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Solution-grown silicon and germanium nanowires were produced using various 

solvents and nanocrystalline seed materials. Silicon nanowires grown using 

monophenylsilane as the silicon source and gold catalyst seeds were made into a 

freestanding, lightweight, mechanically robust fabric and tested as a negative electrode 

material in lithium ion batteries. Annealing the fabric under reducing atmosphere 

converts the intrinsic poly(phenylsilane) shell into a highly conductive carbonaceous 

coating, improving Li storage behavior. Reduced graphite oxide (graphene) was studied 

as a freestanding support for gold-seeded germanium and silicon nanowires, the latter 

grown using trisilane. Graphene improves capacity retention for germanium nanowires 

but shows little improvement for silicon.  

Slurry-cast films of nanowires were also tested as negative electrodes in lithium 

ion batteries using a variety of electrolyte solvent / binder combinations. Gold is 

detrimental to performance of silicon nanowires grown using trisilane. Removing gold 

through a simple wet etching procedure dramatically improves capacity retention. Silicon 

nanowires were also synthesized using in-situ formed tin seeds. Tin-seeded nanowires are 

easier to produce and outperform gold-seeded wires in lithium ion batteries.  Germanium 
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nanowires perform exceptionally well under high current loads when cycled using 

electrolyte solutions that contain fluoroethylene carbonate and show promise for high-

power applications. 

Controlled synthesis of solution-grown germanium nanorods is demonstrated 

using nanocrystalline bismuth seeds. The addition of poly(vinylpyrrolidinone) / 

hexadecene copolymer leads to branched nanorods. Absorbance spectra were calculated 

using the discrete dipole approximation to compare against spectra obtained 

experimentally. The absorbance spectra and electric field internal to the nanorods depend 

highly on nanorod orientation. The presence of bismuth or gold at the tip of the nanorods 

also significantly alters the spectra and electric fields. 

Ligand and surface chemistry of solution grown indium phosphide nanowires is 

also examined. Octylphosphonic acid and hexadecylamine are both essential for the 

growth of single crystalline indium phosphide nanowires. Potential solution synthesis 

routes to indium (III) oxide nanowires and indium phosphide nanowires with twinning 

superlattice structure are presented. Various phosphoric acid derivatives were tested in 

place of octylphosphonic acid and the efficacy of each is discussed. 
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Chapter 1: Introduction 

1.1 INTRODUCTION TO LITHIUM ION BATTERIES 

The ubiquity of portable electronic devices–mp3 players, portable laptop 

computers, digital cameras, cell phones, and smart tablets–drives an increasing demand 

on power sources with high energy density. Lithium (Li) ion batteries are the power 

source of choice for mobile devices offering long life span through repeated 

rechargeability, flexible, lightweight design and high energy density as illustrated in 

Figure 1.1. Li-ion batteries boast energy densities among the highest current energy 

storage technologies1 and show promise in satisfying the growing interest in battery 

powered electric cars.2 

 

Figure 1.1: Comparison of the different battery technologies in terms of volumetric and 
gravimetric energy density. Reprinted from Ref 2. 

Advance in energy storage technologies has been sluggish compared to solid-state 

memory capacity, which–according to Moore’s law–doubles every eighteen months. Li-

ion battery technology has been particularly stagnant during the past several decades. A 

brief history of Li-ion battery development illustrates this point. Wittingham first 
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proposed lithium batteries in 1976, reporting titanium disulfide as a positive electrode 

material.3 Besenhard discovered reversible Li intercalation into graphite in the same 

year.4, 5 In 1979, Goodenough laid the foundation for modern Li-ion battery technology 

demonstrating a rechargeable Li-ion battery using lithium cobalt oxide (LiCoO2) as the 

cathode. Since the mid 1980s, the cathode material has largely remained LiCoO2 and the 

anode of choice has been graphite. The first commercial Li ion battery–made available by 

Sony in 1991–used these same materials. Li-ion battery technology has since seen little 

advance. Several challenges face progression of Li ion battery technology, including cost, 

safety, energy density, charge / discharge rate, and lifetime.6 These challenges manifest 

as material-related problems rooted in electrolyte stability and electrode storage capacity. 

A strong understanding of the inner workings of a Li-ion battery is necessary to 

overcome these challenges; a brief description follows. 

Li-ion batteries operate by shuttling Li+ ions between the electrodes where they 

insert into the active material and form Li-containing compounds (e.g., LiCoO2, LiC6). 

Figure 1.2 shows a schematic charge / discharge cycle for a typical commercially 

available Li ion battery. In a brand new battery, Li is stored in the cathode as LiCoO2. 

During the charge cycle, lithium oxidizes, dissociating from the metal oxide, 

LiCoO2 → Li1−xCoO2 + xLi+ + xe−      (1) 

travels through an ion-permeable membrane, intercalates between individual graphite 

sheets in the anode, and is reduced: 

xLi+ + xe− + C6 → LixC6      (2) 

Discharge traces the reverse process: Lithium de-intercalates from the graphite, diffuses 

into the cathode and reduces to reform LiCoO2. 
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Figure 1.2: Schematic (a) charge and (b) discharge cycles for a Li-ion battery with a 
LiCoO2 cathode and graphite anode. 

The maximum capacity of an electrode is directly proportional to the amount of 

Li it can store. While volume occupied by the electrode material is important, capacities 

are typically reported on a per-mass basis. This speaks to a major deficiency of 

conventional Li ion batteries: low energy density, which is calculated as the product of 

capacity and discharge voltage. The maximum theoretical capacities of LiC6 and LiCoO2 

are 372 mA h g-1 and 274 mA h g-1, respectively.  Due to large anisotropic structural 

changes that accompany delithiation of LiCoO2, the practical capacity of this material is 

only half of the theoretical maximum, or 137 mA h g-1.7 The total capacity, QT, of the 

working cell can be calculated through: 

QT = QAQC

QA +QC

        (1) 

where QA and QC are the capacities of the anode and cathode, respectively. From 

Equation (1), the maximum capacity for a LiCoO2 / graphite battery is 100 mA h g-1, 



 4

assuming equal masses of each active material. This value serves as a benchmark for 

comparison and addressing this shortcoming is the main focus of this work. 

Suitable electrode replacement materials are sought in an ongoing effort to realize 

Li-ion batteries with higher energy density and longer cycle life. There are several 

candidates on the cathode side, including lithium manganese oxide (LiMn2O4),8, 9 lithium 

nickel oxide (LiNiO2),10 lithium iron phosphate (LiFePO4),11 lithium vanadium oxide 

(LiV2O5),12-15 and their derivatives.10, 16-23 Sulfur (S) has a large Li storage capacity (1673 

mA h g-1) and moderate working voltage (2.2 V vs. Li/Li+) and is a good candidate for 

the positive electrode, though it lacks an intrinsic Li source.24 Pre-lithiation of the 

electrode nullifies this point.25 On the anode side, silicon (Si) is the leading candidate to 

replace graphite boasting a maximum theoretical capacity of 3579 mA h g-1.26-28 

Germanium (Ge) is also an attractive negative electrode material with a high theoretical 

capacity of 1624 mA h g-1.29 Figure 1.3 shows total battery capacity as a function of 

anode capacity illustrating the potential for improvements in Li-ion batteries by using the 

materials listed above. The black curve corresponds to a LiCoO2 cathode and the yellow 

sulfur. The LiCoO2 curve flattens out for anodes with a maximum theoretical capacity of 

around 1000 mA h g-1, indicating a minimum capacity guideline for negative electrode 

materials. Not only do Si and Ge both surpass this threshold but, they also have low 

working potential relative to the standard Li reduction potential26-29 and are abundant 

earth metals, making them attractive negative electrode materials. Though Ge is 

expensive, it has a Li diffusion coefficient 400 times faster than Si30 and performs better 

at high current densities, making it attractive in high power applications.31, 32 Ge also has 

a higher intrinsic conductivity than Si. 
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Figure 1.3: Total cell capacity as a function of anode capacity using fixed cathode 
capacities of 137 mA h g-1 (LiCoO2, black) and 1637 mA h g-1 (sulfur, 
yellow). 

Upon lithiation, Si forms an amorphous Li-Si compound (aLixSi). Further 

addition of Li causes formation of the Li15Si4 alloy.26-28 

415 SiLiSiaLiSi LixxLi ⎯→⎯⎯→⎯      (3) 

While other crystalline LixSi1-x phases have been reported,33 the reaction pathway 

shown above is the accepted mechanism for Si lithiation; Li15Si4 is the most lithiated 

phase that forms at room temperature. As lithium inserts into Si, the capacity increases 

and the potential difference between the anode and cathode drops. Figure 1.4a shows a 

typical voltage profile for a Si nanowire-based Li-ion battery negative electrode. The 

lithiation events described in Equation 3 occur at specific voltages and manifest as a 

plateaus in the voltage profile due to phase-separation. For example, region I indicates a 

two-phase region consisting of Si and aLixSi, and region II indicates a two phase region 

consisting of aLixSi and Li15Si4. These equipotential lithiation sites are more easily seen 

using the differential capacity plot, shown in Figure 1.4b. Regions III and IV are identical 

to regions II and I, respectively, for the delithiation reaction. 
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Figure 1.4: (a) Typical voltage profile and (b) corresponding differential capacity plot 
for a Si nanowire-based Li-ion battery negative electrode.  

Ge undergoes a similar, though multi-stage, lithiation process:29, 34 
 5224152749 GeLiGeLiGeLiGeLiGe LiLiLi +⎯→⎯⎯→⎯⎯→⎯   (4) 

While Li-Si alloys were reported as early as 1976,35 it took until the early 2000’s 

for interest in Si as a negative electrode in Li-ion batteries to take off. Li-Ge alloys were 

explored in the 1960s,36 though interest in Ge as a Li insertion material has piqued only 

recently as well (Figure 1.5). Early studies on Li-Si and Li-Ge alloys report formation of 

these compounds at temperatures greater than 400oC.37 Reaction of bulk Si with Li 

suffers from poor reversibility, which prevented its use in Li-ion batteries. In 2001, Gao 

et al. overcame the challenges facing bulk Si cyclability and reported room temperature 

alloy formation in nanostructured Si and Ge, making these realistic negative electrode 

materials.38 
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Figure 1.5: Publications for Si and Ge Li ion battery negative electrode material by year. 
Search includes publications whose titles bear “lithium ion batteries” in 
conjunction with “Si / silicon” or “Ge / germanium”. 

In addition to enabling room temperature alloy formation, the use of 

nanostructured Si and Ge addressed another major drawback to using high-capacity Li 

insertion materials: volumetric expansion. During lithium insertion the Si and Ge lattices 

expand by up to 300% and repeated cycling pulverizes the electrode resulting in rapid 

capacity fade. Nanomaterials can accommodate strain better than their bulk counterparts 

and mitigate pulverization effects.39-41 

A wide variety of nanostructures have been explored as negative electrode 

materials in Li-ion batteries. Si and Ge thin films (i.e., grown using chemical vapor 

deposition–CVD–techniques) boast high capacities with minimal fade through hundreds 

of charge / discharge cycles.32-34, 41-64 Unfortunately, CVD processes are expensive and 

difficult to scale-up. A viable alternative to CVD techniques is the use of solution-grown 

nanowires. Nanowires are anisotropic single crystals hundreds of microns in length with 

narrow diameters (typically less than 50 nm), which can accommodate the stress that 
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accompanies volumetric expansion associated with Li insertion.39-41 Furthermore, Si and 

Ge nanowires can be grown using high-throughput solution phase processes that are 

inexpensive compared to vapor phase approaches.65-69 Therefore, Si and Ge nanowires 

show great promise as Li ion battery negative electrodes. 

The general approach to making nanomaterial-based Li-ion battery electrodes is 

to first prepare a slurry by mixing the active material (e.g., Si, Ge), conductive carbon, 

and a solvent-dispersed polymeric binder. This slurry is cast on a copper current 

collector, which serves to support the film and ensure efficient charge distribution 

throughout the electrode. Conductive carbon is necessary to increase film conductivity 

and is essential for most nanomaterial-based electrodes–especially semiconductors like Si 

and Ge. Binder chemistry is unique to the active material. The typical binder for Si and 

Ge nanomaterials is poly(vinylidene) fluoride (PVdF),70 though green alternatives, such 

as carboxymethyl cellulose (CMC)71, 72 and alginate73 have also been investigated. The 

search for stable electrolyte solutions is also an area of intense research.74 For Si-based 

electrodes, fluoroethylene carbonate (FEC) appears to perform best.75-77 Research in these 

areas is ongoing. This work focuses on the use of Si and Ge nanowires as the active 

negative electrode material in Li-ion batteries. An introduction to nanowire synthesis 

follows. 

1.2 INTRODUCTION TO NANOWIRE AND NANOROD SYNTHESIS 

Nanowires are an interesting class of materials with a wide range of 

microelectronic applications in addition to high-performance Li-ion batteries.78 They also 

function in logic gates,79 memory devices,80 light emitting devices,81 field effect 

transistors,82 chemical sensing,83 and photovoltaics.84 Since inception in 1959, 

photolithography has been the workhorse of the semiconductor industry85 and has been 
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used as a top-down approach to fabricating nanowires with features as small as 40 nm.86 

Wagner et al. demonstrated a bottom-up approach to nanowire synthesis in a 1964 report 

showing growth of Si whiskers from gold (Au) droplets in a vapor phase process.87 The 

growth mechanism was dubbed vapor-liquid-solid (VLS). Trentler et al. demonstrated a 

solution phase analog to VLS growth in 1995 reporting growth of InP, InAs, and GaAs 

nanowires in high boiling point solvents giving birth to solution-liquid-solid (SLS) 

growth mechanism.88 Shortly thereafter, in 2002, Hanrath et al. developed the 

supercritical fluid-liquid-solid (SFLS) method, extending of SLS growth to Ge nanowires 

in supercritical solvents.89 These three growth methods differ only in reaction media–the 

growth mechanism is otherwise identical. The naming convention for these techniques is 

born from the mechanism itself. The first phase in each title (e.g., vapor, solution, or 

supercritical fluid) refers to the reaction medium. The liquid-solid refers to the fact that 

the semiconductor forms a liquid alloy with the crystalline metal seed from which a solid 

single crystal nanowire extrudes. The growth mechanism is outlined below using Si 

nanowires seeded from Au nanocrystals as an example. 

Figure 1.6 shows the binary phase diagram between Si and Au, which is used to 

rationalize the nanowire growth mechanism. The explanation that follows is unique to 

SLS and SFLS methods.90 In a standard nanowire reaction, the Si precursor, typically an 

organometallic silane compound (i.e., monophenylsilane–MPS), is mixed with 

nanocrystalline Au seeds and introduced into the hot reaction solvent at a temperature 

above the Si-Au eutectic. The Si precursor rapidly thermally decomposes, liberating zero-

valent Si atoms, which are free to alloy with the Au seeds (region I), eventually forming a 

Si-Au liquid droplet (region II). Further addition of Si atoms shifts the composition of  

the Si-Au beyond the liquidus line causing crystalline Si to precipitate and form the tip of 

the nanowire. A continued Si supply causes one-dimensional extrusion of the 
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semiconductor, forming the nanowire (region III). This process proceeds until the Si 

source is exhausted. Modifying the diameter of the seed metal catalyst controls the 

nanowire diameter.91 The semiconductor-metal atomic ratio controls the nanowire 

length.92-94 

 

Figure 1.6: Nanowire growth mechanism. The arrow tracks the composition change as Si 
is added to Au. Schematics of the nanowires at various points during growth 
are shown (regions I, II, and III). 

1.3 GROWTH CONSIDERATIONS AND GERMANIUM NANORODS 

Nanorods are an interesting class of materials, as they can exhibit optical quantum 

confinement effects,95, 96 linear polarized photoluminescence,97 and enhanced light 

absorption when the aspect ratio is sufficiently large.98 Nanorod synthesis follows the 

same growth mechanism as nanowires, detailed above, though ligand chemistry and 
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atomic ratio between the semiconductor and metal seed are particularly important. 

Identifying an appropriate precursor is essential to the growth of high quality (i.e. 

straight, defect free, single crystalline) nanorods and nanowires alike.  If a precursor 

decomposes too slowly, the catalyst seeds become starved resulting in growth defects that 

disrupt crystallinity (e.g., kinking and twinning).  If decomposition occurs too rapidly, the 

system becomes flooded with excess semiconductor atoms that homogeneously nucleate 

forming undesired reaction byproducts (i.e., nanocrystals, amorphous particles, etc.). 

Seed catalyst selection is also critical; the metal seed must form a low eutectic with the 

semiconductor. Au and Bi are typical metals of choice.67, 69, 89, 91, 92, 96, 99-109 In the case of 

compound semiconductor nanowires (or nanorods of any material), solvent and ligand 

chemistry is also important.92-94 Coordinating solvents (e.g., tri-n-octylphosphine oxide, 

hexadecylamine, octylphosphonic acid, etc.) interact with nanostructures during growth 

and are used as capping ligands to control growth through arrested precipitation. 

Germanium nanomaterials show interesting luminescent properties110 and can be 

used for biological imaging111 and serve as the basis for new optical and electronic 

devices.112-114 Solvent dispersions of Ge nanocrystals have been utilized as inks to deposit 

thin films under relatively mild conditions showing potential for low-cost optical and 

electronic devices.114 Furthermore, Ge is an interesting optoelectronic material due to a 

high index of refraction, low optical dispersion, and infrared transparency.115  Ge 

nanowires exhibit interesting electronic,116 optical,98 and mechanical properties.117, 118 Ge 

nanorods are particularly interesting as both length and diameter can be controlled, 

enabling finely tuned optical properties.94 Synthesis and optical properties of Ge 

nanorods are explored in this work. 
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1.4 SURFACE CHEMISTRY OF INDIUM PHOSPHIDE NANOWIRES 

Solution-processable nanowires can be grown under mild reaction conditions in 

scalable, low-cost, high-throughput processes using SLS techniques. By comparison, 

vapor phase processes require high temperature, high vacuum, are unscalable, and 

produce much less material. Nanowires of most semiconductor materials have been 

synthesized using solution methods, including group IV elements (e.g., Si65, 66, 69, 89, 92 and 

Ge65, 67, 68, 119), III-V compound semiconductors such as gallium and indium pnictides 

(e.g., GaAs, InP, etc.),88, 91, 96, 101, 102, 120, 121 II-VI compound semiconductors like cadmium 

and zinc chalcogenides (e.g., CdSe, ZnS, etc.),99, 100, 103-105, 107-109, 122-124 and tetrael 

chalcogenides (IV-VI compound semiconductors–SnSe, PbS, etc.).125-128 

Indium phosphide (InP) exhibits strong quantum confinement effects102, 106, 129, 130 

and is an interesting material for optoelectronic applications.131 InP has a broader 

emission range and lower toxicity than CdSe, which has been studied in excruciating 

detail as an optoelectronic material.132 As such, there is great interest in developing and 

understanding the synthesis of InP nanomaterials. The surface chemistry of InP quantum 

dots has been an area of investigation of late and is relatively well understood.132-136 

Surface chemistry of nanowires, grown via the solution-liquid-solid (SLS) growth 

mechanism, for example, remains ambiguous.91, 96, 101, 102, 106 There are also pronounced 

differences in the growth of SLS InP nanowires compared to vapor-liquid-solid (VLS) 

grown InP nanowires.  For instance, SLS-grown InP nanowires exhibit zinc blende 

structure91, 96, 101, 102, 106 whereas VLS-grown nanowires show a mixture of the zinc blende 

and wurtzite phases, depending on the reaction conditions.137-142 This point remains to be 

addressed directly, but as the phases differ in energy by only 6.8 meV per In-P atom 

pair,143 the cause is likely due to the presence of the capping ligands in SLS syntheses 
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that form zinc blende structure preferentially. This work surveys the surface chemistry of 

InP nanowires, examining the efficacy of various ligands. 

1.5 DISSERTATION OUTLINE 

 Growth of Si nanowires in supercritical fluids using MPS is well established and 

this material has previously been used as a negative electrode material in Li-ion batteries 

using the slurry method to prepare the electrode.144 In this work, MPS-grown Si 

nanowires are again demonstrated as a negative electrode material, though as a 

freestanding fabric that does not require the addition of binder.145 Through a simple 

anneal process the conductivity of the nanowire fabric is increased such that conductive 

carbon is also unnecessary. This work shows potential for fully flexible and mechanically 

robust batteries. Solution synthesis of Ge nanowires has also been previously reported, 

though using germanium (II) iodide (GeI2) as the precursor and Bi as the seed catalyst.68 

Residual iodine can be corrosive, thus Au-seeded Ge nanowires were produced using 

diphenylgermane (DPG) as the Ge source in a variety of solvents; detailed synthesis of 

these nanowires is discussed.67 The Ge nanowires were tested as negative electrodes in 

Li-ion batteries supported by reduced graphite oxide (RGO) in a flexible, mechanically 

robust, freestanding film. RGO-supported Si nanowires (grown using trisilane) were also 

tested. Graphene serves doubly as a binder and conductive agent. Results for RGO-

supported negative electrode materials were lackluster and what follows is a detailed 

examination of electrochemical behavior of Si and Ge nanowires using the more 

conventional slurry methods. A variety of binders and electrolyte solutions were surveyed 

to optimize the performance of the nanowires. Ge has a Li diffusion coefficient 400 times 

that of Si and was tested under high current densities for potential high-power 

applications. The surface chemistry of these Ge nanowire films was also examined.  
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Trisilane grown Si nanowires contain Au in as high at 25% w/w and Au acts as an 

irreversible Li sink, which is detrimental to Si nanowire performance in Li-ion 

batteries.146, 147 As such, the effects of Au on the cycling behavior of Si nanowires were 

explored by removing Au through a wet etching process. Next, Au was eliminated from 

the reaction all together by using tin (Sn) as a seed material. Sn is an electrochemically 

active group IV element forming Li22Sn5 upon lithiation, which has a maximum 

theoretical capacity of 993 mA h g-1. Diverging from work pertaining to Li-ion batteries, 

a detailed synthesis of Ge nanorods94 follows with discussion of optical properties. 

Finally, ligand and surface chemistry is explored in solution-grown of InP nanowires. 
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Chapter 2:  Si Nanowire Fabric: an Electrode Material for Li-Ion 
Batteries§1 

2.1 INTRODUCTION 

The demand for portable electronic devices has been steadily rising, in part 

because of the increasing global dependence on mobile information, entertainment, and 

communication. These devices require portable power sources. Lithium ion (Li
+
) batteries 

(LIBs) have become widely used because of their high energy density, but there is a 

strong desire to improve many aspects of LIBs, including cost, safety, energy density, 

capacity, cycle life, and rate capability.1 The recent interest in using LIBs in automobiles 

has heightened the search for new materials that can achieve higher energy density and 

prolonged cycle life.2  

A LIB functions by shuttling Li+ between the anode and cathode. The typical 

cathode in a commercially available LIB is composed of a lithium metal oxide (i.e., 

LiCoO2) and the anode of graphite. The LIB capacity is limited in part by the 

intercalation of Li
+
 by the graphitic anode material; thus, higher capacity batteries require 

anode materials that can accommodate more Li+. The theoretical capacity of the graphite 

anode is 372 mA h g-1.3, 4 Lithium-alloying materials have the potential for significantly 

higher storage capacities. For instance, Si alloys with Li+ at room temperature to form 

Li15Si4, which corresponds to a much higher theoretical capacity of 3579 mA h g-1. 5-7 

However, Si undergoes an enormous volume expansion of nearly 300% when fully 

lithiated.8 Bulk crystalline Si cannot tolerate the stresses associated with these lithiation / 

delithiation cycles and crumbles, resulting in battery failure.9 On the other hand, Si 

nanostructures have been found to tolerate extreme volume changes with cycling.7, 10-21 

Thin Si films have realized capacities above 2000 mA h g-1.12, 13, 19 Si nanoparticles have 
                                                 
§ This chapter appears in Journal of the American Chemical Society 2011, 133, 20914-20921.   
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also been explored, but with overall specific capacities that have been limited by the need 

for a conductive carbon matrix to ensure electrical contact with the electrode.11, 18 Si 

nanowires have been promising.7, 14-17, 20, 21 For example, Cui and co-workers achieved a 

capacity of 2725 mA h g-1 with very good stability, retaining more than 1400 mA h g-1 

after 700 cycles using an interconnected amorphous Si hollow nanosphere thin-film 

electrode.22 Unfortunately, these electrode materials are very expensive at present and 

cannot be produced in the significant quantities needed for commercial LIB 

applications.12, 13, 19 

Solvent-based processes for nanowire synthesis, such as supercritical-fluid–

liquid–solid (SFLS) and solution–liquid–solid (SLS) growth, can produce large amounts 

of Si nanowires at relatively low cost.23-28 In a 10 mL laboratory-scale reactor, hundreds 

of milligrams of nanowires with lengths of >100 μm can be produced in a few hours,23, 26 

which is sufficient to create nanowire-based nonwoven fabrics several inches on a side.27 

These nanowires exhibit excellent mechanical properties, are highly flexible, and have 

strength-to-weight ratios greater than those of both carbon fiber and Kevlar.27, 29 This 

fabric material is thin (thickness of 50–150 μm) and has a paper like appearance and feel. 

The first fabrics consisting entirely of one-dimensional nanomaterials were made from 

carbon nanotubes (CNTs) because of their mechanical strength, flexibility, and large 

aspect ratio and the ability to produce the material in macroscopic quantities.30, 31 Metal 

oxide nanowires of cryptomelane-M (K2-xMn8O16) that could be synthesized in large 

quantities by hydrothermal methods have been used to form macroscopic freestanding 

membranes.32 Recently, SFLS synthesis has been used to produce Ge nanowire fabric.27, 

33 Fabric-like materials consisting of CNTs and graphene sheets have recently been 

explored as electrodes for flexible LIB applications11, 21, 34-37 and as electrode supports for 

other materials, as in graphene–silicon,11, 37 CNT–Si nanowire,21, 34 and CNT–Li4Ti6O12 
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electrodes.21, 35 Here we demonstrate the creation of a Si nanowire fabric and show that it 

can function as a standalone anode material without the need for additional conductive 

fillers (activated carbon) or polymeric binders. For good battery performance, it was 

necessary to convert a thin polyphenylsilane38 coating on the Si nanowires to carbon by 

annealing under forming gas (7% H2 in N2) at 900°C. This thin layer provides the 

electrical conductivity needed for efficient Li
+
 charging and discharging of the layer. The 

LIB performance of the Si nanowire fabric and the role of the shell on the cycling 

behavior are reported. 

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials 

All chemicals were used as received without further purification. Dodecanethiol 

(DDT, ≥98%), hydrogen tetrachloroaurate trihydrate (≥99.9%), sodium borohydride 

(≥98%), toluene (anhydrous, ACS grade, 99.8%), ethanol (99.9%), tetraoctylammonium 

bromide (TOAB, 98%), and chloroform (99.8%) were purchased from Sigma-Aldrich. 

Monophenylsilane (MPS, >95%) was obtained from Gelest, and LiPF6 [1.0 M in a 1:1 

ethylcarbonate (EC, >99.95%)/ diethyl carbonate (DEC, >99.98%) mixture] was 

purchased from Novolyte. For battery assembly, Celgard 2400 membranes (25 μm, 

purchased from Celgard) were used as separators, and Li metal (99.9%) was obtained 

from Alfa Aesar. 

2.2.2 Silicon Nanowire Synthesis 

Si nanowires were synthesized by gold (Au) nanocrystal-seeded SFLS growth in 

toluene using the synthetic procedures detailed in previous reports.38 Briefly, MPS and 2 

nm Au nanoparticles39 were mixed together in a 290:1 Si:Au mole ratio and diluted with 

anhydrous toluene to achieve an MPS concentration of 156 mM. Nanowires were then 
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grown in a flow-through sealed titanium reactor at 490°C and 10.3 MPa. After the 

reaction, the nanowires were collected from the reactor walls and washed with 

chloroform (10 mL) and ethanol (5 mL) several times via centrifugation at 8000 rpm. The 

nanowires were then dispersed in chloroform to a concentration of 5 mg mL-1 and stored 

in a vial under ambient conditions prior to use. 

2.2.3 Material Characterization 

Scanning electron microscopy (SEM) images were acquired using a Zeiss Supra 

40 scanning electron microscope with an in-lens arrangement, a working voltage of 5 

keV, and a working distance of 5 mm. SEM samples were imaged on silicon wafers 

obtained from SEH. Transmission electron microscopy (TEM) images were digitally 

acquired using either a FEI Tecnai Spirit BioTwin transmission electron microscope 

operated at 80 kV or a JEOL 2010F field-emission microscope operated at 200 kV. TEM 

samples were prepared by drop-casting from chloroform dispersions onto 200 mesh lacey 

carbon copper TEM grids (Electron Microscopy Sciences). 

X-ray diffraction (XRD) was carried out using a Rigaku R-Axis Spider 

diffractometer with an image-plate detector and Cu Kα radiation (λ = 1.5418 Å) operated 

at 40 kV and 40 mA. Measurements were taken on samples on a 0.5 mm nylon loop. 

Samples were scanned for 10 minutes while rotating at 1 deg/s under ambient conditions. 

The data were integrated from 2θ = 20 to 80°. Background scattering from the nylon loop 

was subtracted from the sample measurement. 

X-ray photoelectron spectroscopy (XPS) was performed on a Kratos 

photoelectron spectrophotometer with monochromatic Al Kα radiation (1487 eV). The Si 

nanowire fabric was secured on the experimental tray using double-sided Cu tape. 

Spectra were collected at 0.1 eV intervals using an integration time of 800 ms through a 
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tungsten coil set at 4.8 V bias with respect to the sample. Data were collected 

continuously under high vacuum (10-9 Torr). The effect of sample charging on the XPS 

data was corrected by shifting the Si0 2p3/2 peak to a binding energy of 99.3 eV. 

The XPS results were analyzed using CasaXPS software. Background subtraction 

was done using a Shirley background model. Peak areas were deconvoluted as Voigt 

functions (30% Gaussian character). The Si2p region was deconvoluted as Si0 2p3/2, Si0 

2p1/2, Si1+, Si2+, Si3+, and Si4+ peaks placed at 99.3, 99.9, 100.1, 101.1, 102.1, and 103.2 

eV, respectively. The zero-valent Si spin splits were assumed to have the same full width 

at half-maximum (FWHM), and the area of the 2p1/2 peak was set as half the area of the 

2p3/2 peak. Similarly, one FWHM value was used for all of the other oxide peaks; 

however, for simplicity, the other oxidative states were not divided into their respective 

spin splits. Values for the FWHM of the oxidized states were constrained by placing the 

FWHM between 1.8 and 2.2 times the zero-valent peaks. 

The C1s region was deconvoluted into three peaks placed at 284, 284.7, and 285.5 

eV. These binding energies correspond to Si–C, C–C, and C–O bonding, respectively. 

The O1s region was deconvoluted into two peaks. The first peak, placed at 532.5 eV, 

corresponds to SiO2 and C–O bonding. The second peak, placed at 533.9 eV, relates to 

O2 adsorbed on the surface of the wires. Only one FWHM was used to generate the peaks 

for each species of C and O. 

Raman spectroscopy was performed using a Renishaw inVia microscope 

equipped with a 514.5 nm argon ion laser in backscattering configuration. The Stokes 

Raman signal at 521 cm-1 for single-crystalline bulk Si oriented with the [110] direction 

normal to the laser was used to calibrate the instrument. The beam was focused using an 

optical microscope with a 50× objective lens. Spectra were taken on freestanding sheets 
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of nanowire fabric lying on glass slides by single scans from 100 to 2000 cm-1 at 5% laser 

power (0.2 mW). 

2.2.4 LIB Anode Processing and Battery Testing 

Si nanowire fabric was prepared by sonicating nanowire dispersions (5–10 mg 

mL-1 Si nanowires in chloroform) for 1 hour. The dispersions were drop-cast into a 

Teflon trough and left overnight to dry. After drying, the fabric was peeled from the 

trough using tweezers (and a thin razor blade wedged between the fabric and trough bed 

when necessary) and cut into 1 cm × 1 cm squares that were loaded into quartz boats and 

heated under a moderate flow of forming gas in a tube furnace. 

Batteries were prepared within an argon-filled glovebox using a Cu foil current 

collector. The Si nanowire fabric was placed on the Cu current collector to serve as the 

anode material. The electrolyte was a 1.0 M solution of LiPF6 in a 1:1 w/w EC : DEC 

mixture (Novolyte). A few drops of electrolyte were deposited over the nanowire fabric. 

A Celgard 2400 separator membrane (25 μm thick) was then added, followed by Li metal 

foil (99.9%, Alfa Aesar) as the counter electrode. Galvanostatic measurements were 

made using an Arbin BT-2143 test unit that was cycled between 3 V and 10 mV vs. 

Li/Li+ at a rate of C/20 (C = 3579 mA h g-1)
 5-7. 

After cycling, the batteries were disassembled, and the anode was cleaned by 

soaking the fabric in acetonitrile overnight and then rinsing with 0.5 M sulfuric acid for 1 

minute, until bubbling subsided. The anode was then placed in a vial and soaked in 

isopropyl alcohol (IPA) for several minutes. The IPA was decanted, and the anode was 

soaked two more times in the same way and then dried in air before SEM and TEM 

imaging. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Si Nanowire Fabric 

Figure 2.1 shows a photograph and SEM images of Si nanowire fabric made by 

casting concentrated dispersions of SFLS-grown nanowires in toluene into a Teflon 

trough. The fabric is composed of highly entangled nanowires. It is ~50 μm thick and 

relatively porous, containing ~90% void volume. The Si nanowire fabric is pliable with 

good mechanical integrity. Even though the nanowires are single crystalline Si, a material 

that is brittle in bulk form, they are mechanically flexible and strong because of their 

narrow diameter.27 

 

Figure 2.1: (a) Photograph of mechanically flexible Si nanowire fabric. (b, c) SEM 
images of the fabric. (d) High-resolution TEM (HRTEM) image of a Si 
nanowire showing its crystallinity. (e) Fast Fourier transform (FFT) pattern 
from the HRTEM image in (d) showing a <110> growth direction. (f) 
Photographs of Si nanowire fabrics annealed at the indicated temperatures 
under a reducing atmosphere. 
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2.3.2 Electrochemical Performance of Si Nanowire Fabric Anodes 

1 cm × 1 cm squares of Si nanowire fabric were tested as standalone Si-based 

anode materials without added conductive carbon or binder for a LIB. The as-made Si 

nanowire fabric performed poorly. As shown in Figure 2.2a, the capacity in the first cycle 

was just under 600 mA h g-1 but then dropped to nearly zero after only a couple of cycles. 

Tests of the electrical conductivity showed that the nanowire fabric is electrically 

insulating with a conductivity of ~0.2 nS m-1. The nanowire fabric must be sufficiently 

conductive to facilitate efficient lithium alloying with Si.40 

 

 

 



 30

 

Figure 2.2: (a) Galvanostatic cycling tests of Si nanowire fabric before and after 
annealing at 700, 800, 900, 1000, and 1100°C at a cycle rate of C/20 (C = 
3579 mA h g-1).5-7 The inset shows discharge capacities after 20 cycles for 
batteries with nanowire fabric anodes annealed at various temperatures. (b) 
Galvanostatic cycling of a Si nanowire fabric anode annealed at 900°C. 

The electrical conductivity of the Si nanowire fabric was enhanced significantly 

by annealing under a reducing atmosphere at temperatures greater than 700°C. Figure 2.3 

shows current–potential curves for nanowire fabric annealed at various temperatures. 

Annealing at temperatures between 700 and 1000°C led to conductivities ranging from 

70 to 150 nS/m. Fabric annealed at 1100°C had a conductivity of 1400 nS m-1. 
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Figure 2.3: Current–potential measurements of Si nanowire fabric placed between two 
indium tin oxide (ITO) electrodes (inset). The nanowire fabric was annealed 
under a reducing atmosphere at the indicated temperatures. Measurements 
were made using ~150 μm thick fabric samples with a contact area of 1 cm2. 

Figure 2.1f shows photographs of Si nanowire fabric after annealing under 

forming gas at various temperatures. The fabric turns increasingly black with increasing 

annealing temperature. The Si nanowires produced by the SFLS process using 

monophenylsilane as a reactant have a thin polyphenylsilane shell on their surface.38 

Annealing under a reducing environment transforms this shell material to carbon, which 

provides the significantly enhanced electrical conductivity. When the nanowires are 

annealed in the presence of oxygen and water, the shell material oxidizes to a defective 

and insulating SiO2 layer. 

The annealed Si nanowire fabric performed well in galvanostatic cycling tests. 

Figure 2.2a shows the capacity (with cycling at a C/20 rate, where C = 3579 mA h g-1, 

corresponding to Li15Si4)5-7 for Si nanowire fabric annealed under a reducing atmosphere 

at various temperatures. All of the nanowire samples exhibited a large initial irreversible 

capacity loss during the first cycle, which is typical for Si anode materials and results 

from formation of solid–electrolyte interphase (SEI) layers upon cycling to low 
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potentials. The nanowire fabric annealed to 700°C performed better than the as-made 

nanowires, but the capacity was still very limited. On the other hand, nanowires annealed 

at 900°C performed quite well and retained a cycling capacity of 800 mA h g-1 after 20 

cycles. As shown in Figure 2.2b, the capacity was still higher than 500 mA h g-1 after 100 

cycles. When the nanowires were annealed at even higher temperature (>900°C), they did 

not perform as well. The Figure 2.2a inset shows a plot of the discharge capacity after 20 

cycles for Si nanowire fabric electrodes annealed at various temperatures. The highest 

performance was achieved with nanowires annealed at 900°C. Table 2.1 summarizes the 

capacity retention data of the Si nanowire fabric annealed at various temperatures. 

Table 2.1: Summary of the capacity retention Si nanowire fabric anodes annealed at the 
indicated temperatures.   

 Capacity (m Ah g-1) Retention (%) 
Temperature (oC) 1st Cycle 2nd Cycle 20th Cycle Cret1

§ Cret2
† 

No anneal 534 142 8 2 6 
700oC 1180 257 111 9 43 
800oC 1341 738 579 43 78 
900oC 1485 898 804 54 89 
1000oC 821 439 433 57 99 
1100oC 608 341 363 60 106 

§Amount of charge capacity retained after 20 cycles compared to the first charging cycle.  
†Amount of charge capacity retained after 20 cycles compared to the second charging 
cycle.  

Figure 2.4 shows the constant-current voltage profiles and differential capacity 

(dQ/dV) curves for the first and 20th cycles of batteries with Si nanowires annealed at 

800, 900, 1000, and 1100°C. Each constant-current voltage profile shows two plateaus 

during the charge cycle, corresponding to the lithiation of crystalline silicon and the 

formation of the Li15Si4 phase.6 The discharge cycles have a steeper slope than the charge 

cycles (corresponding to a broader peak in the dQ/dV curves), indicating that delithiation 

occurs over a relatively broad range of potentials, which is consistent with amorphous 
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silicon. The dQ/dV plots provide a better illustration of the potentials at which the 

lithiation and delithiation events occur. Each of the first-cycle charge curves in the dQ/dV 

plots shows a peak between 150 and 200 mV, corresponding to lithiation of crystalline Si. 

This peak is shifted slightly in the 900°C sample (Figure 2.4d) to ~250 mV. A peak near 

50 mV is also observed for each sample and is attributed to the formation of Li15Si4.6 By 

the 20th cycle, the first lithiation event has shifted to ~300 mV, which falls in the range 

expected for lithiation of amorphous Si (a-Si).41 The second lithiation event has a 

significantly reduced intensity, indicating a marked consumption of crystalline silicon. 

The first discharge cycle shows a prominent peak at ~450 mV, which corresponds to the 

delithiation potentials of a-Si and Li15Si4.41 Lithium extraction during the 20th cycle 

occurs at the a-Si delithiation potential (300 mV).41 
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Figure 2.4: Constant-current voltage profiles for Si nanowire fabric anodes annealed at 
(a) 800, (c) 900, (e) 1000, and (g) 1100°C with corresponding differential 
capacity curves (b, d, f, and h, respectively). 

2.3.3 Composition of the Carbonaceous Shell on the Si Nanowires 

Raman spectroscopy, XPS, and XRD were used to determine the composition of 

the shell material formed after annealing the nanowires under forming gas. Figure 2.5 

shows Raman spectra of nanowires as-made and after annealing at various temperatures. 

The as-made nanowires exhibit the characteristic Si transverse optical (TO) band at 521 

cm-1 along with a smaller peak at 495 cm-1 that is most likely related to stacking faults.42-
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45 After annealing of the nanowires at 700°C, the nanowire spectra still have the 

characteristic Si-related peaks, but there is a significant sloping baseline due to 

fluorescence from the sample. This fluorescence is due to a chemical change in the shell 

material that is probably related to the phenyl species. With increasing annealing 

temperature, the fluorescence signal diminishes in intensity. Nanowires annealed at 

900°C and above have almost no fluorescent background. The nanowires annealed at 

800°C and higher exhibit two prominent bands at ~1350 and ~1600 cm
–1

, corresponding 

to disordered (D) and graphitic (G) carbon.46-49 These peaks are not present in the Raman 

spectra of the as-made nanowires nor in the spectra of the nanowires annealed at 700°C. 

It appears that the fluorescent species formed as a result of annealing at 700°C is 

converted to the carbon that forms at higher annealing temperatures. 

 

 

Figure 2.5: Raman spectra of Si nanowire fabric before and after annealing under a 
reducing atmosphere at various temperatures. The Si (TO) peak at 521 cm-1 
and carbon-related (D) and (G) bands at 1380 cm

–1
 and 1560 cm

–1
 are 

labeled. 
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The much improved battery performance of the Si nanowire fabric after annealing 

results from the formation of the electrically conductive carbon layer on the nanowires. It 

is obvious from the change in color of the nanowire fabric from its typical pale-yellow to 

black that the shell material has been converted to carbon, as confirmed by the Raman 

spectra. But why does the battery performance diminish when the nanowires are heated 

above 900°C? The Raman spectra show that the same carbon species that helped to 

achieve good battery response are still present on the nanowires annealed at 1000 and 

1100°C, and the electrical conductivity of the nanowires is also high (Figure 2.3). 

