs-A-5C 

1 Sodiation 45.1 12887 - 

1 Desodiation 6.7 2381 39 

55 Desodiation 11.1 5293 67 

 

Electrochemical impedance spectroscopy (EIS) analysis for GeNWs specimens is presented 

in Figure 5-14. EIS spectra for GeNWs after first delithiation at 0.1C and 5C is shown in Figure 

Figure 5-14(a). Figure 5-14(b), (c), and (d) show EIS for GeNWs-A-0.1C and GeNWs-A-5C 

after 1st sodiation, subsequent desodiation, and 55th desodiation, respectively. We used the 

equivalent circuit shown in Figure 5-13 to model the measured EIS data. The modeling results 

for GeNWs anodes are listed in Table 5-3. The equivalent series resistance (Res), which is a real 

axis (Z’) intercept, is a combination of ionic resistance of the electrolyte, electrical resistance of 

the active material, and contact resistance at the interface of anode material and current collector. 

Similar Res values for GeNWs-A-0.1C and GeNWs-A-5C anodes indicate that Li activation rate 

has a trivial effect on the conductivity of the active material throughout the Na cycling. The total 

charge transfer resistance is considered to be the sum of the charge transfer resistance at the 

original electrode surface (Rct) and through the multiple interfaces within the SEI film (Rf).  
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Figure 5-15: (a,b) TEM analysis of GeNWs-A-0.1C after 

initial sodiation and desodiation, respectively. (c) TEM 

analysis of baseline GeNWs, after attempted sodiating once 

at 0.1C. HAADF micrograph and EELS elemental maps of 

Ge, Na, Li, and C. 

Figure 5-16: HAADF images and 

corresponding EELS elemental maps of C 

and O for (a) GeNWs-A-0.1C after first 

sodiation, (b) GeNWs-A-0.1C after initial 

desodiation, and (c) GeNWs after first 

sodiation. 

 

During cycling as more SEI layers grow on the Ge surfaces the total charge transfer 

resistance is expected to increase. Since formation of SEI irreversibly consumes charge, higher 

charge transfer resistances may also be qualitatively linked to lower CE values. The relative 
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differences in the charge transfer resistance of delithiated GeNWs at 0.1C vs. at 5C is in 

agreement with their coulombic efficiency (87% vs. 90.2%). As expected from the lower CE 

values and the higher SEI thickness in GeNWs-A-0.1C vs. GeNWs-A-5C (10 - 16 nm vs. 8 - 10 

nm by TEM), for at all charge states its (Rct + Rf) is higher.  

The Warburg-type line (45° sloped) in the low frequency region is attributed to the ion 

diffusion limitations within the bulk of the active material (ZW). In a typical frequency window 

(1000 kHz – 1 mHz) the charge carrier ions will not have enough time to fully diffuse through 

the structure for thicker material cross sections. The length of the Warburg-type line (45° portion 

of the Nyquist plot) can be employed to characterize the Na ion diffusion process, with the 

shorter Warburg-type line being indicative of faster Na motion in the bulk. There is a shorter 

Warburg line for GeNWs-A-0.1C in comparison to GeNWs-A-5C (Figure 5-14(a)). Reduced 

diffusion distance due to nanopores results in shorter 45° line in the Nyquist plot. The onset 

frequency is defined as the highest frequency where the Nyquist plot starts to go vertical (the 

impedance of material starts to be dominated by capacitive behavior). Reducing the Li activation 

rate from 5C to 0.1C raises the onset frequency from 0.3 Hz to 0.6 Hz. With shrinking solid-state 

diffusion distances the transition to a capacitive type behavior is expected to occur at higher 

frequencies. 
82,83 

The double layer capacitance of the electrode Cdl is associated with the active 

material surface area in contact with the electrolyte. We measured a marked difference in Cdl of 

the delithiated GeNWs at 0.1C vs. 5C (137 vs. 84 µF). This effect originates from a larger 

surface area of the former, and is at least in part due to the nanopores.  