However, XPS (Figures 2.6 and 2.7) and XRD (Figure 2.8) reveal that a significant 

amount of Si oxidation and some SiC formation occur when the nanowires are annealed 

at these higher temperatures. The XRD patterns in Figure 2.8 show that the nanowires are 

still composed predominantly of crystalline Si after annealing, indicating that the 

oxidation and carbide formation occurs only on the nanowire surface. It appears that 

residual oxygen or water, most likely contained initially in the poly(phenylsilane) shell, 

oxidizes the surfaces of the nanowires. Nanowires annealed at 1100°C no longer have a 

measurable Si0 XPS peak, and the entire Si signal corresponds to either Si4+ or Si2+. XRD 

also indicates that some of the surface carbon reacts with the underlying Si to form SiC. 

The SiC diffraction peaks are very broad, indicating that the crystalline SiC domains are 

extremely small, which is consistent with the lack of a SiC-related Raman signal at 790 

cm-1.50 The Si0 signal does not show up in the XPS or Raman spectra because the surface 

layer becomes too thick to penetrate. Additionally, there is a noticeable decrease in the 

relative carbon signal in the XPS spectra, along with the appearance of a relatively strong 

XPS signal at higher binding energy of 285.5 eV, indicating that the carbonaceous layer 

has also oxidized to some extent (Figures 2.6 and 2.7). 
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Figure 2.6: XPS data of O1s, C1s and Si2p states of Si nanowire fabric annealed at the 
temperature indicated.  The intensities of all of the peaks are normalized, but 
the carbon signal decreased significantly relative to the Si signal as the 
annealing temperature was raised.  Figure 2.7 plots the relative amounts of 
O, C and Si obtained from integration of the XPS peaks.  The peak fitting 
procedures are described in the Experimental Section.   
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Figure 2.7: Summary of compositional analysis extracted from the XPS data in Figure 
2.6: (a) relative Si, C, and O content determined by integrating the O1s, C1s 
and Si2p peaks; (b) relative SiO, SiOx, SiO2 content determined from the 
Si2p peak structure.   
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Figure 2.8: XRD of Si nanowire fabric before and after annealing at the indicated 
temperatures under forming gas.  The peak positions corresponding to 
diamond cubic Si (JCPDS: 00-027-1402) and silicon carbide (SiC, labeled 
‘*’.  JCPDS: 00-029-1131) are shown. 

The oxide and SiC that forms at the nanowire surface after annealing at 1000 and 

1100°C is most likely responsible for the reduced lithiation/delithiation of the nanowire 

fabric. SiC is known to be electrochemically inactive for lithiathion,51 and the oxide layer 

creates an electrically insulating barrier between the Si core and the electrolyte that is not 

conducive to battery performance. 

2.3.4 Si Nanowire Structure after Electrochemical Cycling 

The coin cell housing was disassembled after cycling to examine the structural 

integrity of the nanowires by SEM and TEM. Figure 2.9 shows SEM images of the Si 

nanowire fabric that had been annealed at 900°C under forming gas before and after 20 

galvanostatic cycles. The nanowires removed from the coin cell housing were covered 

with an organic surface coating, presumably comprised of ROCO2Li and ROLi species 

associated with reduction of the EC/DEC solvent.14 Rinsing the nanowires with 

acetonitrile, H2SO4, and IPA removed the organic coating (SEI layer). In comparison 
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with the nanowires prior to electrochemical cycling, the nanowires appear to be larger in 

diameter. TEM images of the nanowires after galvanostatic cycling showed two different 

populations of nanowires in nearly equal proportions. As shown in Figure 2.10, some 

nanowires were amorphous and appeared to have hollowed cores. Others had a 

crystalline core with a thick amorphous shell. Nanoprobe energy-dispersive spectroscopy 

(EDS) maps of Si, O, and C composition across the nanowire diameters showed that 

nanowires with crystalline cores had a higher concentration of Si in the center, with a 

measurable amount of carbon and oxygen mostly at the nanowire surface. The 

amorphous nanowires with the hollow cores had a high concentration of Si in the shell, 

along with C and O. It appears that the structural integrity of these Si nanowires was lost 

during lithium cycling, with a rupture of the shell. The presence of the nanowires with 

crystalline cores may indicate that these nanowires were not involved in the 

electrochemical cycling. These issues require further study. 
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Figure 2.9: SEM images of Si nanowire fabric annealed at 900oC under forming gas: (a) 
prior to electrochemical cycling; (b) after 20 galvanostatic cycles without 
washing, and (c) after 20 galvanostatic cycles with washing with 
acetonitrile, H2SO4, and IPA. 
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Figure 2.10:  TEM and STEM images of Si nanowires annealed at 900oC under forming 
gas after 20 electrochemical cycles in a lithium cell.  Two types of 
nanowires were observed in nearly equal proportions: (a) amorphous wires 
that appear to have a hollow core and (c) crystalline nanowires with a thick 
amorphous shell.  (b, d) FFTs of the TEM images in (a) and (c).  (e, f) 
STEM images and (g, h) corresponding EDS line scans at the positions 
indicated of (e, g) amorphous wires that appear to have a hollow core and (f, 
h) crystalline nanowires with a thick amorphous shell. 

2.4 CONCLUSION 

A nonwoven fabric of Si nanowires has been reported. The fabric has the look and 

feel of tissue paper yet is composed entirely of crystalline Si. Annealing the nanowire 
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fabric at 900°C under reducing atmosphere (forming gas) leads to good performance as 

an anode in a Li+ battery without addition of carbon binder. The key to their good 

performance is the presence of a thin electrically conductive carbon layer on the 

nanowires. When the nanowires were annealed above 900°C, the battery performance 

diminishes because of the formation of a surface barrier layer of SiO2 and SiC under the 

conducting carbonaceous coating that prevents efficient lithiation and delithiation. 

This study has shown that the surface composition of Si nanowires plays a critical 

role in their effectiveness as an anode material in an LIB. Si nanowires can alloy with 

lithium, but their capacity and cycling stability all rely on the quality of the surfaces. In 

the present case of Si nanowires grown by the SFLS process with monophenylsilane as a 

reactant, a residual poly(phenylsilane) shell can be converted from an inactive layer to a 

coating that enables Si nanowire lithiation/delithiation. The coating is conformal and 

uniform and does not require a separate materials deposition step. Carbon binder, which 

would lower the specific capacity of the material, need not be added. This Si nanowire 

fabric represents a mechanically flexible silicon anode material with the potential to be 

applied in lightweight paper-based or plastic LIBs. Future research needs to focus on 

understanding the cycling durability and the factors that limit performance, including the 

formation and stability of the solid–electrolyte interphase layer. Another issue that 

requires further consideration is the influence of the nanowire density on performance. 

Since the nanowire fabric has 90% void volume, the volumetric capacity of the nanowire 

fabric is relatively low. The specific capacity of 800 mA h g-1 corresponds to a 

volumetric capacity of 186 mA h cm-3, which is significantly lower than the value for 

graphite (777–867 mA h cm
–3

). However, it should be possible to increase the volumetric 

capacities of the nanowire fabric by densifying the films with pressure. An estimation of 

the maximum volumetric capacity of a densified Si nanowire fabric looks compelling, 
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with a maximum of 1864 mA h cm-3, which is more than a factor of 2 higher than that of 

graphite. The influence of volumetric expansion and contraction upon lithiation and 

delithiation on cycling stability, however, would still need to be understood. 

2.5 SUPPORTING INFORMATION 

Movies showing the fabrication and handling of Si nanowire fabric. This material 

is available free of charge via at http://pubs.acs.org. 
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Chapter 3:  Solvent Effects on Solution Phase Synthesis of Germanium 
Nanowires Seeded by Gold Nanocrystals§2 

3.1 INTRODUCTION 

Semiconductor nanowires have been proposed for use in a variety of different 

applications because of their unique physical properties,1–9 their ability to be dispersed in 

solvents10 and combined with polymers and organic and biological molecules,1–3,11,12 and 

deposited under mild conditions on a variety of different kinds of substrates.13 To realize 

many envisioned nanowire applications—such as structural nanowire/polymer 

composites, low-cost functional coatings, batteries and printable electronics that require 

large quantities of nanowires—strategies are needed to generate large quantities of 

semiconductor nanowires. 

Solution-based synthetic routes, including solution-liquid-solid (SLS)14 and 

supercritical fluid-liquid-solid (SFLS)15,16 growth, are capable of producing large 

amounts of crystalline nanowires with controlled diameter.17 Like vapor-liquid-solid 

(VLS) growth,18 SLS and SFLS methods use metal nanocrystals to seed and promote 

nanowire crystallization via the formation of a eutectic with the semiconductor.17 Thus 

far, the most successful solution method for Group IV semiconductor (i.e., Si and Ge) 

nanowires has been SFLS.19,20 SFLS growth utilizes solvents heated and pressurized 

above their critical point, which enables reaction temperatures as high as ~650°C to be 

reached.21 These high temperatures have enabled the use of a wide variety of different 

metal seeds and reactants for Si and Ge nanowire growth.22,23 However, the high 

pressures of SFLS are not ideal for large scale, commercial nanowire production. SLS 

reactions on the other hand are carried out under ambient pressure, but the reaction 

temperatures are limited by the boiling point of the solvent.17 Because of the relatively 

                                                 
§ This chapter appears in Journal of Materials Chemistry 2009, 19, 996-1001.   
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limited temperature range of solvent boiling points, there have been very few reports of 

SLS-grown Si and Ge nanowires.24,25 In this contribution, we demonstrate the SLS 

growth of Ge nanowires using Au nanocrystals as seeds. 

There are a number of solvents with boiling temperatures exceeding the Au:Ge 

eutectic, including squalane (Tb ~420°C), squalene (Tb > 380°C), octacosane (Tb 

~430°C), dotriacontane (Tb ~460°C), tri-n-octylamine (Tb ~380°C) and tri-n-

octylphosphine (Tb ~360°C); yet, Au-seeded SLS Ge nanowire growth has not been 

previously demonstrated. Both SFLS and VLS growth of Ge nanowires are well 

established,19,26 but the Ge reactant chemistries used in these methods do not necessarily 

apply to SLS growth. Gaseous germane for example, which is the common reactant for 

VLS growth, cannot be fed directly into a solvent for SLS growth and it was our previous 

belief that diphenylgermane (Ge(C6H5)2H2; DPG)—which works very well for SFLS Ge 

nanowire growth—would be too unreactive for SLS growth.24 However, this has turned 

out not to be the case, and Au nanocrystals were found to significantly enhance the DPG 

decomposition in some high boiling solvents, (i.e., squalane and squalene) and have 

produced significant quantities of crystalline Ge nanowires. 

3.2 EXPERIMENTAL METHODS 

3.2.1 Reagents 

All reactions were carried out using standard airless procedures using a nitrogen-

filled glove box and a Schlenk line. Squalane (99%), squalene (>98%), octacosane 

(99%), dotriacontane (97%), tri-n-octylamine (TOA, 98%), tri-n-octylphosphine (TOP, 

>97%) and toluene (>99.5%) were purchased from Sigma-Aldrich. Diphenylgermane 

(DPG, >95%) was obtained from Gelest. Dodecanethiol-coated Au nanocrystals (2.6 ± 

0.4 nm diameter) were synthesized following literature procedures.27 
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Stock solutions of 300 mM DPG were prepared in a nitrogen-filled glove box by 

adding 75 µL of DPG to 1.33 mL of the solvent used for the reaction. For reactions in 

octacosane and dotriacontane, DPG stock solutions were prepared in toluene as 

octacosane and dotriacontane are solids at room temperature. For SLS nanowire growth, 

3.3 µL of a dispersion of 35.6 mg mL-1 Au nanocrystals in toluene were added to the 

DPG stock solution before injection into the reaction flask, corresponding to a Ge:Au 

mole ratio of 1250:1 in the injection solution. 

3.2.2 DPG decomposition and Ge nanowire growth reactions 

The solvent—either 4 mL of squalane, squalene, TOA, or TOP, or 5g of 

octacosane or dotriacontane—was added to a 4-neck flask and attached to a Schlenk line, 

heated to 100°C under vacuum (<500 mTorr) for 30 minutes, and then blanketed with 

nitrogen. The solvent was then heated to 380°C. For DPG decomposition reactions, 1 mL 

of Au-free DPG reactant solution was removed from the glove box in a syringe and 

rapidly injected into the reaction flask. For SLS nanowire growth, a Au nanocrystal/DPG 

reactant solution was injected. 

The reactions were carried out at 380°C for 5 minutes. The flask was removed 

from the heating mantle, and once the flask cooled to ~100°C 15 mL of toluene were 

added. The temperature was reduced further to ~50°C and the flask was sonicated for 5 to 

10 seconds to redisperse the reaction product from the flask walls. The reaction solution 

was then transferred to a centrifuge tube and spun at 8000 rpm for 5 minutes. The 

supernatant was discarded. The precipitate was resuspended in 10 mL of chloroform and 

2 mL of ethanol and centrifuged again at 8000 rpm for 5 minutes. The supernatant was 

again discarded and the precipitate saved for characterization. 
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3.2.3 Materials characterization 

Ge nanowires and other reaction products were characterized using a variety of 

techniques, including scanning and transmission electron microscopy (SEM and TEM), 

energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD) and mass 

spectrometry. 

SEM was performed using a Zeiss Supra 40 SEM with an in-lens arrangement, a 

working voltage of 5 keV and a working distance of 5 mm. SEM samples were imaged 

on 1cm × 1cm silicon wafers (from S.E.H.). TEM images were acquired digitally with 

either a Philips EM208 TEM (operated at 80 kV) or a field emission JEOL 2010F TEM 

(operated at 200 kV). EDS data were acquired on a JEOL 2010F TEM equipped with an 

Oxford Inca EDS detector. The TEM samples were prepared by drop-casting from 

chloroform onto 200 mesh copper lacey carbon TEM grids (Electron Microscopy 

Sciences). 

XRD was performed using a Bunker-Nonius D8 Advance diffractometer with Cu 

Kα radiation (λ = 1.54 Å). Around 3–5 mg of sample was deposited onto quartz substrates 

and analyzed using a rotating sample holder and collecting data for 4 to 6 hours. The 

generator voltage and amperage were 40 mV and 40 mA, respectively, with a scan rate of 

12 deg min-1 in 0.02 deg intervals. 

Inductively coupled plasma mass spectrometry (ICPMS) was performed using a 

GBC Optimass 8000 ICPMS. For ICPMS, 1g of solvent (squalane, squalene, octacosane, 

dotriacontane, TOA or TOP) was combined with 5g of concentrated nitric acid (15.8 N) 

and stirred for 20 min at 70 °C to extract any trace metal ions into the aqueous phase. 

Squalene was stirred at room temperature due to side reactions observed when heated to 

70 °C. The aqueous phase was then diluted by adding a 1 mL aliquot to 50 mL of a 1% 

(w/w) nitric acid solution and analyzed. 
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3.3 RESULTS 

3.3.1 SLS growth of Au-seeded Ge nanowires 

Ge nanowires could be produced by Au nanocrystal-seeded SLS growth in 

squalane, squalene, dotriacontane, octacosane and trioctylamine at 380°C by the thermal 

decomposition of DPG. Figure 3.1 shows SEM images of Ge nanowires obtained in these 

reactions. The nanowires are crystalline and composed of diamond cubic Ge as 

confirmed by XRD (Figure 3.2). The highest quality nanowires were obtained in squalane 

(Figure 3.1a). Figure 3.3 shows a TEM image of a 30 nm diameter Au-seeded Ge 

nanowire grown in squalane. The fast Fourier transform (FFT) of the TEM image 

matches crystalline Ge and indicates that the nanowire has a <110> growth direction. 

EDS collected with the electron beam focused on the nanowire and the tip showed the 

presence of Ge in the wire and Au at the tip, thus confirming that the nanowire grew by 

the SLS mechanism from the Au seed. 
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Figure 3.1: SEM images of Ge nanowires formed by heating DPG in the presence of Au 
nanocrystals at 380oC for 10 minutes in (a) squalane, (b) squalene, (c) 
octacosane, (d) dotriacontane and (e) TOA.  Ge nanowires could not be 
grown in TOP using Au seeds and DPG. 
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Figure 3.2: XRD of the reaction products from the thermal decomposition of DPG at 
380oC in (a) TOA without Au, and (b) TOA, (c) squalane, (d) octacosane, 
and (e) dotriacontane in the presence of Au nanocrystals, and (f) 
dotriacontane without Au nanocrystals.  Diffraction patterns (b-f) index to 
diamond cubic Ge (JCPDS: 00-004-0545).  Peaks labeled with “*” 
correspond to NaCl (JCPDS: 00-005-0628).  
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Figure 3.3: (a, b) TEM images of a Ge nanowire obtained by DPG  decomposition in 
squalane in the presence of Au nanocrystals with (inset) corresponding FFT. 
(c, d) EDS acquired with the electron beam focused (c) on the wire and (d) 
at the nanowire tip.  The Cu and C signals are from the TEM grid and 
support. 

The nanowire yield and quality were quite good in all of the solvents except in 

TOP, in which Ge nanowires could not be produced. Nonetheless, some undesired 

reaction products were also observed in the reactions, including amorphous Ge particles, 

heavily kinked nanowires, and nanowires with significant surface deposition. Figure A2 

in Appendix A shows SEM images of typical impurities. Amorphous Ge particles result 

from homogeneous Ge nucleation and growth that is unassociated with the Au seed 

particles; kinking results when the seed particle becomes starved for Ge; and sidewall 

deposition is a consequence of DPG decomposition that is too fast.28,29 It should be 

possible to eliminate most of these undesired byproducts by optimizing the reaction 

conditions. 
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3.3.2 The role of solvent impurities in Ge nanowire growth in 

Crystalline Ge nanowires were also obtained in relatively high yield when DPG 

was heated at 380°C in dotriacontane without Au nanocrystals. In all of the other 

solvents, Au nanocrystals were needed to induce crystalline Ge nanowire growth. Figure 

3.4 shows SEM and TEM images of the Ge nanowires obtained under these conditions; 

the nanowires are straight and appear to be of reasonable quality. EDS (Figure 3.5c) of 

the nanowires confirmed that they were composed of Ge and XRD (Figure 3.2f) 

confirmed that the nanowires were indeed crystalline, diamond cubic Ge. The addition of 

Au nanocrystals to the reactions in dotriacontane also led to crystalline Ge nanowires, but 

the product yields were similar to the reactions carried out in the absence of Au. The Ge 

nanowires formed without Au nanocrystals present were heavily twinned, like the 

nanowire in Figure 3.5. 

 

Figure 3.4: (a) SEM and (b) TEM images of Ge nanowires obtained when DPG was 
heated in dotriacontane at 380oC without Au nanocrystals. 
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Figure 3.5: (a, b) TEM images of a Ge nanowire obtained by DPG decomposition in 
dotriacontane at 380oC without adding gold nanocrystals.  The inset in (b) is 
the FFT of the TEM image.  (c, d) EDS data obtained from the core and the 
tip of the nanowire, respectively.  The Cu peaks seen here are from the 
copper supported lacey carbon TEM grid. 

Although “unseeded” Ge nanowire growth was at first surprising to us, there are 

in fact several reports of Ge nanowires grown in solution without the intentional addition 

of seeds.30–34 In our case, however, EDS and XRD of the nanowires and ICPMS of the 

dotriacontane showed that impurities in the dotriacontane were actually responsible for 

the formation of the Ge nanowires in the absence of Au nanocrystals. Diffraction peaks 

for NaCl were observed (Figure 3.6) to be present in the sample by XRD of the nanowire 

product. Heating pure dotriacontane (without adding DPG) at 400°C for 2 hours was 

found to produce a solid byproduct that was found to be NaCl by XRD (Figure 3.6).35 

TEM showed an accumulation of material at the tips of the nanowires, which EDS 

showed to be composed of Cu and other impurities at the tip of the wire (Figure 3.6). 
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ICPMS of pure dotriacontane also showed that Cu was present in the solvent. In fact, 

pure dotriacontane took on a slight red hue when heated at 400°C for 2 hours, most likely 

from this Cu impurity. ICPMS of the other solvents did not show the presence of 

contaminants and crystalline Ge nanowires did not form in these solvents unless Au 

nanocrystals were added to the reactions. In the absence of Au nanocrystals, only 

amorphous Ge particles were formed (Appendix A, Figure A3). 
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Figure 3.6: (a) EDS and (b) XRD of (inset) Ge nanowires grown in dotriacontane 
without Au.  (b) XRD of (i) nanowires and (ii) solid byproduct isolated after 
heating dotriacontane. Ni and C signals are from the TEM grid.  Diffraction 
peaks correspond to (i) diamond cubic Ge and (ii) NaCl (JCPDS: 00-005-
0628). 
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3.4 DISCUSSION 

3.4.1 DPG decomposition chemistry: the influence of Au  

Au promotes nanowire growth by the SLS mechanism because the reaction 

temperature of 380°C is higher than the Au:Ge eutectic (360°C). Ge forms a liquid 

solution with the Au nanocrystals as DPG decomposes, eventually saturating the seed 

particle and then crystallizing from it in the form of a nanowire.18 There are no reported 

studies of DPG decomposition at 380 °C in solution at ambient pressure.36 In squalane in 

the absence of Au nanocrystals, DPG decomposition is in fact very slow and one would 

not expect DPG to be a suitable reactant for SLS nanowire growth. However, when Au 

nanocrystals are added to the reaction, the solution turns instantaneously black due to the 

formation of Ge from DPG. Au plays a significant role in the rate of DPG conversion to 

Ge in squalane (and squalene) at 380°C, in addition to promoting crystallization of the 

nanowires. 

Mass spectrometry of the reaction byproducts from a DPG decomposition 

reaction in squalane at 380°C (see Figures A4 and A5 in Appendix A) revealed that DPG 

decomposes by phenyl redistribution, leading to tetraphenylgermane (QPG) and germane 

as reaction end products as described in Figure 3.7. Phenylsilanes also decompose by a 

similar redistribution pathway in organic solvents at elevated temperature.22,37 
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Figure 3.7:  Decomposition of diphenylgermane by phenyl redistribution.  (x=1, 2, or 3; 
y=1, 2, or 3).         

Table 3.1 lists the measured DPG conversion to Ge nanowires after 5 minutes for 

reactions carried out in various solvents. In all of the solvents except TOP, the addition of 

Au nanocrystals led to the theoretical yield of Ge from DPG. In some of the solvents 

under some conditions, the measured DPG conversion was slightly higher than 50%, 

which could be due to the presence of QPG in the weighed product, as it is insoluble and 

not easily separated from nanowires, which in turn are not reasonably dispersible in 

solvents. In the absence of Au, there was almost no observable DPG decomposition to Ge 

in squalane and squalene at 380°C after 5 minutes. In octacosane, TOA and 

dotriacontane, however, there was significant conversion of DPG to Ge when Au was not 

present in the reaction. The Ge product obtained from octacosane and TOA was 

composed of amorphous Ge particles and the Ge product from dotriacontane was 
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crystalline nanowires. As established above, there is an impurity in dotriacontane that 

promotes crystalline nanowire growth, which also appears to catalyze DPG 

decomposition. In octacosane and TOA, no such impurity was identified. 

Table 3.1: DPG conversion to Ge after 5 minutes at 380oC in various high boiling 
temperature solvents.   

Boiling 
point (oC)

Conversion† 
with Au (%) 

Conversion†  
without Au (%) 

Squalane 420 52.8 0 
Squalene 420 25.0 0 
Octacosane 430 30.0 43.6** 
Dotriacontane 460 42.7 65.2* 
Trioctylamine 360 77.0 66.0** 
Trioctylphosphine§ 360 0 0 

* Crystalline Ge   
** Amorphous Ge 
§ By applying a slight back pressure, TOP could be refluxed at 380oC 
†The theoretical maximum conversion of DPG to Ge by phenyl 
redistribution is 50%, since tetraphenylgermane is thermally stable at 380oC 

DPG decomposes to Ge by phenyl redistribution, and in squalane and squalene 

the Au nanocrystals greatly enhance the decomposition rate. Figure 3.8 provides two 

possible reaction pathways involving DPG and Au nanocrystals. In a homogeneous DPG 

decomposition pathway, DPG would first undergo redistribution to germane (GeH4) in 

solution, and then decompose to Ge which is free to diffuse into the Au nanocrystal. In a 

heterogeneous decomposition pathway, DPG (or another phenylgermane species) adsorbs 

to the Au nanocrystal surface and then decomposes to Ge by disproportionation. This 

second heterogeneous decomposition pathway for phenylgermanes seems unlikely, as it 

requires (1) the adsorption of at least two phenylgermane reactant species and (2) the 

final desorption of QPG as a reaction byproduct; however, metals (although not Au) are 

well-known catalysts for phenyl redistribution reactions of phenylsilanes,23,37 and perhaps 

Au is catalyzing phenylgermane disproportionation. Another heterogeneous reaction 



 63

pathway might involve the adsorption of GeH4 from solution, followed by hydrogen 

desorption and then Ge incorporation into the seed. Au is in fact known to catalyze silane 

(SiH4) decomposition by such a heterogeneous pathway, in which the Au surface 

enhances the rate of hydrogen desorption.38,39 The problem with this reaction pathway is 

that in squalane and squalene in the absence of Au there is almost no Ge formed, and 

there is no observed bubbling of GeH4 gas out of the reaction flask. One other variation 

might be that DPG (or other phenylgermanes) adsorbs to the Au nanocrystal surface, 

rearranges to GeH4 and then the Au surface enhances the decomposition of GeH4. Again, 

this reaction pathway requires the adsorption of multiple phenylgermanes on the 

nanocrystal surface (unless direct Ge–C thermolysis were possible, which is unlikely) and 

eventually QPG desorption. 

 

Figure 3.8:  Illustration of two possible DPG decomposition routes leading to Au-seeded 
Ge nanowire growth: (a) homogeneous and (b) heterogeneous DPG 
decomposition.  Pathway (b) as illustrated would not require phenyl 
redistribution and most likely does not occur.   
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3.5 CONCLUSIONS 

Significant quantities of Ge nanowires could be produced in solution at 380°C 

using DPG as a reactant and Au nanocrystals to promote SLS nanowire growth. The Au 

nanocrystals were also found to greatly increase the rate of DPG decomposition to Ge in 

squalane and squalene. DPG decomposes to Ge by phenyl redistribution to GeH4 and 

GePh4. A few plausible reaction pathways involving the Au nanocrystals were proposed. 

Au had less influence on DPG decomposition rates in dotriacontane, TOA and 

octacosane, but was needed to crystallize Ge nanowires, except in dotriacontane; 

crystalline Ge nanowires formed in dotriacontane without adding Au nanocrystals, but it 

was found that impurities in the solvent (e.g., Cu and NaCl) seeded nanowire growth. No 

such impurities were found by ICPMS in TOA and octacosane. Therefore, it is possible 

that squalane and squalene actually retard DPG decomposition (in the absence of Au); 

however, it is not clear why this would be the case since there is no obvious functional 

group common to these molecules expected to interact with Ge (see Appendix A for a 

summary of the solvent chemical structures). At any rate, Au may be serving as a catalyst 

for DPG decomposition in squalane and squalene, or may simply serve as a Ge sink and 

shift the equilibrium toward Ge formation. Further mechanistic studies are needed to 

clarify the details of this relatively complicated reaction chemistry. 

In summary, SLS growth can be used to produce high aspect ratio crystalline 

nanowires. In contrast to gas-phase VLS methods, which are limited to batch reactions on 

substrate surfaces, SLS nanowire growth can be used to produce large quantities of 

nanowires, as needed for applications like printed electronics and nanowire /polymer 

composites. The purity of the solution reaction environment, however, is more difficult to 

maintain than in high vacuum gas-phase conditions and it remains to be seen how 

significantly impurities affect the physical properties of nanowires grown in solution. 
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There may be a tradeoff in purity and yield of nanowires, and perhaps this will be one of 

the deciding factors about which nanowire growth method—either gas phase or solution 

phase—is used. More research is needed, testing and comparing the physical properties 

of nanowires made both in solution and in the gas phase in order to answer this question. 

At any rate, the solution chemical synthesis of semiconductor nanowires provides a 

general high-yield strategy to produce crystalline semiconductor nanowires that opens the 

door for many possible technological applications like polymer /nanowire composites 

that are simply impossible using VLS-CVD growth methods. 
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Chapter 4: Electrochemical Lithiation of Graphene-Supported Silicon 
and Germanium for Rechargeable Batteries§3 

4.1 INTRODUCTION 

Rechargeable lithium ion batteries (LIBs) are used widely to power portable 

electronic devices.  They have high energy density, high operating voltage, low self-

discharge and require little maintenance.  However, more advanced applications are 

demanding batteries with increased capacity, faster charging and discharging and longer 

cycle life.1,2  The most demanding applications like battery-powered automobiles and 

utility-scale power storage for intermittent renewable energy sources like solar cells and 

wind need unprecedented power density.3  

Improved LIBs require advances in electrode materials.  The battery capacity is 

limited by the amount of lithium that can be incorporated into the negative (anode) and 

positive (cathode) electrodes, which have theoretical lithium storage capacities of 372 

mA h g-1 (graphite) and 135 mA h g-1 (LiCoO2).2,4  Graphite has good lithium storage 

capacity and chemical stability, low irreversible capacity loss and low cost,5,6 but there 

are materials with much higher theoretical capacities.  Si and Ge for example have 

theoretical capacities of 3579 mA h g-1 and 1600 mA h g-1, respectively.7-10  Increasing 

the anode capacity to about 1000 mA h g-1 without any change in the cathode material 

would significantly improve the total battery capacity compared to what is possible using 

graphite.4   

Lithiation of Si and Ge causes a large volume expansion (300% v/v) that leads to 

pulverization of bulk crystals and battery failure.11  Nanoparticles, nanowires and 

nanotubes can withstand these changes without cracking and have been widely studied 

for high capacity anodes in LIBs.2, 12-19   However, the long-term cycling stability of Si 
                                                 
§ This chapter was accepted for publication in The Journal of Physical Chemistry C April, 2012 
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and Ge anodes is sensitive to the additional components in the battery, including 

electrically conductive additives (Si and Ge are poor conductors), polymeric binder and 

electrolyte.2, 10,15-27  There has been significant recent interest in using graphene as a 

battery additive because it has a high electrical conductivity, mechanical durability, and 

chemical stability.28, 29  As a stand-alone electrode material, graphene can store more Li 

than graphite because Li can adsorb to both sides of a single graphene sheet.30-36 

Furthermore, graphene can be produced in significant quantities by reducing exfoliated 

graphene oxide.37, 38   Reduced graphite oxide (RGO) has been studied as a LIB host for a 

variety of nanocrystals, including Mn3O4,39 Co3O4,40, 41 SnO2,42 Fe3O4,43 and Si,44 and it 

has been shown to provide increased capacity in most of these instances.  Here, we study 

the LIB performance of RGO-supported Si and Ge nanowires, as well as Si nanocrystals, 

focusing on the role of the RGO in the electrochemical lithiation reaction.  In all cases, 

RGO improved the LIB performance of these nanomaterials.  However, the lithiation 

reactions were dominated by RGO unless the Si and Ge loading was relatively high (50 

% w/w) and the cycling rate was slow (< C/10).  Only in the case of the Ge nanowires 

was lithiation competitive with RGO at faster cycling rates.   

4.2 EXPERIMENTAL DETAILS 

4.2.1 Materials 

All reagents were used as received without further purification.  Dodecanethiol 

(DDT, ≥98%), tetrachloroaurate trihydrate (≥99.9%), sodium borohydride (≥98%), 

toluene (ACS grade and anhydrous, 99.8%), ethanol (99.9%), potassium permanganate 

(≥99%), sulfuric acid (95.0-98.0%), hydrogen peroxide (>30% solution in water), 

hydrazine monohydrate (98%), tetraoctylammonium bromide (TOAB, 98%), and 

chloroform (99.8%) were purchased from Sigma Aldrich.  LiPF6 (1.0M in a 1:1 mixture 
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of ethylcarbonate [EC, >99.95%] : diethyl carbonate [DEC, >99.98%]) was purchased 

from Novolyte.  Batteries were assembled using Celgard 2400 membranes (Celgard, 

25μm) as separators and Li metal (Alfa Aesar, 99.9%) as the counter electrode.  

Diphenylgermane (DPG, >95%) was purchased from Gelest. Graphite (sp-1) powder was 

purchased from Bay Carbon.  Methanol (99.98%), hydrochloric acid (25% v/v) and 

alumina filters (13mm diameter, Whatman brand) were purchased from Fisher and 

hydrofluoric acid (48–51% v/v) from EMD Chemical.  Trisilane (99.99%) was purchased 

from Voltaix. 

4.2.2 Silicon nanowire synthesis 

Si nanowires were synthesized by gold nanocrystal-seeded supercritical fluid-

liquid-solid (SFLS) growth using trisilane as the Si reactant in toluene.45  All procedures 

were performed within a nitrogen-filled glove box.  A reactant solution of trisilane and 

Au nanocrystals in toluene is made first.  Trisilane is added (0.25 mL) to 0.85 mL of 

toluene-dispersed 2 nm diameter dodecanethiol-capped Au nanocrystals46 at a 

concentration of 32.4 mg mL-1 to give a 40:1 Si:Au mole ratio.  Nanowire growth is 

carried out in a flow-through high pressure sealed titanium reactor at 450oC.  Before 

injecting the reactant solution, the reactor is heated to 450oC then pressurized with 

toluene to 6.9 MPa with a closed effluent line.  The reactant solution is injected over the 

course of 1 minute with the reactor effluent remaining closed and the reactor pressure 

increases to 15.2 MPa.  Immediately after injecting the reactant solution, the inlet line is 

closed and the reactor is removed from the heating block and allowed to cool to room 

temperature. After the reactor has cooled, it is removed from the glovebox and opened.  

The nanowires are extracted from the reactor with additional toluene.  The crude reaction 

product, typically dispersed in about 20 mL of toluene, is centrifuged at 8000 rpm for 5 
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minutes and the supernatant is discarded.  The nanowires are then washed two more 

times by redispersion in 20 mL of toluene followed by centrifugation.  The nanowires are 

redispersed in toluene at a concentration of 1 mg mL-1 and stored as a stock solution in a 

vial under ambient conditions prior to use. 

4.2.3 Germanium nanowire synthesis 

Ge nanowires were synthesized by Au nanocrystal-seeded solution-liquid-solid 

(SLS) growth.47  10 mL of squalane was added to a 4-neck flask attached to an air-free 

Schlenk line heated to 100oC under vacuum (<500 mTorr) for 30 minutes, and then 

blanketed with nitrogen.  The solvent was then heated to 380oC while, in a nitrogen-filled 

glove box, an injection solution containing 0.375 mL of DPG and 0.55 mL of a Au 

nanoparticle dispersion (1mg mL-1 in toluene) diluted with 1 mL squalane was plunged 

into a syringe.  The syringe containing the reactant solution was removed from the glove 

box and rapidly injected into the reaction flask and stirred vigorously for 5 minutes.  At 

the end of the 5 minute reaction, the flask was removed from the heating mantle and 

cooled to ~100oC, at which point 10 mL of toluene was added.  The temperature was 

reduced further to ~50oC and the flask was sonicated for 5 to 10 seconds to redisperse the 

reaction product from the flask walls.  The reaction solution was then transferred to a 

centrifuge tube, additional toluene (~10 mL) was added, and the mixture was centrifuged.  

After centrifugation, the supernatant was discarded, toluene (~10 mL) was added, and the 

mixture was centrifuged once more.  The supernatant was again discarded.  Nanowires 

were dispersed in toluene at a concentration of 1 mg mL-1 and stored under ambient 

conditions prior to use.  These stock solutions were used directly to fabricate the LIB 

anodes as described below. 
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4.2.4 Si nanocrystal synthesis 

Si nanocrystals were synthesized by the thermal decomposition of HSQ.48, 49  

HSQ was heated under inert atmosphere to 1300oC where it was annealed for 1h under 

forming gas (7%H2, 93% N2) to yield a dark glassy material composed of Si nanocrystals 

in SiO2.  This material was mechanically ground to a powder and added to an aqueous 

solution of hydrofluoric (10 mL HF, 48% v/v) and hydrochloric (1 mL HCl, 25% v/v) 

acids.  After 6 hours in the dark, the SiO2 has etched away to yield a dispersion of 

hydrogen-terminated Si nanocrystals, which was then transferred to a plastic centrifuge 

tube. 3 mL of ethanol are added to the beaker which is then sonicated for 3 mins to 

collect nanocrystals that aggregated on the walls of the beaker. This residue was added to 

the centrifuge tube with the previously collected nanocrystals and the tube was 

centrifuged at 8000 rpm for 3 minutes. The supernatant was discarded, 5 mL of ethanol 

was added to the centrifuge tube, and the tube was placed in the bath sonicator for 5 mins 

to redisperse the Si nanocrystals. The solution was centrifuged at 8000 rpm for 3 minutes. 

This was repeated twice with ethanol and once with chloroform. After the final wash 

cycle, the Si nanocrystals were dispersed into chloroform and stored in a vial under 

ambient conditions for later use. 

4.2.5 Reduced graphite oxide (RGO) 

RGO was made from graphite oxide (GO) prepared by a modified Hummers 

method.37  Graphite powder (3 g) was dispersed in a 250 mL round bottom flask with 50 

mL concentrated sulfuric acid stirring at 600 rpm.  7 g KMnO4 is added slowly, making 

sure that the temperature does not exceed 35oC.  The temperature is maintained at 35oC 

for 2 hr.  H2O2 is added until the solution ceases to bubble (about 20 mL).  Then, 50 mL 

of DI water is added and the flask is heated to 95oC for 4 hr. The solution becomes brown 

and viscous indicating the formation of GO.  After cooling to room temperature, the 



 73

resulting mixture is stirred overnight.  The viscous, brown dispersion of GO is filtered 

through a Buchner funnel and resuspended in water (repeated twice).  After a third 

filtration, the GO is suspended in a 0.1% solution of hydrochloric acid by sonication for 3 

hr.  The dispersion is then centrifuged for 10 min at 8000 rpm.  The final brown paste is 

placed on a piece of Fisherbrand filter paper (Qualitative P5, medium porosity, slow flow 

rate) and dried under vacuum overnight at room temperature.  About 5.5 g of GO is 

obtained from 3 g of graphite powder. 

GO is reduced to RGO using procedures similar to Park and coworkers.38 A stock 

solution of RGO was prepared by adding GO to water at a concentration of 3 mg mL-1 

and exfoliating via sonication for one hour.  An additional 9 volumes of 

dimethylformamide (DMF) were added to the suspension and sonicated again for an 

hour.  A stable suspension of graphene oxide is formed at a final concentration of 0.3 mg 

mL-1 GO in a 9:1 ratio of dimethylformamide and water.  GO is then chemically reduced 

to RGO by adding 1 μL hydrazine monohydrate per mL of solution and stirred with 

heating for 12 hr at 80oC. 

4.2.6 Anode preparation 

LIB anodes were prepared by combining the 1 mg mL-1 stock solutions of Si or 

Ge nanowires in toluene with the prepared RGO dispersions in the appropriate amounts 

to yield mixtures of RGO with Si or Ge nanowires at wt% of 0 (i.e. RGO only), 25, 50, 

75, 100 (i.e. nanowires only).  The nanowire/RGO dispersions were vacuum filtered 

through a 13 mm diameter Whatman filter (FisherSci) with 0.02 μm pores.44  About 3-5 

mg of material was needed to uniformly cover the filter. The retentate film was then 

rinsed with isopropanol.  The alumina filter and retentate film were placed in a vacuum 

chamber attached to an air-free Schlenk line for overnight drying.  After drying, the 
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anodes were carefully lifted off the filter with the help of a razor blade and tweezers and 

assembled into a coin cell using Li foil as the counter electrode.   

Silicon nanocrystals were combined with RGO by mixing Si nanocrystals (1.4 mg 

dispersed in ethanol) with RGO (0.6 mg dispersed in 2 mL water / DMF) giving a Si 

nanocrystal composition of  70% w/w).  The mixture was sonicated for 30 minutes and 

vacuum filtered (13 mm Whatman filter with 0.02 μm pore size).  The retentate films 

were rinsed with ethanol.  The filter was removed from the flask and dried under vacuum 

overnight before lifting the nanocrystal / RGO film off the filter. 

4.2.7 Battery assembly and testing 

Batteries were prepared in an argon-filled glovebox using a Cu foil current 

collector.  RGO-supported anode materials were placed on the Cu current collector.  A 

few drops of electrolyte solution (1.0M solution of LiPF6 in a 1:1 (w/w) mixture of 

EC:DEC were deposited on the anode material.  A Celgard 2400 separator membrane 

(25μm thick) was added followed by a few additional drops of electrolyte and Li metal 

foil as the counter electrode. A top casing was added to complete the battery before 

crimping. 

Galvanostatic measurements were made with an Arbin BT-2143 test unit with 

cycling between 3 V and 10 mV vs Li/Li+ using the following cycling schedule unless 

otherwise noted: 20 cycles at C/20, 20 cycles at C/10, 20 cycles at C/5, 10 cycles at C/2, 

10 cycles at C, 20 cycles at C/20.  Table B1 in Appendix B provides the theoretical 

capacities used to determine the cycle rate, C, for all of the materials studied.   

4.2.8 Materials characterization 

Scanning electron microscopy (SEM) images were acquired using a Zeiss Supra 

40 SEM with an in-lens arrangement, a working voltage of 5 keV and a working distance 
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of 5 mm.  SEM samples were imaged on silicon wafers (S.E.H).  Transmission electron 

microscopy (TEM) images were digitally acquired using a JEOL 2010F TEM operated at 

200 kV.  TEM samples of Si nanocrystals were prepared on 200 mesh lacey-carbon 

copper TEM grids (Electron Microscopy Sciences) with a layer of drop-cast graphene.  

The Si nanocrystals were drop-cast from chloroform dispersions onto the grids. 