Figure 5-15(a) and (b) show TEM analysis of GeNWs-A-0.1C, after first sodiation and 

desodiation at 0.1C. The panels show a HAADF micrograph and associated EELS elemental 

maps of Ge, Li, Na, and C. Figure 5-16 shows HAADF and corresponding EELS elemental map 

of C and O for GeNWs-A-0.1C after first sodiation, GeNWs-A-0.1C after initial desodiation, and 

GeNWs after first sodiation. These images were obtained from a different set of nanowires than 

Figure 5-15(a) and (b). The essence of the TEM findings, which agrees well with the 

electrochemical results, is that GeNWs-A-0.1C are largely sodiated, whereas the baseline 

GeNWs are effectively pristine. However it is difficult to tell from EELS TEM whether the 

GeNWs-A-0.1C nanowire is 100% sodiated (from a terminal thermodynamic viewpoint) through 

its thickness. Judging from the less intense Na contrast towards its core (Figure 5-15(a)), we 
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would argue that sodiation is not fully complete. Since in the activated Ge thin films (discussed 

next) it is possible to go beyond 1:1 Na:Ge, one can argue that GeNWs-A may be further 

sodiated. For the case of unactivated GeNWs (Figure 5-15(c)) the Na is primarily present on its 

surface, being associated with both the SEI layer and the irreversibly formed sodium oxide.  

 

  
Figure 5-17: (a) Conventional TEM analysis 

of GeNWs-A-0.1C, after sodiating once at 

0.1C. Bright-field micrograph and SAD 

insert. TEM analysis of GeNWs-A-0.1C, 

after a single sodiation – desodiation cycle at 

0.1C; (b) Bright-field micrograph and SAD 

insert. (c) HRTEM image highlighting the 

amorphous structure of de-sodiated Ge. 

Figure 5-18: TEM analysis of GeNWs after first attempted 

sodiation (a-c) and after first sodiation – desodiation (d-g). (a) 

Bright-field micrograph, (b) corresponding SAD pattern, the 

nanowire is oriented near [001] zone axis, (c) dark-field 

micrograph, taken using g = 220Ge reflection. (d) bright-field, (e) 

SAD pattern of the GeNW oriented near the [1-10] zone axis, (f) 

dark-field image, obtained using g = 111Ge, and (g) HRTEM 

micrograph with the partially indexed FFT pattern insert. 

 
Figure 5-19: TEM micrographs of GeNWs-A-0.1C after 5 cycles at 0.1C in desodiation state: (a-c) bright-field 

micrographs. The inserts in panel (a) are the simulated and experimental SAD patterns. 
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Interestingly, we could not image nanoporosity in the sodiated GeNWs-A-0.1C specimens, 

either at cycle 1 (additional results are shown in Figure 5-17 and Figure 5-18) or at cycle 5 

(Figure 5-19). One possibility is that the Ge may become sufficiently soft that it will flow and 

self-heal during Na insertion/extraction. 
25

  

 

 
Figure 5-20: (a,b) Constant current profiles at cycle 1, 2, 10, 30, and 60 for GeTF and GeTF-A-0.1C, 

respectively. (c) Cycling performance of GeTF, GeTF-A-0.1C, and GeTF-A-5C at 0.15C. (d) Rate 

capability of GeTF, GeTF-A-0.1C, and GeTF-A-5C. (e,f) TOF-SIMS depth profile Na and Fe (support) 

concentration through the thickness for GeTF and GeTF-A-0.1C after the first sodiation at 0.1C. 

 

The EIS results support this conclusion since the Na cycling values of Cdl in both activated 

materials are in the same range (Table 5-3). However some remnant useful defects should remain 

in GeNWs-A-0.1C specimen, imbuing it with improved high rate performance over the GeNWs-
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A-5C sample. Additional analytical work beyond the scope of this manuscript would be 

necessary to fully understand this effect. Conventional TEM analysis of the sodiated and 

desodiated GeNWs-A-0.1C, and of attempted sodiated and desodiated GeNWs are shown in 

Figure 5-17 and Figure 5-18. The bright-field micrographs, SAD's, dark-field and HRTEM 

images all demonstrate that the GeNWs take up so little Na that they maintain their as-

synthesized single crystal structure. 