4.3 RESULTS AND DISCUSSION 

4.3.1 RGO supported nanowire and nanocrystal films 

Si nanowires were grown by the supercritical fluid-liquid-solid (SFLS) method,45 

Ge nanowires were grown by the solution-liquid-solid (SLS) method,47 and Si 

nanocrystals were produced by a thermal decomposition of hydrogen silsesquioxane 

(HSQ).48, 49  These nanomaterials were mixed well with RGO.  Figures 4.1 and 4.2 show 

images of the materials used in the lithiation studies.  The anode layers were 100–200 μm 

thick with relatively uniform thickness and composition.     
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Figure 4.1: SEM images of LIB anodes of (a, b) Si nanowires, (c, d) Ge nanowires,  (e, f) 
Si nanowire / RGO (75 % w/w Si), (g, h) Ge nanowire / RGO (75 % w/w 
Ge), and (i) RGO. The insets show photographs of the materials (13 mm in 
diameter). XRD (Figure B1 in Appendix B) confirmed that the nanowires 
were crystalline diamond cubic Si and Ge prior to electrochemical cycling. 
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Figure 4.2: (a, b) TEM images of Si nanocrystals with accompanying FFT pattern 
(inset). (c) SEM of Si nanocrystals on graphene.  The Si nanocrystal / 
graphene film in the inset is 13 mm in diameter. 

4.3.2 Electrochemical behavior of RGO 

Figure 4.3 shows the capacity and associated voltage and differential capacity 

curves for RGO anodes.  The voltage profiles are consistent with reported RGO 

lithiation, with a first-cycle lithiation peak at 800 mV and a secondary lithiation event 

beginning around 250 mV and intensifying down to the cutoff voltage (10 mV).36  The 

first cycle charge capacity at a rate of C/20 was nearly 1200 mA h g-1 and then dropped 

steadily to 350 mA h g-1, where it stabilized after 20 cycles.  An increase in cycle rate led 

to decreased capacity.  For instance, the capacity was about 200 mA h g-1 at a rate of C/5 

and near 100 mA h g-1 at a rate of 1C.  Reducing the cycle rate again to C/20 led to a 

return to higher capacity approaching 400 mA h g-1.  These capacities are slightly higher 

at faster cycling rates than previously reported for RGO.  For example, Wang et al.34 

observed a first cycle capacity of 700 mA h g-1 with an immediate decrease to 100 mA h 
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g-1 in the second cycle at a rate of C/7.5. The capacity of RGO anodes is known to be 

sensitive to the preparation method.35  The high irreversible first cycle capacity is results 

from electrochemical reactions contributing to the solid-electrolyte interphase (SEI) layer 

formation.  Reversible capacities slightly exceeding the theoretical maximum of graphite 

(372 mA h g-1) at low cycle rate (C/20) indicate that Li+ adsorption is occurring on both 

sides of individual graphene sheets.30,32    

 

 

Figure 4.3: (a) Charge (filled symbols) and discharge (open symbols) capacity of RGO 
cycled at various rates, along with corresponding (b) voltage profiles and (c, 
d) differential capacity curves.  
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4.3.3 Electrochemical behavior of RGO supported Si nanowires 

Figure 4.4 shows the electrochemical performance of Si nanowires with and 

without RGO added.  Both samples showed a high irreversible capacity.  The Si 

nanowires had an initial capacity of 1100 mA h g-1 at a cycle rate of C/20 and after 20 

cycles, the capacity was less than 500 mA h g-1.  An increase in rate to C/10 led to a loss 

of lithiation capacity, but a reduction in cycle rate back to C/20 restored the capacity of 

greater than 500 mA h g-1. The capacity was not stable and continuously dropped with 

increased cycling.  Figure B.2 in Appendix B provides the voltage and differential 

capacity data for the Si nanowires, which confirmed that lithiation of the Si nanowires 

was occurring in the early cycles, but decreased significantly with more cycling.  Adding 

RGO to the Si nanowires stabilized the electrodes to a small extent; for example, there 

was still measureable capacity when the rate was increased from C/20 to C/10, but was 

low and dropped to less than 100 mA h g-1.  A return in capacity similar to the RGO-free 

nanowires was observed when the rate was decreased again to C/20, but the capacity was 

lower (about 300 mA h g-1) and still declining steadily with each subsequent cycle.  The 

voltage and differential capacity curves for the Si nanowire / RGO anode (75% w/w Si) 

are shown in Figure 4.4b and an expanded view of the differential capacity data is shown 

in Figure B3 in Appendix B.  The signatures of Si lithiation and delithiation are again 

present,7,12 confirming that Si participates in the electrochemical reaction.  Interestingly, 

when the cycle rate returned to C/20 after cycling at faster rates, the electrochemical 

features corresponding to Si lithiation and delithiation were quite weak (cycle 100) even 

though a higher capacity was restored, indicating that Si was not fully participating in the 

de/lithiation reactions.  The reason for this requires further study, but the significant 

capacity fade indicates that there are competing irreversible electrochemical reactions. 
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Figure 4.4: (a) Charge (filled symbols) and discharge (open symbols) capacity of Si 
nanowire (squares) and Si nanowire / RGO (75% w/w Si, circles) anodes at 
various cycle rates.  Discharge capacities of Si nanowire / RGO anodes with 
varying Si content are plotted in the inset with colors corresponding to the 
cycle rates in the capacity plot.  The variation in discharge capacity is the 
result of capacity fade.  (b) Voltage profiles of Si nanowire / RGO (75% 
w/w Si) anodes with (c, d) corresponding differential capacity curves.   

Figure 4.5 shows differential capacity curves for Si nanowire/RGO anodes with 

different Si content.  With only 25% w/w Si, most of the lithiation and delithiation is 

related to RGO.  The lithiation peak at 800 mV for example is characteristic of RGO and 

not Si.  With 75% w/w Si, there is no evidence of RGO lithiation at a cycle rate of C/20 

and the capacity is due solely to Si lithiation.  At higher cycle rates, RGO may be 

participating in the lithiation reaction as the two distinctive Si peaks at 100 mV and 200 
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mV (most clearly observed in the cycle 20 in Figure 4.5b) are not clearly distinguishable 

and lithiation is occurring at a continuous range of potential below 250 mV down to the 

cutoff voltage (10 mV), which is characteristic of graphene. 

 

Figure 4.5: Plots of (a, c, e, g) first cycle and (b, d, f, h) subsequent cycle differential 
capacity corresponding to the cycling data in Figure 4.4 for Si nanowire / 
RGO anodes with (a, b) 100%, (c, d) 75%, (e, f) 50%, and (g, h) 25% w/w 
Si. 

4.3.4 Electrochemical behavior of RGO supported Ge nanowires 

Figure 4.6 shows capacity data for Ge nanowires with different amounts of RGO. 

The Ge nanowires performed significantly better than the Si nanowires, especially when 
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RGO was added.  There was still significant irreversible capacity, but the capacity began 

to stabilize at about 600 mA h g-1 after 20 cycles at C/20.  An increase in cycle rate led to 

a decrease in capacity, but RGO provided a significant stabilizing effect at higher cycling 

rates.  At rates of C/2 and 1C, Ge nanowires without RGO exhibited zero capacity 

whereas Ge nanowires with RGO (75% w/w Ge) had capacities of 50 and 100 mA h g-1.  

Again slowing the cycling rate to C/20 after 80 cycles led to an increase in capacity, to 

just above 500 mA h g-1 for the Ge nanowires with RGO (75% w/w Ge). 

 

Figure 4.6: (a) Charge (filled symbols) and discharge (open symbols) capacity of Ge 
nanowire (squares) and Ge nanowire / RGO (75% w/w Ge) anodes (circles) 
cycled at different rates.  Discharge capacities of Ge nanowire / RGO with 
varying Ge content are plotted in the inset with colors corresponding to the 
cycle rates in the capacity plot.  The variation in discharge capacity is the 
result of capacity fade.  (b) Voltage profiles and (c, d) corresponding 
differential capacity curves of the Ge nanowire / RGO (75% w/w Ge) anode. 
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The voltage profiles and differential capacity data of Ge nanowire/RGO anodes 

(Figures 4.6b and 4.7) confirm that the Ge is participating in the electrochemical 

reactions.  Figures B.4 and B.5 in Appendix B provide voltage curves and differential 

capacity data for Ge nanowires corresponding to the capacity data in Figure 4.6 and an 

expanded view of the differential capacity curves for the Ge nanowire/RGO (75% w/w 

Ge) anode in the inset in Figure 4.6b.  When there is less than 50% w/w Ge, there is 

significant lithiation of RGO (i.e., the pronounced lithiation peak at 800 mV), similar to 

the Si nanowire / RGO materials.  But at 75% w/w Ge, lithiation appears to be 

exclusively occurring by insertion into Ge, except at faster cycling rates.  The lithiation 

peaks observed at 0.1-0.3 V and 0.3-0.5 V in the differential capacity data are consistent 

with values reported for galvanostatic cycling of Ge.10,50, 51  When cycled at C/5, a broad 

peak at around 100 mV is present, which may still indicate the lithiation of Ge, but at 

faster rates, lithiation begins to occur at 250 mV and increases steadily down to the cutoff 

voltage (10 mV), which is characteristic of RGO lithiation.  The 200 mV and 400 mV 

lithiation peaks reappear when the cycle rate is reduced to C/20, indicating that Ge is 

again being lithiated. 
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Figure 4.7:  Plots of (a, c, e, g) first cycle and (b, d, f, h) subsequent cycle differential 
capacity corresponding to the cycling data in Figure 4.6 for Ge nanowire / 
RGO anodes with (a, b) 100%, (c, d) 75%, (e, f) 50%, and (g, h) 25% w/w 
Ge. 

4.3.5 Electrochemical behavior of RGO supported Si nanocrystals 

Figure 4.8 shows electrochemical data for RGO with 70% w/w Si nanocrystals.  

The material initially performs similar to those of Lee et al.44 with initial charge capacity 

nearing 3000 mA h g-1, but there is much more significant capacity fade.  The differential 

capacity curves in the inset of Figure 4.8b confirm that Si is being lithiated, with no 

evidence of RGO lithiation (i.e., no peak at 800 mV).  Lee et al.44 observed capacities of 

greater than 2200 mA h g-1 after 50 cycles in their Si nanoparticle/graphene anodes.  
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Compared to Lee et al.,44 the nanocrystals used here are smaller (5nm vs. 20-25 nm 

diameter), which may lead to a larger amount of surface oxide that could lower the 

capacity.  The amount of Si used here was slightly higher (70% compared to 60% w/w), 

leaving less available volume for expansion upon lithiation.  Finally, the cycling rate used 

here was faster (C/20 vs C/40).  More stable cycling should be possible using a more 

appropriate binder, like polyvinylidene fluoride (PVdF).52,53     

 

Figure 4.8: (a) Charge (filled symbols) and discharge (open symbols) capacity with 
coulombic efficiencies of RGO with 70% w/w Si nanocrystals cycled at a 
rate of C/20.  (b) The voltage profiles and (inset) differential capacity curves 
are shown for cycles 1 and 20. 
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4.3.6 Extended behavior of RGO supported Si and Ge nanowires 

The Ge nanowire / RGO (75% w/w Ge) gave the best cycling performance of the 

materials studied here.  Figure 4.9 shows the cycling performance of the RGO-supported 

Ge and Si nanowires. There was significant capacity fade in both materials, but especially 

in the case of the Si nanowire/RGO anode at the faster cycling rate of C/10.  The Ge 

nanowire / RGO anode exhibits an initially high capacity of 1050 mA h g-1 (the 

theoretical capacity for this composition is 1308 mA h g-1) and retained much of this, 

decreasing only to 800 mA h g-1 after 20 cycles.  At higher charging rate of C/10, the 

capacity of Ge nanowire / RGO was still around 500 mA h g-1 and gradually faded to 350 

mA h g-1 after 100 cycles.  Figure B6 in Appendix B provides the voltage profiles and 

differential capacity curves. In the Si nanowire / RGO anode, the differential capacity 

plots indicate that a significant amount of RGO lithiation is occurring after cycle 20 when 

the rate was increased to C/10.  This is also the case for the Ge nanowire/RGO anode, but 

the characteristic lithiation and delithiation peaks of Ge are still present, indicating that 

Ge lithiation rates are faster than Si and still competitive with RGO at these faster cycling 

rates. This likely relates to the much higher solid state Li diffusion in Ge than Si.10       
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Figure 4.9: Lithium capacity of (a) Si nanowire / RGO (75% w/w Si) and (b) Ge 
nanowire / RGO (75% w/w Ge).  The batteries were cycled at C/20 for 20 
cycles followed by C/10 for the next 100 cycles.   

The much better performance of the Ge/RGO anodes compared to Si also 

probably relates to the significant presence of Au in the Si nanowires used in this study 

(See XRD data in Figure B1 of Appendix B).  The Si nanowires were grown by the SFLS 

process using trisilane as a reactant, which requires relatively large amounts of Au 

seeds.45  Typical Si:Au molar ratios are 40:1, compared to about 600:1 for Si nanowires 

grown by SFLS using monophenylsilane (MPS).  Trisilane is much more reactive than 

MPS, however, and yields a significantly higher Si nanowire production rate,45 which is 

economically desirable.  Nonetheless, Au accounts for nearly 25% by weight of the Si 
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nanowire anode, which is known to contribute significant irreversible capacity.54, 55  In 

previous studies, Si nanowires grown by SFLS using monophenylsilane with 

significantly less Au (<1% w/w) have exhibited much better cycling performance than 

the trisilane-grown Si nanowires.19, 20  The Au content in SLS-grown Ge nanowires is 

also relatively low—less than 1% w/w Au.47 

4.4 CONCLUSIONS   

The capacities reported here are well below the theoretical capacities of Si and 

Ge, but these can be improved significantly by selecting more appropriate electrolyte,52, 53 

binder21 and processing methods.22  A low capacity can also result from poor adhesion to 

the copper collector, which was not optimized.  Previous reports of very high capacity 

near the theoretical limit39-44 have utilized materials anchored by covalent linkage or 

electrostatic interaction with RGO.  Yang et al.41 observed reduced capacity retention in 

electrode materials made by mechanical mixing of Co3O4 nanoparticles with RGO 

compared to materials made with intentional chemisorption of the nanoparticles to the 

RGO.  Additionally, slurries typically used in LIBs are formulated to evenly coat the 

current collector to ensure good electrical contact—the surfaces of the anodes studied 

here are relatively rough and were simply placed into physical contact with the current 

collector and may not provide the best electrical contact.  Nonetheless, the data show that 

RGO can significantly help stabilize electrochemical lithiation of Si and Ge 

nanomaterials and improve cycle life and capacity retention.   

RGO itself can serve as an LIB anode material, but when combined with Si or Ge 

nanowires, RGO does not participate in the electrochemical lithiation reaction when the 

Si/Ge loading is relatively high—greater than about 50% w/w—and when the charging 

rate is relatively slow—in this case, slower than C/10.  At lower Si/Ge loading and faster 
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cycling rates, RGO lithiation does occur and under most of these conditions dominates 

the electrochemical behavior.  The stabilizing effect of RGO was more pronounced for 

Ge than Si, most likely because of the lower concentration of Au in the Ge sample, but 

also because of the higher Li diffusion in Ge than Si.  Ge has a lower theoretical capacity 

than Si, but Li diffusion is much faster in Ge, by a factor of 400,10 and has the potential 

for much faster charge/discharge rates than Si.  Much higher capacities were observed in 

the Ge nanowire/RGO materials at faster cycling rates compared to the Si nanowire/RGO 

materials.  Park et al.16 reported a capacity of 600 mA h g-1 for Ge nanotubes at a current 

load of 20 A g-1 corresponding to a cycle rate of 12.3C.  A charge rate of C/3 is 

considered viable for commercial applications.  High cycle rates of 10C have been 

observed for Si with capacities of up to 1250 mA h g-1,17 but only in thin vapor-deposited 

films.  For high rate applications, Ge appears to be more promising than Si, at least in the 

case of composite materials in which competitive electrochemical lithiation can occur.     
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Chapter 5: Solution Grown Germanium Nanowires as a Negative 
Electrode Material in Lithium Ion Batteries 

5.1 INTRODUCTION 

The invention of the lithium ion battery ushered in an era of unparalleled personal 

electronic device portability, evident by the ubiquity of cellular phones, laptop 

computers, mp3 players and smart tablets.  This change in lifestyle has fostered increased 

demand for longer lasting, higher capacity, cheap, sustainable power supplies.1  The 

automotive industry is also moving toward using Li-ion batteries to power cars, but 

developmental hurdles remain.2  Unfortunately, battery technology has been relatively 

stagnant during the past several decades; since the mid 1980s, the cathode material has 

been a Li metal oxide compound (largely LiCoO2) with a graphite anode.3  Recently, 

much effort has been made to improve the capacity of Li ion batteries, particularly by 

replacing graphite with a material that can store more lithium.4  Germanium is one such 

candidate. 

Graphite forms LiC6 upon lithiation which has a maximum theoretical capacity of 

372 mA h g-1.  Compare this to Ge, which forms Li22Ge5,5, 6 a compound with a 

maximum theoretical capacity of 1624 mA h g-1. The main argument against Ge is the 

cost.  In 2009, the price of Ge was $950 / kg and fluctuated between $380 / kg and $1490 

/ kg during the preceding decade.7  There is no shortage of supply, however; as Ge is 

abundant in the earth’s crust.8  The natural abundance of Ge in the Earth’s lithosphere, 

for instance, is about 1.6 ppm,9 which translates to about 2·1018 kg–an amount large 

enough to fill a 130-foot deep pool the size of the United States–yet the worldwide 

production of Ge in 2011 reached only 118 tonnes.10 The price of Ge is maintained by 

low demand. 
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A large volumetric expansion (300%) accompanies lithium insertion into the Ge 

lattice. Bulk Ge pulverizes within the first few charge / discharge cycles and becomes 

unusable as an electrode material. The primary method of mitigating pulverization has 

been to use nanomaterials, which are resilient to mechanical stresses associated with this 

expansion.11-13 Studies have been conducted to explore the viability of Ge as an anode 

material in Li ion batteries but have focused on thin film germanium.6, 8, 14-19  Studies on 

solution-processable nanomaterials such as nanoparticles,19-21 nanowires22-25 and 

nanotubes26 have been explored as well. In addition to increased Li storage, Ge has a 

large Li diffusion coefficient27 making it attractive in high power applications.14, 26  We 

report a scalable method for high throughput synthesis of solution processable Ge 

nanowires using the SLS growth mechanism.28 Various electrolyte solutions were tested, 

including the fluorethylene carbonate (FEC) additive.29-31 

5.2 MATERIALS AND METHODS 

5.2.1 Materials 

All reactions were carried out using standard airless procedures using a nitrogen-

filled glove box and a Schlenk line.  All reagents and solvents were used as received and 

without further purification.  Dodecanethiol (DDT, ≥98%), tetrachloroaurate trihydrate 

(≥99.9%), sodium borohydride (≥98%), toluene (anhydrous, 99.8%), ethanol (99.9%), 

tetraoctylammonium bromide (TOAB, 98%), propylene carbonate (PC, anhydrous, 

99.7%), lithium hexafluorophosphate (LiPF6, ≥99.99%), poly (vinylidene fluoride) 

(PVdF, average MW ~534,000 by GPC), 1-methyl 2-pyrrolidinone (NMP, 99.5%), 

chloroform (99.8%) and squalane (99%) were purchased from Sigma-Aldrich and 

diphenylgermane (DPG, >95%) from Gelest. Conductive carbon super C65 was supplied 

by TIMCAL. Fluoroethylene carbonate (FEC, >98%) was obtained from TCI America.  
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Electrolytes were either purchased–as 1.0M solutions of LiPF6 in a 1:1 w/w mixture of 

ethylcarbonate (EC) : diethyl carbonate (DEC) (Novolyte) or 1.0M LiPF6 in a 1:1 mixture 

of EC : dimethyl carbonate (DMC) (EMD chemicals)–or prepared in one of four ways: 

LiPF6 was either dissolved at a concentration of 1.0M in 1:1 w/w mixture of (1) 

FEC:DEC, (2) FEC:DMC, (3) PC : DMC or (4) by adding 3% w/w FEC to the EC:DMC 

solution purchased from EMD chemicals. Celgard 2400 membranes (25μm) were used as 

separators in battery assembly and were purchased from Celgard.  Li metal foil (1.5 mm 

99.9%) was purchased Alfa Aesar. 

5.2.2 Germanium nanowire synthesis 

Dodecanethiol-coated Au nanocrystals (2 nm diameter) were synthesized 

following literature procedures32 and were stored in a nitrogen-filled gloved box 

dispersed in toluene at a concentration of 1 mg mL-1.  Ge nanowires were produced using 

a modified literature method.28 In short, 10 mL squalane were added to a 4-neck flask and 

attached to a Schlenk line, heated to 100oC with vigorous stirring under vacuum (<500 

mTorr) for 30 minutes, and then blanketed with nitrogen.  The solvent was then heated to 

380oC.  An injection solution containing 0.27 5mL of the Au nanocrystal stock solution 

was combined with 0.375 mL DPG, diluted with 1 mL squalane and plunged into a 

syringe.  The reaction solution-containing syringe was removed from the glove box and 

injected into the reaction flask containing squalane at 380oC.  The reaction lasted 5 

minutes, then the flask was removed from the heating mantle and allowed to cool to room 

temperature.  Toluene (10 mL) was then added to the reaction mixture.  The flask was 

removed from the Schlenk line and sonicated for a few seconds to remove product that 

had adhered to the flask walls.  The reaction solution was then transferred to a centrifuge 

tube and spun at 8000 rpm for 5 minutes.  The supernatant was discarded and the 
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precipitate was resuspended in 10 mL of chloroform and 2 mL of ethanol and centrifuged 

again at 8000 rpm for 5 minutes.  This washing procedure was carried out a third time 

before the Ge nanowire product was dried down by rotovap to get an accurate weight.  

One reaction produces roughly 40 mg of Ge nanowires.  Two such reactions were needed 

to generate enough material to make a slurry to be used in Li ion battery testing. 

5.2.3 Anode preparation and battery assembly 

The Ge nanowire slurry was prepared by dispersing Ge nanowires (81.1 mg) in 2 

mL toluene and bath sonicating for 1 hour.  Meanwhile, 23.2 mg PVdF and 11.6 mg 

conductive carbon were dissolved in 1 mL NMP and bath sonicated for 1 hour.  The Ge 

nanowire and PVdF / carbon black suspensions were mixed (70:20:10 w/w solid content 

of Ge : PVdF : carbon black) and wand sonicated for an additional 30 minutes.  The 

solution was then reduced by rotovap to yield a thick slurry.  The slurry was cast onto Cu 

foil using a 200 μm film applicator and vacuum dried overnight at 100oC. 

Batteries were assembled in an argon-filled glovebox.  Ge nanowire anodes were 

hole-punched (1 cm diameter) from the Cu foil supported slurry film.  The electrolyte 

was a 1.0 M solution of LiPF6 in a 1:1 w/w mixture of either (1) EC:DEC, (2) EC:DMC, 

(3) EC:DMC + 3% w/w FEC, (4) FEC:DEC, (5) FEC:DMC, or (6) PC:DMC.  A few 

drops of electrolyte were deposited over lithium foil counter electrode and again atop the 

separator membrane (25μm thick, Celgard) before the adding the Ge anode. 

5.2.4 Material characterization 

Scanning electron microscopy (SEM) images were acquired using a Zeiss Supra 

40 SEM with an in-lens arrangement, a working voltage of 5 keV and a working distance 

of 5 mm.  SEM samples were imaged on silicon wafers (S.E.H).  Transmission electron 

microscopy (TEM) images were digitally acquired using either a FEI Tecnai Spirit 
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BioTwin TEM operated at 80 kV or a field emission JEOL 2010F TEM operated at 200 

kV.  TEM samples were prepared by drop-casting from chloroform dispersions onto 200 

mesh lacey-carbon copper TEM grids (Electron Microscopy Sciences). 

X-ray diffraction (XRD) was carried out using a Rigaku R-Axis Spider 

Diffractometer with Image plate detector with Cu kα (λ = 1.5418 Å) radiation operated at 

40 kV and 40 mA.  Measurements using were taken on samples on a 0.5 mm nylon loop. 

Samples were scanned for 10 minutes while rotating at 1° per second under ambient 

conditions. The data were integrated from 2θ = 20 to 80. Background scattering from the 

nylon loop was subtracted from the sample measurement. 

AC electrochemical impedance spectroscopy (EIS) measurements were made 

using an Electrochemical Analyzer (CH Instruments, model CHI 604D) over a frequency 

range of 0.01 to 100,000 Hz.  Galvanostatic measurements were made using an Arbin 

BT-2143 test unit that cycling between 2 V and 10 mV vs Li/Li+ at various rates.  

Capacities are reported based on the active material only. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Germanium nanowires thin films 

Figure 5.1 shows Ge nanowires grown using the SLS growth method used in this 

study.  Ge nanowires were combined with PVdF and cycled at a rate of C/10 (C = 1620 

mA h g-1) using electrolyte solutions consisting of 1.0 M LiPF6 dissolved in a variety of 

1:1 w/w solvent mixtures, including: (1) EC:DEC, (2) EC:DMC, (3) EC:DMC + 3% w/w 

FEC (hereafter referred to as EC:DMC+FEC), (4) FEC:DEC, (5) FEC:DMC, and (6) 

PC:DMC. In recent studies, the primary electrolyte solution has been some combination 

of EC, DEC, and DMC.8, 14, 16, 22, 25, 33  Several recent studies have shown that FEC 

stabilizes the cycle life behavior for Si nanostructures,29-31 but has yet to be tested in Ge 
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systems.  PC:DMC was also tested.  PC is known to interact unfavorably toward the 

intercalation of Li in graphite,34 but the effect on germanium is unknown. 

 

Figure 5.1: (a) SEM and (b) cross-sectional SEM of the Ge nanowire slurry cast on Cu 
foil, (c) TEM, (d) high resolution TEM with (inset) FFT down the [011] 
zone axis, and (e) XRD of as prepared Ge nanowires with the crystalline Ge 
reference pattern (JCPDS: 00-004-0545). 

5.3.2 Extended cycle life behavior 

Charge/discharge cycle results and capacity retention data are shown in Figure 5.2 

and summarized in Table 5.1. First cycle capacities ranged between 1300 and 1900 mA h 

g-1.  Some capacities exceed the theoretical maximum of Ge due to Li consuming side 

reactions during the first cycle, attributed to solid-electrolyte-intefphase (SEI) layer 

formation. Irreversible capacity losses were below 25% for most electrolytes, though 

electrolyte (5) had an irreversible loss of 50%. While the addition of FEC to the 

electrolytes increased the irreversible losses (comparing electrolyte (4) to (1), or 

electrolyte (5) to (2), for example), the capacity retention for these electrolyte systems 

were the best. For example, electrolytes (3)–(5) (i.e., FEC-containing electrolytes) 
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exhibited capacity retention between 75% and 98%. In general, DEC-containing 

electrolytes, (1) and (4), out-performed the DMC analogues, (2) and (5). It appears that 

DEC is more stable in Ge nanowire films; further characterization is shown in Chapter 6 

that substantiate this claim. Electrolyte (6) performed poorly; additional data pertaining to 

this system can be found in Appendix C. Of further interest here is that we achieve high 

capacities with good cyclability for Ge nanowires cycled with PVdF binder without a 

high temperature anneal. In contrast, Si requires heat treatment of up to 300oC under inert 

atmosphere to achieve reasonable cycle behavior.35, 36 As the purpose of the anneal is to 

distribute the binder / conductive carbon more uniformly over the active material,35, 36 it 

is likely that PVdF forms a better coating on Ge nanowires than it does Si during slurry 

casting. The Ge nanowires studied here require only a 100oC vacuum anneal to dry 

residual NMP and capacity retention is much better than reported in references 35 and 36. 
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Figure 5.2: (a) Comparison of charge capacity for various electrolytes with (b) charge 
capacity retention plotted relative to the 5th cycle charge capacity for each 
respective (c) electrolyte solvent system. 
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Table 5.1: Capacity retention of Ge nanowire films using various electrolyte solutions. 

 Capacity (mA h g-1) Retention (%) 
Electrolyte Cycle 1 1st cycle loss (%) Cycle 5 Cycle 100 Qret1

a Qret5
b 

EC:DEC 1630 223 (13.7) 1382 973 59.7 70.4 
EC:DMC 1885 311 (16.5) 1504 714 37.9 47.5 
EC:DMC+FEC 1639 301 (18.4) 1303 1248 76.1 95.8 
FEC:DEC 1738 385 (22.2) 1271 1131 65.0 89.0 
FEC:DMC 1933 975 (50.5) 774 561 29.0 72.5 
PC:DMC 1313 484 (36.8) 699 15 1.2 2.2 

a Charge capacity retention of the 100th cycle relative to the 1st cycle 
b Charge capacity retention of the 100th cycle relative to the 5th cycle 

Figure 5.3 shows electrochemical data for electrolytes (1)–(5). Coulombic 

efficiencies ranged between 95 and 100%.  The coulombic efficiencies for electrolytes 

(1), Figure 5.3a.i, and (2), Figure 5.3b.i, ranged between 95% and 98%.  Coulombic 

efficiencies for electrolytes (3)–(5) approached 99% indicated better charge and Li+ 

transport through SEI layers formed from electrolyte solutions containing FEC. The 

voltage profiles show constant over-potential for these electrolytes as well, whereas 

electrolytes (1) and (2) show a gradual increase due to progressively increasing internal 

resistances within the battery due to continued SEI growth during cycling, for example.  

We present electrochemical impedance spectroscopy (EIS) data below to substantiate this 

claim.   

All electrolytes show a first cycle plateau in the voltage profiles at 350–400mV 

and another at 150–200mV.  These peaks correspond to lithiation of Ge and formation of 

LixGe1-x compounds.  Lithiation behavior beyond the first cycle depends on the 

electrolyte used.  Batteries cycled using electrolytes (1)–(3), for example, show three 

distinct lithiation peaks–at 500 mV, 400 mV, and between 150 mV and 200 mV, 

respectively–which likely correspond to the multi-stage lithiation process reported by 

Yoon et al:5 
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 5224152749 GeLiGeLiGeLiGeLiGe LiLiLi +⎯→⎯⎯→⎯⎯→⎯   (1) 

In Ref. 5, the Li9Ge4 phase was observed for a cut-off potential of 220 mV.  When 

the potential was lowered to 170 mV, the Li7Ge2 phase was reported.  Cycling to 0V 

yields Li15Ge4.5 Only the first cycle differential plots were reported in Ref. 5, though, 

making further comparison to our results difficult.  The peak situated between 350 mV 

and 400 mV in the first cycle corresponds to Li insertion into crystalline Ge8 and 

disappears in subsequent cycles where it is replaced by higher-potential broad peaks. This 

indicates Ge amorphization during the first cycle. This first cycle peak could also be due 

to SEI formation. For electrolytes (1)–(3), three distinct lithiation peaks are observed–at 

400 mV, 500 mV, and between 150 mV and 200 mV–corresponding to the various stages 

of lithiation described by the reaction pathway above.  FEC-containing electrolyte 

solutions show attenuation of the 500 mV peak with progressive cycling.  The 400mV 

peak is more intense in these samples as well. This indicates that FEC causes a 

fundamental difference in the way Ge films are lithiated (i.e., instead of a three-stage 

process, only two lithiation events are observed).  Further characterization is required to 

determine the nature of lithiation in the presence of FEC.  The lithiation peak between 

150 mV and 200m V persists during all cycles, indicating formation of Li15Ge4 and 

Li22Ge5.  The delithiation peaks occur at the same potential (500 mV) for all electrolytes 

during each cycle.  This potential is consistent with previous observations for Li removal 

from Ge.5, 8, 16, 19, 22, 25, 33 Subtle differences between the differential plots are presented 

more lucidly in Figures 5.4 and 5.5. 
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Figure 5.3: (i) Charge and discharge capacities, coulombic efficiencies, (ii) voltage 
profiles and (iii) corresponding differential capacity curves for Ge nanowire 
batteries cycled galvanostatically using an electrolyte solution of 1.0M 
LiPF6 dissolved in a 1:1 w/w mixture of (a) EC:DEC, (b) EC:DMC, 
EC:DMC + 3% w/w FEC, (d) FEC:DEC, or (e) FEC:DMC at cycles: 1, 2, 5, 
10, 20, 50, and 100. 
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Figure 5.4 compares the first cycle voltage profiles and differential capacity plots 

for all batteries tested. Over-potentials are independent of electrolyte. As previously 

mentioned, both charge and discharge plateaus occur in the same potential windows in 

the voltage profiles for all electrolytes tested (Figure 5.4a.).  Equivalently, all charge and 

discharge peaks occur at the same potentials in the differential capacity plots (Figure 

5.4b).  For electrolyte systems where EC was used, a second delithiation peak is observed 

around 600 mV.  This has been observed for other Ge systems using EC-containing 

electrolytes, though the cause remains to be understood.5, 16, 19, 22 This peak is observed 

only during the first cycle and is attributed to EC decomposition during SEI formation. 

Electrolyte (6) has a higher over-potential due to increased internal resistances within the 

battery (see impedance data below). 
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Figure 5.4: (a) Voltage profiles and (b) corresponding differential capacity plots 
comparing the first cycle charge and discharge characteristics for each 
electrolyte system. 

Electrochemical data are shown in greater detail in Figure 5.5. A gradual decline 

in signal intensity with increasing cycle number is observed as a general trend for all 

batteries–an expected trend as the electrode degrades with aging. In the differential 

charge plots, electrolytes (3)–(5) retain intense lithiation signals at 350 mV.  This feature 

manifests itself in the color map as the vertical green band centered at the same potential.  



 106

Batteries cycled with electrolytes (1) and (2) show the 350 mV peak for early cycles, but 

it fades rapidly. The lower potential lithiation peak also fades during cycling for 

electrolytes (1) and (2) while remaining constant for the electrolytes (3) and (4).  

Electrolyte (5) shows interesting behavior; the high-potential lithiation peak remains 

while the low-potential peak fades, indicating increased resistance to Li15Ge4 and Li1Ge5 

formation with this electrolyte. The capacitive behavior is, instead, associated with 

lithiation of a-Ge or lower Li-content Li-Ge alloys with lithiation events around 350mV 

(e.g., Li9Ge4, Li7Ge2). 

Delithiation trends can be classified into FEC-containing (3-5) and FEC-free (1), 

(2) electrolyte solutions.  Electrolytes (1) and (2) have a sharp delithiation peak centered 

at 500 mV that fades within 20-30 cycles and merges with a lower potential (400 mV) 

broad peak. Adding FEC–e.g., electrolytes (3), (4), and (5)–improves the cycling 

behavior which manifests as a strong delithiation peak that remains centered at 500 mV.  

Peak broadening is still observed for (3) and (5), although it takes more cycling to realize. 

Peak broadening is not observed for (4).  The delithiation peak in electrolyte (5) fades 

gradually, but instead of forming a broad peak at lower potentials, the peak remains at 

500 mV and forms a small shoulder at higher potentials (600 mV) which also fades by 

cycle 100.  These data indicate a fundamental difference in interaction between EC with 

DMC than FEC with DMC in regards to SEI formation. FEC stabilizing effects in Ge 

nanowire films are examined in greater detail in Chapter 6. 
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Figure 5.5: Differential capacity color maps for (a.i-e.i) discharge (a.iii-e.iii) charge 
cycles with (a.ii-e.ii) waterfall plots for batteries cycled using electrolyte 
solvent mixtures of (a) EC:DEC, (b) EC:DMC, (c) EC:DMC with 3% FEC, 
(d) FEC:DEC, and (e) FEC:DMC. 
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5.3.3 Rate test behavior 

A battery should perform well (i.e. high capacity retention for thousands of 

cycles) at a rate no slower than C/3 to be considered commercially viable, where C 

corresponds to the current density required to fully charge or discharge the battery in 1 

hour.  A new set of batteries was fabricated and tested at various rates to evaluate the 

performance of SLS-grown Ge nanowires under operating conditions typical for the 

commercial end user. The same set of electrolytes used above was used here and results 

are shown in Figure 5.6.  These data show similar performance trends to what we report 

above; electrolyte solutions containing FEC perform better than those without.  

Capacities above 1000 mA h g-1 were achieved for electrolytes (1), (3), and (4) up to a 

cycle rate of C/2 and only showed slight drop in capacity when the rate was increased to 

C and 2C.  Electrolyte (1) shows an unusual trend for rates between C/2 and 2C in that it 

settles in to the new rate by gradually increasing in capacity during each 5-cycle test.  

The other electrolyte solutions either hold steady at each rate, or decay slightly. This is a 

commonly observed trend that remains to be understood. One explanation is that volume 

change exposes previously inaccessible regions to electrolyte by new cracks that form in 

the SEI layer during expansion of the active material.16, 37 The phenomenon is electrolyte-

dependent and could also be due to re-dissolution of SEI with continuous cycling. When 

the rate is reduced to C/10 for the final 10 cycles (cycles 41–50), all batteries except 

PC:DMC return to the same capacities a the first C/10 test (cycles 11–20) indicating that 

the Ge nanowire material is not damaged at higher cycling rates. 
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Figure 5.6: Comparison of charge capacity for various electrolytes at different charge 
rates. 

Electrochemical data for the rate cycle tests are shown in Figure 5.7.  Electrolytes 

(1) and (2) show gradual capacity fade during cycling with coulombic efficiencies 

between 90 and 100%.  At the 11th and 21st cycles–where the rate changes from C/20 to 

C/10 and C/10 to C/5, respectively, the drop in capacity is very small.  When the rate is 

increased to C/2 at the 26th cycle the capacity drops 100 to 200 mA h g-1.  The 

implications of this observation are two fold: (1) the Ge nanowire film has good electrical 

and ionic conductivity and (2) Li diffusion through the active Ge material is not a rate 

limiting step for rates of C/5 or slower.  For these two electrolytes when the rate changes 

to C/2, C, or 2C, (cycles 25, 31, and 36, respectively), a larger capacity drop is observed, 

followed by a gradual increase in capacity as the battery relaxes into the new rate.  This 

effect is especially pronounced for electrolyte (1). The voltage profiles and differential 

capacity plots for electrolytes (1) and (2) exhibit a shift in the lithiation and delithiation 

peaks to lower potentials for rates between C/2 and 2C.  This effect is shown more 

clearly in Figure 5.10 below. 
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Batteries cycled using FEC-containing electrolytes exhibit better capacity 

retention and show smaller drops in capacity (less than 50 mA h g-1) at rate change 

cycles.  For instance, electrolytes (3) and (4) show charge and discharge capacity curves 

that are relatively continuous through 25 cycles–a span over which 2 rate changes occur–

with efficiencies of 99% and higher.  At faster cycle rates, these two electrolytes behave 

similar to (1) and (2) exhibiting 100–200 mA h g-1 drops in capacity at rate change 

cycles.  Electrolyte (5) has the largest first cycle capacity loss and records the lowest 

capacities aside from electrolyte (6).  Capacity retention for this system is the best, 

however.  This system shows a difference in capacity of 150 mA h g-1 between cycles 10 

(rate = C/20) and 40 (rate = 2C).  Contrast this point to electrolyte (4) which shows a 

capacity difference of 1100 mA h g-1 between the same cycles.  If the first cycle 

irreversible capacity loss could be reduced, electrolyte (5) would be the best electrolyte 

systems for high power applications. Comparing (5) with (3) shows that, in order to do 

this, FEC should be used as an additive in small amounts only and not as a main 

component in the electrolyte solvent. The differential capacity plots show lithiation and 

delithiation events at the same potentials discussed above with a few nuances.  The 

subtleties are discussed further in Figure 5.8. 
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Figure 5.7: (i) Rate cycle data, (ii) potential profiles and (iii) differential capacity plots 
for batteries cycled using electrolyte solvent mixtures of (a) EC:DEC, (b) 
EC:DMC, (c) EC:DMC with 3% FEC, (d) FEC:DEC, and (e) FEC:DMC at 
cycles: 10, 20, 25, 30, 35, 40, and 50. 
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Detailed electrochemical data are shown in Figure 5.8 for batteries cycled at 

various rates using electrolytes (1)–(5).  At cycle 21 electrolyte- and rate-dependent 

differences in delithiation behavior are observed. For rates between C/5 and 2C (between 

cycles 21 and 40 cycles) delithiation shifts first to 350 mV (cycles 21–25) then shifts to 

higher potentials in ~50 mV increments when the cycle rate is further increased.  This 

effect is more pronounced for electrolyte (2) but also occurs for electrolyte (1). To 

illustrate, for electrolyte (1), between cycles 26 and 30 (cycle rate = C/2) delithiation 

occurs at 350 mV.  At 1C (cycles 31–35), the peak moves to 400 mV, at 2C (cycles 36–

40) the peak is centered at 450 mV.  In contrast, FEC-containing electrolytes exhibit 

delithiation at 500 mV through 30 cycles (i.e., up to a cycle rate of C/2).  A second peak 

was observed around 400 mV for these cycles as well.  At rates of 1C and 2C, (between 

cycles 30 and 40), the delithiation peak reduces in intensity but remains at 500 mV for 

electrolytes (4) and (5).  At cycle rates of 1C and 2C electrolytes (3) and (4) follow the 

same trend. 

Delithiation occurs within previously observed ranges reported for Li removal 

from Ge (i.e., 300 mV–500 mV).  Few studies comment on electrochemical behavior and, 

to the best of our knowledge at the time of writing this, no study exists that focuses on 

rate-dependent electrochemical behavior for Ge.  While we suspect the anomalous trends 

in electrolytes (1) and (2) may be due to altered phase formations due to kinetic 

limitations within the films, further studies are necessary to explain the observed 

behavior in light of the nanowire microstructure and film composition. 