 

  
Figure 5-21: CC voltage profiles of 

GeTF-A-5C at cycle 1, 2, 10, 30, and 60 

at charging rate of 0.15C. 

Figure 5-22: CV curves for cycles 1 – 10 of (a) GeTF, (b) GeTF-

A-0.1C, and (c) GeTF-A-5C. CV measurements were conducted at 

0.1 mV/s. 

  
Figure 5-23: Coulombic efficiency (%) 

of GeTF, GeTF-A-0.1C, and GeTF-A-5C 

anodes at 0.15C. 

Figure 5-24: Indexed XRD patterns of as-deposited and delithiated 

(at 0.1C) Ge thin film. 
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We also explored the role of Li activation on 100 nm thick Ge thin films, labeled GeTF, 

GeTF-A-0.1C, and GeTF-A-5C. Figure 5-20(a) and (b) show the constant current profiles at 

cycle 1, 2, 10, 30, and 60 for GeTF and GeTF-A-0.1C, respectively. The voltage profiles for 

GeTF-A-5C are shown in Figure 5-21. Figure 5-22 shows the CV curves at cycles 1 – 10 for 

GeTF, GeTF-A-0.1C, and GeTF-A-5C. The cycle 1 reversible capacity of GeTF-A-0.1C and 

GeTF-A-5C is 450 and 412 mAh/g, for GeTF it is 355 mAh/g. A reversible capacity of 450 

mAh/g indicates that it is indeed possible achieve a Na:Ge ratio higher than 1:1, in this case 

being ~ 1.2:1. Since the reversible capacity is reported at charging (desodiation), differences in 

coulombic efficiency will not obscure this difference. The CE of GeTF, GeTF-A-0.1C, and 

GeTF-A-5C anodes at 0.15C are displayed in Figure 5-23. The CE of GeTF is actually higher 

than that of GeTF-A materials, which we attribute to its lower active surface area and hence less 

cycling-induced SEI formation. It is feasible that the decreasing trend in the CE after cycle 15 is 

due to accelerated SEI formation on the active surfaces.  

 

Table 5-4: Modeling data for EIS spectra of GeTF anodes, shown in Figure 5-25. 

Material State Res (Ω) Rct + Rf (Ω) Cdl (µF) 

GeTF 

1 Lithiation @ 0.1C 32.9 1827 2.6 

1 Delithiated @ 0.1C 5.4 238.4 107 

1 Lithiation @ 5C 15.9 1692 3.1 

1 Delithiation @ 5C 3.2 191.5 73 

GeTF 
1 Sodiation 25.9 3412 - 

1 Desodiation 6.9 456.2 5.9 

60 Desodiation 20.5 2965 8.1 

GeTF-A-0.1C 

1 Sodiation 12.9 5704 - 

1 Desodiation 3.2 528.3 31 

60 Desodiation 7.3 3543 54 

GeTF-A-5C 

1 Sodiation 19.8 4391 - 

1 Desodiation 3.7 499.6 27 

60 Desodiation 7.9 3389 56 

 

As indicated in Figure 5-20(d), at higher charging rates the capacity of GeTF-A-0.1C is 

essentially on-par with the activated nanowires. Meanwhile the GeTF far outperforms the 
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unactivated nanowires, which are basically inactive. The room temperature magnetron sputtered 

films are amorphous in their as-synthesized condition (Figure 5-24). 
138

 This supports our 

argument that a key impediment towards sodiation of GeNWs is their high degree of 

crystallinity, and that Li - induced amorphization is an essential feature of the activation process. 

Comparing the cycling capacity retention of GeTF-A-0.1C and GeTF-A-5C versus GeTF (Figure 

5-20(c)), it is evident that the two activated electrodes are substantially more stable.  

 

 
Figure 5-25: EIS spectra for GeTF after first lithiation (0.01 V vs. Li/Li+) and delithiation (2 V vs. Li/Li+) 

at (a) 0.1C and (b) 5C. EIS spectra for GeTF, GeTF-A-0.1C, and GeTF-A-5C anodes after (c) initial 

sodiation (0.01 V vs. Na/Na+), (d) first desodiation (2 V vs. Na/Na+), and (e) 60 cycles at 0.15C in 

desodiated state with the high frequency portion of the spectra inserts. 
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Figure 5-26: C 1s, O 1s, Na 1s, Cl 2p, Ge 3d, Li 1s, F 1s, and P 2p high resolution XPS spectra for 

desodiated GeTF-A-0.1C after cycle 1 and cycle 60 at 0.15C. 

 

As will be shown in the TOF-SIMS results, the GeTF-A-0.1C sodiate much more uniformly, 

which is expected to result in lower differential stresses during each charge-discharge cycle. EIS 

measurements were employed to compare the activated (at 0.1C and 5C) and the non-activated 

Ge films. EIS spectra of GeTF after initial lithiation and delithiation at 0.1C and 5C is included 

in Figure 5-25(a) and (b). Figure 5-25(c), (d), and (e) show the EIS spectra for GeTF, GeTF-A-

0.1C, and GeTF-A-5C after the first sodiation, the first desodiation, and after the 60th 

desodiation, respectively. The modeling data, obtained using equivalent circuit shown in Figure 

5-13, are provided in Table 5-4. The same trends already discussed in detail for GeNWs are 
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observed for the thin films, including almost a doubling of the electrolyte contacting double layer 

capacitance at the slower activation (0.1C vs. 5C). 

The XPS spectra of GeTF-A-0.1C after cycle 1 and after cycle 60 desodiation are displayed 

in Figure 5-26, while the atomic composition of the SEI is listed in Table 5-5. As expected the 

results are analogous to the GeNWs-A-0.1C case; with cycling the SEI becomes thicker and with 

more Na becoming incorporated. In case of GeTF, reduced CE values are associated with 

accelerated capacity decay that occurs near cycle 30. This may be understood as Na being 

irreversibly trapped within the Ge that is fracturing, pulverizing, and loosing electrical contact. 

50,51,68-71
  

 

Table 5-5: Composition (in at.%) of GeTF-A-0.1C after first and 60 cycles in desodiated state, obtained 

from the XPS spectra shown in Figure 5-26. 

 
C O Ge Na Cl Li F P 

Cycle 1 39.80 32.64 3.91 4.96 0.15 17.86 0.53 0.15 

Cycle 60 44.78 38.72 2.14 11.84 0.16 2.01 0.20 0.15 

 

 
Figure 5-27: TOF-SIMS depth profiles of Na and Fe concentration for (a) GeTF and (b) GeTF-A-0.1C 

anodes after 60 cycles in desodiation state. 

 

We performed TOF-SIMS depth profiling of the Na and Fe (from stainless steel support) 

concentrations through the thickness for GeTF and GeTF-A-0.1C, after the first sodiation at 

0.1C. The results for GeTF and GeTF-A-0.1C are shown in Figure 5-20(e) and (f), respectively. 

For the case of GeTF, the film is incompletely sodiated through its thickness. The Na 
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concentration profile appears quite non-uniform, being peaked near the film electrolyte interface 

and with a lower intensity Na signal "tail" stretching into the last 50 nm of the film. Conversely 

the GeTF-A-0.1C electrode shows a uniform Na distribution throughout its thickness. The 

kinetic difficulty of fully sodiating amorphous GeTF film further underscores the beneficial role 

of Li activation. Finally, it is important to point out that the TOF-SIMS technique employed here 

does not provide a quantitative measure of the absolute or of the relative film composition. Thus 

it is not expected that the Na depth profile differences could be directly correlated with the 

measured differences in the charge storage capacities.  

 

 
Figure 5-28: (a,b) Plan-view and (c,d) cross sectional SEM micrographs of (a,c) GeTF and (b,d) GeTF-

A-0.1C anodes after 60 cycles at 0.15C. 