Lithium insertion data are shown in Figures 5.8a.iii–5.8e.iii.  Electrolytes (1) and 

(2) lithiate at ~250 mV through cycle 25 (up to a rate of C/5).  Starting at cycle 26 and 

through cycle 40, the 250 mV peak is significantly reduced in intensity and a second peak 

appears at potentials lower than 50 mV.  Electrolyte (3) shows the same behavior starting 
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at cycle 31 and extending through cycle 40. FEC-containing electrolyte solutions are 

resistant to shifts in lithiation potential, showing two prominent lithiation peaks centered 

around 350 mV and 250 mV.  As observed in the delithiation data, when the cycle rate is 

relaxed back to C/10, the lithiation peaks resume at their initial potential values. 
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Figure 5.8: Differential capacity (a.i-e.i) discharge and (a.iii-e.iii) chargecolor maps and 
(a.ii-e.ii) waterfall plots for batteries cycled using electrolyte solvent 
mixtures of (a) EC:DEC, (b) EC:DMC, (c) EC:DMC with 3% FEC, (d) 
FEC:DEC, and (e) FEC:DMC at various rates for cycles 5 through 40. 
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5.3.4 High-power testing 

Electrolyte (3) showed the best cycle performance in previous tests.  Capacity 

retention was 95.8% after 100 cycles and the first cycle capacity loss was limited to 

18.4%.  Electrolyte (4) performed comparable with retention of 89% and first cycle loss 

of 22.2%. These batteries were cycled further at a rate of 1C to determine the long-term 

stability under conditions more typical of commercial use. The data for these additional 

cycles are shown in Figure 5.9.  The first 100 cycles at a rate of C/10 are shown for 

reference.  Electrolyte (3) showed good cycle behavior with capacities above 1000 mA h 

g-1 through 300 cycles at 1C.  During the final 200 cycles, the battery experienced rapid 

fade and the final capacity at cycle 600 was 200 mA h g-1.  Electrolyte (4) displays some 

fluctuation, but holds between 600 and 700 mA h g-1 through 1200 cycles at 1C.  While a 

more systematic study is needed to truly explain the data, we attribute the fluctuations to 

small temperature changes. To support this claim, the lab temperature where the batteries 

are tested is generally held around 75oF. Between cycles 750 and 1050, the room 

temperature dropped to ~60oF, indicated with by the ΔT span in Figure 5.9a, and 

capacities dropped to ~400mA h g-1. The temperature was increased back to 75oF, and the 

capacity returned to 600–700mA h g-1. The inset to Figure 5.9a shows cycles 1100–1200, 

which occurred over a three day span. Plotted with these data is the ambient temperature 

during a three day span in Austin, Texas. Small temperature differences inside the 

building come with temperature fluctuations outside.  These data show a correlation 

between the capacity and the temperature. Whether the effect is due to the electrolyte or 

the Ge nanowires remains to be understood, but these results indicate Ge nanowires 

cycled with electrolyte (4) may be a good candidate for high-temperature lithium storage 

for high-power applications, such as powering automobiles.  
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Figure 5.9: Long term life cycling of batteries cycled using (a) FEC:DMC and (b) 
EC:DMC+FEC electrolyte solutions.  The inset to (a) shows a cycles 1100 
through 1200 with greater clarity, plotted with the temperature in Austin, 
Texas during a three day span. 

Germanium is known to perform very well at high charge rates.8, 14, 26 Above, we 

showed that at rates of 1C and 2C, the performance of the battery begins to suffer. Graetz 

et al. have reported capacities of 400 mA h g-1 when a fast charge rate (1000C) is 

followed by a slow discharge (1C). In light of these results, Ge nanowire films were 

tested using different charge and discharge rates; for example, one battery was charged at 

1C and discharged at various rates–up to 20C–and another was charged at various rates 

and discharged at 1C. Results are shown in Figure 5.10; electrolyte (3) was used for these 

batteries.  The first two charge/discharge cycles were done at C/20 to condition the 

electrode. For the battery with a constant charge rate of 1C–battery (a)–the capacity was 

1050 mA h g-1 for discharge rate of 1C and only dropped to 900 when the rate was 

increased to 10C.  A significant drop-off was observed at 20C where the discharge 
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capacity was 400 mA h g-1. The battery fully recovered when the discharge rate was 

reduced to 1C. Similar capacities were achieved for the battery with a constant discharge 

rate–battery (b).  Interesting to note that battery (b) shows gradual increases in capacity at 

each new charge rate, whereas battery (a) shows constant capacities. When the charge 

rate is 10C or 20C, though, the coulombic efficiency exceeds 100%. The reason behind 

this is unclear and requires further investigation. Voltage profiles and differential 

capacity curves show trends similar to those observed above. Battery (a) shows a strong 

lithiation peak at 200mV independent of discharge rate while the delithiation peak shifts 

to higher potentials.  Similarly, battery (b) shows a shift in the 200mV lithiation peak to 

lower potentials while delithiation occurs at a constant potential independent of charge 

rate. Differences in these observed over-potentials are likely due to the non-equilibrium 

nature of the system. Alternatively, the lithiation pathways and intermediate Li-Ge alloy 

phases that form during lithiation could be altered by the higher current density. Fast 

cycling conditions such as these have been observed for Ge nanotubes produced via the 

Kirkendall effect with reported capacity of 650mA h g-1 at 10C.26  We show that slowly 

charging the battery before rapid discharge improves discharge behavior.  These results 

point to Ge as a great candidate for high power devices requiring fast charge and 

discharge characteristics. 
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Figure 5.10: Cycle data for Ge nanowire films cycled using EC:DMC+FEC (a) charged 
at 1C and discharged at various rates with or (b) charged at various rates and 
discharged at 1C with (c, d) voltage profiles and (e, f) differential capacity 
curves shown for cycles 2, 12, 22, 32, 42, 52, and 62. 

5.3.5 Electrical behavior 

Electrochemical impedance spectroscopy (EIS) measurements were made after 

100 charge/discharge cycles at C/10, shown in Figure 5.11. Each film shows 

characteristic impedance features, namely a high-frequency semi-circular resistive 
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element coupled with a high frequency diffusion element.  The size of the semi-circle is 

indicative of the film resistance; the larger the semi-circle, the more resistive the film.  

The steepness of the low-frequency slope provides information about Li+ diffusion within 

the film. A 45o slope is associated with semi-infinite diffusion in a planar electrode.  

Slopes steeper than 45o are characteristic of finite Li+ diffusion typical of thin films.38 

FEC-containing electrolyte solutions have lower impedance than FEC-free electrolytes, 

evident by the quick transition from the high- to low-frequency regimes (e.g., FEC-based 

electrolytes do not form a full semi-circle), which accounts for the improved cycling 

behavior of FEC-containing electrolytes.  

 

Figure 5.11: Impedance spectra of discharged batteries after 100 cycles using various 
electrolyte solutions at a rate of C/10.  The data are offset by 200 units along 
the ordinate axis. 

5.4 CONCLUSIONS 

We report electrochemical behavior of Ge nanowire films cycled using a variety 

of electrolyte solvents and evaluate the efficacy of each.  We found that the PVdF binder 

does not require a high temperature anneal to achieve high capacities when Ge is used as 
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the anode material.   Fluoroethylene carbonate serves as an en excellent additive to the 

EC:DMC electrolyte solution when used in small amounts (3% w/w).  When used in 

greater amounts, (i.e., in a 1:1 w/w mixture with DEC), batteries perform exceptionally 

well.  Ge nanowire films cycled with EC:DMC+FEC and FEC:DEC at 1C showed high 

capacities and great cycle retention through hundreds of cycles.  Furthermore, 

EC:DMC+FEC showed high capacities for discharge rates up to 20C when a slow charge 

rate was used.   

Electrochemical behavior was also examined in great detail.  FEC was found to 

enhance coulombic efficiency for Ge nanowire batteries.  Furthermore, batteries cycled 

with FEC-containing electrolytes had lower film resistances as measured by 

electrochemical impedance spectroscopy than FEC-free electrolytes. Different lithiation 

trends were observed and depended on the electrolyte and cycle rate.  The ramifications 

of these data are discussed in light of the differential capacity peaks. These results show 

that Ge nanowires are a great candidate for high power commercial applications.  High 

charge and discharge rate tests show that lithiation and delithiation behavior depends on 

the cycle rate. These tests also show that Ge nanowires cycled with electrolyte FEC:DEC 

may be a good candidate for high-temperature lithium storage for high-power 

applications, such as powering automobiles. Surface characterization studies are 

presented in Chapter 6 that explain electrolyte dependent differences in the SEI layers. 
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Chapter 6: XPS Study of SEI Formation in Ge Nanowire Li-Ion Battery 
Negative Electrode Films 

6.1 INTRODUCTION 

Lithium (Li)-ion battery technology has witnessed sluggish advance since 

commercialization by Sony in 1991; the internal working materials used have remained 

largely unchanged. In an effort to improve the capacity and cycle life of Li-ion batteries, 

a myriad of new positive and negative electrode materials with high lithium storage 

capabilities have been explored. Graphite serves as the negative electrode material and 

forms LiC6 upon lithiation, a compound with a maximum theoretical capacity of 372 mA 

h g-1. There is much interest in replacing graphite with a material can store more lithium;1 

germanium (Ge) is one such candidate. Ge alloys with Li to form Li22Ge5 upon lithiation 

and boasts a maximum theoretical capacity of 1624 mA h g-1.2 Furthermore, Li diffuses 

very quickly into and out of Ge,3 making it particularly attractive for high power 

applications. For example, Ge thin films have been cycled as fast as 1000C, where C is 

the current density required to fully charge or discharge the battery in 1 hour.2 However, 

thin film deposition methods are high-cost and low-throughput processes that are 

unattractive from a commercial stand-point. A recent report of Ge nanotubes produced 

via the Kirkendall effect shows high capacities and good retention cycle rates as high as 

20C.4 Similar results are reported in Chapter 5 for solution grown Ge nanowires as well. 

Commercialization potential for these Ge nanowires was also shown with capacities 

between 600 and 700 mA h g-1 through 1000 cycles at a rate of 1C. 

Electrolyte chemistry plays a critical role in battery efficacy.5 The anode operates 

at a low working potential relative to the standard reduction potential of lithium where 

the electrolyte solutions are unstable and reduce to form a solid electrolyte interphase 
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(SEI) layer on the electrode surface.6, 7 The SEI forms during the first cycle and results in 

a large first cycle irreversible capacity loss. This passivating layer grows with continued 

cycling and affects the electronic and ionic transport through the film.8 Formation of the 

SEI layer is dependent on the stability of the electrolyte within the voltage range of the 

battery. Additives such as fluoroethylene carbonate (FEC) and vinylene carbonate (VC) 

can be introduced to reduce first cycle capacity losses and improve cyclability.5, 8-13 A 

good SEI layer is thin and completely passivates the surface of the electrode, preventing 

further electrolyte reduction.14 Several recent studies detail the surface behavior of cycled 

Si-based Li-ion battery negative electrodes,8, 11, 12 focusing on the effect of fluoroethylene 

carbonate (FEC), an additive known to drastically improve the cyclability of Si thin film8, 

12 and nanowire11 electrodes in small quantities. Fluorinated carbonates resist oxidation, 

have low melting points, and are less flammable than their non-fluorinated counterparts. 

Many such compounds have received much attention in general due to performance 

enhancement in various systems.5, 8, 11-13, 15, 16 To the best of our knowledge, no such 

studies have been done for Ge nanowire electrodes. In fact, until recently, FEC had not 

been used in conjunction with Ge-based electrodes (see Chapter 5). Here, we study SEI 

layers formed on films of solution-grown Ge nanowires cycled as the negative electrode 

material in Li-ion batteries using various FEC-containing and FEC-free electrolyte 

solutions. 

6.2 EXPERIMENTAL SECTION 

6.2.1 Materials 

All reactions were carried out using standard airless procedures in a nitrogen-

filled glove box and a Schlenk line.  All reagents and solvents were used as received and 

without further purification.  Dodecanethiol (DDT, ≥98%), tetrachloroaurate trihydrate 
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(≥99.9%), sodium borohydride (≥98%), toluene (anhydrous, 99.8%), ethanol (99.9%), 

tetraoctylammonium bromide (TOAB, 98%), dimethyl carbonate (DMC, ≥99%), lithium 

hexafluorophosphate (LiPF6, ≥99.99%), poly-(vinylidene fluoride) (PVdF, average MW 

~534,000 by GPC), 1-methyl 2-pyrrolidinone (NMP, 99.5%), chloroform (99.8%) and 

squalane (99%) were purchased from Sigma-Aldrich and diphenylgermane (DPG, >95%) 

from Gelest. Conductive carbon super C65 was supplied by TIMCAL. Fluoroethylene 

carbonate (>98%) was obtained from TCI America.  Electrolytes were either purchased–

as 1.0M solutions of LiPF6 in a 1:1 w/w mixture of ethylcarbonate (EC) : diethyl 

carbonate (DEC) (Novolyte) or 1.0M LiPF6 in a 1:1 mixture of EC : DMC (EMD 

chemicals)–or prepared by dissolving LiPF6 at a concentration of 1.0M in a 1:1 w/w 

mixture of FEC:DMC.  For battery assembly, Celgard 2400 membranes (25μm) were 

used as separators, purchased from Celgard, and Li metal foil (1.5 mm 99.9%) as the 

counter electrode, purchased from Alfa Aesar. 

6.2.2 Germanium nanowire synthesis 

Dodecanethiol-coated Au nanocrystals (2 nm diameter) were synthesized 

following literature procedures17 and were stored in a nitrogen-filled gloved box, 

dispersed in at a concentration of 1 mg Au nanocrystals per mL toluene.  Ge nanowires 

were produced using a modified literature method.  In short, 10 mL squalane were added 

to a 4-neck flask and attached to a Schlenk line, heated to 100oC with vigorous stirring 

under vacuum (<500 mTorr) for 30 minutes, and then blanketed with nitrogen.  The 

solvent was then heated to 380oC.  An injection solution containing 0.275 mL of the Au 

nanocrystal stock solution was combined with 0.375 mL DPG, diluted with an additional 

1 mL squalane and plunged into a syringe.  The syringe containing the reactant solution 

was removed from the glove box and injected into the reaction flask with squalane heated 
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to 380oC.  The reaction lasted 5 minutes, after which the flask was removed from the 

heating mantle to cool to room temperature.  Toluene (10 mL) was added to the reaction 

mixture, and the flask was removed from the Schlenk line and sonicated for a few 

seconds to remove product that had adhered to the flask walls.  The reaction solution was 

then transferred to a centrifuge tube and spun at 8000 rpm for 5 minutes.  The supernatant 

was discarded and the precipitate was resuspended in 10 mL of chloroform and 2 mL of 

ethanol and centrifuged again at 8000 rpm for 5 minutes.  This washing procedure was 

carried out a third time before the Ge nanowire product was dried down by rotovap to get 

an accurate weight.  One reaction produces roughly 40 mg of Ge nanowires.  Two such 

reactions were needed to generate enough material for electrochemical testing. 

6.2.3 Anode preparation and battery assembly 

The Ge nanowire slurry was prepared by dispersing the nanowires (81.1 mg) in 2 

mL toluene and bath sonicating for 1 hour.  Meanwhile, 23.2 mg PVdF and 11.6 mg 

carbon black were dissolved in 1 mL NMP and bath sonicated for 1 hour.  The Ge 

nanowire and PVdF / carbon black suspensions (70:20:10 w/w solid content of Ge : 

PVdF : carbon black) were mixed and wand sonicated for an additional 30 minutes.  The 

solution was then reduced by rotovap to yield a thick slurry.  The slurry was cast onto Cu 

foil–which acts as the current collector for the battery–using a 200 μm film applicator 

and vacuum dried overnight at 100oC. 

Batteries were assembled in an argon-filled glovebox.  Ge nanowire anodes were 

punched from the Cu foil (1 cm diameter) supported slurry film.  The electrolyte was a 

1.0 M solution of LiPF6 in a 1:1 w/w mixture of either (1) EC:DEC, (2) EC:DMC, or (3) 

FEC:DMC.  A few drops of electrolyte were deposited over lithium foil and again atop a 
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Celgard 2400 separator membrane (25μm thick, Celgard) before the adding the Ge anode 

and crimping the completed battery. 

6.2.4 Battery disassembly and electrode cleaning 

Batteries were disassembled in an argon filled glovebox after cycling.  EC:DEC 

and EC:DMC batteries were cycled through 100 galvanostatic charge/discharge cycles 

using an Arbin BT-2143 test unit sweeping between 2 V and 10 mV vs Li/Li+ at a rate of 

C/10 (C = 1620 · 70% for Ge content + 370 · 30% for C content = 1326 mA h g-1) and 

were brought into the glovebox in the delithiated state.  The FEC:DMC battery was 

lithiated after 100 cycles before bringing it into the glovebox.  Coin cells were opened 

inside the glovebox and placed in a vial to which 3 mL DMC was added to dilute any 

residual electrolyte salt on the surface of the film.  The vial was shaken gently and 

allowed to sit for several hours.  This cleaning procedure was done a total of 3 times, 

decanting the liquid from the vial and replacing with fresh DMC each time.  The films 

were then transferred in an air-free chamber designed to transfer samples from the 

glovebox to the x-ray photoelectron spectroscopy (XPS) chamber without oxygen 

exposure. 

6.2.5 Material characterization 

Scanning electron microscopy (SEM) images were acquired using a Zeiss Supra 

40 SEM with an in-lens arrangement, a working voltage of 5 keV and a working distance 

of 5 mm.  SEM samples were imaged on silicon wafers (S.E.H).  XPS spectra were 

recorded using a commercial X-ray photoelectron spectrometer (Kratos Axis Ultra), 

utilizing a monochromatic Al Kα X-ray source (hν = 1486.5 eV), hybrid optics 

(employing a magnetic and electrostatic lens simultaneously) and a multi-channel plate 

detector coupled to a hemispherical analyzer.  The Ge nanowire films were secured on 
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the experimental tray using double-sided Cu tape. The photoelectron take-off angle was 

normal to the surface of the sample and 45° with respect to the X-ray beam. All spectra 

were recorded using a single sweep and an aperture slot of 300 μm by 700 μm. High-

resolution spectra were collected with 20 eV pass energy.   Spectra were collected at 0.1 

eV intervals and 2000 ms integration time through a tungsten coil set at 4.8 V bias with 

respect to the sample.  The pressure in the analysis chamber was typically 3·10-9 Torr 

during data acquisition. Sputtering was carried out using 4 keV Ar+ ions with a ~1.6 

μA current measured at the sample. 

Casa XPS analysis software was used to determine the stoichiometry of samples 

from corrected peak areas and employing Kratos sensitivity factors for each element of 

interest. The effect of sample charging on the XPS data was corrected by shifting the F1s, 

Li-F peak to a binding energy of 685.1 eV. Background subtraction was done using a 

Shirley background model.  Peak areas were deconvoluted as Voigt functions (30% 

Gaussian character). 

The chamber for transporting air sensitive samples from a glove box to an ultra-

high vacuum chamber for X-ray photoelectron spectroscopy analysis was built at the 

Surface Analysis Laboratory of the Texas Materials Institute (TMI) at UT-Austin.  The 

design of the interface contains a set of built-in figure of merits that were used to verify 

that samples were not exposed to traces of oxygen and water during transport.  

6.3 RESULTS AND DISCUSSION  

6.3.1 Cycling behavior 

Figure 6.1 shows SEM and cycling behavior of Ge nanowires cycled using 

electrolyte solutions consisting of 1.0M LiPF6 in a 1:1 w/w mixture of: (1) ethylene 

carbonate : diethyl carbonate (EC:DEC), (2) ethylene carbonate : dimethyl carbonate 
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(EC:DMC), and (3) fluoroethylene carbonate : dimethyl carbonate (FEC:DMC).18 

EC:DEC (Figure 6.1b) and EC:DMC (Figure 6.1c) behave similarly, with first cycle 

irreversible capacity losses of 13.7% and 16.5%, respectively, and both show steady 

capacity fade. EC:DEC shows better retention after 100 cycles holding 70.5% capacity 

compared to 49.5% exhibited by EC:DMC. FEC:DMC has much greater first cycle loss 

(50.5%) but shows the best capacity retention at 80.8%. After cycling, batteries were 

brought into the glovebox and disassembled. To explain the differences in cycling 

behavior and explore the differences in SEI layers, Ge nanowire electrodes were 

sputtered with Ar+ ions and probed intermittently using X-ray photoelectron spectroscopy 

(XPS) creating elemental depth profiles, shown in Figures 6.2–6.4. The EC:DMC and 

FEC:DMC batteries were opened in the discharged state and the EC:DEC battery was 

disassembeled in a lithiated state. 

 

Figure 6.1: (a) SEM of Ge nanowires cycled with (b) EC:DEC, (c) EC:DMC, and (d) 
FEC:DMC electrolyte solutions. Capacity retention is relative to cycle 10. 
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6.3.2 XPS of SEI formation using the EC:DEC electrolyte 

Ge nanowire films cycled with the EC:DEC electrolyte, presented in Figure 6.2, 

show little change in the F1s signal between scans. LiF is present throughout the film, 

evident by the strong signal in both the F1s (684.8 eV)19 and Li1s (55.5 eV).19 A small 

shoulder in the F1s signal present at higher energies corresponds to PVdF (687.5 eV).20 

No peak is observed for LiPF6 (688.5 eV).21 The Li1s signal shifts slightly with 

sputtering time. LiF is present at the surface and as the signal shifts due to a combination 

of Li2CO3 (53.6 eV–54.6 eV), LiOR (53.6 eV), and Li2O (53.3 eV) species in film.22 The 

290.7 eV peak in the C1s signal indicates the presence of carbonates (e.g., O-C-O2) in the 

un-sputtered scan.19, 23-27 The carbonate signal fades with increasing sputter time. The 

peak at 287 eV corresponds to (CH2OCO2Li)2, the reduction product of EC.23, 28-30 DEC 

reduces to CH3CH2OLi, which manifests in a peak at 285 eV.14, 23, 30 Aliphatic carbon 

(e.g., conductive carbon and PVdF) also contributes to this signal (284.9 eV).31 

Sputtering into the film results in a reduction in the carbonate signal along with the EC 

and DEC decomposition product signals. Ethereal and alkoxy carbon (i..e., R-O-R’) is 

present through the 2-minute scan (288 eV).26 Furthermore, a small amount of oxylates 

may be present–due to the formation of CO2,32 for example–evident by the small shoulder 

at 289 eV.24 A peak centered at 282.5 eV corresponding to LiCH2R33 evolves during 

sputtering times of 5 minutes and longer. This shows that the decomposed carbonate 

species are concentrated near the surface of the SEI layer. The O1s signal corroborates 

information obtained from the Li1s and C1s spectra. The carbonate signal (i.e., Li2CO3, 

ROCO2Li) dominates the un-sputtered O1s scan (532.4 eV).22, 24 This signal decreases in 

intensity through the 5-minute scan while LiOH, LiOR, (531.2 eV)22, 33 and Li2O (528.3 

eV)22, 33 peaks appear. The Ge3d signal shows Ge suboxides concentrated near the 

surface of the SEI–likely due to the high oxygen content in this region–with Ge0 
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appearing deeper into the film. The Ge3+ signal dominates the Ge3d signal at the surface. 

As this battery was opened in the lithiated state, this indicates Li-induced reduction of 

Ge4+ near the surface. This becomes more evident when compared to the EC:DMC 

battery data, shown below, which exhibits a strong Ge4+ signal at the surface. This also 

implies lithiation of GeO2, analogous to LiMO2 (M = Co, Mn, etc.) where M can 

switches between the M3+ and M4+ oxidation state during cycling. GeO2 forms Li2O upon 

lithiation and has poor reversibility.34 Given the high GeOx content at the surface, this is a 

likely cause for the gradual capacity fade for this battery. Sputtering into the film reveals 

a transition from Ge3+ to Ge4+(32.5 eV),19 lower suboxides, and Ge0; the Ge 5/2 (29.4 

eV)19 and Ge 3/2 (30.0 eV)35 are visible starting with the 5-minute scan, though shifted to 

lower binding energies. Differential charging is prevalent in surface-passivated films and 

is the likely cause for this and other similar drifting signals observed throughout the 

manustript.36, 37 The shift in the Ge signal may also be due to formation of Li-Ge alloys 

would have the same effect.38 The drop lines shown for the Ge spectra correspond to the 

values used to calculate the composition and not the literature values listed above. The 

P2p signal was not detected in any scan. Figures D1–D6 in Appendix D show peak 

deconvolutions for each element. 

The SEI region is evident from the atomic elemental composition changes with 

sputtering time shown in Figure 6.2b. Carbon and oxygen drop 15% and 5%, 

respectively, within the first 5 minutes of sputtering and then level off for the final two 

scans. Lithium content increases by 20% and fluorine peaks at 12% in the 20-second 

scan, then levels off to 8% by 5 minutes. The germanium signal increases gradually from 

less than 1% to 5% after 30 minutes of sputtering. The SEI layer appears to be sputtered 

through within 5 minutes, given that the compositions vary only slightly in the last two 

scans for all elements.  
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Figure 6.2: (a) High-resolution XPS elemental scans of F1s, O1s, C1s, P2p, Li1s, and 
Ge3d at various sputtering times and (b) corresponding elemental film 
compositions for batteries cycled with the EC:DEC electrolyte solution. The 
battery was disassembled in the lithiated state. 

6.3.3 XPS of SEI formation using the EC:DMC electrolyte 

Ge nanowire films cycled with EC:DMC, shown in Figure 6.3, exhibit similar 

behavior to films cycled with EC:DEC. The F1s signal shows a strong LiF peak with a 

small PVdF shoulder throughout the film. The Li1s signal contains various Li compounds 

(e.g., LiF, Li2CO3, LiOH, and LiOR). The O1s signal confirms the presence of these 

oxidized Li compounds. The relative intensities of the LiOH, LiOR, and Li2O peaks to 
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the Li2O3 peak are lower for the EC:DMC electrolyte than for EC:DEC. The un-sputtered 

C1s signal shows a more intense carbonate peak than was exhibited for the EC:DEC 

electrolyte. Furthermore, the peak at 287 eV is more defined in this spectrum indicating a 

SEI layer rich in decomposed carbonates that is thicker for EC:DMC compared to 

EC:DEC. The carbonate peaks persist throughout the sputtered film while the electrolyte 

decomposition signals fade revealing aliphatic and LiCH2R signals within the film. The 

thick SEI layer conceals the Ge3d for the first few scans. After 5 minutes of sputtering, a 

mixture of oxidation states, primarily Ge4+ and Ge0, emerges. The Ge3+ peak is not 

intense here as it was for the lithiated film using EC:DEC. This further indicates lithiation 

of GeO2 and is the likely cause for the observed capacity fade for this battery as well. The 

P2p signal, again, was not detected in any scan. 

The SEI region is evident from the atomic elemental composition changes with 

sputtering time shown in Figure 6.2b. Carbon and oxygen drop 15% and 5%, 

respectively, within the first 5 minutes of sputtering and then level off for the final two 

scans. Lithium and fluorine increase by 15% and 5%, respectively, within the first 5 

minutes of sputtering and also level off. The germanium signal increases gradually from 

less than 1% to ~10% after 30 minutes of sputtering. The SEI layer is sputtered clean 

within 5 minutes. The individual element scans confirm this, as the 15- and 30-minute 

scans are nearly identical for all elements with compositions that differ only slightly from 

the 5-minute scan.  
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Figure 6.3: (a) High-resolution XPS elemental scans of F1s, O1s, C1s, P2p, Li1s, and 
Ge3d at various sputtering times and (b) corresponding elemental film 
compositions for batteries cycled with the EC:DMC electrolyte solution. 
The battery was disassembled in the delithiated state. 

6.3.4 XPS of SEI formation using the FEC:DMC electrolyte 

Surface chemistry for Ge nanowire films cycled with FEC:DMC, shown in Figure 

6.4, differs significantly from films cycled with either EC:DEC or EC:DMC. The first 

notable difference is the presence of a P2p signal at 134.7 eV corresponding to LiPF6 

hydrolysis products of the form LixPFyOz (e.g., LiPOF2, LI2PFO3).39, 40 This species is 
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also present in the F1s spectra at 688.5 eV40 in the un-sputtered and 20-second scans and 

is concentrated at in the surface layer. Similar to EC:DEC and EC:DMC, LiF is present 

throughout the film, evident by the strong signal in both the F1s and Li1s spectra.  The 

PVdF shoulder is also present throughout. Unlike the previous films, the Li1s signal does 

not change with sputtering time. Lithium is present as a mixture of LiF, Li2CO3, LiOH, 

and LiOR. The O1s region corroborates the Li1s signal, showing a mixture of Li2CO3, 

LiOH, and LiOR. Li2O is not observed at all for the FEC:DMC electrolyte. These data, 

coupled with the C1s spectrum, indicates less electrolyte decomposition in comparison to 

the EC:DEC and EC:DMC electrolytes. The carbonate signal at 290 eV is present only as 

a small shoulder in the C1s signal, and only for the un-sputtered and 20-second scans. 

Furthermore, the EC decomposition peak at 287 eV is only a small shoulder on the large 

285 eV peak and only for the unsputtered film. The Ge3d signal shows markedly 

different behavior than for the EC:DEC and EC:DMC electrolytes. Ge suboxides are 

present in much lower quantities. The majority of the signal is instead due to zero-valent 

Ge. The oxides that are present are predominantly Ge1+ and Ge2+. This is in stark contrast 

to the EC:DEC and EC:DMC electrolytes wherein the suboxide signals were dominated 

by Ge3+ and Ge4+. The initial Ge nanowire film surface has roughly equal Ge4+ and Ge0 

contributions (see Figure D7 in Appendix D). HF is present due to the FEC solvent and 

reacts with GeO2 to form gaseous GeF4. This explains why the Ge4+ signal is lower here 

in than for FEC-free electrolytes. Minimized electrolyte decomposition and preservation 

of zero-valent Ge allows for extended cyclability and good capacity retention because 

there is less Li2O formation. 

There is a noticeably higher concentration of lithium and fluorine in the surface 

layer of the SEI, further indicating enhanced Li consumption through reaction with HF 

and subsequent deposition of LiF on the surface of the film. HF also reacts with LiOH, 
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Li2O, and Li2O3 to produce LiF which accounts for the high fluorine content.26 The 

carbon and oxygen signals witness a sharp drop between the un-sputtered and 20-second 

scan and the phosphorous signal fades as well. After the 2-minute sputter, compositions 

change by less than a few percent for all elements indicating a thinner SEI layer for the 

FEC:DMC electrolyte than the previous two cases. This is consistent with reports of 

FEC-based electrolytes forming SEI layers on Si nanowires.11 The fluorine signal is 

much stronger for FEC:DMC than it is for EC:DMC and EC:DEC. In addition to 

increased Li consumption, the LixPFyOz salts are present, enhancing the fluorine signal. 

There is still a huge first cycle irreversible capacity loss to consider. Given that the 

carbonaceous electrolyte does not decompose very much, evolution of HF from the FEC 

electrolyte likely hinders first cycle capacity, creating more LiF, which precipitates out 

on the surface of the electrode. The thin SEI layer allows for good charge and ion 

transport, allowing for good capacity retention and extended cyclability. 
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Figure 6.4: (a) High-resolution XPS elemental scans of F1s, O1s, C1s, P2p, Li1s, and 
Ge3d at various sputtering times and (b) corresponding elemental film 
compositions for batteries cycled with the FEC:DMC electrolyte solution. 
The battery was disassembled in the delithiated state. 

6.3.5 Germanium and germanium oxide signals 

Alkyl carbonate solvents (e.g., EC, DMC, DEC, and FEC) are reduced to Li-

containing salts (Li2CO3, LiCH2R, LiPOF2, Li2PFO3, etc.), which passivate the electrode 

surface, forming the SEI layer.7, 11, 26, 39, 40 Introducing additives (e.g., FEC) into the 

electrolyte solution can modify the SEI layer.5, 8, 11, 12 LiF is present in every film and 

comes from the reaction of HF with these various Li salts. HF is produced through LiPF6 
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hydrolysis11 and–for the FEC electrolyte–from the dehydrofluorination of FEC yielding 

VC, another proved Li-ion battery performance enhancing electrolyte additive.41, 42 

Furthermore, PVdF can dehydrofluorinate and generate additional HF.20 The presence of 

HF and Li in the Ge nanowire films significaly alter th oxidation state of Ge. 

The atomic ratio of zero-valent Ge to the sum total of Ge suboxide species was 

calculated for films cycled using each electrolyte solution and at each scan time, shown 

in Figure 6.5. The ratio of Ge0 to GeOx is two to three times lower for EC:DMC than 

FEC:DMC. EC:DEC also has a higher Ge0 to GeOx ratio by comparison. The oxide 

signal is mainly Ge3+ and Ge4+ for EC:DEC whereas the suboxides are predominantly in 

the Ge1+ and Ge2+ state for FEC:DMC (see Figure D8). The similarities between the 

FEC:DMC and EC:DEC curves are due to the fact that the latter is lithiated, which results 

in reduction of the suboxide signals. For sake of comparison, the Ge0 to GeOx ratio for an 

uncycled Ge nanowire film is 1.2 at the surface and 1.8 after sputtering for 20 seconds 

and 30 minutes.  

 

Figure 6.5: Ratio of Ge0 to Ge suboxides as a function of sputtering time. 
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6.4 CONCLUSIONS 

Here, we examined SEI layers formed on Ge nanowire films cycled as negative 

electrodes in Li-ion batteries using mixtures (1:1 w/w) of EC:DEC, EC:DMC, and 

FEC:DMC as the electrolyte solvents. The EC:DMC solvent mixture produces the 

thickest SEI layer and performs poorly, exhibiting steady capacity fade with cycling. The 

EC:DEC electrolyte also forms a thick SEI layer, though XPS indicates that the layer is 

not as thick as that formed by EC:DMC. This is also evident by the improved capacity 

retention relative to EC:DMC. EC:DEC also exhibits steady capacity fade. Given the 

high content of oxides Ge in the film, this fade is attributed to partial irreversible GeO2 

lithiation. Furthermore, the SEI layers are rich in decomposed carbonate solvents. The 

oxygen rich environment acts as an additional sink to Li+ ions through irreversible 

formation of Li2O and various organic Li salts. The FEC:DMC electrolyte forms a thin 

SEI layer compared to EC:DEC and EC:DMC. Though this film exhibits the largest first 

cycle irreversible capacity loss–attributed to a higher concentration of HF resulting in 

enhanced LiF formation–it also shows the best capacity retention, attributed to limited Ge 

oxidation, maintained by the increased presence of HF. 
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Chapter 7: Influence of Gold in Si Nanowire Lithium Ion Battery 
Anodes  

7.1 INTRODUCTION 

Lithium-silicon alloys have been extensively explored for use as high capacity 

negative electrode materials in lithium ion batteries (LIBs).1 Silicon can store an 

enormous amount of lithium and boasts a maximum theoretical capacity (3579 mA h g-

1)2-4 ten times greater than graphite (370 mA h g-1), the commercial standard in LIBs. Si 

offers the greatest power density of known Li insertion materials. Si is also inexpensive 

and abundant, with a low working potential relative to the reduction potential of Li/Li+. 

Si alloys with Li, by becoming amorphous (a-Si) and then forming Li15Si4:2, 3, 5 

Si xLi⎯ →⎯ a − LixSiy Li⎯ →⎯ Li15Si4       (1) 

Unfortunate for battery applications, lithiation leads to a massive volume 

expansion of up to 300%, which leads to electrode pulverization and battery failure.  

Nanostructured materials can tolerate these mechanical stresses and remain intact.6-8 Si 

nanowires (and other nanostructures) have received much attention for high capacity LIB 

anodes.9-23   

We have demonstrated that, through a simple annealing process, supercritical 

fluid-liquid-solid (SFLS) grown Si nanowires using monophenylsilane as the Si source 

show good cycle behavior and high capacities as Li insertion materials without the 

addition of conductive carbon or binder typically required for Si nanostructured 

electrodes (see Chapter 2). We have also reported graphene-supported SFLS Si 

nanowires synthesized using trisilane as a freestanding lithium insertion that exhibits 

poor cycle performance due to the presence of excess gold (see Chapter 4). Trisilane-
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grown Si nanowires are attractive because the SFLS process can produce up to 100 mg of 

material in a single lab-scale reactor batch.  Conventional CVD methods for Si nanowires 

yield only microgram quantities after reaction times of 4 to 20 minutes.12, 13, 16, 19  By 

comparison, SFLS reactions in our lab can produce Si nanowires at 6–8 g hr-1. Au is 

present in significant amounts, at a concentration of about 25% w/w.  Au is a poor Li 

insertion material and forms Li15Au4 irreversibly.24, 25 Given the high-throughput nature 

of SFLS methods,26 it is of great interest to determine the cause of the poor performance 

and improve the cycle behavior. In this study, the influence of Au in the Li storage 

performance of Si nanowires was studied.  Si nanowires were grown using trisilane as a 

reactant in the SFLS process and then tested in slurry-cast films.  Polyvinylidene fluoride 

(PVdF) and sodium alginate (NaAlg) were tested as a binders and fluoroethylene 

carbonate (FEC) as an electrolyte additive in various standard electrolyte solutions.27-30  

Batteries were tested using nanowires with and without Au removal. 

7.2 EXPERIMENTAL SECTION 

7.2.1 Materials 

All reactions were carried out using standard airless procedures using a nitrogen-

filled glove box.  All reagents and solvents were used as received and without further 

purification.  Dodecanethiol (DDT, ≥98%), tetrachloroaurate trihydrate (≥99.9%), 

sodium borohydride (≥98%), toluene (anhydrous, 99.8%), propylene carbonate (PC, 

anhydrous, 99.7%), ethanol (99.9%), tetraoctylammonium bromide (TOAB, 98%), 

lithium hexafluorophosphate (LiPF6, ≥99.99%), poly (vinylidene fluoride) (PVdF, 

average MW ~534,000 by GPC), alginic acid sodium salt (NaAlg, Lot# MKBG5630V), 

1-methyl 2-pyrrolidinone (NMP, 99.5%), chloroform (99.8%) and squalane (99%) were 

purchased from Sigma-Aldrich and trisilane (Si3H8, 100%) from Voltaix.  Conductive 
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carbon super C65 was supplied by TIMCAL.  Hydrofluoric acid (HF, 48%) was 

purchased from EMD Chemicals and hydrochloric acid (HCl, 12.1 N) and nitric acid 

(HNO3, 15.8 N) were bought from Fisher. Fluoroethylene carbonate (>98%) was 

obtained from TCI America.  Electrolyte solutions were either purchased–as 1.0 M 

solutions of LiPF6 in a 1:1 w/w mixture of ethylcarbonate (EC) : diethyl carbonate (DEC) 

(Novolyte) EC : dimethyl carbonate (DMC, EMD chemicals)–or prepared in one of three 

ways: LiPF6 was dissolved at a concentration of 1.0 M in 1:1 w/w mixture of either (1) 

FEC:DEC or (2) FEC:DMC, or (3) FEC was added at a concentration of 3% w/w to the 

1.0 M LiPF6 in EC:DMC solution purchased from EMD chemicals.  Celgard 2400 

membranes (25μm, Celgard) were used as separators, and Li metal foil (1.5 mm 99.9%) 

as the counter electrode, purchased from Alfa Aesar. 

7.2.2 Silicon nanowire synthesis 

Si nanowires were grown from using Au nanocrystal seeds using published SFLS 

methods..26  Dodecanethiol-capped Au nanocrystals (2 nm diameter) were synthesized 

following established procedures31 and stored in a nitrogen-filled gloved box dispersed in 

toluene at a concentration of 50 mg mL-1.  Si nanowire synthesis was carried out in a 

nitrogen-filled glove box.  A reactant solution is made by mixing 0.25 mL of trisilane 

with 0.55 mL of the Au nanocrystal dispersion in toluene and diluting with an additional 

0.3 mL of toluene.  Nanowire growth is carried out in a flow-through high pressure 

sealed titanium reactor at 450oC.  Before injecting the reactant solution, the reactor is 

heated to 450oC then pressurized with toluene to 6.9 MPa with a closed effluent line.  The 

reactant solution is injected over the course of 1 minute with the reactor effluent 

remaining closed. The reactor pressure increases to 15.2 MPa during the 1 minute 

reaction.  Immediately after injecting the reactant solution, the inlet valve is closed and 
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the reactor is removed from the heating block and allowed to cool to room temperature.   

After the reactor has cooled, it is removed from the glovebox and opened.  The nanowires 

are extracted from the reactor with additional toluene (~15mL).  The crude reaction 

product is centrifuged (all centrifugations steps were done at 8000 rpm for 5 minutes) and 

the supernatant is discarded.  The nanowires are then washed two more times by 

redispersion in 20 mL toluene followed by centrifugation.  The nanowires are dried down 

using a rotovap to determine an accurate weight (typical product yield is ~100 mg) before 

being dispersed in chloroform and stored in a vial under ambient conditions prior to use. 

7.2.3 Removal of Au from Si nanowires 

Au was removed from the nanowires using a two-step etching process.  For the 

first etch, approximately 100 mg of nanowires were dispersed in 80 mL of CHCl3 and 

added to a plastic beaker containing a 40 mL HF etching solution composed of HF, 

deionized water (DI H2O), and ethanol in a 1:1:1 (v/v) ratio.  The mixture was emulsified 

with vigorous stirring for 30 minutes.  After etching, the stirring was stopped to allow 

phase separation.  The nanowires tend to stick to the liquid-liquid interface, so the top 

phase (aq) is extracted with a plastic pipette, being careful to not harvest the nanowires 

trapped at the interface.  The organic phase containing the Si nanowires is added to a 

plastic centrifuge tube with 10 mL fresh DI H2O.  The centrifuge tube is then shaken 

vigorously, then let stand to allow phase separation.  This process is repeated once more 

and EtOH (10 mL) is added to the remaining solution prior to centrifugation at 8000 rpm 

for 5 minutes. The solution is washed three additional times by centrifugation and 

redispersion in CHCl3, discarding the supernatant each time before finally dispersing the 

nanowires in 20 mL CHCl3. 
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For the second etch the Si nanowire suspension is added with an additional 60 mL 

CHCl3 to a glass beaker containing a 50 mL aqua regia solution (1:3 HNO3:HCl v/v). 

The mixture was emulsified with vigorous stirring for 2 hours.  After etching, the stirring 

is stopped allowing phase separation.  The CHCl3 phase is removed via pipette and the 

remaining Si nanowire suspension in aqua regia is centrifuged at 8000 rpm for 5 

minutes.  After centrifugation, the aqua regia is carefully removed with a pipette and the 

Si nanowires are redispersed in 10 mL DI H2O.  The wires are washed twice with DI H2O 

(10 mL) and twice with EtOH.  The wires are dried down via rotovap to get an accurate 

weight before making slurry solutions. 