 

TOF-SIMS Na depth profiles for GeTF and GeTF-A-0.1 after 60 cycles in their desodiated 

state are displayed in Figure 5-27. Sharp peak in Na concentration profile of GeTF at the 

interface with the substrate indicates accumulation of SEI, which is the major contributor to the 

delamination of active material from the underlying substrate. 
40,68,71 

For GeTF-A-0.1C, the Na 

depth profile through the thickness of film is more uniform, indicating that SEI forms throughout 
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the film rather than preferentially at the Ge/stainless steel interface. Plan view SEM micrographs 

(Figure 5-28) of both materials after 60 cycles shows stress-induced breakup of the film into 

smaller islands. However the GeTF-A-0.1C separates into much smaller grains, consistent with 

more homogenous stress distribution. They also demonstrate that active material delamination 

from stainless steel support occurs over larger areas for GeTF. 

 

 
Figure 5-29: Galvanostatic voltage profiles of (a) SbTF and (b) SbTF-A-0.1C anodes at cycle 1, 2, 5, 10, 

and 20 at 0.1C within 0.01 – 2 V vs. Na/Na+ window. (c) Constant current cycling performance of SbTF 

and SbTF-A-0.1C anodes at 0.1C. 

 

Finally, to examine the potential of the Li activation technique in improving the 

electrochemical performance of other Na materials we performed limited tests on antimony thin 

film (SbTF) with the same 0.1C activation procedure. These results are shown in Figure 5-29. 

SbTF and SbTF-A-0.1C display an on par initial reversible capacity: 654 and 639 mAh/g 

However SbTF retains only 62% of its initial capacity by cycle 20 (406 mAh/g), while SbTF-A-

0.1C holds 632 mAh/g capacity at cycle 20 (about 1% capacity loss). 
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5.5 Conclusion   

To summarize we are the first to demonstrate that a single lithiation - delithiation cycle leads 

to a dramatic improvement in the sodiation kinetics of Ge nanowires and of blanket Ge thin 

films. 
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Chapter 6: Concluding remarks 

In this thesis we investigated the effects of three different coating materials on the 

electrochemical performance of Si nanowires lithium-ion battery anode. We also study the effect 

of deposition technique for coating materials (sputtering and ALD) on the cycling results of 

SiNWs. Moreover, we proposed an activation methodology for enabling Na storage in CVD-

grown Ge nanowires. This method was also demonstrated to positively affect the cycling results 

of Na anode materials.  

Chapter 2 was mainly focused on investigation of the degradation mechanisms of SiNWs 

electrodes for lithium ion batteries during prolonged cycling using a wide variety of techniques. 

Our findings indicate that contact loss between the nanowires and the current collector is 

possibly the most important degradation mechanism. Using FIB cross-sectioning, formation of 

large voids between the substrate and nanowire assembly were found. From EDX elemental 

maps, large deposits of electrolyte decomposition products were found near these voids. Using 

XPS analysis, we identified some important differences in the composition of the SEI. On Mg 

and Mg2Si coated nanowires, a passivating layer of polyethylene oxide (PEO) was found and a 

relatively lower amount of carbonate species resulting from electrolyte reduction. These 

differences in SEI composition were correlated to improved coulombic efficiency, 95 vs. 98% 

for bare and Mg-coated SiNWs, respectively, which is an important finding with regard to 

practical applications, as the total amount of Li in a battery is limited by the LiCoO2 cathode and 

any irreversible consumption of Li ions will deteriorate the useful capacity. 

Mg and Mg2Si coatings might be suitable coating materials for SiNWs, but the deposition 

technique used for these coating materials (magnetron sputtering) may not be effective as they 

may not cover SiNWs uniformly or in a conformal manner from top all the way down to the base 

at the interface with substrate. In chapter 3, we demonstrated that nanometer-scale TiN coatings 

will actually significantly improve the electrochemical cycling performance of SiNWs based LIB 

anodes. For example, 5 nm thick TiN (deposited by via atomic layer deposition) coated SiNWs 

possessed an excellent coulombic efficiency of 98% throughout cycling, whereas the same 

nanowires without the coating were less than 95% efficient. Furthermore, the coated nanowires 

demonstrated nearly 2X the cycling capacity retention and more than 2X high rate capacity 
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retention, as compared to the baseline. We employed a variety of analytical techniques to 

elucidate the origin of these effects. It was demonstrated that at an optimum thickness (5 nm), the 

TiN layer remained largely intact and limited the growth of the SEI. This in turn both improved 

the overall coulombic efficiency and reduced the life-ending delamination of the nanowire 

assemblies from the underlying current collector. The findings of this chapter should provide a 

broadly applicable design methodology for nanoscale coatings employed to improve the cycling 

performance of a variety of nanostructured LIB anode materials where SEI growth is universally 

detrimental. 