7.2.4 Anode preparation and battery assembly 

Slurries were prepared by combining Si nanowires with either PVdF or NaAlg 

and conductive carbon and in a 70:20:10 (w/w) ratio.  Four separate Si nanowire slurries 

were prepared by dispersing the nanowires (typically 80-100 mg) in 2 mL ethanol and 

bath sonication for 1 hour.  Meanwhile, two conductive carbon / PVdF in 1 mL NMP and 

two conductive carbon / NaAlg in 1 mL DI H2O suspensions were prepared and bath 

sonicated for 1 hour.  Si nanowire and carbon / binder solutions were mixed in the 

following combinations: (1) as made Si nanowires with PVdF, (2) Au-removed Si 

nanowires with PVdF, (3) as made Si nanowires with NaAlg, and (4) Au-removed Si 

nanowires with NaAlg.  Slurries generally required a few additional mL of EtOH or DI 

H2O to form a uniform suspension.  Slurries were wand sonicated for 30 minutes and 

reduced by rotovap yielding viscous dispersions, then cast onto Cu foil using a 200 μm 

film applicator and vacuum dried overnight at 100oC. 

Batteries were assembled in an argon-filled glovebox.  Si nanowire anodes were 

hole-punched (1 cm diameter) from the Cu foil supported slurry film.  The electrolyte 
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was a 1.0 M solution of LiPF6 in a 1:1 w/w mixture of either (1) EC:DEC, (2) EC:DMC, 

(3) EC:DMC + 3% w/w FEC, (4) FEC:DEC, (5) FEC:DMC, or (6) PC:DMC.  A few 

drops of electrolyte were deposited over the Li foil counter electrode and on top of a 

Celgard 2400 separator membrane (25μm thick, Celgard) before the adding the Si anode 

and crimping the completed battery. 

AC electrochemical impedance spectroscopy (EIS) measurements were obtained 

using an Electrochemical Analyzer (CH Instruments, model CHI 604D) over a frequency 

range of 0.01 to 100,000 Hz.  Galvanostatic measurements were made using an Arbin 

BT-2143 test unit sweeping between 2 V and 10 mV vs Li/Li+ at various rates.  

Capacities are reported based on the active material only. 

7.2.5 Material characterization 

Scanning electron microscopy (SEM) images were acquired using a Zeiss Supra 

40 SEM with an in-lens arrangement, a working voltage of 5 keV and a working distance 

of 5 mm. Transmission electron microscopy (TEM) images were digitally acquired using 

either a FEI Tecnai Spirit BioTwin TEM operated at 80 kV or a field emission JEOL 

2010F TEM operated at 200 kV.  TEM samples were prepared by drop-casting from 

chloroform dispersions onto 200 mesh lacey-carbon copper TEM grids (Electron 

Microscopy Sciences). 

X-ray diffraction (XRD) was performed with a Rigaku R-Axis Spider 

Diffractometer with Image plate detector with Cu kα (λ = 1.5418 Å) radiation operated at 

40 kV and 40 mA.  Samples were measured on a 0.5 mm nylon loop, scanning for 10 min 

with 1° per second sample rotation under ambient conditions. The diffraction data were 

integrated radially from 2θ = 20 to 80. Background scattering from the nylon loop was 

subtracted. 
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7.3 RESULTS AND DISCUSSION 

7.3.1 Silicon nanowires and Au removal 

 The relatively high concentration of Au nanocrystals needed for the SFLS 

synthesis using trisilane leads to a significant amount of Au present in the sample.26, 32, 33  

A two-step etching procedure illustrated in Figure 7.1b was used to remove Au from the 

nanowires.  Au etching requires two steps because of a thin layer of Si coating the Au at 

the tips of the nanowires.  The first step uses HF to remove the thin Si shell, exposing the 

Au tip; the second uses aqua regia to etch the seed particles.32, 33  TEM and XRD 

confirmed the efficacy of the etching procedure.  For example, Figures 7.1c and 7.1d 

show TEM images of the Si nanowires before and after etching.  Before etching, there are 

Au nanocrystals at the nanowire tips and associated with the nanowire surface.  After 

etching, there are no longer any visible Au nanocrystals in the TEM images of the 

nanowires.  XRD also shows that the Au initially present in the nanowire sample is 

removed (Figure 7.1h). 
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Figure 7.1: (a) SEM of SFLS-grown Si nanowires. (b) Illustration of the Au etching 
procedure. (c) TEM images of nanowires prior to etching.  Surface-bound 
Au nanocrystals are circled for reference.  (d) TEM image of Si nanowires 
after etching—there are no longer Au nanocrystals present in the sample.  
(e) HRTEM image of a Si nanowire, shown growing in the <110> direction 
with (f) corresponding FFT pattern (imaged down the [011] zone axis). (g) 
SEM image of film of Au-removed Si nanowires in PVdF. (h) XRD of the 
Si nanowires (i) before and (ii) after Au removal (Si JCPDS: 00-027-1402, 
Au: 00-004-0784). 

7.3.2 Extended cycle life behavior 

Si nanowire films were prepared in one of four nanowire / binder combinations 

and cycled galvanostatically against Li foil. Combinations included: (1) as-made 

nanowires mixed with PVdF, (2) Au-removed nanowires mixed with PVdF, (3) as-made 

nanowires mixed with NaAlg, and (4) Au-removed nanowires mixed with NaAlg.  Six 

electrolyte solutions of 1.0 M LiPF6 in a variety of solvents were also tested, including: 



 151

(A) EC:DEC, (B) EC:DMC, (C) EC:DMC + 3% w/w FEC, (D) FEC:DEC, (E) 

FEC:DMC, and (F) PC:DMC.  Standard electrolytes contain a combination of EC, DEC, 

and DMC and are used commonly in both research and commercially.  Several recent 

studies have shown FEC to stabilizes cycle life in batteries with Si powders,27-29 but has 

yet to be tested for Si nanowires.  Figure 7.2 shows galvanostatic cycling data for Si 

nanowire/binder combinations (1)–(4) cycled at a rate of C/10 for 100 charge/discharge 

cycles. C is the current density required to fully lithated or delithiated the electrode in 1 

hour.  The different colored curves correspond to the electrolyte system shown at the top 

of the figure next to the dot of the same color. Table 7.1 summarizes the battery data: first 

cycle charge capacity, irreversible first cycle capacity loss, and percent capacity retention 

of cycle 100 relative to cycles 1 and 5. 
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Figure 7.2: (a, c, e, g) Charge capacity cycle data for 100 cycles at C/10  and (b, d, f, h) 
capacity retention for Si nanowires in various electrolyte solutions: (a, b) as-
prepared in PVdF; (c, d) Au-removed in PVdF; (e, f) as-prepared in NaAlg; 
(g, h) Au-removed in NaAlg. Capacity retention is relative to the 5th cycle 
for any given system. (i) Electrolyte solvent and (top) binder molecules are 
shown. 

First cycle charge capacities were between 1100 and 3600 mA h g-1.  Only three 

of the fourteen systems tested had first cycle charge capacities below 2300 mA h g-1 

while five had capacities above 3000 mA h g-1.  PVdF based systems performed poorly 

beyond the first cycle with irreversible capacity losses of 39% to 68%.  The Si nanowires 

with Au removed performed particularly poorly when mixed with PVdF; first cycle 

irreversible capacity losses were greater than 50%. With PVdF binder and Au removed Si 

nanowires, electrolyte (E) performed the best with 35.4% charge capacity retention of 



 153

cycle 100 relative to cycle 5.  All other systems show capacity retention below 4%.  

According to previous reports, Si / PVdF films must be annealed above 250oC to realize 

high capacities with good retention.34  After annealing films (1) and (2) for 12 hours 

under  N2 flow at 300oC, they still performed poorly and were not tested further. 

Films (3) and (4) contain NaAlg and greatly outperformed the PVdF-containing 

films (1) and (2).  Film (4) was cycled with FEC-containing (i.e., D and E) electrolytes 

only.  These had the lowest first cycle capacity (1455 mA h g-1 for electrolyte (D) and 

1466 mA h g-1 for E) but had the best capacity retention after 100 cycles (77.3% and 

78.6%, respectively) relative to the 5th cycle charge capacity.  Electrolyte (E) had the 

highest first cycle irreversible capacity loss for all four films, ranging between 21.3% for 

film (3) and 68% for film (2). 

Interactions between the binder and active Si material are critical to electrode 

longevity. The porous texture of the Si–C–binder film is important for the stable reaction 

between Si and Li. Furthermore, binders that undergo a self-healing process during 

lithium insertion and removal maintain the integrity of the electrode and improve cycle 

life.35, 36 This is true for binders that exhibit hydrogen bonding, which break and reform 

as the electrode material expands and contracts (e.g., carboxymethylcellulose–CMC, 

NaAlg, etc.). Carboxylic acid groups in NaAlg interact with the surface of conductive 

carbon and Si in this way to provide efficient electronic and Li+ ion transport.  The use of 

NaAlg shows improved cycle life for the Si nanowire anode performance compared to 

PVdF.30 Heat treatment of PVdF forms an even distribution on Si powder electrodes and 

is responsible for the improved performance over un-annealed PVdF films.34 Our results 

indicate that the binder does not interact as strongly with the Si nanowire surface and as 

such, performance suffers; we do not observe improved cycling after PVdF heat-

treatment with Si nanowires as was previously observed for Si particles.30, 34  We focus 
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on NaAlg films (3 and 4) in the electrochemical analysis below.  Data for the Si 

nanowire/PVdF combination are provided as supporting information in Appendix E.   

Table 7.1: Summary of first cycle capacity and retention in various battery formulations. 

  Capacity (mA h g-1) Retention (%) 
Film Electrolyte♮ Cycle 1 1st cycle loss (%) Cycle 5 Cycle 100 Qret1

a Qret5
b 

PVdF EC:DEC 2838 1151 (40.6) 310 3 0.1 1.0 
PVdF EC:DMC 3564 1391 (39.0) 337 13 0.4 3.8 
PVdF EC:DMC+FEC 2873 1143 (39.8) 858 3 0.1 0.3 
PVdF FEC:DMC 3572 1557 (43.6) 1038 100 2.8 9.6 
PVdF PC:DMC 2534 1260 (49.7) 366 5 0.2 1.3 
PVdF† EC:DEC 2358 1240 (52.6) 438 3 0.1 0.8 
PVdF† EC:DMC 1109 656 (59.2) 247 1 0.1 0.6 
PVdF† FEC:DMC 3013 2048 (68) 1103 390 12.9 35.4 
NaAlg ED:DEC 2978 443 (15.9) 2503 1012 34.0 40.4 
NaAlg EC:DMC 2650 446 (16.8) 2171 560 21.1 25.8 
NaAlg EC:DMC+FEC 3172 512 (16.1) 2589 1815 57.2 70.1 
NaAlg  FEC:DMC 3362 718 (21.3) 2528 1526 45.4 60.3 
NaAlg† FEC:DEC 1455 372 (25.6) 1317 1017 69.9 77.3 
NaAlg† FEC;DMC 1466 695 (47.4) 955 751 51.2 78.6 
†Au-removed Si nanowires 
a Charge capacity retention of the 100th cycle relative to the 1st cycle 
b Charge capacity retention of the 100th cycle relative to the 5th cycle 

Figure 7.3 shows electrochemical data for film (3) with electrolytes (A), (B), (C), 

and (E). Coulombic efficiencies ranged between 95 and 100%.  The coulombic 

efficiencies for electrolytes (A), Figure 7.3a.i, and (B), Figure 7.3b.i, settled between 

95% and 98% after the 10th cycle.  Electrolyte (C), Figure 7.3c.i, settled around 99% 

through about 90 cycles at which point the battery performance began to degrade; this 

battery had the best capacity retention for this series (70.1%) and low first cycle 

irreversible loss (16.1%). Electrolyte (E), Figure 7.3d.i, held steady at 99% though 100 

cycles and also had good capacity retention relative to the 5th cycle (60.3%).  The voltage 

profiles show increased over-potential as cycling progresses due primarily to a shift in 

lithiation to lower potentials.  This effect is more pronounced for electrolytes (A) and (B) 

in Figures 7.3a.ii and 7.3b.ii, respectively, where the initial lithiation event occurs at 
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lower and lower potentials as the cycling progresses.  The reason behind this is unclear, 

but since the shift is more pronounced in batteries that show worse retention behavior, it 

is likely due to kinetic and transport limitations that evolve as the battery cycles longer 

and increased internal resistances due to SEI growth with continued cycling.  The 

differential capacity plots share similar characteristics, with lithiation peaks between 50 

mV and 100 mV and between 200 mV and 250 mV.  These potentials correspond to 

Li15Si4 crystallization and a-Si lithiation, respectively.3, 5  Delithiation profiles show a 

plateau (or differential peak) near 500 mV for early cycles and 250 mV for later cycles 

corresponding to the delithiation potentials of Li15Si4 and a-Si, respectively.3, 5   
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Figure 7.3: (i) Charge and discharge capacities with Coulombic efficiencies, (ii) voltage 
profiles and (iii) differential capacity plots for Si nanowires cycled using 
NaAlg binder and electrolyte solution of 1.0 M LiPF6 in a 1:1 (w:w) solvent 
mixture of (a) EC:DEC, (b) EC:DMC, (c) EC:DMC + 3% (w/w) FEC, and 
(d) FEC:DMC at cycles 1, 2, 5, 10, 20, 50, and 100.  

Electrochemical data for film (4) with electrolytes (D) and (E) are shown in 

Figure 7.4. Coulombic efficiencies for these systems were at least 98%, similar to film 

(3). The voltage profiles show stable over-potentials for electrolyte (D) and a slight 
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increase for (E).  Differential capacity plots show (de)lithiation at similar potentials 

observed for film (3), (i.e. charge peaks around 100 mV and 250 mV and discharge peaks 

at 250 mV and 500 mV).  While these batteries had much lower first cycle capacities than 

the rest of the batteries tested–1455 mA h g-1 for electrolyte (D) and 1466 mA h g-1 for 

(E)–they also exhibited the highest capacity retention after 100 cycles (77.3 and 78.6%, 

respectively).  The reduction in first cycle capacity of film (4) is likely due to SiO2 on the 

surface of the nanowires.  SiOx electrodes have been studied37-41 and have capacities of at 

most 1600 mA h g-1.41 Furthermore, SiO2 is electrochemically inactive42 with respect to 

lithium insertion in the potential ranges studied here.  The presence of these two species 

would lower the measured specific capacity of our Si nanowires films. The source of 

SiOx is likely from aqua regia, the strong oxidizing agent used to remove Au from the 

tips and surface of the nanowires. A second HF etch after Au-removal step would remove 

the SiO2 coating and improve the capacity of these films, but doing so would likely be 

detrimental to capacity retention. The oxidized nanowire surface plays a key role in 

realizing improved capacity retention.  Li reacts with the oxidized surface of the Si 

nanowire to form silicates and Li2O.37, 38, 40, 43, 44  This layer is also transparent to Li+ 

transport allowing lithiation of the nanowire core.  The LiySiOx is stronger than Si and 

limits expansion of the Si nanowire core.44  Furthermore, SiOx lithiates to a lesser degree 

than Si and undergoes more mild expansion by comparison.39  While this limits the extent 

of lithiation, it in turn improves the cycle life of the battery.  This effect is dependent on 

the oxide thickness44 and can be engineered.  Furthermore, NaAlg interacts strongly with 

the polar oxidized Si nanowire surface, and stabilizes cycling behavior. A systematic 

study varying the oxide thickness of the wires is required to truly optimize the system. 

Differential capacity data are discussed in greater detail below. 
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Figure 7.4: (i) Charge and discharge capacities with Coulombic efficiencies, (ii) voltage 
profiles and (iii) differential capacity plots for Au-removed Si nanowires 
cycled using NaAlg binder and electrolyte solvent mixtures of (a) FEC:DEC 
or (b) FEC:DMC at cycles 1, 2, 5, 10, 20, 50 and 100. 

Figure 7.5 compares the first cycle voltage profiles and differential capacity plots 

for all Si nanowire film / electrolyte combinations tested.  Over-potentials are 

independent of electrolyte for any given film and vary slightly depending on whether the 

wires are as made (average over potential ~350 mV) or Au-removed (average over-

potential ~400 mV).  The difference in over-potential is due to the presence of Au, which 

is present in the Si nanowire films at a weight percent of roughly 19%.  Au-removed 

nanowires have a larger over-potential because crystalline Si lithiates below potentials of 

50 mV whereas Au lithiates at a slightly higher potential of 100 mV,24, 25 All systems 

have near identical first cycle lithiation behavior, with a sharp peak appearing at 

potentials at or below 100 mV when Au is present, corresponding to lithiation of 

crystalline Si and Au, and below 50 mV when Au is removed, corresponding to lithiation 

of crystalline Si.2, 3, 5 Discharge behavior can be generalized as well based on whether or 
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not Au is present. Films (1) and (3) show sharp delithiation peaks at 500 mV for all but 

electrolyte (F).  Propylene carbonate is known to damage graphite due to poor SEI 

formation45, 46 and is likely responsible for absence of the sharp delithiation peak.  

Instead, a broad hump is observed at 300 mV, which is the potential for a-Si delithiation.  

In contrast, films (2) and (4) show broad peaks that span the potential range from 300 mV 

to 500 mV when Au is removed.  The sharp 500 mV peak is not observed, presumably 

due to the presence of a SiOx coating on the nanowires.37-40 

 

Figure 7.5: (a, c, e, g) Voltage profiles and (b, d, f, h) differential capacity plots for the 
first cycle of (a, c) as prepared Si nanowires and (b, d) Au-removed Si 
nanowires using (a-d) PVdF and (e-h) NaAlg as binders and the indicated 
electrolyte solvent combinations.  

Electrochemical data for films (3) and (4) are shown in greater detail in Figures 

7.6 and 7.7. Trends in lithiation and delithiation potentials are similar for the two films 

and independent of electrolyte solvent. Two prominent lithiation peaks are observed at 



 160

250 mV (a-Si lithiation) and 100 mV (Li15Si4 formation).  For electrolytes (A) and (B), as 

cycling progresses, these two peaks drift to lower potentials and fade in intensity, 

merging eventually into a single broad peak at around 150 mV to 200 mV.  Electrolytes 

(C) and (E) retain strong lithiation peaks throughout the entire cycle test that show only 

slight drift to lower potentials.  FEC is stable in Si systems for up to several hundred 

cycles47 before a drastic decline in performance is observed.  The scope of these 

experiments is not long enough to probe the failure modes of the FEC electrolytes. 

Electrolytes (A) and (B) exhibit similar delithiation trends, shown in Figure 7.6a.i 

and 7.6b.i, respectively.  Early discharge cycles exhibit a sharp peak at 500 mV attributed 

to delithiation of Li15Si4.48 This peak disappears by cycle 20 as it forms a shoulder on the 

lower potential peak centered at 300 mV, attributed to delithiation of a-Si.22, 48  

Electrolytes (C) and (E) show somewhat contrasting behavior.  The sharp Li15Si4 peak is 

present at 500 mV, but the a-Si delithiation peak at 300 mV peak is initially absent.  As 

cycling progresses, two broad lithiation peaks are observed, consistent with previous 

reports of the Si delithiation.  These peaks are rationalized as low- and high-potential 

delithiation of a-Si in two separate single phase regions: 
a − Lix+ySi −Li⎯ →⎯ a − LixSi +Y Li −Li⎯ →⎯ a − Si + X Li    (2) 

The fade of the sharp peak at 500 mV indicates that the Li15Si4 phase forms less 

as cycling progresses.  For electrolytes (A) and (B) This is also seen by the reduction in 

the Li15Si4 formation peak at potentials below 100 mV.  Electrolytes (C) and (E) retain 

sharp Li15Si4 lithiation peak through 100 cycles and a strong Li15Si4 delithiation peak 

through at least 30 cycles.  A stable SEI layer is formed that is more transparent to 

electron and Li+ ion flow for FEC-containing versus FEC-free electrolytes and is 

responsible for the differences in electrochemical behavior. 
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Figure 7.6: Color maps of differential capacity (i) discharge and (iii) charge profiles with 
(ii) corresponding waterfall plots for Si nanowires cycled using NaAlg 
binder with electrolyte solvent solutions of (a) EC:DEC, (b) EC:DMC, (c) 
EC:DMC+FEC, and (d) FEC:DMC.  
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Figure 7.7 shows a similar set of data for film (4) using electrolytes (D) and (E).  

As discussed above, these films show lower initial capacities, but the highest capacity 

retention out of all batteries tested.  The same general lithiation and delithiation trends are 

observed as for film (3) with electrolytes (D) and (E); namely, the presence of two 

lithiation peaks–at 250 mV and 100 mV–that gradually fade with increased cycling, and 

two delithiation peaks–at 500 mV and 300 mV–that undergo a shift in intensity from the 

500 mV peak, which is more intense initially, then fades as the 300 mV peak grows. The 

obvious difference between these nanowires and those reported above is the absence of 

Au.  Au is known to lithiate to form Li15Au4, but with very low (~100 mA h g-1) 

reversible capacity.24, 25  Au, present in films (1) and (3) at a mass content of nearly 20%, 

acts as a significant sink of both electrons and Li+ ions. As such, these films exhibited 

poor capacity retention. Au-removal mitigates this irreversible effect, shown here. 
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Figure 7.7: Color maps of differential capacity (i) discharge and (iii) charge profiles with 
(ii) corresponding waterfall plots for Au-removed Si nanowires cycled using 
NaAlg binder and electrolyte solvent solutions of (a) FEC:DEC or (b) 
FEC:DMC. 

7.3.3 Rate test behavior 

Due to superior performance in the tests above, films (3) and (4) were tested at 

faster rates using electrolytes (A), (B), and (E); results are shown in Figure 7.8. At rates 

faster than C/20, the batteries registered zero capacity.  A similar observation was made 

for SFLS Si nanowires grown using the trisilane precursor and supported with a free-
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standing film of graphene. The poor performance was attributed to the presence of gold 

(see Chapter 4). Data shown in Figure 7.8b corroborate this claim. Figure 7.8b shows rate 

test data for batteries cycled using film (4) and electrolytes (D) and (E) at various rates.  

These two electrolyte systems performed well with capacities of ~1500 mA h g-1 

sustained through rates up to C/5 (i.e., through 25 cycles) with electrolyte (E) boasting 

slightly higher capacities.  Further increasing the rate to C/2, C, and 2C resulted in 

capacitive drop-off of 400–500 mA h g-1 at each rate change cycle (cycles 26, 31, 36).  

Electrolyte (E) stored no lithium at a rate of 2C while electrolyte (D) registered capacities 

of ~400 mA h g-1.  These data indicate that the SEI formed using DEC is slightly more 

stable and has better charge and ion transfer properties than that formed by DMC.  When 

the rate was reduced to C/10 for the final 10 cycles, the capacity returned to the same 

level as cycles 10-20 (i.e., the first set of cycles at C/10), showing that the film was not 

damaged by the harsher cycling conditions and the capacity drop at faster cycling rates 

are due to kinetic limitations rather than film degradation effects.  A further point of 

interest is that cycling at C/20 for the first few cycles yields capacities nearly twice the 

values reported above (e.g., ~2000 mA h g-1 vs ~1000 mA h g-1) observed above where 

cycling began at C/10.  
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Figure 7.8: Rate test data for batteries using NaAlg binder mixed with (a) as made Si 
nanowires and (b) Au-removed Si nanowires cycled at various rates with the 
indicated electrolyte solutions. 

Electrochemical data for film (4) with electrolytes (D) and (E) are shown in 

Figure 7.9. The coulombic efficiencies for these samples were typically between 98% and 

100% after the first 10 cycles.  For cycles where the rate was changed, the efficiency 

often dropped to as low as 90% for one cycle, then returned to between 98% and 100%.  

The over-potentials are consistent for all cycles and both electrolytes, but increase as the 

cycle rate increases, likely due to kinetic or transport limitations within the film. These 

limitations arise from poor lithium diffusion in Si and poor electron conductivity of Si.  

The differential capacity plots show peaks at the expected potentials, following the same 

general trends observed above. 
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Figure 7.9: (i) Rate test data, (ii) voltage profiles and (iii) corresponding differential 
capacity plots for Au-removed Si nanowires mixed with NaAlg binder 
cycled using electrolyte solvent solutions of (a) FEC:DEC and (b) 
FEC:DMC at cycles 10, 20, 25, 30, 35, 40, and 50.   

Detailed electrochemical data are shown in Figure 7.10 for batteries cycled using 

film (4) and electrolytes (D) and (E).  The lithiation and delithiation peaks are 

characteristic of lithiation of a-Si (250 mV) and formation of Li15Si4, (<100 mV) and a-Si 

delithiation (300 mV and 500 mV).  A few slight differences are observed for increased 

rates for both electrolytes.  First, the 250 mV lithiation peak drifts to lower potentials 

with increased cycle rate. This shift is most pronounced in Figure 7.10a.iii.  The peaks 

shift back to their initial potentials at cycle 41 where the rate is reduced to C/10. Between 

cycles 25 and 41, however, the 100 mV peak no longer appears, indicating that Li15Si4 

does not form at the faster cycling rates of C/2, C, and 2C.   

Delithiation trends differ from observations made around Figure 7.7.  At cycle 21 

(rate = C/5) the 300 mV peak begins to shift to higher potentials.  This is in contrast to 

observations presented above where the 500 mV peak decreased in intensity and merged 
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into the 300 mV peak.  This trend is observed for both electrolytes and becomes more 

pronounced with increasing cycle rate.  At cycle 41, when the rate is relaxed to C/10, the 

peaks resume the positions and intensities as during cycles 11-20 (i.e. the first set of 

cycles at C/10).  While the observed trends point to kinetic limitations in the Si nanowire 

film, a more detailed study is necessary to determine the true nature of the peak shifts. 

 

Figure 7.10: Color maps of differential capacity (i) discharge and (iii) charge profiles 
and (ii) waterfall plots for Au-free nanowires cycled at various rates using 
NaAlg and electrolyte solvent solutions of (a) FEC:DEC or (b) FEC:DMC. 
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7.3.4 Electrical behavior 

Electrochemical impedance spectroscopy (EIS) measurements were made after 

100 galvanostatic charge / discharge cycles at C/10 and are shown in Figure 7.11.  

Interpretation and translation of the equivalent circuit12, 49 shown in Figure 7.11e to the 

actual battery remains unclear. Nevertheless, each film shows characteristic impedance 

features (i.e. high-frequency semi-circular resistive component coupled to a low-

frequency linear diffusion region).  The size of the semi-circle is indicative of the film 

resistance.  The larger the circle, the more resistive the film, and the steepness of the low-

frequency region provides information about Li+ diffusion within the film.  Slopes of 45o 

are associated with semi-infinite diffusion whereas slopes steeper than 45o are 

characteristic of finite Li+ diffusion in thin film electrodes.  Electrolyte solutions with 

FEC have lower impedance than electrolytes without FEC, evident by the smaller semi-

circle region. The film resistance estimated based on the equivalent shown in Figure 

7.11e is tabulated in Table 7.2. The Rct element is typically associated with resistance to 

charge transfer, which we calculate to be an order of magnitude lower for FEC:DMC 

compared to EC:DMC; FEC-containing electrolytes form less resistive films.  
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Figure 7.11: Impedance spectroscopy data after 100 cycles for samples of Si nanowires 
cycled (a, c) as prepared or (b, d) Au-removed mixed with (a, b) PVdF or (c, 
d) NaAlg as the binder and the electrolyte solvent solution mixtures shown.  
All spectra are taken in the delithiated state except for (c), which was 
lithiated.  (a, b, d) curves are offset vertically by 350 ohms or (c) 75 ohms.  
(e) Equivalent circuit used to fit impedance data using resistance elements 
Re (electrolyte), Rsf (surface), and Rct (charge transfer), constant phase 
elements Qsf and Qct and the Warburg diffusion element, Zw. 
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Table 7.2: Equivalent circuit parameters for electrochemical impedance spectra. 

Film Electrolyte♮ Rnp (Ω) YO (Ω-1sn)a ·106 na 

NaAlg EC:DMC 453.0 25.0 0.63 
NaAlg FEC:DMC 46.5 6.4 0.76 
NaAlg† FEC:DMC 65.0 2.1 0.95 

†
 Au-removed Si nanowires 

a Yo and n are the two elements used to fit the constant phase element Qdl,2 

7.4 CONCLUSIONS 

We set out to explain why SFLS Si nanowires grown using trisilane performed 

poorly in an earlier report. Here, we show that Au is responsible for the poor cycling 

behavior and that capacity retention can be improved through a simple etching process. 

Silicon nanowires grown by Au seeded SFLS growth were tested as a Li ion battery 

electrode material using a variety of binder and electrolyte combinations with and 

without removing Au from the nanowires.  PVdF films showed poor cycle behavior, even 

when annealed according to previous reports.  NaAlg films, however, interact with Si 

surfaces and were found to show marked improvement on the cycle behavior, but 

capacity retention still suffered.  By removing the Au tips, the initial capacity was 

reduced, but the capacity retention was significantly improved.  FEC-based electrolyte 

systems showed the best cycle behavior. Further investigations are underway to explore 

the surface chemistry of the Au-removed Si nanowires similar to data shown in Chapter 

6.  Better understanding of the surface chemistry will provide the means to optimize the 

engineering of Si nanowires that have high capacity and good cycle retention. 
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Chapter 8: In-situ Sn-seeded Si nanowires in Li Ion Batteries 

8.1 INTRODUCTION 

Silicon (Si) nanostructures have received great attention since the turn of the 

century as a potential replacement for graphite as the working anode material in Li ion 

batteries,1 primarily due to the fact that Si (3579 mA h g-1)2-4  exhibits a ten-fold 

improvement on the maximum theoretical capacity of graphite (372 mA h g-1). 

Accompanying this enormous Li storage capacity comes a great penalty; the Si lattice 

expands by up to 300% in order to form the Li15Si4 phase, which results in electrode 

pulverization leading to battery failure. Silicon nanostructures mitigate pulverization 

effects associated with Li cycling5-7 and are a particularly attractive class of materials.  

Furthermore, Si offers the greatest power density of known Li insertion materials, is an 

inexpensive and abundant element, and has a low working potential relative to the Li/Li+ 

reduction potential. 

Chapter 2 showed good cycle behavior and high capacities by annealing a free-

standing nanowire fabric composed of Si nanowires grown using the supercritical fluid-

liquid-solid (SFLS) method with monophenylsilane as the Si source and gold (Au) 

catalyst seeds without conventional addition of conductive carbon or binder.8 In Chapter 

4 we also reported graphene-supported SFLS Si nanowires synthesized using trisilane as 

a freestanding lithium insertion.  These membranes exhibit poor cycle performance, 

which we later showed (in Chapter 7) could be improved by etching Au from the 

nanowire product. Trisilane-grown SFLS wires can be produced at an astounding rate of 

6 to 8 g hr-1 using lab scale equipment9 compared to conventional CVD processes, which 

produce aerial mass loadings on the order of μg cm-1.10-13 In an effort to avoid the use of 

Au altogether yet exploit the high throughput SFLS process, we turn to tin (Sn) as a seed 
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material. We simplify the SFLS process by simultaneous injection of trisilane with a 

molecular Sn precursor–bis[bis(trimethylsilyl)amino] tin (II), or SnHMDS2–instead of Sn 

nanocrystals, which are difficult to synthesize and oxidize easily.14-16 This injection 

mixture forms Sn nanocrystals in-situ which seeds the growth of Si nanowires. 

Sn has been used recently in the CVD growth of Si nanowires17 and is an 

attractive seed material due to its electrochemical behavior; Sn forms an alloy with Li 

(Li22Sn5) with a capacity (993 mA h g-1),18-22 nearly three times that of graphite, and has 

been independently explored as a graphite replacement,22 though Sn also exhibits massive 

volumetric expansion upon lithiation of ~260%.23 In this study, we evaluate Li storage 

performance of in-situ Sn seeded Si nanowires grown using trisilane and SnHMDS as the 

Si and Sn sources, respectively. In accordance with previous results, we test heat-treated 

polyvinylidene fluoride (PVdF) and sodium alginate (NaAlg) as binders and 

fluoroethylene carbonate (FEC) as an electrolyte additive in various standard electrolyte 

solutions.24-28   

8.2 EXPERIMENTAL SECTION 

8.2.1 Materials 

All reagents and solvents were used as received and without further purification. 

Toluene (anhydrous, 99.8%), ethanol (99.9%), lithium hexafluorophosphate (LiPF6, 

≥99.99%), poly (vinylidene fluoride) (PVdF, average MW ~534,000 by GPC), alginic 

acid sodium salt (NaAlg, Lot# MKBG5630V), 1-methyl 2-pyrrolidinone (NMP, 99.5%), 

chloroform (99.8%) and bis[bis(trimethylsilyl)amino] tin(II) (SnHMDS2, Lot# 

10396PKV) were purchased from Sigma-Aldrich and trisilane (Si3H8, 100%) was 

obtained from Voltaix. Conductive carbon super C65 was supplied by TIMCAL. 

Fluoroethylene carbonate (>98%) was obtained from TCI America.  Electrolytes were 
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either purchased–as 1.0 M solutions of LiPF6 in a 1:1 w/w mixture of ethylcarbonate 

(EC) : diethyl carbonate (DEC) (Novolyte) or 1.0M LiPF6 in a 1:1 mixture of EC : 

dimethyl carbonate (DMC) (EMD chemicals)–or prepared in one of three ways: LiPF6 

was either dissolved at a concentration of 1.0 M in 1:1 w/w mixture of (1) FEC:DEC or 

(2) FEC:DMC or (3) FEC was added at a 3% w/w to the EC:DMC solution purchased 

from EMD chemicals.  For battery assembly, Celgard 2400 membranes (25μm) were 

used as separators, purchased from Celgard, and Li metal foil (1.5 mm 99.9%), used as 

the counter electrode, from Alfa Aesar. 

8.2.2 Silicon nanowire synthesis 

Si nanowires were synthesized in a nitrogen filled glovebox using standard air-

free procedures.  A modified supercritical fluid-liquid-solid (SFLS) method9 was 

developed into a new in-situ tin-seeded growth process using trisilane and 

bis[bis(trimethylsilyl)amino] tin (II) [(TMS2N)2Sn] as the Si and Sn sources, respectively, 

in supercritical toluene. A reactant solution of trisilane and SnHMDS in toluene is first 

made.  Trisilane is added (0.25 mL) to a mixture of 116 μL SnHMDS dispersed in 0.7 

mL toluene to give a 20:1 Si:Sn mole ratio.  Nanowire growth is carried out in a flow-

through high pressure sealed titanium reactor at 450oC.  Before injecting the reactant 

solution, the reactor is heated to 450oC then pressurized with toluene to 6.9 MPa with a 

closed effluent line.  The reactant solution is injected over the course of 1 min with the 

reactor effluent remaining closed. The reactor pressure increases to 13.1 MPa during the 

course of the reaction.  Immediately after the 1 minute injection the reactant solution, the 

reactor inlet is closed and the sealed reactor is removed from the heating block and 

allowed to cool to room temperature.   After the reactor has cooled, it is removed from 

the glovebox and opened.  The nanowires are extracted from the reactor with ~20 mL 
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additional toluene.  The crude reaction product is centrifuged at 8000 rpm for 5 minutes 

and the supernatant is discarded.  The nanowires are then washed two more times by 

redispersion in 20 mL of toluene followed by centrifugation.  The nanowires were dried 

down via rotovap to determine an accurate weight and stored in a vial under ambient 

conditions prior to use.  A typical reaction yields approximately 100 mg of product. 

8.2.3 Anode preparation battery assembly 

Slurries were prepared by combining Si nanowires with either PVdF or NaAlg 

and conductive carbon and in a 70:20:10 w/w ratio. Two separate slurries were prepared 

by dispersing the nanowires (typically 80-100 mg) in 2 mL ethanol and bath sonication 

for 1 hour.  Meanwhile, PVdF and conductive carbon were suspended in 1 mL NMP or 

NaAlg and conductive carbon in 1 mL DI H2O and bath sonicated for 1 hour. The Si 

nanowires were mixed with the appropriate binder solutions. Slurries generally required a 

few additional mL of EtOH or DI H2O to form a uniform suspension.  Slurries were wand 

sonicated for 30 minutes and reduced by rotovap yielding viscous dispersions, then cast 

onto Cu foil using a 200 μm film applicator and vacuum dried overnight at 100oC. 

Batteries were assembled in an argon-filled glovebox.  Si nanowire anodes were 

hole-punched from the Cu foil supported slurry film.  The electrolyte was a 1.0 M 

solution of LiPF6 in a 1:1 w/w mixture of either (A) EC:DEC, (B) EC:DMC, (C) 

EC:DMC + 3% w/w FEC, (D) FEC:DEC, or (E) FEC:DMC.  A few drops of electrolyte 

were deposited over the Li foil counter electrode and on top of a Celgard 2400 separator 

membrane (25μm thick, Celgard) before the adding the Si anode and crimping the 

completed battery. 

AC electrochemical impedance spectroscopy (EIS) measurements were obtained 

using an Electrochemical Analyzer (CH Instruments, model CHI 604D) over a frequency 
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range of 0.01 to 100,000 Hz.  Galvanostatic measurements were made using an Arbin 

BT-2143 test unit sweeping between 2 V and 10 mV vs Li/Li+ at various rates.  

Capacities are reported based on the active material only. 

8.2.4 Material characterization 

Scanning electron microscopy (SEM) images were acquired using a Zeiss Supra 

40 SEM with an in-lens arrangement, a working voltage of 5 keV and a working distance 

of 5 mm. Transmission electron microscopy (TEM) samples were prepared by drop-

casting from chloroform dispersions onto 200 mesh lacey-carbon copper TEM grids 

(Electron Microscopy Sciences). Images were digitally acquired using either a FEI 

Tecnai Spirit BioTwin TEM operated at 80 kV or a field emission JEOL 2010F TEM 

operated at 200 kV. Energy-dispersive X-ray spectroscopy (EDS) data were acquired on 

the JEOL 2010F TEM with its Oxford Inca EDS detector.  

X-ray diffraction (XRD) was performed with a Rigaku R-Axis Spider 

Diffractometer with Image plate detector with Cu kα (λ = 1.5418 Å) radiation operated at 

40 kV and 40 mA.  Samples were measured on a 0.5 mm nylon loop, scanning for 10 min 

with 1° per second sample rotation under ambient conditions. The diffraction data were 

integrated from 2θ = 20 to 80. Background scattering from the nylon loop was subtracted. 

8.3 RESULTS AND DISCUSSION 

8.3.1 In-situ Sn-seeded Si nanowires 

In-situ Sn-seeded Silicon nanowires are grown via the SFLS growth mechanism,29 

shown in Figure 8.1. Sn is a low melting point metal that forms a eutectic with Si at 

232oC making it a good seed candidate for SFLS Si nanowire synthesis. Unlike 

conventional SFLS syntheses,9, 29, 30 however, Sn nanocrystals are not injected into the 

reactor pre-synthesized. Instead, a molecular Sn source–bis[bis(trimethylsilyl)amino] tin 
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(II), or (TMS2N)2Sn–is injected simultaneously with trisilane to form Sn nanocrystals in-

situ just prior to Si nanowire formation. 

 

 

Figure 8.1: Binary Si–Sn phase diagram and in-situ Sn-seeded Si nanowire growth 
mechanism. 

In-situ Sn-seeded Silicon nanowires grown via the SFLS growth mechanism are 

shown in Figure 8.2. Due to the extreme reactivity of trisilane, a low Si:Sn mole ratio is 

required to realize the growth of nanowires.9, 31, 32  For wires tested in batteries, a Si:Sn 

ratio of 20:1 was used, though wires were successfully synthesized at a ratio of 40:1 as 

well (see Figure F1 in Appendix F). HRTEM images are shown for a Si nanowire with 

the Sn tip in Figure 8.2d with magnified images of the highlighted regions shown in 

Figure 8.2e–showing the Sn tip–and Figure 8.2f–showing the wire with accompanying 

FFT pattern. Wires were found to grow in the [211] direction. The most common growth 

directions for SFLS grown Si nanostructures are [110], and [111] directions.9, 30, 31, 33, 34  

EDS spectra were taken of the Sn tip (Figure 8.2g.i) and the Si wire (Figure 8.2g.ii) 

confirming composition and the SFLS growth mechanism.  XRD was also done to 

confirm crystallinity (Figure 8.2h).  The diffraction pattern shows single crystal cubic Si 
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nanowires mixed with tetragonal β-Sn. These results illustrate the successfully in-situ 

seeding of Si nanowires with Sn nanocrystals via the SFLS mechanism; Sn nanocrystals 

form in solution prior to super-saturation with Si and subsequent nanowire growth. 

 

Figure 8.2: (a) SEM and (b) TEM images of in-situ Sn-seeded Si nanowires. (c) Cross-
sectional SEM image of a film of a Si nanowires mixed with PVdF. (d) 
HRTEM of a wire and seed (e) showing nanowire growth in the <211> 
direction from (f) a Sn seed with a d-spacing of 2.9Å corresponding to the 
(200) plane.  (g) EDS spectra for the tip (i) and wire (ii) and (h) XRD 
(JCPDS: Si, 00-027-1402; β-Sn, 00-004-0673) confirm the material 
composition and SFLS growth mechanism. 

The synthesis parameter space is currently being explored to improve the 

nanowire morphology. In contrast to pre-synthesized metal seed materials–Au for 

example, which produces high quality, single crystal, defect free Si nanowires9–using the 
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molecular (TMS2N)2Sn source produces kinked and tortuous wires. In this synthesis 

method, there are no ligands in the reaction mixture that would serve to cap the 

nanocrystals and control size as Sn nucleates to form the tip.  Without capping agents on 

the surfaces of the wires, they are free to aggregate and form large particles, as shown in 

Figure 8.2c.  Adding capping agents such as poly-(vinyl pyrrolidone), or poly(2-ethyl-2-

oxazoline), which have been shown to stabilize colloidally grown Sn nanocrystals,14, 16 

could help stabilize the particles as they form in-situ which would produce longer, thinner 

Si nanowires. The Si:Sn ratio was increased to 400:1 to try to grow longer Si nanowires, 

but Si3H8 decomposes too rapidly and homogeneously nucleates to form a-Si particles 

(Figure F1). 

8.3.2 Extended cycle life behavior 

Sn-seeded Si nanowires were tested galvanostatically using one of three binder 

systems and one of five electrolyte systems to determine the optimal set of materials.  