TiN coated SiNWs nanocomposite was indeed an instance of active-inactive nanocomposite, 

where the inactive component is supposed to accommodates the volume change in the SiNWs 

active material, thereby preventing pulverization and disintegration of SiNWs. We also studied 

an active-active nanocomposite as LIB anode, where both components are active towards Li with 

different onset and completeion potentials for alloying/dealloying with Li. We demonstrated in 

chapter 4 that a thin partially dewetted surface film of physical vapor deposited lithium-active Sn 

will significantly improved the performance of SiNWs anodes. The anode with an optimized Sn 

coating (3 nm) showed nearly 2X the cycling capacity retention and high-rate capability as 

compared to the baseline uncoated nanowires. The coulombic efficiency was also improved from 

as low as 94% to over 99%. We employed a variety of analytical techniques to explain the origin 

of such a dramatic enhancement. It was shown that Sn coating is first to lithiate, which generates 

a compressive stress around the nanowire. This confines the radial expansion of the core 

nanowire in favor of axial expansion, and reduces failure. TOF-SIMS analysis demonstrated that 

during cycling there is preferential growth of Li - containing SEI at the Si nanowire - current 

collector interface. We showed that an optimized 3 nm Sn coating substantially reduces this 

effect, promoting both enhanced cycling life and higher coulombic efficiency. The optimum Sn 

coating (3 nm) was the most effective in promoting longitudinal lithiation-induced expansion of 

the nanowires at the expense of their radial expansion. The post-cycled 3 nm Sn coated SiNWs 

arrays are in-fact longer than their uncoated counterparts, and also contain markedly less SEI. 

Finally in chapter 5, we revealed that activation by a single lithiation - delithiation cycle 

leads to a dramatic improvement in practically achievable capacity, in rate capability, and in 

cycling stability of Ge nanowires (GeNWs) and Ge thin films (GeTF). TEM and TOF-SIMS 
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analysis showed that without Li activation, the initially crystalline GeNWs are not 

electrocehmically active towards Na, while the 100 nm amorphous GeTF sodiates only partially. 

Activation with Li induced amorphization (in GeNWs), reducing the barrier for nucleation of the 

NaxGe phase(s), while introducing a dense distribution of nanopores that shorten the Na solid-

state diffusion length, and buffer the sodiation stresses. We conclusively demonstrated that only 

the low rate (0.1C) Li activation introduces a dense distribution of nanopores, which lead to 

further improvements in the rate capability but not the cycling capacity retention. Nanopores 

don't help cycling stability but do improve rate capability; which is ascribed to the shortened 

solid-state diffusion distances caused by the effective thinning of the Ge walls and by an 

additional Na diffusion path via the pore surfaces. The EIS spectra and corresponding modeling 

data also showed that Li - induced activation at low rates results in higher surface area and faster 

Na diffusion in the bulk due to nanopore formation. At 0.15C (1C = 369 mA/g, i.e. Na:Ge 1:1), 

the GeNWs and GeTF maintained a reversible (desodiation) capacity of 346 mAh/g and 418 

mAh/g for 55 cycles and 60 cycles, respectively. They also showed a capacity of 355 and 360 

mAh/g at 1C and 284 and 310 mAh/g at 4C. GeTF delivered capacity of 169 mAh/g even at a 

very high rate of 10C. TOF-SIMS Na depth profiles for thin films demonstrated that 

accumulation of SEI at the interface with support is the major contributor to the active material 

delamination form the substrate. 
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