The binder systems were either (1) polyvinylidene fluoride (PVdF), (2) PVdF with a 

subsequent 12 hour anneal at 300oC under an inert nitrogen stream, or (3) sodium 

alginate (NaAlg).  Electrolyte solutions consisted of 1.0M LiPF6 dissolved in a 1:1 w/w 

mixture of (A) EC:DEC, (B) EC:DMC, (C) EC:DMC + 3% w/w FEC (hereafter referred 

to as EC:DMC+FEC), (D) FEC:DEC, and (E) FEC:DMC.  Batteries were cycled 

galvanostatically for 100 cycles at a rate of C/10, where C is the current density required 

to fully lithiate or delithiated the electrode in 1 hour (C = 3579 mA h g-1 for Si).2-4  

Capacity and retention data for films (1)–(3) are shown in Figure 8.3.  Capacity retention 

data were calculated relative to the 5th cycle charge capacity. Table 8.1 summarizes the 

cycle data: first cycle charge capacity, irreversible first cycle capacity loss, and percent 

capacity retention of cycle 100 relative to cycles 1 and 5. 
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Figure 8.3: (a, c, e) Charge capacity and (b, d, f) capacity retention data for Sn-seeded Si 
nanowires (a, b) mixed with PVdF, (c, d) mixed with PVdF then annealed at 
300oC under nitrogen for 12 hours, and (e, f) mixed with NaAlg. Capacity 
retention is relative to the 5th cycle charge capacity.  (g) Molecular 
representations of the electrolytes and binders used. 
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PVdF films performed poorly with capacity of less than 2% after 100 cycles for 

electrolytes (A), (B), and (C), and 16.7% for (E). These data clearly indicate two points: 

(1) PVdF is not a good binder system without processing (heat treatment, for example);26 

(2) FEC-containing electrolytes outperform FEC-free electrolytes. This latter point has 

been reported for Si particles24, 25, 27 and we recently observed this for Au seeded and Au 

removed Si nanowires as well (see Chapter 7). Film (2) was made by annealing film (1) 

at 300oC for 12 hours under nitrogen flow–in accordance with previous reports26–and 

provides an enormous increase in battery performance. This is in contrast to observations 

made using the same Au seeded Si nanowires mentioned above where we did not see 

improvement in cycle behavior for an annealed film (Chapter 7).  By annealing the PVdF 

film and focusing on FEC containing electrolytes, we were able to improve capacity 

retention drastically.  Electrolyte (B) was tested for this film to compare against the 

unannealed film.  Film (2) batteries cycled with electrolyte (B) showed capacity retention 

of 26.3%, a 10% increase over the best performing battery from film (1). Electrolytes (D) 

and (E) perform the best with capacity retention values of 98.3% and 97.1%, 

respectively.  First cycle capacities for the annealed films were in the same range (i.e. 

2000–3000 mA h g-1) as the unannealed film.  There was, however, a marked reduction in 

the first cycle irreversible capacity loss.  Whereas unannealed films had first cycle losses 

between 35.7% and 53.3%, the losses for annealed PVdF films were much lower, ranging 

between 16.0% and 25.7%. Heat treatment of PVdF improves the cycle behavior as it 

generates an even polymer / conductive carbon distribution around the active Si matrix.26 

While this has been reported for Si particles, we did not observe this behavior for Au 

seeded Si nanowires. The wires produced here are shorter and are therefore capable of 

packing more densely, facilitating PVdF / conductive carbon redistribution process 

during the anneal.  
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NaAlg–recently shown to improve cyclability of Si particles28–was tested with in-

situ seeded Si nanowires in parallel with annealed PVdF films.  NaAlg is ecologically 

friendly (produced by brown algae) and does not require a lengthy high-temperature 

anneal to produce good results.  Film (3) was tested using electrolytes (D) and (E) 

exhibiting first cycle capacities of 2161 mA h g-1 and 2542 mA h g-1, respectively with 

first cycle losses around 29% for both electrolytes.  Capacity retention of these films was 

also high, with values of 93% and 83.5%, respectively. Our previous report of Au 

removed Si nanowires cycled with the NaAlg binder had the highest capacity retentions 

in that study and is attributed to the self-healing process that takes place from hydrogen 

bonds between sugar-like moieties in the binder (e.g., carboxymethylcellulose–CMC, 

NaAlg, etc.)28, 35, 36 and the partially oxidized Si surface that break and reform as the 

electrode material expands and contracts during lithium insertion and removal (Chapter 

7). 

 Table 8.1: Summary of first cycle capacity and retention in various battery formulations. 

  Capacity (mA h g-1) Retention (%) 
Binder Electrolyte Cycle 1 1st cycle loss (%) Cycle 5 Cycle 100 Qret1

a Qret5
b 

PVdF EC:DEC 2838 1514 (53.3) 310 3 0.1 1.0 
PVdF EC:DMC 3406 1558 (45.7) 1222 20 0.6 1.6 
PVdF EC:DMC+FEC 2552 910 (35.7) 1410 11 0.4 0.8 
PVdF FEC:DMC 2457 1205 (49.0) 961 161 6.5 16.7 
PVdF† EC:DMC 3016 524 (17.4) 2278 600 19.9 26.3 
PVdF† FEC:DEC 2604 669 (25.7) 1843 1811 69.5 98.3 
PVdF† FEC:DMC 2014 322 (16.0) 1527 1483 73.6 97.1 
NaAlg FEC:DEC 2161 624 (28.9) 1427 1327 61.4 93.0 
NaAlg FEC:DMC 2542 745 (29.3) 1707 1426 56.1 83.5 
†
 PVdF film annealed for 12 hours at 300oC under a nitrogen atmosphere 

a Charge capacity retention of the 100th cycle relative to the 1st cycle 
b Charge capacity retention of the 100th cycle relative to the 5th cycle 

Analysis beyond this point focuses on films (2) and (3) with film (1) data 

relegated to Appendix F in Figure F2. Charge and discharge capacities and corresponding 
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coulombic efficiency curves are shown in Figure 8.4 for films (2) and (3) cycled with 

various electrolytes. All electrolyte / binder combinations had coulombic efficiencies of 

at least 98%–except for film (2) cycled with electrolyte (B), which had a coulombic 

efficiency of at least 95%. Voltage profiles and differential capacity curves are also 

shown with similar lithiation and delithiation features for all binder / electrolyte 

combinations. Namely, two plateaus (or peaks in the differential curves) are observed 

around 250 mV and below 100 mV during charge cycles and at 300 mV and 500 mV 

during discharge cycles.  These values correspond to the lithiation of a-Si (250 mV) and 

formation of Li15Si4 (below 100 mV).3, 37 As cycling progresses, these peaks drift to 

slightly lower potentials, due to increased internal resistance within the battery (we show 

impedance measurements below to substantiate this statement) that may be due SEI 

growth over time, or gradual pulverization of the active material.  Delithiation profiles 

show plateaus (or differential peaks) centered around 500 mV and 250 mV corresponding 

to the delithiation potentials of Li15Si4 and a-Si, respectively.3, 37 From these data, it is 

difficult to discern directly whether or not Sn is storing lithium and contributing to 

capacitive behavior of the battery. Sn has a theoretical capacity of 992 mA h g-1 

(corresponding to the Li22Sn5 alloy),18-20 and Li insertion into and removal from Sn 

occurs at 400 mV and 500 mV, respectively.19, 20 The Sn signal would not be as strong as 

Si as Sn is less present in the film and Si has higher Li storage capacity, thus peaks 

associated with Si are more intense. As such, Sn lithiation and delithiation peaks in the 

differential capacity plots are convoluted in with the Si peaks.  However, we present ex-

situ XRD evidence below that suggests lithiation of Sn. Surface characterization 

experiments of cycled films study the films in greater depth are ongoing (similar to 

Chapter 6). 
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Figure 8.4: (a.i – e.i) Cycle data, (a.ii – e.ii) voltage profiles, (a.iii – e.iii), and 
corresponding differential capacity plots for Sn-seeded Si nanowires tested 
galvanostatically mixed with (a-c) PVdF and annealed or (d, e) NaAlg as the 
binder and an electrolyte solution solvent mixtures of (a) EC:DMC, (b, d) 
FEC:DEC or (c, e) FEC:DMC. 
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First cycle charge and discharge voltage profiles and corresponding differential 

capacity curves are shown in Figure 8.5 for films (2) and (3).  The over-potentials are 

nearly the same for both electrolytes. Comparision with previous results for Au seeded Si 

nanowires (Chapter 7) shows small differences in the voltage profiles and differential 

peaks. Au seeded and Au removed Si nanowires exhibit strong lithiation peaks at 100 mV 

and 50 mV, respectively. Lithiation of Au occurs at near identical potentials to Si and the 

contributions of each are difficult to deconvolute. Here, we observe more broad lithiation 

peaks centered between 100 mV and 150 mV. While discrete peaks are not observed at 

higher potentials, as observed for the lithiation of Sn powder, Sn coated carbonaceous 

anodes show gradual sloping lithiation curve over a range of potentials below 500 mV,20, 

38, 39 consistent with the observations made here. Electrolytes (D) and (E) behave the 

same in both binder systems.  There is a strong lithiation peak at 100 mV and two broad 

delithiation humps at 300 mV and 500 mV. Annealed PVdF films using electrolyte (B) 

have a stronger delithiation peak at 500 mV. This peak is stronger for this battery because 

more Li was able to be removed–specifically from Li15Si4–during discharge.  This also 

manifests itself in the low irreversible loss (17.4%) shown in Table 8.1 (second lowest of 

all batteries tested). FEC-containing electrolytes outperform this battery over the course 

of the 100-cycle test because the SEI layer is more stable. 
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Figure 8.5: Comparison of 1st cycle charge and discharge voltage profiles for films of Si 
nanowires mixed with (a) PVdF and annealed and (c) NaAlg using the 
indicated electrolyte solvent mixtures with (b, d) corresponding differential 
capacity plots. 

 Electrochemical data for films (2) and (3) are shown in greater detail in Figure 

8.6.  Lithiation and delithiation behavior for electrolytes (D) and (E) are very similar to 

one another, but differ slightly from (B).  The differences lie primarily in the long-term 

cyclability behavior where the differential peaks fade and shift to lower potentials for 

electrolyte (B) whereas two prominent peaks centered at 250 mV and 100 mV persist 

though the entire test for electrolytes with FEC.  There is a slight difference in peak 

intensities between films (2) and (3). Film (2) peaks are roughly equal in intensity 

whereas film (3) shows a 300 mV peak slightly more intense than the 100 mV peak. 

Delithiation behavior is similar independent of electrolyte and / or binder.  All 

systems show two peaks–at 300 mV and 500 mV–with the 300 mV peak being slightly 
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more intense.  The EC:DMC battery (Figure 8.6a.i) fades faster and the peaks can be seen 

merging into a single broad delithiation peak around 300 mV.  All FEC-containing 

electrolytes (Figure 8.6b.i–8.6e.i) show both peaks persist through 100 cycles, but show 

signs of fading toward the later cycles. 

 

Figure 8.6: Differential (a.i-e.i) discharge and (a.iii-e.iii) charge capacity color maps 
with (a.ii-e.ii) corresponding waterfall plots for Sn-seeded Si nanowires with 
(a-c) PVdF and annealed or (d, e) NaAlg using electrolyte solvent mixtures 
of (a) EC:DMC, (b, d) FEC:DEC or (c, e) FEC:DMC. 
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8.3.3 Rate test behavior 

Silicon nanowires were cycled at faster rates to determine their potential for high-

power applications potential of the batteries.  Film (2) was cycled at various rates using 

electrolytes (B), (D), and (E), and film (3) was cycled using (D) and (E) only.  Both sets 

of data, shown in Figure 8.7, show similar trends; at rates faster than C/10 (2) or C/20 (3), 

the capacity fades rapidly.  Electrolyte (B) performed as well as FEC-containing 

electrolytes in this study until the final 10 cycles when the cycle rate was returned to C/10 

where electrolytes (D) and (E) rebounded to the same capacities (~2000 mA h g-1) as the 

first set of C/10 cycles (cycles 11-20) and held steady while (B) returned to a value 

slightly lower (~1700 mA h g-1) and continued to fade to 1500 mA h g-1.  Non-FEC 

containing electrolytes typically show good results through 30-50 cycles before starting 

to degrade.24, 25, 27 Film (3) capacities also rebounded to high values (1600 mA h g-1) for 

both electrolytes at cycle 40 when the rate was reduced to C/10 after cycling at rates of 

C/2, C, and 2C.  These data are shown in greater detail below. To be considered 

commercially viable, batteries should show good capacity retention through thousands of 

cycles at a rate of C/3 or faster.  Here, at a rate of C/2, the capacities were above 1000 

mA h g-1 for all binder / electrolyte combinations showing promise for potential 

commercialization of these materials. Further work is required to stabilize capacity 

retention at these faster rates. 
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Figure 8.7: Cycle data for Sn-seeded Si nanowires mixed with (a) PVdF and annealed or 
(b) NaAlg using the electrolyte solutions shown and cycled at the rates 
indicated. 

Electrochemical data for films (2) and (3) cycled at various rates are shown in 

Figure 8.8. The coulombic efficiencies for electrolyte (B) was between 90% and 100% 

and between 98% and 100% for FEC-containing electrolytes (except where the efficiency 

dropped around 95% for cycles where the rate was changed) for both PVdF and NaAlg 

films.  The voltage profiles and differential capacity plots show plateaus and peaks at 

expected potentials and follow the same general trends observed previously for all binder 

/ electrolyte combinations.  These data are presented in greater detail using Figure 8.9. 
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Figure 8.8: (a.i – e.i) Rate test data, (a.ii – e.ii) voltage profiles, and (a.iii – e.iii) 
differential capacity plots for nanowires mixed with (a-c) PVdF and 
annealed or (d, e) NaAlg and electrolyte solvents of (a) EC:DMC, (b, d) 
FEC:DEC or (c, e) FEC:DMC. * Cycles 20 and 25 in (d) and (e) are at C/20. 
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Figure 8.9 shows data analogous to Figure 8.6 for the rate test data shown in 

Figures 8.8.  Discharge (Figures 8.9a.i–8.9e.i) and charge (Figures 8.9a.iii–8.9e.iii) color 

maps are shown with the same data illustrated as waterfall plots in Figures 8.9a.ii–8e.ii 

for Si nanowires mixed with PVdF and annealed (Figures 8.9a–8.9c) and NaAlg (Figures 

8.9d and 8.9e) using various electrolyte solutions. The lithiation (100 mV and 250 mV) 

and delithiation peak (300 mV and 500 mV) locations are at the same potentials as 

discussed earlier.  A few slight differences occur when the rate is increased, however.  

The lithiation potential for all batteries is between 200 mV and 250 mV with a second 

lithiation event occurring at potentials at or slightly below 100 mV.  These peaks persist 

through the 25th cycle (i.e. through rates of C/20, C/10, and C/5), at which point there is a 

noticeable shift to lower potentials.  This shift is more pronounced and easier to see for 

FEC-containing batteries where the 200 mV peak is more intense and undergoes shifts as 

large as 100 mV to lower potentials between cycles 25 and 40 (Figure 8.9b.iii–8.9e.iii).  

Between cycles 30 and 40 (i.e., at cycle rates of 1C and 2C) the two peaks are merged in 

a single broad hump.  The broad peak is situated between the 100 mV and 250 mV.  The 

lower potential peak is generally attributed to the formation of LixSi1-x phases, thus the 

merging of the two lithiation peaks at an intermittent potential implies that the rate is too 

fast to form this phase and that the film is limited kinetically.  This explains why the 

capacity is reduced at higher rates and also why the capacity is able to return to the same 

values as prior to vigorous cycling when the rate is relaxed to C/10.  At cycle 41, the 

peaks resume the positions and intensities as during cycles 11-20 (i.e. the first set of 

cycles at C/10).  The delithiation behavior at faster rates is also slightly different than 

what we observed at C/10.  Earlier, we noted a marked difference in the peak appearance 

and evolution between PVdF and NaAlg binders.  Namely, the 250 mV peak grows in 

intensity for NaAlg films whereas it is present from the start in PVdF films.  This 
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observation is made again here (Figures 8.9d.iii, 8.9e.iii).  For PVdF films (Figures 

8.9a.iii–8.9c.iii), the 100 mV peak–which was initially weaker and grew in intensity–was 

present and very intense from the onset of cycling.  This could be due to the fact that the 

first 10 cycles were at C/20 here whereas previously, the early cycles were done at C/10.  

As mentioned above, it is difficult to tell from the electrochemical data whether or not Sn 

is lithiating and contributing to the capacitive behavior of the battery. 

Delithiation follows similar behavior as lithiation.  All batteries tested show 

delithiation peaks at 300 mV and 500 mV.  Starting with the 21st cycle both peaks begin 

to reduce in intensity and the 300 mV peak begins to shift to higher potentials and merge 

with the 500 mV peak.  Between cycles 30 and 40, there is a single broad peak, similar to 

lithiation behavior.  This, again, has kinetic implications.  At cycle 41, when the rate is 

relaxed to C/10, the peaks resume the positions and intensities as during cycles 11-20 (i.e. 

the first set of cycles at C/10).  A more rigorous detailed in-situ study is necessary to 

determine exactly what phases are being produced at higher rates, which would explain 

the shifts in peak intensities and locations.  To the best of our knowledge at the time of 

writing this manuscript, no such study has been performed. 
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Figure 8.9: Differential (a.i-e.i) discharge and (a.iii-e.iii) charge capacity plots with (a.ii-
e.ii) corresponding waterfall curves for Sn-seeded Si nanowires using either 
(a-c) PVdF and annealed or (d, e) NaAlg as binder and electrolyte solvent 
mixtures of (a) EC:DMC, (b, d) FEC:DEC or (c, e) FEC:DMC. 
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8.3.4 Electrical behavior 

Electrochemical impedance spectroscopy (EIS) measurements were made after 

100 galvanostatic cycles at C/10, shown in Figure 8.10. Each film shows characteristic 

impedance features, namely a high-frequency semi-circular resistive element coupled 

with a high frequency diffusion element.  The size of the semi-circle is indicative of the 

film resistance; the larger the semi-circle, the more resistive the film.  The steepness of 

the low-frequency slope provides information about Li+ diffusion within the film. A 45o 

slope is associated with semi-infinite diffusion in a planar electrode.  Slopes steeper than 

45o are characteristic of finite Li+ diffusion that occurs in a thin film.11 FEC-containing 

electrolyte solutions have higher  impedance than those without FEC, evident by the 

quick transition from the high- to low-frequency regimes (e.g., FEC-based electrolytes do 

not form a full semi-circle). Measurements were also made after the first cycle using film 

(1) and electrolytes (B) and (E) and are plotted in Figure 8.10b together with 

measurements taken after 100 cycles. These data show progressive impedance as the 

batteries cycle and is the cause of the differential peak shifts reported in Figure 8.4. 

Finally, XRD measurements were taken on film (1) as prepared and after one full charge-

discharge cycle using electrolyte (E) the highlighted areas show regions where Si and Sn 

peaks are present in (i) and absent in (ii) indicating consumption of those crystalline 

materials. The Sn seeds participate in Li storage. 
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Figure 8.10: Impedance spectra of discharged batteries after (a, c, d) 100 cycles and (b) 1 
cycle using film (2) with various electrolytes. The data are offset for clarity. 
(e) XRD data of film (2) (i) as prepared and (ii) after one full cycle.  
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8.4 CONCLUSIONS 

We report simplified single-step solution phase synthesis of Si nanowires using a 

new in-situ seeding process from Sn nanocrystals. An organometalic Sn source is injected 

into the reactor with trisilane. Sn nanocrystals form before the growth of Si nanowires via 

the SFLS growth mechanism. This process does not require pre-fabrication of nanocrystal 

seeds as is the general convention and offers a reduced cost-method for producing 

nanowires. The wires are tested as a Li ion battery negative electrode material using a 

variety of binders and electrolytes. For binders, as prepared PVdF films perform poorly 

but show drastic improvement upon heat treatment. The NaAlg binder also shows good 

cycle behavior. For electrolytes, FEC-based systems showed the best capacity retention. 

We further show that Sn is active in Li storage. Additional investigations to explore the 

surface chemistry of cycled films are ongoing.  Better understanding of chemistry 

internal to the battery will provide the means for optimizing the system. 
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Chapter 9: Colloidal Synthesis of Germanium Nanorods§4 

9.1 INTRODUCTION 

Colloidal synthetic methods have been developed for germanium (Ge) 

nanocrystals,1-8 which have enabled studies of how quantum confinement affects the 

optical and electronic properties of Ge.1-7  These nanocrystals have been explored as 

luminescent materials4 for biological imaging2 and as the basis of new optical and 

electronic devices.1,7,8  Solvent dispersions of Ge nanocrystals have also been utilized as 

inks to deposit thin films under relatively mild conditions showing potential for low-cost 

optical and electronic devices.8  To date, however, Ge nanorods with controlled length 

and thickness have not been made.     

Nanorods are particularly interesting nanostructures, as they can exhibit size-

dependent shifts in their optical properties due to quantum confinement in both axial and 

radial dimensions.9,10  Their anisotropic shape can also lead to other unique effects, such 

as linear polarized photoluminescence11 and enhanced light absorption when the aspect 

ratio is sufficiently large.12  Nanorods of many other semiconductors, including CdE (E = 

S13, 14, Se14, 15, Te15), ZnE (E = O16, S17, Se18), InP10, 19, InAs,19 and Si20 have been made 

using colloidal routes, such as oriented attachment,21-24 ligand-assisted growth25-30, and 

metal nanocrystal-assisted solution-liquid-solid (SLS) growth.10,19,20  The SLS approach 

has proven particularly successful for generating nanorods from materials that do not 

exhibit a strongly preferred crystallographic growth direction, like those with cubic 

crystal structure such as Si20, InP,10 and InAs.9  

Here, we demonstrate SLS growth of Ge nanorods in a high boiling solvent.  An 

appropriate combination of reaction solvent and precursor, seed metal and capping 

                                                 
§ This chapter appears in Chemistry of Materials 2011, 23, 1964-1970.   
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ligands was identified.  Bismuth (Bi) nanocrystals were used as seeds, similar to recent 

studies using Bi to seed SLS growth of Ge nanowires.31-33  Diphenylgermane (DPG) was 

used as the Ge reactant, with relatively low Ge:Bi ratios.  Capping ligands were found to 

be necessary to prevent aggregation and stabilize the nanorods.  Trioctylphosphine oxide 

(TOPO) was found to be a successful capping ligand.   

9.2 EXPERIMENTAL SECTION 

9.2.1 Materials 

Anhydrous tetrahydrofuran (THF, Sigma Aldrich, ≥ 99.9%), sodium 

bis(trimethylsilyl)amide (NaN[SiMe3]2, Sigma Aldrich, 1.0 M in THF), bismuth (III) 

chloride (BiCl3, Sigma Aldrich, ≥ 98%), diphenyl ether (DPE, Sigma Aldrich, ≥ 99%), 

tri-n-octylphosphine oxide (TOPO, Sigma Aldrich, 99%), squalane (Sigma Aldrich, 

99%), anhydrous toluene (Sigma Aldrich, 99.8%), anhydrous hexane (Sigma Aldrich, 

95%),  and diphenylgermane (DPG, Gelest, >95%) were purchased and used without 

further purification. Polyvinylpyrrolidone-hexadecane (PVP-HDE) copolymer (Ganex V-

216, MW = 7300 g mol-1, product ID 72289D) was obtained from ISP Technologies, Inc. 

9.2.2 Bi[N(SiMe3)2]3 preparation 

Bi[N(SiMe3)2]3 was prepared according to literature methods.34 In a typical 

procedure, 10 mL of 1.0 M NaN(SiMe3)2 (10 mmol of Na) in THF is added to a three-

neck round bottom flask in a nitrogen-filled glove box.  The flask is sealed, removed 

from the glove box and connected to a Schlenk line.  THF is evaporated under vacuum to 

leave a yellow powder.  The flask is blanketed with nitrogen and 20 mL anhydrous 

toluene is added.  The solution is chilled to 0oC using an ice bath.  Separately, in a glove 

box, 1.06 g BiCl3 (3.35 mmol of Bi) is dissolved in 3 mL THF.  15 mL of toluene is then 

added to this solution and the entire mixture is transferred by syringe to the Schlenk flask 
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containing the NaN(SiMe3)2 / toluene mixture.  The ice bath is removed and the reaction 

mixture is stirred for 1 hour at room temperature.  The solvent is then evaporated under 

vacuum and blanketed with nitrogen.  10 mL anhydrous hexane is added to dissolve the 

product.  The flask is sealed and brought into a nitrogen-filled glove box.  The solution is 

transferred to a vial that is wrapped with paraffin film and electrical tape to avoid oxygen 

exposure.  The vial is placed in a centrifuge tube, removed from the glove box and 

centrifuged.  After centrifugation, the tube is returned to the glove box and the vial is 

removed.  The supernatant is collected and filtered using a Millipore 0.22 �m 

hydrophobic Durapore membrane syringe filter (Fisher Scientific).  The filtrate is an 

optically clear, yellow solution, which is transferred to a three-neck flask, removed from 

the glove box, and attached to a Schlenk line.  The solvent is evaporated under vacuum 

leaving the Bi[N(SiMe3)2]3 product, which is dissolved in anhydrous THF to a  

concentration of 0.25 M.  The product is used without further purification and is stored in 

a glove box.  Figure G1 in Appendix G shows that exclusive synthesis of Bi[N(SiMe3)2]3 

was successful via mass spec. A typical preparation yields 1.0–1.25 g of Bi[N(SiMe3)2]3. 

9.2.3 Ge nanorod synthesis 

Ge nanorods were synthesized by first generating a reagent solution of Bi 

nanocrystals, followed by the addition of the Ge reactant solution.  This process of using 

a crude reaction mixture of Bi nanocrystals as opposed to purified Bi nanocrystals as a 

reagent was found to provide the most reliable and reproducible results.  The reagent 

solution of Bi nanocrystals was first prepared using a modification of established 

moethods.35  A polymer solution with either 0.5 g or 0.68 g PVP/HDE copolymer in 4.5 

or 4.32g of DPE, respectively (i.e. solutions of 10 or 13.5 wt% copolymer), was degassed 

on a Schlenk line under vacuum with vigorous stirring for 1 hour at 70oC.36  In some 
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reactions, more PVP-HDE copolymer was added to the reactions and found to induce 

branched growth.  The polymer solution was then blanketed with nitrogen and heated to 

180oC.  While degassing the polymer solution, a reactant solution for the Bi nanocrystals 

of Na[N(SiMe3)2] and Bi[N(SiMe3)2]3 was prepared in a glove box.  19 μL of 1.0 M 

Na[N(SiMe3)2] in THF (19 μmol Na) and 19 μL of 0.25 M Bi[N(SiMe3)2]3 in THF (4.75 

μmol Bi) were combined in 500 μL of THF to obtain a 4:1 mixture of Na to Bi.  Once the 

polymer / THF solution had finished degassing, it was heated to 180oC and then the 

Na/Bi reactant solution was rapidly injected. The solution turns black immediately upon 

injection, indicating the formation of Bi nanocrystals.   

After stirring the Bi nanocrystal reactant mixture for 30 min at 180oC, 2 g of 

TOPO dissolved in 5 mL of toluene and 4 mL of squalane were added by syringe.  The 

temperature was lowered to 150oC, and placed under vacuum for 60 minutes to evaporate 

DPE.  The flask was then blanketed in nitrogen and heated to 350oC.   

Under vigorous stirring, a Ge reactant solution of 18 μL of DPG (95 μmol, which 

corresponds to a Ge:Bi molar ratio of 20:1 in the reaction mixture) dissolved in 500 μL 

squalane was rapidly injected into the hot Bi nanocrystal mixture.  The heating mantle 

was removed five minutes later to allow the reaction mixture to cool to room 

temperature.   

Once the temperature fell to 100oC, 10 mL of toluene was injected to prevent the 

solidification of TOPO.  After cooling to room temperature, 10 mL of ethanol was added 

and the mixture was centrifuged at 10000 rpm for 5 min to precipitate the nanorods.  The 

supernatant was discarded.  The precipitate was resuspended in 5 mL of chloroform and 5 

mL of ethanol, followed by another centrifugation.  The supernatant was again discarded.  

The precipitate was redispersed in chloroform and stored in air.  A typical reaction 

produces 10 to 15 mg of Ge nanorods. 
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9.2.4 Materials Characterization 

The Ge nanorods were characterized by transmission electron microscopy (TEM), 

energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD).  The TEM 

images were acquired digitally on either a FEI Tecnai Spirit BioTwin TEM operated at 

80 kV or a field emission JEOL 2010F TEM operated at 200 kV.  For TEM, nanorods 

were drop-cast from chloroform dispersions onto carbon-coated 200 mesh copper TEM 

grids (Electron Microscopy Sciences).  Energy-dispersive X-ray spectroscopy (EDS) data 

were acquired on the JEOL 2010F TEM with its Oxford Inca EDS detector.   

X-ray diffraction (XRD) was performed using a Bunker-Nonius D8 Advance 

diffractometer with Cu Kα radiation (λ=1.54 Å).  Data were acquired from purified 

nanorods (1~3 mg) dropcast on a quartz substrate using a rotating sample holder with 

generator voltage and amperage of 40 mV and 40 mA, respectively, at a scan rate of 12 

deg min-1 in 0.02 deg intervals, with typical collection times of 4 to 6 hours. 

9.3 RESULTS AND DISCUSSION 

9.3.1 Ge nanorods 

Figure 9.1 shows TEM images of Ge nanorods synthesized by decomposing DPG 

at 350oC in squalane in the presence of TOPO and Bi nanocrystals at a Ge:Bi molar ratio 

of 20:1.  These nanorods had an average length of 170 ± 20 nm and diameter of 11.4 ± 

1.9 nm.  XRD (Figure 9.2) and high-resolution TEM images (Figure 9.3) confirmed that 

the nanorods are crystalline and composed of diamond cubic Ge.  TEM also shows that 

the nanorods had Bi nanocrystals at their tips, confirming the SLS mechanism for 

nanorod growth.  Control reactions were done at 350oC and 400oC where Bi nanocrystals 

were not formed in order to ensure that unseeded growth of Ge nanorods does not occur.  

The results to these control reactions are shown in Figure G2 in Appendix G.  In a survey 
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of 20 nanorods, the <111> direction was the only growth direction observed for 

germanium nanorods,37 as shown in Figure 9.3, which may be the cause for the high 

relative intensity of the <111> peak in the XRD spectrum.  The XRD diffraction patterns 

also show peaks that correspond to orthorhombic Bi due to the Bi seeds.      

 

Figure 9.1: TEM images of Ge nanorods grown with a Ge:Bi molar ratio of 20:1.  The 
nanorods have Bi particles at the tips, as indicated in (b).  XRD of these 
nanorods is shown in Figure 9.2. 



 207

 

Figure 9.2: XRD of the Ge nanorods with peaks indexed to diamond cubic Ge (JCPDS: 
00-004-0545).  The peaks labeled “*” correspond to orthorhombic Bi 
(JCPDS: 00-044-1246).  
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Figure 9.3:  High resolution TEM images of the Ge nanorods with (inset) corresponding 
FFT patterns.  Indexing of the FFTs is consistent with diamond cubic Ge, 
with each nanorod being imaged down the [011] zone axis, as indicated.  
The growth direction of these nanorods is <111>.  A Bi particle is attached 
to the end of the nanorod in (a).       



 209

The SLS mechanism for Ge nanorod growth, as illustrated in Figure 9.4, proceeds 

because Bi forms a eutectic with Ge at relatively low temperature, below the boiling 

point of the solvent.  The reaction temperature is also high enough to thermally 

decompose DPG.32  TOPO serves as a capping ligand that prevents aggregation and helps 

control nanorod growth.  Reactions carried out without TOPO led to reaction product that 

was heavily aggregated and very polydisperse.  The PVP/HDE polymer stabilizes the Bi 

nanocrystals during nanorod growth and helps prevent aggregation of the seeds during 

growth.  When Bi nanocrystals were first synthesized and purified prior to nanorod 

growth, very inconsistent results were obtained.  The dispersion stability of the Bi 

nanocrystals is apparently very sensitive to the amount of polymer present in the reaction 

mixture and the most reliable method to produce Ge nanorods utilized the crude Bi 

nanocrystal reaction media to carry out the nanorod synthesis.  The remaining byproducts 

from the Bi nanocrystal reaction did not appear to interfere with Ge nanorod growth.  The 

Bi nanocrystals observed at the tips of the Ge nanorods were found to have similar 

diameter as the nanocrystals prior to nanorod growth, indicating that there is little 

agglomeration of the seed particles during the reaction.  To characterize the Bi seeds, a 

reaction was done and stopped prior to DPG injection. The product was isolated and 

TEM of the resulting Bi nanocrystals is shown in Figure 9.5.     
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Figure 9.4: (a) Illustration of the Ge nanorod growth process and (b) the Ge/Bi binary 
phase diagram.27  The polymer coating around that surrounds the Bi 
nanocrystals is not shown. 
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Figure 9.5: (a) TEM image of Bi nanocrystals used to seed Ge nanorod growth; (b) 
histogram of Bi nanocrystal diameter determined by counting particles in a 
TEM image.  The average diameter of these nanocrystals is 13.8 ± 1.5 nm  
The average diameter of Bi nanocrystals observed at the Ge nanorod tips in 
Figure 9.1 is 15.9 ± 3.5 nm, which is close to this initial Bi seed diameter. 

9.3.2 Control of Ge nanorod dimensions 

The average length of the nanorods could be varied from 60 nm up to 170 nm by 

raising the amount of Ge relative to the amount of Bi in the reaction.  Figure 9.6 shows 

TEM images and corresponding length and diameter distributions of the Ge nanorods 
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made with varying Ge:Bi ratio.  Unlike the nanorod length, the nanorod diameter could 

not be systematically varied.  This was primarily because the Bi seed diameter could not 

be easily manipulated.  For example, higher ratios of Na[N(SiMe3)2] to Bi[N(SiMe3)2]3 in 

the Bi nanocrystal synthesis were explored for making smaller diameter Bi nanocrystals, 

as described in Ref 35, but we found that this did not lead to smaller diameter nanorods.  

In fact, as shown in Figure 9.7, higher initial Na:Bi ratios only led to more polydisperse 

samples. 
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Figure 9.6: (a-c) TEM images of Ge nanorods made with different Ge:Bi ratios.  The 
accompanying histograms show the measured nanorod (d) length (L) and (e) 
diameter (d): (a,i) Ge:Bi = 20:1, L = 170 ± 20 nm, d = 11.4 ± 1.9 nm, (b,ii) 
Ge:Bi = 10:1, L = 94 ± 11 nm, d = 14.9 ± 2.6 nm, and (c,iii) Ge:Bi = 5:1, L 
= 61 ± 7 nm, d = 15.4 ± 3.6 nm.  
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Figure 9.7: (a-c) TEM images of Ge nanorods made using Bi nanocrystals synthesized 
with different Na:Bi ratios.  (d) and (e) show the corresponding histograms 
of length (L) and diameter (d): (a,i) Na:Bi = 1:1, L = 110 ± 18 nm, d = 10.6 
± 1.7 nm, (b,ii) Na:Bi = 4:1, L = 170 ± 20 nm, d = 11.4 ± 1.9 nm, and (c,iii) 
Na:Bi = 8:1, L = 156 ± 37 nm, d = 13.2 ± 3.9 nm. 

The nanorod dimensions were also sensitive to the reaction temperature.  Figure 

9.8 shows TEM images of Ge nanorods obtained at different times after injecting 

reactants at three different growth temperatures: 300oC, 350oC and 400oC.   The nanorod 

growth rate was significantly higher at higher temperature.  Increased reaction 
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temperature also led to slight increases in nanorod diameter, as nanorods grown at 400oC 

had a measurable increase in average nanorod diameter from 10 nm to 20 nm.   

 

 

Figure 9.8: TEM images of Ge nanorods at different times after reactant injection at 
three different reaction temperatures: (a.i-a.v, ■) 300oC, (b.i-b.v, ●) 350oC, 
and (c.i-c.v, ▲) 400oC.  Aliquots were taken from the nanorod reaction at 
300oC after (a.i) 2 minutes, (a.ii) 4 minutes, (a.iii) 6 minutes, (a.iv) 10 
minutes, and (a.v) 15 minutes.  Aliquots were taken from the reaction at 
350oC after (b.i) 1 minute, (b.ii) 2 minutes, (b.iii) 3 minutes, (b.iv) 4 
minutes, and (b.v) 5 minutes.  Aliquots were taken from the reaction at 
400oC after (c.i) 30 seconds, (c.ii) 1 minute, (c.iii) 90 seconds, (c.iv) 2 
minutes, and (c.v) 5 minutes.  The average length, diameter, and Bi seed 
particle diameter are plotted in (d)-(f).   
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9.3.3 Branched nanorod growth 

In the process of studying the Ge nanorod growth reactions, a new batch of 

PVP/HDE was needed at one point.36 The new batch of polymer gave branched Ge 

nanorods.  The branching could be eliminated by further decreasing the polymer 

concentration in the reaction.  An excess of PVP/HDE polymer led to branching of the 

Ge nanorods.   

Figure 9.9 shows a TEM image of a typical sample of branched Ge nanorods and 

Figure 9.10 shows high resolution TEM images of several branch points in the nanorods.  

Most of the branched nanorods exhibited grain boundaries near the branch points, with 

some of the arms extending in the <111> direction.37 There was no noticeable 

relationship between the relative orientations of the nanorod arms.  Furthermore, the 

grain boundaries do not appear to be twin defects.      

 

 

Figure 9.9: TEM image of branched Ge nanorods grown at 350oC in the presence of 
(30% w/w) 1.5g PVP/HDE polymer.  Typically the nanorods are made with 
10 – 13.5% w/w polymer.   
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Figure 9.10:  TEM images and corresponding FFTs of branched Ge nanorods.   

Branched growth has been observed in many other nanorods and nanowires, 

including CdSe,38-40 CdS,41 CdTe,39, 42 InAs,43 GaP,44 ZnO,45, 46 MgO,47 ZnSe,48-50 PbSe,51 

ZnS,38 GaN52 and Si.52  Figure 9.11 summarizes a variety of branching mechanisms that 

have been observed.  Based on the analysis of many TEM images and the fact that there 

was no obvious relationship between the crystallographic growth directions of the arms, 
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it appears that the Ge nanorod branching results from the fusion of seed particles from 

two initially distinct nanorods—the mechanism illustrated in Figure 9.11c.  Furthermore, 

the Bi seeds at the tips of the branched nanorods are correspondingly larger than those 

observed at the tips of nanorods that are not branched.  Initially separate nanorods collide 

and merge and then continue to grow a unified arm from the branch point.  At the branch 

points, the rod diameters increase, as does the average tip diameter (30.2 ± 4.5 nm).       

 

 

Figure 9.11: Summary of branching mechanisms. (a) Spontaneous branching resulting 
from starved growth and leading to twin, kink, and branch formation.40,48 (b) 
Catalyst fission into multiple seed particles that each nucleate a branch.53  
(c) Seed fusion,40 (d) Geminate branching from multiple nuclei on a single 
seed particle that grow and then merge to create a branch point.40  (e) 
Deposition of metal seed particles along the length of a nanorod that initiate 
the growth of a branch.44,52   
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9.3.4 Reaction yield 

Table 9.1 summarizes the dimensions of the nanorods, along with the yields, of 

various Ge nanorod reactions.  The Ge:Bi and Na:Bi ratios, as well as reaction 

temperature, influenced the nanorod dimensions and the reaction yield.  In all cases, the 

reaction yields are less than 50%.  This is due to the decomposition pathway of DPG to 

Ge.  In this temperature range in solution, DPG decomposes to GeH4 and 

tetraphenylgermane (QPG) by phenyl redistribution:5   

 

  (1) 

QPG ends up as a reaction byproduct as it does not decompose, making the 

theoretical maximum conversion of DPG to Ge 50%.54 Reactions carried out at 350oC 

had conversions of Ge from DPG ranging from 18 to 35%.        

Table 9.1: Summary of nanorod reactions and dimensions. 

Na:Bi  Ge:Bi Temp (oC) Rod L (nm) Rod D (nm) Tip D (nm) Conversion (%) 

4:1  5:1 350 61 ± 7 15.4 ± 3.6 19.5 ± 3.5 27 ± 13 
4:1  10:1 350 94 ± 11 14.9 ± 2.6 16.7 ± 2.7 34 ± 12 
8:1  20:1 350 156 ± 37 13.2 ± 3.9 15.2 ± 4.0 27 ± 17 
4:1  20:1 350 170 ± 20 11.4 ± 1.9 13.1 ± 2.2 35 ± 13 
1:1  20:1 350 110 ± 18 10.6 ± 1.7 13.4 ± 3.2 18 ± 9 
4:1  20:1 300 21 ± 4 11.8 ± 2.2 20.4 ± 3.2 1.2 ± 0.5 
4:1 20:1 400 82 ± 19 20.2 ± 3.8 23.3 ± 3.5 28 ± 12 

9.4 CONCLUSIONS 

A colloidal synthetic method has been developed to produce Ge nanorods.  It 

relies on Bi nanocrystals to seed SLS growth using diphenylgermane as a reactant that is 

decomposed in a high temperature boiling solvent.  TOPO was also essential as a capping 
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ligand for obtaining redispersible, crystalline nanorods with relatively narrow size 

distributions.  Increased amounts of PVP-HDE copolymer led to significant branching of 

the nanorods.    

This method yields Ge nanorods with diameters of 10-15 nm and systematically 

tunable length.  Thus, there is the potential for studying the influence of quantum 

confinement on optical properties of Ge.  The nanorod diameter, however, needs to be 

slightly smaller, in the sub-10 nm diameter range for this.  The ability to synthesize much 

smaller diameter Bi nanocrystals would be able to yield this material.  Studies are 

underway to develop a method to produce nanorods of much narrower diameter. 
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Chapter 10: Optical Properties of Colloidal Germanium Nanorods 

10.1 INTRODUCTION 

Nanostructures exhibit unique properties due to their sub-wavelength size that are 

useful for various devices.  For instance, semiconductor nanowires can be used in 

optoelectronic devices such as light concentrators,1, 2 waveguides,3, 4 solar cells,5-7 

photodetectors,1, 8-13 and lasers.14, 15 Nanowires also boast significantly enhanced optical 

absorption compared to bulk crystals due to light scattering.16-19 Ge nanowires have 

interesting electronic,20 mechanical, 21, 22 and optical properties19 due to a high index of 

refraction, low optical dispersion, and infrared transparency.23 Ge nanorods are 

particularly appealing as both length and diameter can be controlled, enabling finely 

tuned optical properties.24 

The discrete dipole approximation (DDA) has been used to calculate scattering 

and absorption of electromagnetic waves by bodies with arbitrary size and geometry.25-31 

Recently, the discrete dipole approximation was used to interpret experimentally-

measured optical spectra of Ge nanowires.19 An absorbance peak was observed at 600 nm 

and attributed to a maximum in the index of refraction of Ge. We extend this analysis to 

Ge nanorods through quantitative investigation of the influence of nanorod length on the 

optical properties.  Colloidal Ge nanorods were grown by arrested solution-liquid-solid 

(SLS) growth using either Au or Bi nanocrystal seeds.  Measured spectra are compared 

with DDA calculations.  The 600 nm absorption feature evolves with increasing nanorod 

length due to increased light trapping and absorption. 

10.2 EXPERIMENTAL DETAILS 

10.2.1 Materials 

Hexadecylamine (HDA, 90%), tetrahydrofuran (THF, anhydrous, inhibitor free, 

99%), lithium triethylborohydrate (LiEt3BH, 1.0M in THF), bismuth (III) chloride (BiCl3, 

≥ 98.0%), lithium bis(trimethylsilyl)amide (LiHMDS, 99%), toluene (anhydrous, 99.8%), 
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squalane (99%), tri-n-octylphosphine oxide (TOPO, 99%), tri-n-dodecylamine (TDDA, ≥ 

97.0%), oleic acid (OA, ≥ 99%), dodecanethiol (DDT, ≥98%), tetrachloroaurate 

trihydrate (≥99.9%), sodium borohydride (NaBH4, ≥98%), toluene (anhydrous, 99.8%), 

ethanol (EtOH, 99.9%), tetraoctylammonium bromide (TOAB, 98%), and chloroform 

(CHCl3, 99.8%) were purchased from Sigma Aldrich. Diphenylgermane (DPG, > 95%) 

was purchased from Gelest. All chemicals were used as received without further 

purification. 

10.2.2 Au-seeded Ge nanorod synthesis 

Dodecanethiol-coated Au nanocrystals (2 nm diameter) were synthesized using 

established methods32 and stored as a dispersion in toluene at a concentration of 50 mg 

mL-1 in a nitrogen-filled glove box.  In a typical Au-seeded Ge nanorod reaction, 2 g 

TOPO and 4 mL squalane were added to a 4-neck flask and attached to a Schlenk line, 

degassed under vacuum at 100°C with vigorous stirring (<500 mTorr) for 30 minutes, 

and then blanketed with nitrogen.  This solvent mixture was then heated to 380°C.  

Meanwhile, in a nitrogen-filled glove box, 0.2 mL of the Au nanocrystal stock solution 

was combined with 19 μL of DPG (Ge:Au mole ratio of 2:1) and diluted with 2 mL of 

TDDA.  The solution was drawn into a 3 mL syringe, removed from the glove box and 

injected into the reaction flask with the squalane/TOPO mixture at 380°C.   After 5 min, 

the flask was removed from the heating mantle and allowed to cool to room temperature.  

10 mL of toluene was added.  Following brief sonication to remove product from the 

flask walls, the reaction solution was transferred to a centrifuge tube and centrifuged at 

8000 rpm for 5 minutes.  The supernatant was discarded and the precipitate was 

redispersed in 10 mL of chloroform.  2 mL of ethanol was added and the mixture was 

centrifuged again at 8000 rpm for 5 minutes.  This solvent/antisolvent washing procedure 

was repeated a third time.  The nanorods were dispersed in chloroform and stored for 

further use.   
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10.2.3 Bi-seeded Ge nanorod synthesis 

Ge nanorods were grown from Bi nanocrystals using a modified procedure.24  In a 

typical reaction, 1 g of HDA was added to a 4-neck flask and attached to a Schlenk line, 

heated to 100°C with vigorous stirring under vacuum (<500 mTorr) for 30 minutes and 

then blanketed with nitrogen. In a nitrogen-filled glovebox, 150 mg (0.5 mmol) of BiCl3 

was dissolved in 10 mL of THF.  100 μL of this BiCl3/THF solution (5 μmol of BiCl3) 

was then added to 1 mL of toluene along with 16 mg (0.1 mmol) of LiHMDS (Li:Bi mole 

ratio of 20:1).  A second reactant solution of 10 μL of LiEt3BH and 90 μL THF was also 

prepared in the glove box.  The two reactant solutions were drawn into syringes, taken 

out of the glove box and rapidly sequentially into the degassed HDA at 100°C.  The 

BiCl3 solution was added first, followed by the LiEt3BH solution, waiting fifteen seconds 

between each injection.  This leads to Bi nanocrystal formation.26 After stirring an 

additional fifteen seconds, a solution of 2 g TOPO and 200 μL oleic acid in 4 mL 

squalane was injected into the flask.  The flask contents were held at 100oC and placed 

under vacuum (<500 mTorr) for 15 minutes to degas the squalane/TOPO mixture.  After 

blanketing with nitrogen, the mixture was heated to 350°C.  While heating, a DPG 

reactant solution was prepared in the glove box by adding 180 μL of DPG to 0.5 mL of 

squalane.  This DPG solution was withdrawn from the glove box by syringe (1 mL) and 

rapidly injected into the Bi nanocrystal-containing reaction mixture at 350°C.  The Ge:Bi 

mole ratio in the reaction was 200:1.  Aliquots (0.5 mL) were extracted from the reaction 

into vials, followed by the addition of 5 mL of toluene to reduce the temperature and 

quench the reaction.   

Nanorods were precipitated from each aliquot by adding 2 mL EtOH followed by 

centrifugation at 8000 rpm for 5 minutes.  The supernatants were discarded and the Ge 

nanorod precipitate was redispersed in 5 mL toluene.  The nanorods were reprecipitated 

with 2 mL of EtOH and centrifuged again.  This purification step was repeated a third 

time before dispersing the nanorods in chloroform for storage until further use.  
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10.2.4 Materials characterization 

Transmission electron microscopy (TEM) was performed using a FEI Tecnai 

Spirit BioTwin TEM operated at 80 kV.  TEM samples were drop-cast from chloroform 

onto 200 mesh lacey-carbon copper TEM grids (Electron Microscopy Sciences).   

Ultraviolet–visible–near-infrared (UV–Vis–NIR) absorbance spectra were 

measured at room temperature using a Varian Cary 500 UV-Vis spectrophotometer in 

transmission mode.  Ge nanorod dispersions were diluted enough to have absorbance less 

than 1 over the entire wavelength range.   

10.3 RESULTS AND DISCUSSION 

10.3.1 Length Control of Bi-seeded Ge nanorods  

Ge nanorods of controlled length can be made using Bi nanocrystal seeds by 

limiting the reaction time, as shown in Figure 10.1.  Immediately following DPG 

addition, there is an initial lag time before nanorod formation for almost 1 minute, but 

then nanorod growth proceeds fairly rapidly with little change in nanorod diameter.  After 

two minutes, nanorods are 200–300 nm long, and after 10 minutes they are longer than 5 

μm.  Table 10.1 summarizes the nanorod dimensions.  The average nanorod diameter is 

close to 50 nm regardless of reaction time with slightly larger Bi seeds (100nm) at the 

tips of the rods.   Many seed particles do not actually participate in the reaction and it 

appears that once nanorod growth begins, the barrier for continued crystal growth is a 

significantly lower than the barrier to seed new nanorods.24   
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Figure 10.1: TEM images of Ge nanorods isolated at different times during the reaction, 
(a) 30 sec, (b) 1 min, (c) 2 min, (d) 3 min, (e) 5 min, and (f) 10 min, along 
with their (g) absorbance spectra.   The spectra in (g) are offset for clarity.  
The sharp peaks at 1400 nm are from chloroform.  An absorbance spectrum 
for Bi nanocrystals in chloroform is provided in Supporting Information. 
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Table 10.1: Ge nanorod dimensions determined from TEM. 

Time Lrod (nm) Drod (nm) LRod / DRod DBi (nm) 
30 sec 21 ± 5 42 ± 7 0.5 99 ± 8 
1 min 21 ± 8 37 ± 7 0.6 103 ± 10 
2 min 265 ± 9 57 ± 11 4.6 101 ± 9 
3 min 1180 ± 270 60 ± 11 19.7 105 ± 15 
5 min 2430 ± 320 54 ± 14 45.0 105 ± 16 
10 min 2670 ± 1150 53 ± 17 50.4 94 ± 21 

10.3.2 Bi-seeded Ge nanorod optical properties 

Figure 10.1g shows the absorbance spectra of the Bi-seeded Ge nanorods as a 

function of growth time.  The absorbance spectra show a peak that is at 550 nm for 

nanorods obtained early in the reaction, which evolves to slightly longer wavelength up 

to about 700 nm as the nanorods increase in length.   A similar optical feature has been 

observed for higher aspect ratio Ge nanowires.1,19  As shown in Figure 10.2b, Ge exhibits 

peaks in both the real and imaginary parts of the complex index of refraction, %N = n + ik , 

in this wavelength range.  To understand the appearance and length-dependent evolution 

of the nanorod absorbance spectra, optical properties of Ge nanorods were calculated 

using the discrete dipole approximation (DDA).     
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Figure 10.2: (a) Representation of a (i) dipole and interacting dipoles in a (ii) 2x2xM 
arrangement (ii) without and (iii) with metal tips.  M is the number of dipole 
layers needed to approximate the nanorod length.  The real (n) and 
imaginary (k) components of the complex index of refraction for (b) Ge,33 
(c) Bi,34, 35 and (d) Au33 are shown.  

10.3.3 DDA calculations of Ge nanorod absorbance spectra.   

10.3.3.1 The DDA Model 

Absorbance spectra were calculated by modeling Ge nanorods (either with or 

without attached Au or Bi seeds) as an array of interacting discrete dipoles.19, 24, 36-38  The 

DDA provides a convenient description of objects of arbitrary shape for calculating 

optical properties, provided that the inter-dipole spacing is small relative to the 

wavelength of light.19, 25-28  Previously, we used the DDA to interpret absorbance spectra 

of Ge nanowires, neglecting possible contributions from the Au nanocrystals used to seed 

growth.19  For nanorods, the seed particles make up a significant fraction of the structure 

and should not be ignored.   

Ge nanorods were also grown using Au seeds, however, it was not possible to 

control the nanorod length or adequately prevent aggregation (see Figure H3 in Appendix 
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H) so absorbance spectra were not measured.  Nonetheless, DDA calculations were 

performed for Au-tipped nanorods to provide a comparison with Bi-tipped nanorods.   

Figure 10.2 illustrates the modeling of nanorods as a 2x2xM array of interacting 

dipoles with radius R and center-to-center spacing a.  The dipole interactions depend on 

the complex index of refraction of the materials, and bulk values of n and k (also shown 

in Figure 10.2) were used for the calculations.  

The optical extinction, absorption and scattering cross-sections can be calculated 

if the polarization of each dipole is known.  For a three-dimensional collection of 

interacting dipoles, the polarization of each dipole P
ur

j , is determined by solving the set of 

3N linear equations,  

jinc

N

k
jjk EPA ,

1

~ rr
=∑

=

       (1)  

where E
ur

inc, j  is the incident electric field and %Ajk is a 3x3 matrix: 

( ) ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−

−
+−= 323

2 ~ˆˆ3
1~ˆˆ~ Irr

r
ri

Irr
r

eA jkjk
jk

jk
jkjk

jk

ri

jk

jk κ
κ

κ

   (2) 

κ = 2π/λ (λ is the wavelength of light), rjk is the separation between dipoles j and k, r̂jk  is 

the unit vector along rjk, and %I3 is the 3x3 identity matrix. The self-interaction term, %Ajj , 

is: 
1~~ −= jjjA α         (3) 

where jα~  is the complex polarizability of dipole j, which is related to the complex 

dielectric function and of the material (e.g., Ge, Au, Bi), ε j , and the surroundings  (e.g., 

chloroform), εhst , through the Claussius–Mossotti relation: 
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A radiative corrective term is also used: 19, 27, 28  
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Dipole periodicity a, and radius R, are related to the nanorod diameter D:  
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D = 2R + 2a         (6) 

with a relationship between a and R of 
a
R

=1.688        (7) 

This ratio accounts for multipolar corrections to the depolarization factor, as described by 

Podolskiy et al.39  The extinction, absorption, and scattering cross-sections are calculated 

using P
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Furthermore, the local electric field for each dipole, E
ur

loc, j , can be calculated: 

jlocjj EP ,
~ rr
α=         (11) 

In Equations 8 and 9, components labeled with ‘*’ are complex conjugates.  

10.3.3.2 Calculated extinction cross-sections for Ge nanorods without metal tips 

Figure 10.3 shows extinction spectra calculated with incident electric field 

polarized perpendicular or parallel to the long axis of nanorods with various diameter and 

aspect ratio. Following this convention, incident fields will be referred to simply as 

parallel or perpendicular in the remainder of the manuscript. When the incident electric 

field is perpendicular, the extinction spectra are unaffected by changes in nanorod 

dimensions.  When the incident electric field is parallel, the absorbance peak at around 

500 nm for the shortest rods sharpens and red-shifts with increasing aspect ratio.  A 

similar peak sharpening and red-shift of the absorbance peak was observed 

experimentally with increased nanorod length.       
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Figure 10.3: Extinction spectra calculated using the DDA approximation for (a, b) 30 nm 
diameter Ge nanorods with varying aspect ratio (AR) or (c, d) nanorods with 
AR=20 and varying diameter D.  (e, f) Relative contribution of absorption 
and scattering to the extinction cross-section of a 30 nm diameter nanorod 
with an aspect ratio of 20.  Spectra were calculated with incident electric 
field polarized either (a, c, e) perpendicular or (b, d, f) parallel to the long 
axis of the nanorod. 

As shown in Figures 10.3c and 10.3d, the calculated spectra are unaffected by 

differences in diameter, regardless of the polarization orientation of the incident field.  

Extinction spectra calculated for 200 nm long Ge nanorods (Appendix H) were also 

unaffected by changes in diameter.   



 234

Figures 10.3e and 10.3f show the separate contributions of absorption and 

scattering to the Ge nanorod extinction cross-section.  For these nanorods, with 30 nm 

diameter and an aspect ratio of 20, absorption is the dominant contributor.  Scattering is 

relatively minor, but becomes more significant for a parallel incident field. 

10.3.3.3 Calculated extinction cross-sections for Ge nanorods with Bi or Au tips 

 Contributions to the optical properties from the Au and Bi seeds at the tips of Ge 

nanorods were also examined, shown in Figure 10.4.  The calculated spectra of Bi-tipped 

Ge nanorods show qualitative agreement with the experimental data with an absorption 

peak at around 550 nm and increasing low wavelength absorbance with longer nanorods.  

Only nanorods with an aspect ration less than 10, much shorter than those examined 

experimentally, showed pronounced optical features related to Bi. 

 

Figure 10.4: Extinction spectra calculated using the DDA for Ge nanorods with (a, b) Bi 
and (c, d) Au tips.  Simulations were performed with the incident electric 
field polarized either (a, c) perpendicular or (b, d) parallel to the length of 
the nanorods.  (e, f, g, h) Relative contributions of scattering and absorption 
to the extinction cross-sections.  The reported aspect ratios are determined 
by only considering the Ge portion of the nanorods and do not include the 
metal tip.    
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The optical properties of Ge nanorods were affected much more significantly by 

Au tips, with aspect ratios even as high as 20 showing still a significant Au surface 

plasmon-related absorption near 700 nm.40, 41 Nanorods with an aspect ratio of 20, 

however, show equally pronounced Ge- and Au-related peaks.  When the polarization of 

the incident field is perpendicular to the nanorod length, the peak associated with the Ge 

nanorod does not change, but the relative contribution from the Au tip decreases 

significantly as the nanorods get longer.  A similar effect is observed for the nanorods 

with Bi at their tips.  Without metal at the tip of the Ge nanorods, the extinction did not 

change with differences in length when the polarization of the incident field was 

perpendicular to the length of the nanorods.  However, with Bi at the tips of the nanorods, 

the low wavelength absorption increases significantly as the length increases (Figure 

10.4a).  Furthermore, the effect on the optical properties from the metal tips was more 

significant when the nanorods were oriented parallel to the incident electric field. This 

suggests coupling between the Ge and Au/Bi dipoles at the junction and is indicative of 

angle-dependent resonance modes like those observed for Ge nanowires.1  

Figure 10.5 shows the scattering cross-sections calculated for Ge nanorods with 

and without metal tips.  For a perpendicular incident electric fields the scattering cross-

section related to the Ge segment is unaffected by changes in aspect ratio. Furthermore, 

the features related to Au (scattering at 700 nm) and Bi are reduced with increased length.  

A peak in the scattering cross-section for a parallel incident electric field is observed 

between 500–600nm for all three cases (Figures 10.5b, 10.5d, and 10.5f).  This peak 

occurs at the same wavelength as observed in the extinction cross-section, discussed 

above, indicating a minor scattering contribution to this peak. It should be noted, 

however, that this feature may be due to fundamental limitations of DDA calculations. 

Since the scattering cross-section is such a small contribution in this case, these peaks 

could be an artifact resulting from small discrepancies between the calculated absorption 

and extinction cross sections.26 
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Figure 10.5: Scattering cross-sections (magnified by 10x compared to Figures 10.4e-h) 
calculated for 30 nm diameter Ge nanorods with (a, b) no metal tips, (c, d) 
Bi tips or (e, f) Au tips with the incident electric field polarized (a, c, e) 
perpendicular or (b, d, f) parallel to long axis of the nanorod. 

10.3.3.4 Electric field distribution within the Ge nanorods 

Figure 10.6 shows electric fields within an illuminated Ge nanorod without a 

metal tip.  The internal electric fields are much more intense for a parallel incident field.  

The electric field concentrates at the ends of the nanorods.  The internal electric field is 

stronger for a parallel incident field compared to a field with perpendicular incidence and 

peaks in intensity at 590 nm (2.1 eV).  This resonant electric field results from a peak in 

the imaginary part of the dielectric function (Figure 10.7a), and is responsible for the 
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observed peak in the extinction cross-section. The complex dielectric function ε = ε '+ iε", 

is related to the complex index of refraction with ε’ = n2 – k2 and ε” = 2nk.  ε’ is related 

to energy storage and ε” to energy dissipation within the medium. Figure 10.7 reveals a 

peak in the real part of the Ge dielectric constant at 590nm.  Ge stores energy best at this 

wavelength, which manifests in an enhanced electric field at this point. The peak in ε" 

occurs at slightly lower wavelength of about 540 nm, and is responsible for the increased 

absorbance in the experimental data near this wavelength–evident in all calculated 

extinction cross-sections in a parallel electric field. This is the direct E(1) transition 

energy in Ge, near the midpoint of Γ and L symmetry points in the Ge Brillouin zone.42 

As all spectra are nearly equivalent for perpendicular electric fields, the feature at 590 nm 

in both the calculated extinction spectra and internal electric field is only observed for 

parallel incident electric fields.  An additional observation is that a perpendicular incident 

field results in low internal electric fields, whereas a parallel incident field causes an 

enhanced internal field down the length of the rod.  Both situations show behavior at the 

edges that is much different than the rest of the nanorod. Figure 10.7 also shows ε’ and 

ε” for Bi and Au. 
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Figure 10.6:  Internal electric field calculated using Equation (11) for a 30 nm diameter 
Ge nanorod with an aspect ratio of 20 with the polarization of the incident 
field oriented (a, b) perpendicular and (c, d) parallel to the nanorod length.   
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Figure 10.7: Real (ε ') and imaginary (ε") parts of the complex dielectric function for 
(A) Ge, (b) Bi, and (c) Au. 

10.3.3.5 DDA calculations: varying dipole geometry 

Various dipole arrangements were tested to probe the differences in electric field 

along the edges, faces, and in the interior of the nanorods.  The 2x2 dipole cross section is 

sufficient to simulate extinction and absorption spectra; however, since all of the dipoles 

in a single 2x2 layer are equivalent, there is no information provided in the calculations 

regarding local variations in electric field within the nanorod; the calculated electric field 
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applies only to the nanorod surface.  Furthermore, the cross-sectional shape of a true Ge 

nanorod is more accurately described as rectangular or hexagonal.43 A variety of dipole 

arrangements were surveyed, including cross, hexagon, and 3x3 arrangements.  The 

extinction spectra are not noticeably affected by the various dipole arrangements (see 

Figure H5 in Appendix H).  Figure 10.8 shows surface and contour plots of the electric 

field for dipoles located along the edges, faces, and along the central axis of the nanorod 

for a 3x3 cross-sectional dipole arrangement. Charge builds up at sharp edges, causing 

the electric field to be most intense along the four corner edges (Figure 10.8a) and 

weakest in the center of the rod (Figure 10.8c).44 Down the length of the structure, the 

electric field is weakest at the ends of the nanorod.  All dipoles show an enhanced electric 

field at 590 nm, which again is related to 'ε . Similar data are shown in Appendix H using 

a cross (Figure H6) and hexagonal (Figure H7) dipole arrangement. Comparison between 

these data shows higher electric fields for dipoles with sharper exposed edges. In 

contrast, the more overlap there is between the center dipole and those that surround it, 

the more the internal electric field is reduced for that center dipole. For instance, the 

center dipole in the hexagonal arrangement overlaps with all six surface dipoles and has a 

lower electric field than the center dipole in either the cross or 3x3 arrangement, which 

each overlap with only four dipoles (the corner edge dipoles in the 3x3 arrangement do 

not overlap with the center dipole). 
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Figure 10.8: Internal electric fields calculated with the polarization of the incident 
electric field oriented parallel to the nanorod length for (a) corner dipoles 
(highlighted in blue) along the edges of the nanorod, (b) side dipoles along 
the faces of the nanorod and (c) central dipoles within the core of the 
nanorod.  (d, e, f) Corresponding cross-sectional plots showing electric field 
contours for specific wavelengths. 

The internal electric field was also calculated for Ge nanorods with Bi tips, shown 

in Figure 10.9.  The internal electric field in the Ge segment is significantly altered near 

the Bi tip.  As energy increases from 0.6 to 4.2 eV, the internal electric field of the Bi tip 

is depressed, in contrast to a tip-free nanorod, which alters the local electric field in the 

Ge nanorod in the immediate vicinity of the tip. This manifests itself as a significant peak 

in electric field intensity in the first 50 nm of Ge immediately adjacent to the Bi tip. A 

similar effect is observed for a parallel incident electric field. The presence of the Bi tip 

causes a peak in the internal electric field within the first 20 nm of the Ge nanorod at 

energies slightly below 1.8 eV. This effect is manifested in the extinction spectrum 

(Figure 10.4b), where the absorption peak extends beyond 600 nm (compared to 550 nm 

for the tip-free rods shown in Figure 10.3b, for example). Only the first 200 nm of the 
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rods are shown.  Far away from the metal tip, the internal electric field is unaffected by 

the metal tip and behaves as shown in Figure 10.6c and Figure 10.8.  Au-tipped Ge 

nanorods were also examined and can be found in Appendix H (Figure H8). 

 

Figure 10.9: Intensity plots showing the local electric field near the tip of Ge nanorod 
(30 nm diameter; aspect ratio of 20) with Bi seeds for (a) perpendicular and 
(c) parallel incident electric fields with (b, d) corresponding cross-sectional 
plots showing constant wavelength contours. 

Absorption is enhanced near 600 nm for Ge nanorods of increasing length. We 

have correlated the evolution of this peak to the optical constants of Ge. As a further 

explanation of the trend observed in the experimental data, we turn to light refraction. 

The Ge nanorods are suspended in a solution of chloroform.  There is a large difference 
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between the dielectric constants of chloroform and Ge and incident light can only  escape 

the nanorod if it is traveling normal to the Ge–chloroform interface, plus or minus ~10°.  

Figure 10.10 illustrates this point, showing the wavelength-dependent critical angle for 

total internal reflection of light traveling within a Ge structure suspended in chloroform.  

For 600 nm light, the critical angle is at its smallest; angles greater than 8° off normal 

result in total internal reflection. This suggests that significant light trapping occurs in Ge 

nanorods, effectively increasing the absorption path length. This effect is more 

pronounced for longer rods, and can be used to engineer nanorod optical devices.1  The 

scattering cross-sections are much lower than absorbance due to two main contributing 

factors. First, light scattering scales with λ-4 and is low at most wavelengths. 

Furthermore, only light with an off-normal incident angle between 0-10o to the Ge-

chloroform interface is free to escape the nanorod and is absorbed, leaving a small 

angular window for light scattering. 
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Figure 10.10: (a) Critical angle for total internal reflection within a Ge nanorod 
suspended in chloroform. (b) Schematic for angle dependence of partial 
reflection / transmission versus total internal reflection of light impingent on 
an interface. 

Internal electric fields are very different depending on whether the incident field 

was aligned parallel and perpendicular to the nanorod axis. This is due to the actual 

orientation (i.e., polarization) of the individual dipoles. When the incident electric field is 

parallel with the rod axis, the dipoles are aligned and interact more strongly with one 

another. Figure 10.11 shows the angular dependence of the electric field within the 

nanorod on the orientation of the incident electric field, displaying the transition from 

perpendicular to parallel electric field orientation. The general shape of the electric field 

does not change with increasing angle. As the angle approaches 90° relative to the 
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surface normal (parallel to the nanorod axis), the dipoles become more aligned and result 

in an intensified internal electric field. 

 

Figure 10.11: Average internal electric field contour plots at 590 nm, calculated for a Ge 
nanorod 30 nm in diameter with an aspect ratio of 20) with incident electric 
fields at various angles (center plot) with corresponding surface plots for 
each angle (surrounding). 

10.4 CONCLUSIONS 

Ge nanorods were synthesized by arrested Bi- or Au-assisted solution-liquid-solid 

(SLS) growth. Optical measurements were made and compared to calculations using the 

discrete dipole approximation (DDA). A peak in the experimental absorbance spectra was 

observed at 550nm and red-shifted with increasing nanorod length. DDA calculations 

corroborate this peak, which can be traced back to peaks in the real part of the complex 
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index of refraction and dielectric function. The peak was also found to be heavily 

dependent on incident electric field orientation and rod length, but not on rod diameter. 

We also calculate an enhanced internal electric field at the edges and surfaces of 

nanorods relative to the central axis of the nanorod. This work shows the potential for 

fine-tuning of optical properties though controlled growth of Ge nanorods. 
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Chapter 11: Role of Capping Ligands on Solution-Liquid-Solid (SLS) 
Growth of Indium Phosphide Nanowires 

11.1 INTRODUCTION 

Indium phosphide (InP) exhibits strong quantum confinement effects1-4 and is an 

interesting material for optoelectronic applications.5  With a broader emission range and 

lower toxicity, it is also the most promising alternative to CdSe.6 As such, there is great 

interest in developing and understanding the synthesis of InP nanomaterials. The surface 

chemistry of InP quantum dots has been an area of investigation of late and is relatively 

well understood.6-10 However, surface chemistry of nanowires, grown via the solution-

liquid-solid (SLS) growth mechanism, for example, remains ambiguous.1, 2, 11-13 There are 

pronounced differences in the growth of SLS InP nanowires compared to vapor-liquid-

solid (VLS) grown InP nanowires.  For instance, in SLS InP nanowires exhibit zinc 

blende structure1, 2, 11-13 whereas VLS show a mixture of the zinc blende and wurtzite 

phases, depending on the reaction conditions.14-19 This point remains to be addressed 

directly, but as the phases differ in energy by only 6.8 meV per In-P atom pair,20 the 

cause is likely due to the presence of the capping ligands in SLS syntheses that form zinc 

blende structure preferentially. 

Introduction of Zn impurities in VLS-grown InP nanowires give rise to formation 

of twinning super lattices (TLSs) where periodically spaced zinc blende segments are 

separated by a twin plane caused by a stacking fault.16 Growth of TSLs in VLS-grown 

InP nanowires can be controlled and depends critically on the zinc concentration in the 

seed catalyst.16 Twinning causes kinks in nanowires which is typically detrimental to the 

electrical properties.21 However, TSLs modify the electronic band structure and alter the 

optical properties in InP nanowires.22 The formation of TSLs is reported elsewhere23-27 

and is attributed to changes in the free energy of formation of wurtzite phase relative to 
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zinc blende at the solid-liquid (e.g., nanowire-seed droplet) interface.  The nature of 

twinning has been investigation for InP nanowires grown in VLS processes,23-27  but not 

SLS.13 Twinning behavior has been observed in SLS grown InP nanowires, but is less 

well understood. Here we study the surface chemistry of InP nanowires and show 

potential solution routes to InP nanowires with TSLs. We also investigate the efficacy of 

octyl-phosphonic acid, a common surfactant in the growth of InP nanowires, and provide 

examples of suitable replacements. 

11.2 EXPERIMENTAL SECTION 

11.2.1 Materials 

All chemicals were use as received.  Anhydrous tetrahydrofuran (THF, ≥99.9%), 

sodium bis(trimethylsilyl)amide (NaTMS2N), 1.0 M in THF), bismuth (III) chloride 

(BiCl3, ≥98%), diphenyl ether (DPE, ≥99%), anhydrous toluene (99.8%), anhydrous 

hexane (95%),  poly(1-decene) (1PD, viscosity 50 cSt), n-hexadecylamine (HDA, 90%), 

indium (III) acetate (InAc3, 99.99%), myristic acid (MyrA, 99%), tri-n-octylphosphine 

oxide (TOPO, 99%), n-octylmagnesium bromide (2.0 M in diethyl ether), di-n-butyl 

phosphite (DBP, 96%), diethyl ether (DEE, 99.7%) and phosphoric acid (H3PO4, 85% 

w/w, aq) were purchased from Sigma Aldrich, hydrogen peroxide (H2O2, 30%), sulfuric 

acid (H2SO4, 96.2% w/w, aq) and potassium carbonate (K2CO3, anhydrous, 99.8%) were 

purchased from Fisher, octylphosphonic acid (OPA, 99%) was purchased from Alfa 

Aesar, and tris(trimethylsilyl)phosphine (TMS3P, 98%) was purchased from Strem. 

Polyvinylpyrrolidone-hexadecane (PVP-HDE) copolymer (Ganex V-216, MW = 7300 g 

mol-1, product ID 72289D) was provided by ISP Technologies, Inc. 

11.2.2 Bi nanocrystal preparation 

Bi nanocrystals (BiNC) were synthesized according to literature methods.28, 29  All 

synthetic steps were conducted using standard air-free procedures either in an oxygen-

free Schlenk link or a nitrogen-filled glove box. In a typical Bi nanocrystal synthesis, a 
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growth solution was prepared by combining 5 g PVP-HDE copolymer with 15 g DPE in 

a 3-neck flask attached to a Schlenk line.  The solution was degassed under vacuum with 

vigorous stirring for 1 hour at 70oC, then blanketed with nitrogen and heated to 200oC.  

Meanwhile, an injection solution was prepared by dissolving BiCl3 (158 mg, 0.50 mmol) 

in THF (1 mL), which yielded a milky suspension.  The BiCl3/THF solution was 

combined with NaTMS2N (2 mL, 1.0M in THF) in a 4:1 Na:Bi ratio and plunged into a 

syringe.  The syringe containing the injection mixture was removed from the glovebox 

and rapidly injected to the hot PVP-HDE copolymer / DPE growth solution, turning the 

solution black immediately.  The mixture was stirred for 30 minutes after which the 

heating element was removed and the flask contents were allowed to cool.  When the 

temperature dropped to ~100oC, 20 mL of toluene was to the reaction flask and the 

product was split evenly into 6 centrifuge tubes.  30 mL of methanol was added to each 

tube followed by centrifugation at 8000 rpm for 5 minutes.  The supernatants were 

discarded being careful to retain the black viscous fluid where the Bi nanocrystals are 

encased.  The viscous phase was redispersed using 2-3 mL of toluene (in each centrifuge 

tube) and consolidated into 2 centrifuge tubes.  30 mL of methanol was added to each 

tube followed by centrifugation at 8000 rpm for 5 minutes.  The supernatant was 

discarded, leaving behind a thick black viscous liquid, which was dispersed in 

chloroform.  The chloroform was evaporated using a rotary evaporation (rotovap) system 

to determine the weight of the black viscous liquid product.  In a typical reaction, roughly 

4 to 5 g of product is produced, most of which is PVP-HDE copolymer.  In order to 

determine the amount of Bi was collected, a sample of was analyzed using 

thermogravametric analysis (TGA). The Bi samples were dispersed in toluene at a 

concentration of 10 mg mL-1 and stored in a nitrogen filled glove box. 
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11.2.3 Indium (III) myristate preparation 

Indium (III) myristate (InMyr3) was prepared according to previously described 

methods.13  In a typical procedure InAc3 (2.5 g, 8.56 mmol) and MyrA (5.87 g, 25.95 

mmol) were combined with 1PD (50 g) in a 3-neck flask.  The flask was attached to an 

oxygen-free Schlenk line and stirred vigorously under vacuum (<500 mTorr) for 2 hours 

at 120 °C.  The solution turned optically clear and had a slight yellow hue when heated.  

Allowing the solution to cool to room temperature and settle results in a thick white 

precipitate with a clear, colorless supernatant.  When shaken, the suspension becomes 

uniform.  InMyr3 was used from this stock suspension with a concentration of 0.15 mmol 

g-1 mixture without any further purification. 

11.2.4 Di-n-octylphosphonic acid preparation 

Synthesis of di-n-octylphosphonic acid (DOPA) was adapted from literature 

methods,30 as reported by Wang et al,31 through direct oxidation of di-n-octylphosphine 

oxide (DOPO) with excess H2O2.  To synthesize DOPO, a 3-neck flask containing 50 mL 

of n-octylmagnesium bromide (0.10 mol, 2.0 M in DEE) was connected to a Schlenk line 

and blanketed with nitrogen.  The flask was immersed in an ice bath to maintain the 

temperature between 10oC and 15oC while DBP (6.88 g, 35.6 mmol) was added dropwise 

over the course of 30 minutes with vigorous stirring.  After injecting DBP, the 

temperature was raised to reflux the solution for 30 minutes to complete the reaction.  

After the 30 minute reaction, the flask was again immersed in an ice bath to maintain the 

temperature between 5oC and 10oC while 37.5 mL of 25% w/w H2SO4 (aq) was added 

dropwise over 30 minutes.  After adding H2SO4, the flask contents were transferred to a 

separation funnel where the ether phase was extracted and washed with deionized water 

(25 mL) three times, K2CO3 (25 mL, 15% w/w K2CO3, aq) three times, and deionized 

water (25 mL) three times.  The product was returned to a fresh 3-neck flask and the ether 

removed under vacuum with the solution heated to 65oC.  The product was collected 
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using anhydrous hexane (25 mL) and recrystallized to give the DOPO product.  DOPO 

(5g, 18.2 mmol) was combined with H2O2 (30% w/w, 2.3g, 20.3 mmol) in a 3-neck flask 

and stirred overnight (~15 hours) at 65oC.  Water and H2O2 were then vacuum distilled at 

50oC leaving white chunks of DOPA.  Positive ionization mass spectrometry data for the 

final product can be found in Appendix I, Figure I1. 

11.2.5 InP nanowire Synthesis 

InP nanowires were synthesized using a variation of previously described 

methods.13 In a typical reaction used to produce high quality InP nanowires, HDA (1.03 

g, 4.3 mmol) and OPA (67 mg, 0.34 mmol) were combined with 1PD (3 g) in a 4-neck 

flask and connected to an oxygen-free Schlenk line.  The flask was placed under vacuum 

(<500 mtorr) and stirred vigorously for 30 minutes at 100 °C.  After 30 minutes, the flask 

was blanketed with nitrogen and heated to the reaction temperature (330 °C). 

An injection solution containing 0.1 mL stock BiNC solution (1 mg, 4.8 μmol Bi) 

dispersed in 0.6 g 1PD was prepared in the glove box and loaded into a syringe.  A 

second injection solution was prepared (also in the glove box) by combining InMyr3 

(3.42 g, 0.51 mmol) with TMS3P (0.15 mL, 0.51 mmol) dispersed in 0.5 mL 1PD.  The 

InMyr3/TMS3P solution was plunged into a syringe.  Both injection solutions were 

removed from the glove box and rapidly injected sequentially into the reaction flask.  The 

BiNC solution was injected first and stirred for 1 minute allowing the temperature to 

equilibrate at 330 °C.  After 1 minute, the InMyr3/TMS3P solution was injected drop-wise 

over 5 minutes.  The reaction product turned reddish-brown during this drop-wise 

addition, and the temperature remained above 320 °C throughout the reaction.  The 

reaction mixture was allowed to stir an additional 5 minutes after the second injection 

before removing the heating element.  The flask contents cooled to 150 °C at which point 

10 mL of toluene was added to prevent solidification of HDA and OPA.  The reaction 

mixture was quickly transferred to a glass centrifuge tube and centrifuged at 4000 rpm for 
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2 minutes while the solution was still hot.  The resulting supernatant was discarded and 

the pellet was redispersed in toluene, followed by centrifugation under the same 

conditions.  This process was repeated several times until the supernatant was clear.  The 

final product was redispersed in chloroform and stored in the glove box until examined 

with FTIR and XPS. 

Additional reactions were done to determine the role of various ligands in the 

growth of InP nanowires.  Beyond to using (1) both HDA and OPA, additional reactions 

included the use of, (2) OPA only (100 mg, 0.50 mmol), (3) HDA only (1.03 g, 4.3 

mmol), (4) neither capping, (5) H3PO4 (58 mg 85% H3PO4 w/w, 0.50 mmol), (6) DOPA 

(150 mg, 0.50 mmol), and (7) TOPO (200 mg, 0.50 mmol).  Reactions (5)–(7) also 

contained HDA (1.03g, 4.3 mmol).  For reaction (5), the H3PO4 was injected immediately 

before the In/P precursor solution was added in order to prevent the acid from completely 

evaporating in the hot solvent before hand.  These samples were dispersed in chloroform 

and stored in the glove box until further analyzed. 

The interaction between HDA and OPA on the Bi seeds was studied by injecting 

Bi nanocrystals into the same reaction media used in InP nanowire reactions (1)–(4) 

without subsequent injection of the InP precursor solution.  The Bi seeds were stirred for 

the same amount of time as a normal reaction, start to finish (i.e., 11 minutes) before 

following the same cleaning procedure describe for InP nanowire reactions.  The product 

was dispersed in chloroform and stored in a glovebox for characterization. 

11.2.6 Materials Characterization 

Thermogravimetric analysis (TGA) was performed using a Mettler-Toledo 

TGA/DSC1. Roughly 1 mg of material was loaded into a 70 μL alumina crucible by 

dropcasting from chloroform and dried in ambient atmosphere. TGA was performed 

under a nitrogen atmosphere (80 mL/min purge rate), increasing the temperature from 

room temperature to 800°C at a heating rate of 5°C min-1. 
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Scanning electron microscopy (SEM) images were acquired using a Zeiss Supra 

40 SEM with an in-lens arrangement, a working voltage of 5 keV and a working distance 

of 5 mm.  SEM samples were imaged on 1 × 1 cm2 silicon wafers (from S.E.H).  

Transmission electron microscopy (TEM) images were digitally acquired using a either a 

FEI Tecnai Spirit BioTwin TEM operated at 80 kV or a field emission JEOL 2010F TEM 

operated at 200 kV.  Energy-dispersive X-ray spectroscopy (EDS) data were acquired on 

the JEOL 2010F TEM via an Oxford Inca EDS detector.  TEM samples were prepared by 

drop-casting from chloroform dispersions onto 200 mesh lacey-carbon copper TEM grids 

(Electron Microscopy Sciences). 

X-ray diffraction (XRD) was carried out using either a Rigaku R-Axis Spider 

Diffractometer with Image plate detector with Cu kα (λ = 1.5418 Å) radiation operated at 

40 kV and 40 mA, or a Bunker-Nonius D8 Advance diffractometer with Cu Kα source.  

Measurements using the Spider Diffractometer were taken on particles suspended on a 

0.5 mm nylon loop. Samples were scanned for 10 min while rotating at 10° per minute at 

298 K in ambient atmosphere. The resulting radial data were integrated from 2θ = 10 to 

90. Background scattering from the nylon loop was subtracted from the sample 

measurement.  Data were acquired using the Bunker-Nonius from purified product (1~3 

mg) dropcast on a quartz substrate using a rotating sample holder with generator voltage 

and amperage of 40 mV and 40 mA, respectively, at a scan rate of 12 deg min-1 in 0.02 

deg intervals, with typical collection times of 4 to 6 hours. 

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos 

photoelectron spectrophotometer with monochromatic Al Kα radiation (1487 eV) under a 

background pressure of 10-9 Torr.  Samples were prepared by dropcasting nanowires 

from a 5 mg mL-1 solution in chloroform on a UV-ozone cleaned native oxide Si wafer.  

Spectra were collected at 0.1 eV intervals and 800 ms integration time while charge 

compensation was taking place through a tungsten coil set at 4.8 V bias with respect to 
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the substrate.  XPS data were corrected by shifting the C1s peak to a binding energy of 

285 eV. 

XPS data analysis was done using CasaXPS software. The background signal was 

subtracted using a Shirley background model and peak areas were deconvoluted as Voigt 

functions (30% Gaussian character).  In the In3d region, the InP (5/2), In2O3 (5/2), InP 

(3/2) and In2O3 (3/2) peaks at 444.4 eV, 445.2 eV, 452 eV and 452.8 eV binding 

energies, respectively, were deconvoluted. Total integrated area associated with the 5/2 

spins were set to 1.5x of 3/2 spin areas. Full width at half maximum (FWHM) of all the 

peaks were set equal to each other. For the P2p region, InP (3/2) and InP (1/2) peaks were 

placed at 128.7 eV and 129.5 eV, respectively.  FWHM of these peaks were set equal to 

each other. The 3/2 spin state total peak area was set 2x the 1/2 spin state. Peaks 

associated with the suboxides of phosphorous were placed at 129.8 eV, 132.8 eV, and 

133.6 eV binding energies. Due to large number of peaks, the two spin states of the 

suboxides were convoluted into one peak.  FWHM of all the suboxide peaks were set 

equal to each other. For the Bi4f region of the scans, Bi04f (7/2) and Bi04f (5/2) were 

placed at 157.0 and 162.3 eV, respectively. The FWHM of the different spins set to equal 

each other, and the total area of the 5/2 spin was set to 75% of the 7/2 spin. 

ATR-FTIR spectra were acquired using a Thermo Mattson Infinity Gold FTIR 

with an attenuated total internal reflectance (ATR) stage made of crystalline ZnSe. The 

detector is liquid nitrogen cooled and the spectra are acquired from 400–4000 cm-1 with 1 

cm-1 resolution by averaging 128 scans. Background scans were collected before sample 

deposition and are automatically subtracted out of the results.  InP nanowires were 

dropcast onto the ATR stage from a chloroform solution and dried. The sample chamber 

was purged with dry nitrogen for 5 minutes before collecting data. 
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11.3 RESULTS AND DISCUSSION 

11.3.1 Role of HDA and OPA on InP nanowire growth 

Figure 11.1 shows SEM, TEM, HRTEM, and corresponding FFT images images 

of InP nanowires grown from Bi nanocrystals via the SLS growth mechanism in the 

presence of one of four combinations of OPA and HDA: (1) HDA and OPA; (2) OPA 

only; (3) HDA only; (4) neither HDA nor OPA. Reaction (1) nanowires are defect-free 

and single crystalline (Figure 11.1i) while reaction (2) nanowires are ridden with (111) 

twin plane defects, illustrated in Figure 11.1j.  The angle between twin planes is 38o, 

similar to previous reports.32, 33  The periodicity of the plane defects is irregular, but can 

be controlled through careful introduction of impurities.16  Samples (1) and (2) both 

exhibit growth in the <111> direction. Reaction (3) formed a mixture of crystalline In2O3 

and InP nanowires (confirmed by XRD shown in Figure 11.2).  Figure 11.1k shows TEM 

of an In2O3 nanowire growing in the <211> direction with d-spacing of 4.14Å (measured 

by TEM, expected value: 4.13Å).  Reaction (4) yielded predominantly large particulates. 

The product is composed of In2O3 when no capping ligands are used (see Figure 11.2). 

The In2O3 nanowire shown in Figure 11.1l–typical of reaction (4) conditions–has a <110> 

growth direction and a d-spacing of 3.54Å (measured by TEM, expected value: 3.58Å).  

This shows a potential solution route to In2O3 nanowires pending improved control over 

the reaction chemistry and product morphology. This result is significant as In2O3 

nanowires are typically only grown in high temperature CVD methods.34 

In addition to playing a critical role in the formation of single crystalline, defect 

free InP nanowires, HDA and OPA also affect the nanowire diameters.  For example, 

reaction (1) produced nanowires with an average diameter of 20.8 ± 5.4 nm (the initial Bi 

seed diameter is 14.0 ± 2.5 nm, shown in Figure I2) while raction (2) produced InP 

nanowires with an average diameter of 28.2 ± 9.5 nm.  Reactions (3) and (4) yielded 

wires with an average diameters of 21.0 ± 5.1 nm and 43.1 ± 14.0 nm, respectively (see 

Figure I3). These results contrast with previous reports that show an empirical relation 
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between InP nanowire diameters and initial Bi seed diameter.13 Here, the nanowire 

diameter was found to depend on the reaction medium, the reason for which is discussed 

below. 

Twinning in InP nanowires remains a mystery for SLS grown InP nanowires but 

has been thoroughly investigated for VLS grown wires and–although VLS grown wires 

exhibit wurtzite structure whereas SLS grown wires are zinc blende–these studies help 

explain the twinning behavior observed in this study, illustrated in Figure 11.1j. A variety 

of factors contribute to twin formation in VLS grown InP nanowires: (a) temperature,35 

(b) In:P ratio,36 (c) wire diameter,13 and (d) zinc impurities.16, 37  In this study, the In:P 

ratio was not changed and the temperature held constant for all reactions, ruling out (a) 

and (b) as causes for twinning.  Reaction (2) wire diameters were larger than reaction (1) 

(28.2nm compared to 20.8nm), making this a likely factor in twin formation.  

Furthermore, Zn is present as an impurity in the indium precursor (0.2 ppm)38 and may 

also play a role. 

Twinning superlattices (TSLs) modify the electronic band structure and alter the 

optical properties in InP nanowires.22 This effect has been observed in quantum well 

heterostructures and is due to spatial separation of photoexcited electrons that induce 

band bending.23-27 Controlled growth of TSLs in VLS-grown InP nanowires can be 

achieved through the introduction of zinc impurities; twins occur with regular periodicity, 

which depends critically on the zinc concentration in the seed catalyst.16 The formation of 

TSLs is attributed to changes in the free energy of formation of wurtzite phase relative to 

zinc blende at the solid-liquid (e.g., nanowire-seed droplet) interface.15, 16  Amines form 

moderate-strength coordination bonds with Zn39, 40 (e.g., amines are used to cap ZnSe 

nanocrystals),41 thus the presence of HDA–in reaction (1) for example–prevents twinning 

by scavenging Zn impurities. Phase purity in InAs nanowires depends on the wire 

diameter.15 This same effect could be playing a role in producing twinned wires in 

reaction (2).  The mechanism behind diameter-dependent twinning remains unclear. 
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While we show a potential solution-phase synthesis to TSLs in SLS-grown InP 

nanowires, a more systematic study is required to probe the effect of Zn impurities.  

 

Figure 11.1: (a-d) SEM, (e-h) TEM, (i-l) HRTEM, and (m-p) corresponding FFT images 
of InP nanowires grown in the presence of (a, e, i, m) OPA and HDA, (b, f, 
j, n) OPA only, (c, g, k, o) HDA only, and (d, h, l, p) neither ligand. 

Figure 11.2 shows XRD data for samples grown from reactions (1) through (4) in 

curves (i) through (iv), respectively.  The data show that InP nanowires form exclusively 

in reactions (1) and (2) (i.e., reactions where OPA is present).  The peak observed in 

curve (ii) at 2θ = 27.4 corresponds to rhombahedral Bi.  Reaction (3) shows In2O3 in 
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addition to InP, also illustrated by the In2O3 nanowire shown in Figure 11.1j. Reaction (4) 

yields only a small amount of InP, evident by the limited presence of the InP (111) peak 

at 2θ = 26.2.  The majority of the product is In2O3–Figure 11.1l shows an In2O3 

nanowire, for instance–and metallic indium. 

It is clear that OPA is essential to produce crystalline InP nanowires as cubic 

In2O3 forms when OPA is absent. Given that InP nanowires form when HDA is absent, 

we conclude that the ligand does not play a lead role in promoting InP growth. However, 

HDA is essential to improve crystallinity (e.g., reaction (2) nanowires are laden with twin 

planes) and plays a role in controlling nanowire diameter, confirming previous reports.13 

These observations have been made elsewhere as well. Of further interest is that SLS 

grown InP nanowires form zinc blende crystal structure exclusively whereas vapor phase 

methods typically report a mixture of results–some showing zinc blende and some 

showing the wurtzite crystal structure. 1, 2, 11-13, 15, 16, 18  While the reason behind this 

remains unclear, preferential wurtzite formation in VLS grown InP nanowires is 

attributed to the lower surface energy of the parallel side facets of wurtzite compared to 

zinc blende nanowires.20 The higher energy facets in zinc blende nanowires are stabilized 

by the presence of surfactants in SLS syntheses.  
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Figure 11.2: Diffraction patterns for InP nanowire reactions done in the presence of (i) 
HDA and OPA, (ii) OPA only, (iii) HDA only, and (iv) neither ligand.  
Reference patterns are included for InP (JCPDS: 00-032-0452), In2O3 
(JCPDS: 01-071-2194) and In (JCPDS: 00-005-0642).  

Attenuated total reflectance–Fourier transform infrared (ATR–FTIR) 

spectroscopy measurements were made on each sample, shown in Figure 11.3 with 

curves (i)–(iv) corresponding to reactions (1)–(4), respectively.  The signal is magnified 

10× between 3000 cm-1 and 3750 cm-1 in curves (i)–(iii) to highlight the peaks in this 

region.  Curves (i)–(iii) show characteristic hydrocarbon signals with symmetric and 

asymmetric CH2 methylene stretches at 2852 cm-1 and 2922 cm-1, respectively, and 

asymmetric CH3 methyl stretching at 2947 cm-1. C–CH3 deformation signals are present 

at 1464 cm-1 and 1380 cm-1. The peaks between 1400 cm-1 and 1550 cm-1 are 

characteristic of myristic acid.  Specifically, the peak at 1530 cm-1 is attributed to 

chelating bidentate coordination between the myristate carboxyl group and a surface 

indium atom,6 and is particularly strong in curve (ii) indicating an increase in surface-

bound myristate when HDA is not present. The broad peak centered around 1010 cm-1 is 

attributed to P-O-P due to the formation of a surface InPOx oxide layer.6  Various P=O, 
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R(OH)2P=O, and P-O-R stretches also occur in this region corresponding to surface 

bound OPA in curves (i) and (ii).  The P-O-P stretch at 700 cm-1 is also observed. 

Phosphonic acid signatures are observed in curves (i) and (ii) at 1692 cm-1 and 

1413 cm-1 corresponding to P=O and P–C stretching vibrations, respectively. A broad 

peak starting at 3640 cm-1 and centered at 3260 cm-1 is due to O–H bonding in OPA. The 

primary amine N–H stretch (3330 cm-1) and deformation (1640 cm-1) vibrations are 

present in curve (iii), but are muted in curve (i) due to the presence of the aforementioned 

signals in the same regions. In the reaction (4) spectra shown in curve (iv), no signals 

characteristic of OPA, HDA, or myristate were observed, though the P-C stretch at 790 

cm-1 was present in all four reactions. XPS measurements were made to further 

characterize the nanowire surfaces. We present these results below before proposing 

surface chemistry scheme. 

 

Figure 11.3: ATR-FTIR spectra collected for InP nanowires produced in the presence of 
(i) HDA and OPA, (ii) OPA only, (iii) HDA only or (iv) neither ligand.  The 
signal between the 3750 cm-1 and 3000 cm-1 was magnified 10× to enhance 
features in this region. 

Figure 11.4 shows XPS spectra of In, P, and Bi for each reaction with curves (i)–

(iv) corresponding to reactions (1)–(4).  Reaction (1) data show limited oxidation. The 

In3d region shows peaks at 444.5 eV and 452 eV corresponding to InP.42  There is a 

small shoulder on each of these peaks at higher binding energies that indicates slight 
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oxidation corresponding to InPxOy.42  The P2p region shows a doublet with peaks 

centered at 128.7 eV and 129.5 eV corresponding to InP.42  There is also a weak peak 

centered at 133.2 eV, which can be deconvoluted into various InPxOy suboxides.42 

Phosphorous in OPA has a binding energy of 135 eV43 and is not observed here. The 

compound is difficult in to wash out of the reaction product, so residual OPA is likely the 

cause for some characteristic FTIR signals, such as OH bonding. XPS, which surveys 

only a very localized area on the sample, indicates that the OPA is not surface bound. The 

Bi4f region shows zero-valent Bi oxidation state at 156.7 eV and 162 eV. 

Reaction (2) samples show behavior similar to reaction (1), though the Bi seeds in 

this sample are slightly oxidized, illustrated by the broad, low intensity shoulders in the 

Bi4f region.  These peaks are shifted to slightly higher binding energies (i.e., centered at 

159.1 eV and 164.5 eV). HDA therefore prevents oxidation of the Bi nanocrystals.  XPS 

of reaction (3) product reveals increased oxidation of all three elements.  The In3d region 

shows two peaks (444.5 eV and 452 eV) but the peaks are much broader than the In3d 

signal from reactions (1) and (2) and with a large shoulder at higher binding energies 

indicating In oxidation.  The In3d peak in In2O3 occurs at the same binding energy as InP 

making it impossible to distinguish the two. The P2p peaks for reaction (3) show 

significant oxidation with a peak at 133.6 eV, but the InP doublet (128.7 eV and 129.5 

eV) corroborates the XRD data, confirming the presence of InP.42 Zero-valent Bi is 

detected in reaction (3) along with oxidized Bi shown by the peaks at 159.1 eV and 164.5 

eV that correspond to Bi2O3.  XPS of reaction (4) product showed trends very similar to 

reaction (3).  The In3d and P2p peaks show significant oxidation.  The Bi4f region shows 

both zero-valent and Bi2O3 peaks, the latter of which are more broad and greater in 

intensity than observed for reaction (3), indicating a greater extent of Bi oxidation. 
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Figure 11.4: XPS spectra of the In3d, P2p, and Bi4f regions for reactions done in the 
presence of (i) OPA and HDA, (ii) OPA only, (iii) HDA only and (iv) 
neither ligand. 

11.3.2 Role of HDA and OPA on Bi nanocrystal seeds 

Bi nanocrystals were injected into the same reaction media used in reactions (1)–

(4) without subsequent InP precursor injection to probe ligand-seed interactions. Figure 

11.5 shows TEM of the seeds after these injections.  Figure 11.5a shows that Bi 

nanocrystal seeds injected into a solution containing HDA and OPA increased in 

diameter from the initial seed size (14.0 ± 2.5 nm) to 30.6 ± 6.1 nm. Bi seeds injected 

into OPA only (d = 42.5 ± 3.4 nm, Figure 11.5b) are to be etched by the OPA; the outer 

regions of these nanocrystals appear damaged compared to the as-prepared sample. 

Figure 11.5c shows injection into HDA only (d = 53.7 ± 10.6 nm), and Figure 11.5d 

shows injection into neither ligand (d = 85.7 ± 19.5 nm).   
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Figure 11.5: TEM of Bi nanoparticles injected into hot solvent containing (a) HDA and 
OPA, (b) OPA only, (c) HDA only, and (d) neither ligand. 

XPS measurements were made on Bi nanocrystals injected into reaction mixtures 

containing (i) OPA and (ii) HDA and OPA and are shown in Figure 11.6.  When only 

OPA is present, the nanocrystals are completely oxidized, with no Bi0 observed and 

Bi2O3 peaks present at 159.1 eV and 164.5 eV.  When HDA is also present, the extent of 

Bi oxidation is reduced as Bi0 are observed (156.7 eV and 162 eV). This is strong 

evidence that the presence of HDA in the reaction mixture minimizes the oxidation of the 

Bi nanocrystals by OPA. 
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Figure 11.6: XPS spectrum of Bi seeds injected into reaction media containing (i) OPA 
and (ii) HDA and OPA. 

11.3.3 Role of surfactants on InP nanowire growth 

A summary of surfactant roles in the growth of InP nanowires follows.  When 

both HDA and OPA are present single crystalline InP nanowires are produced.  Removal 

of HDA from the reaction mixture results in irregularly periodically twinned InP 

nanowires with larger diameters (compared to when HDA is present). Furthermore, 

removing HDA results in oxidized Bi seeds indicating that HDA passivates the surface of 

the Bi nanocrystals.  The Bi seeds still agglomerate in the presence of HDA, thus we 

conclude that the HDA–Bi interaction is weak (i.e., through a dative N-Bi bond). The Bi-

N bond is highly polar and very weak.  Many Bi(NR2)3 compounds are thermally 

unstable and decomposed at room-temperature; the Bi-N bond is also light-sensitive.44 

While HDA protects the Bi seed from oxidation, OPA attacks the seed and etches away 

the oxide layer.  This etching effect helps keep the nanowire diameter narrow in reaction 

(2).  Furthermore, OPA promotes the growth of InP nanowires; In2O3 forms when the 

ligand is absent. It remains unclear how OPA promotes the growth of InP, but XPS 

shows that the molecule does not bind to the surface of the nanowires. Figure I4 

illustrates further the promotion of InP growth by introducing OPA in varying amounts.  

Myristate is present in all reactions and bonds to the surface of the nanowires. Figure 
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11.7 illustrates the role played by each ligand. Our data corroborate surface chemistry 

studies of InP nanostructures, which indicate that the InP surface is coated with a thin 

layer of InPOx and passivated with a carboxylic acid and HDA in the case of InP 

quantum rods and HDA, TOPO, and MyrA in the case of quantum wires.6, 7, 12, 13 

 

Figure 11.7: Schematic diagram displaying the effect of (a) HDA and OPA on Bi 
nanocrystals and (b) the role of each in the reaction of InMyr3 with TMS3P 
in the presence of Bi nanocrystals to form InP nanowires. 

11.3.4 Effect phosphonic acids 

Recent reports show secondary phosphines–such as diphenylphosphine (DPP) or 

di-n-octylphosphine (DOP)–are highly reactive. For instance, diphenylphosphine forms a 

Pb-phosphine complex promoting formation of PbSe nanocrystals,45-48 improving 

reaction yield. Furthermore, PbSe growth kinetics improve when DOP is present in small 

amounts.49 These results motivate exploration of alternative phosphonic acids in InP 

nanowire reactions.  Additional InP nanowire reactions were done using HDA and (5) 

phosphoric acid (H3PO4), (6) di-n-octylphosphonic acid (DOPA) and (7) tri-n-

octylphosphine oxide (TOPO). TGA of product from reactions (2) and (5)–(7) was used 

to determine the reaction yield (see Figures I5 and I6). Table 11.1 summarizes these data, 

showing OPA has the lowest reaction yield. 
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Table 11.1: Reaction yield for reactions carried out in the presence of HDA and either 
H3PO4, OPA, DOPA or TOPO. 

Reaction Additive Conversion (%)♮ 
5 H3PO4 28 

2 OPA 6 

6 DOPA 25 
7 TOPO 22 

♮Based on In an P mass content in precursors (15.9 mg P in TMS3P, 58.9 mg In in 
InMyr3) 

Figure 11.8 shows SEM, TEM, HRTEM, and corresponding FFT images for InP 

nanowires grown from Bi seeds and in the presence of HDA and either (5) H3PO4, (2) 

OPA, (6) DOPA, or (7) TOPO.  For reaction (5), the H3PO4 was injected immediately 

before the In/P precursor solution in order to prevent the acid from evaporating 

beforehand.  XRD for these reactions are shown in Figure 11.10.  All phosphoric acid 

derivatives produce single-crystalline InP nanowires in high yield.  Reactions carried out 

in DOPA produced a significant amount of particles (shown in Figure I7). This may be 

due to promoted In-P cluster formation due to the presence of DOPA, similar to how DPP 

induces formation of Pb-Se pairs in PbSe nanocrystal reactions.45-48 Nanowires grown in 

the presence of H3PO4 or TOPO were generally shorter, and had kinks.  HRTEM images 

show wire growth in either the <111> (H3PO4–Figure 11.9iv, OPA–Figure 11.9j) or 

<110> (DOPA–Figure 11.9k, TOPO–Figure 11.9l) directions. Average (reaction) 

nanowire diameters were: (2) 16.8 ± 3.5 nm, (5) 17.6 ± 6.8 nm, (6) 10.2 ± 2.1 nm, (7) 

12.3 ± 3.0 nm. XRD data shown in Figure 11.10 indicate exclusive growth if InP.  

Reaction (2) had a sufficiently low yield of InP nanowires that Bi diffraction peaks are 

visible. The use of H3PO4 in place of OPA reduces the cost of InP nanowire synthesis and 

DOPA can be used to produce nanowires with a more narrow distribution. 
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Figure 11.8: (a-d) SEM, (e-h) TEM, (i-l) HRTEM, and (m-p) corresponding FFT images 
of InP nanowires grown in the presence of HDA and (a, e, i, m) H3PO4, (b, 
f, j, n) OPA (c, g, k, o) DOPA, and (d, h, l, p) TOPO. 



 270

 

Figure 11.9: XRD InP nanowires grown in the presence of HDA and (i) H3PO4, (ii) OPA 
(iii) DOPA, and (iv) TOPO. 

Figure 11.10 shows XPS of nanowire samples grown in the presence of HDA and 

(i) H3PO4, (ii) OPA, (iii) DOPA or (iv) TOPO.  The XPS measurements  reveal that 

replacement of OPA with these other surfactants does not significantly alter the surface 

characteristics of the produced wires. The H3PO4 reaction show little presence of the P2p 

peaks corresponding to the presence of InP.  H3PO4 oxidizes the surface of the wires, 

creating an InPxOy oxide layer.  The InP signal in the P2p region is completely muted in 

the DOPA sample.  This is due to the highly organic nature of the final product. DOPA 

reactions produce nanowires trapped in a gel-like matrix.  As no other reaction forms this 

matrix, it is likely composed of the DOPA surfactant. Further study is necessary to 

determine the differences in reaction pathways based on these various ligands. 
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Figure 11.10: XPS spectra of InP nanowires prepared in the presence of HDA and (i) 
H3PO4, (ii) OPA, (iii) DOPA or (iv) TOPO. 

11.4 CONCLUSIONS 

We report SLS growth of InP nanowires and study the role of various surfactants 

on the growth of the nanowires and probe the surface chemistry of InP nanowires grown 

in the presence of various combinations of ligands. We find that both OPA and HDA are 

essential for the growth of single crystalline InP nanowires; HDA reduces twinning and 

prevents Bi agglomeration while OPA promotes the growth of InP over In2O3. The 

absence of OPA in the reaction yields a mixture of InP and In2O3 nanowires indicating a 

potential solution route to the latter pending improved control of the product morphology. 

Removing HDA from the reaction mixture yields InP nanowires, indicating that the 

surfactant does not play a direct role in promoting InP growth.  Nanowires grown without 

HDA are irregularly periodically twinned in a twinning superlattice structure showing a 

potential solution route to this class of materials, which is of great interest in band gap 

engineering for optical applications. Furthermore, we report the synthesis of InP 

nanowires in the presence of DOPA (which produces a more narrow nanowire 

distribution), TOPO and–remarkably–H3PO4 with high yield.  This opens up the prospect 

of using more conventional acid surfactants in place of their more expensive alkylated 
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derivatives. Further study is required to determine (1) the effect of impurities on SLS 

grown InP nanowires with TSLs and (2) the interactions between the surfactants–

particularly phosphonic acid derivatives–and precursor compounds to elucidate the 

reaction pathways.  
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Chapter 12: Conclusions and Future Directions 

12.1 CONCLUSIONS 

12.1.1 Nanowire growth 

 Solution methods to growing single crystalline nanowires (e.g., SLS, SFLS) offer 

high-throughput, low-cost routes to producing gram-scale quantities in a matter of 

minutes using lab equipment. SLS-grown Ge nanowires nucleate from Au seeded within 

seconds and can be easily scaled.1 Trisilane–a particularly reactive Si source in SFLS 

synthesis–is capable of producing nanowires at the astonishing rate of 6–8g hr-1.2 Due to 

the extreme reactivity, however, trisilane requires a large concentration of seed particles. 

As such, Au is typically present in concentrations as high as 25% w/w in the final 

nanowire reaction product. The presence of Au is detrimental to Li-ion battery 

performance as lithiation is only partially reversible.3, 4 Furthermore, Au hinders optical 

and electronic properties due to deep trap states within the Si band gap.5 Historically, Si 

and Ge nanowires have been grown predominately using Bi and Au. The demonstrated 

in-situ growth of Si nanowires from Sn seeds not only addresses this point, but it also 

paves the way for faster processing by eliminating the need to pre-synthesize seed 

particles. These nanowires perform better than Au seeded Si nanowires as negative 

electrodes in Li-ion batteries and may also perform well in nanowire transistors. 

12.1.2 Nanowires as negative electrodes in Li-ion batteries 

 A variety of active material and electrolyte combinations were explored as 

negative electrodes in Li-ion batteries. Ge nanowires were shown to perform well when 

mixed with the PVdF binder, even without heat treatment, as is the typical practice.6 

Furthermore, thanks to fast Li diffusion, Ge nanowires were shown to perform well in 

batteries cycled under typical end-user conditions, showing capacities between 600 and 
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700 mA h g-1 for over 1000 cycles at a rate of 1C (where 1C is the current density 

required to fully lithiate or delithiated the electrode in 1 hour). Though various 

electrolytes were tested for Ge, only the PVdF binder was employed. A self-healing 

process occurs for binders that exhibit hydrogen bonding which has shown to improve 

cyclability in Si systems7-9 and should to be extended to Ge to further improve 

cyclability. A caveat: these binders are typically dissolved in water, which complicates 

slurry formation Ge-based electrode systems as Ge forms a water-soluble oxide. In order 

to test Ge nanowires with these binders the nanowires must be surface passivated to 

prevent oxidation and etching from water.  

A variety of Si nanowire systems were studied. Si nanowires were grown using 

the extremely reactive trisilane precursor and either pre-synthesized Au nanocrystals or 

in-situ formed Sn nanoparticles. Au seeded wires were tested as-prepared and with the 

Au removed through a simple etching procedure. All nanowires were tested with PVdF 

and NaAlg binders. While only the Sn-seeded nanowires performed well when mixed 

with PVdF even after heat treatment, NaAlg was found to improve cycling behavior for 

all systems. The presence of Au is detrimental to the cycling behavior of Si nanowires, 

which can be improved dramatically through Au-removal. For all electrode systems 

surveyed, the best performers were those cycled using electrolytes that contained FEC. In 

the case of Ge nanowires, for example, FEC forms a thin passivating SEI layer on the 

nanowire surface that allows efficient charge and ion transport. In contrast, non-FEC 

containing electrolytes form thick SEI layers that grow with repeated cycling. Further 

surface chemistry analysis, similar to what was done for Ge nanowire films in Chapter 6, 

is needed to better understand the cycling behavior of these various Si electrodes. 

 The efficacy of fully flexible electrode materials was also explored using fabric 

made from Si nanowires grown with the MPS precursor and annealed to convert the 
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intrinsic poly (phenylsilane) shell to a conductive carbonaceous coating.10 SFLS Si 

nanowires grown using trisilane and SLS Ge nanowires grown using DPG were also 

tested as flexible films supported with RGO, albeit with limited success. Flexible 

electrodes suffer from poor contact with the current collector. 

12.1.3 Nanorods 

Ge nanorods were produced using SLS techniques seeded from in-situ formed Bi 

nanocrystals. Nanorod growth was found to be sensitive to the concentration of 

PVP/HDE copolymer, a compound necessary for the formation of monodisperse Bi 

nanocrystals.11 At high copolymer concentrations, for instance, branched Ge nanorods 

were formed,12a phenomenon previously observed for compound semiconductors only. 

Due to complications caused by this polymer, work pertainint to Ge nanorods was 

abandoned until a polymer-free Bi nanocrystal synthesis was reported.13  This simplified 

Ge nanorod synthesis allowing for optical studies. Optical measurements were made on 

these Bi-seeded Ge nanorods and compared to calculations using the DDA. The DDA 

calculations were used to explain the formation and evolution of an internal reflectance 

peak that forms between 550 nm and 700 nm in the absorption spectrum, which was 

correlated to the complex index of refraction and dielectric function. The peak was also 

found to be heavily dependent on incident electric field orientation and rod length, but 

not on rod diameter. This work shows the potential for fine-tuning of optical properties 

though controlled growth of Ge nanorods. The DDA is a powerful tool that can be used 

to calculate scattering and absorption of electromagnetic waves by bodies with arbitrary 

size and geometry and can be further extended to other material systems (e.g., Si 

nanorods).  
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12.1.4 Ligand chemistry  

Indium phosphide nanowires were grown using SLS techniques in the presence of 

various surfactant molecules. The surface chemistry was examined for nanowires grown 

using various combinations of ligands. High quality InP nanowires require the presence 

of an amine (i.e., HDA), which protects the Bi seeds, as well as a phosphoric acid 

derivative (e.g., OPA, DOPA, TOPO), which promotes InP nanowire growth. A solution 

route to In2O3 nanowires was also reported by simply removing the phosphonic acid 

ligand from the reaction mixture. By not using an amine, TSL InP nanowires can be 

grown. Remarkably, H3PO4 was found to produce InP nanowires with high yield.  This 

opens up the prospect of using more conventional acid surfactants in place of their more 

expensive alkylated derivatives for other compound semiconductors with proven solution 

synthesis routes. 

12.2 FUTURE DIRECTIONS 

 In-situ seeded techniques can be employed to realize large-scale production of 

nanowires at reduce processing cost. These methods can also be extended to nanorod 

growth to produce nanorods that exhibit quantum confinement effects that currently 

remain elusive to Si in this class of materials due to the presence of Au.14, 15 In addition, a 

variety of different seed materials may be employed using such methods. The DDA has 

proven a powerful tool in interpreting absorption spectra for Ge nanorods and 

nanowires16 and can be used to do the same for Si nanorods. Surface fictionalization also 

remains to be tested for nanowires grown using in-situ seeding methods. Silicon forms a 

native oxide, which, though not detrimental to Li-ion battery performance, negatively 

affects electronic characteristics.  Controlling the surface properties of solution grown Si 

and Ge nanowires is essential for the realization of many microelectronic applications. 
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 With a strong understanding of electrochemical and cycling performance of 

solution grown Si and Ge nanowires as negative electrodes in Li-ion batteries, there are 

multitude of paths that can be taken moving forward in this area of research. While a 

large body of literature chronicles the success of Si- and Ge-based electrode systems, a 

leap in Li-ion battery technology also requires advancement in Li-storage properties of 

the positive electrodes. Conventional cathode materials act as the source of Li, though 

alternatives such as sulfur17 and MF3 (M = Fe, Ti, V)18, 19 have higher Li-storage capacity 

and are capable of making such advancements. With Li-free anode and cathode materials, 

it becomes necessary to introduce Li into the system. This can be done one of two ways: 

(1) pre-lithiation20 of either Si or Ge nanowires, or (2) synthesis of LixSi1-x or LixGe1-x 

nanowires. Cycling lithiated Si or Ge nanowires against high capacity cathodes such as 

sulfur or FeF3 will produce true working batteries with high overall capacity.  

Ge nanowires cycled with FEC-containing electrolytes exhibited interesting 

temperature-dependent effects warranting further study as well. This material system may 

prove to be a strong candidate for high-temperature high-power applications like 

automobile batteries. As mentioned above, a survey of new binder systems is a further 

area of investigation for Ge nanowires in Li-ion batteries that remains to be explored. In 

addition to the NaAlg binder, which showed marked improvement for Si nanowire 

electrodes, CMC, poly(methylmethacrylate) (PMMA), polyacrylic acid (PAA), and 

polyaniline (PANI) may serve as good binders. PANI may be particularly interesting as it 

is a conductive polymer that may eliminate the need to add conductive carbon to the 

electrode slurry. 

In the area of materials, SiGe alloys should be explored. SiGe combines the 

advantages of its two constituent elements into a single material. For instance, the 

conductivity of SiGe is higher than Si while the maximum theoretical capacity for Li-



 280 

insertion is higher than Ge. Negatively doped Si and Ge nanowires show enhanced Li+ 

diffusion which improves battery performance under high current densities and should 

also be t 

Fully-flexible power sources may be possible through the use of 

electrochemically active paper electrodes. This was shown to be the case for Si nanowires 

grown using MPS and annealed under a reducing atmosphere. Given the high Li-storage 

capacity of Ge and the superior cycle behavior at high rates, Ge nanowire membranes 

should be explored as mechanically flexible substrates. This can be done in a similar 

process as was demonstrated for Si nanowires, for example, by growing a carbonaceous 

shell on the wires, and making and annealing fabric from these wires in a reducing 

atmosphere. In general, the gamut of materials available for testing as both positive and 

negative electrodes for flexible Li-ion batteries needs to grow. Developmental 

advancements of the methods reported in this manuscript would also show improvement 

in this area. For instance, in order to improve the RGO supported flexible electrodes, Si 

and Ge nanowires should be either (1) surface functionalized such that a covalent bond 

can be formed with the RGO surface or (2) Si / Ge nanowires should be grown straight 

from Au nanoparticles deposited on the RGO  surface. Furthermore, as these materials 

are conventionally tested in coin-cell type battery cells, methods of fabricating fully 

functioning flexible Li-ion batteries with high capacity need further development.21 

Concepts necessary to realize these flexible batteries can also be extended to other 

flexible devices like solar cells and transistors. Finally, in the area of compound 

semiconductor nanowires, simplified ligand chemistry may provide greener routes to 

solution phase synthesis and should be explored for other compound semiconductor 

systems. 
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Appendix A§5 

A.1 Solvents and reaction byproducts 

Figure A1 shows the chemical structures of the high boiling solvents examined in 

this study. 

 

Figure A1: Chemical structure, name, formula and molecular weight for (a) squalane, (b) 
squalene, (c) octacosane, (d) dotriacontane, (e) trioctylamine and (f) 
trioctylphosphine.  Tri-n-octylamine and tri-n-phosphine both have 
coordinating groups, whereas the others are long chain hydrocarbons. 

Figure A2 shows SEM images of some of the unwanted reaction byproducts 

observed with Ge nanowires in some reactions.  Figure A3 shows the amorphous Ge 

                                                 
§ This chapter appears in Journal of Materials Chemistry 2009, 19, 996-1001, Supplementary Information.   
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particles that are formed in when DPG was heated to 400oC without the addition of Au 

nanocrystals.   

 

Figure A2: SEM images of reaction byproducts formed during SLS Ge nanowire growth: 
(a) kinked nanowires and (b) homogeneously nucleated amorphous Ge 
particles. 

 



 285 

  

Figure A3: TEM images of the solid reaction product obtained when DPG was heated in 
squalane at 400oC for 2 hrs in the absence of Au nanocrystals.  The product 
is primarily necked amorphous Ge particles, but there are also a very small 
number of Ge nanowires that form, such as those in the TEM image in the 
inset. 

A.2 Phenylgermane identification by mass spectrometry 

Positive and negative chemical ionization mass spectroscopy (PCI-MS and NCI-

MS) was performed on a Thermo Finnigan TSQ700 mass spectrometer.  PCI-MS and 

NCI-MS of as-received DPG was acquired with 300 mM DPG in toluene solutions.  PCI-

MS and NCI-MS data of the squalane reaction mixture were obtained by diluting a 500 

μL aliquot drawn from the reaction flask with 5 mL of additional toluene.   

Several phenygermane species have similar molecular weights, (e.g., a 

(phenyl)(x)germane and a (phenyl)(x-1)digermane).  For example, DPG and MPG2, differ 

by less than 2 mass units due to the difference of a phenyl ring (C6H5, MW = 77.11 g 

mol-1) and a germane radical (GeH3, MW = 75.67).  Their nearly equivalent molecular 

weights make it difficult to distinguish them in the MS data.  The same similarities in 
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molecular weights exist for phenylated trigermane compounds as well.  These similarities 

do not exist for all species, however, and the data indicates conclusively the presence of 

phenyldigermanes, for example through the peaks observed at mass to charge ratios of 

455 (QPG2) and 530 (PPG2 not shown).  The existence of trigermanes, however, could 

not conclusively be determined and due to the stability of the Ge-Ge bond were excluded 

from the analysis.  Various phenylgermane species are shown in Figure A4. 
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Figure A4:  Phenylgermanes observed by mass spectrometry: (a) monophenylgermane, 
(b) diphenylgermane, (c) monophenyldigermane, (d) triphenylgermane, (e) 
diphenyldigermane, (f) tetraphenylgermane, (g) triphenyldigermane, (h) 
tetraphenyldigermane and (g) pentaphenyldigermane.  Molecules with 
similar molecular weights are displayed side-by-side for ease of comparison. 
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Figure A5 shows PCI-MS and NCI-MS scans of DPG as-received from the 

supplier and aliquots taken from a DPG decomposition reaction in squalane at 380oC 

(without Au nanocrystals).  MS showed that in addition to DPG, other phenylgermane 

compounds were present in the as-received compound, including monophenylgermane 

(MPG), triphenylgermane (TPG), tetraphenylgermane (QPG), tetraphenyldigermane 

(QPG2) and pentaphenyldigermane (PPG2) (peaked at a mass/charge ratio of 530, not 

shown).  When DPG was heated in squalane at 380oC, heavier phenylgermanes increased 

in relative concentration and DPG disappeared after 10 minutes of heating.  TPG also 

disappeared from the reaction mixture after 10 minutes.  These MS data shows that DPG 

decomposes under these conditions by phenyl redistribution.  

Redistribution leads to tetraphenylgermane as a thermally stable, reaction 

byproduct (which is insoluble in the solvent and therefore does not appear in the MS 

data).  The MS data also revealed that dimeric species like tetraphenyldigermane end up 

as relatively stable reaction byproducts.  (It is possible that some Ge oligomers form in 

the ionizer during analysis as well).  These dimeric species are not desirable because they 

lead to lower DPG conversions to Ge nanowires.   
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Figure A5: (a) PCI-MS scans of (a) DPG as received from Gelest.   (b) NCI-MS scans of 
aliquots taken from a DPG decomposition reaction in squalane at 380oC 
without Au nanocrystals.  The reaction times are noted in minutes:seconds 
format next to each spectrum.  Peaks are labeled that correspond to 
diphenylgermane (DPG), triphenylgermane (TPG) and 
tetraphenyldigermane (QPG2). 
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Appendix B §6 

B.1 Cycle rates and additional characterization 

Table B1 lists the theoretical charging capacities of Si, Ge and RGO combinations 

used to determine the C rates reported in the body of the manuscript.  X-ray diffraction 

(XRD) data for the Si and Ge nanowires used in the study are shown in Figure B1.  

Table B1: C-rates determined from the theoretical charging capacities of Si, Ge and 
RGO.  Cycling at a rate of 1C is equivalent to charging or discharging 1 g of 
battery material in 1 hour.   

 RGO (% w/w) Si (% w/w) Ge (% w/w) C (mA h g-1) 
Battery 1 0 100 0 3579 
Battery 2 25 75 0 2777 
Battery 3 50 50 0 1976 
Battery 4 75 25 0 998 
Battery 5 100 0 0 372 
Battery 6 75 0 25 684 
Battery 7 50 0 50 996 
Battery 8 25 0 75 1308 
Battery 9 0 0 100 1620 

 

 

                                                 
§ This chapter  was accepted for publication in The Journal of Physical Chemistry C April, 2012 
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Figure B1: XRD of (1) Ge nanowires and (2) Si nanowires.  Data were acquired using a 
Rigaku R-Axis Spider Diffractometer with Image plate detector, Cu Kα 
radiation (λ = 1.5418 Å) at 40 kV and 40 mA, with samples on a 0.5 mm 
nylon loop, scanning for 10 min with sample rotation at 1° per second.  
Background scattering from the nylon loop has been subtracted.  Reference 
patterns are provided for Ge (JCPDS: 00-004-0545), Au (JCPDS: 00-004-
0784), and Si (JCPDS: 00-027-1402).     

B.2 Additional electrochemical characterization 

Figure B2 shows voltage profiles and differential capacity data for Si nanowires 

without RGO corresponding to the capacity data in Figure 4.4a.  Figure B3 shows an 

expanded view of the differential capacity curves in the inset of Figure 4.4b for Si 

nanowire / RGO anodes (75% w/w Si). Figure B4 shows the voltage profiles and 

differential capacity plots corresponding to the capacity data in Figure 4.6 for Ge 

nanowire anodes (without RGO).  Figure B5 shows an expanded view of the differential 

capacity curves plotted in the inset of Figure B6b for Ge nanowire / RGO (75% w/w Ge).  

Figure B6 shows the voltage profiles and differential capacity data corresponding to the 

capacity data in Figure 4.9 for Ge nanowire/RGO (75% w/w Ge) and Si nanowire / RGO 

(75% w/w Si) anodes. 

The first cycle shown in Figure B2b shows a sharp lithiation peak at 100 mV 

corresponding to lithiation of crystalline Si to amorphous Si (a-LixSi) along with a peak 
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at about 50 mV that corresponds to the formation of Li15Si4.1  Delithiation exhibits two 

peaks: a broad peak at about 300 mV from delithiation of amorphous Si and a much 

sharper peak at just over 400 mV corresponding to delithiation of Li15Si4.1 Significant 

irreversible capacity loss occurs with little electrochemical activity in later cycles. 

 

 

Figure B2: (a) Voltage profiles and (b) differential capacity curves of Si nanowires 
(without RGO) corresponding to the capacity data in Figure 4.4a.  
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Figure B3: Expanded view of the differential capacity curves for Si nanowire/RGO (75% 
w/w Si) in the inset in Figure 4.4b.  The curves are offset for clarity.   

The first cycle differential capacity plot shown in Figure B4b shows a sharp 

lithiation peak at 300 mV and a delithiation peak at 500 mV, corresponding to the 

lithiation and delithiation potentials of Ge.  The battery failed when the rate was 

increased above C/5, but electrochemical activity was restored when the rate was 

decreased back to C/20. 
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Figure B4: (a) Voltage profiles and (b) differential capacity curves for Ge nanowires 
(without RGO) corresponding to the capacity data in Figure 4.6.   
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Figure B5: Expanded view of the differential capacity curves in the inset of Figure 4.6b 
for Ge nanowire / RGO (75% w/w Ge).  The curves are offset for clarity.    
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Figure B6: Voltage profiles of (a) Si nanowire / RGO (75% w/w Si) and (b) Ge nanowire 
/ RGO (75% w/w Ge) anodes corresponding to the capacity data plotted in 
Figure 9.  The batteries were cycled at C/20 for 20 cycles and then C/10 for 
100 cycles.  The corresponding differential capacity curves are plotted in the 
insets.   

B.3 References 
1.  Obrovac, M. N.; Krause, L. J., J. Electrochem. Soc. 2007, 154, A103-A108. 
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Appendix C 

C.1 Capacity retention using PC:DMC electrolyte 

Figures C1 through C4 show cycling and electrochemical data in greater detail for 

the PC:DMC electrolyte system. Figure C1 shows the cycling behavior with coulombic 

effiiciencies for this electrolyte with voltage profiles and differential capacity plots. The 

over potential and lithiation / delithiation peaks are similar to the values reported in the 

main text. PC:DMC is not a good electrolyte system to use for Ge nanowires. It forms a 

poor SEI layer that limits Li+ transfer, evident by the poor coulombic efficiciencies. 

 

Figure C1: (a) Life cycle data, (b) voltage profiles, and (c) corresponding differential 
capacity plots for a battery cycled with PC:DMC. 
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Detailed electrochemical data are shown in Figure C2 that correspond to the data 

presented in Figure C1.  Similar lithiation / delithiation trends are observed as detailed in 

the main text for the EC:DEC and EC:DMC electrolytes. Namely, lithiation occurs at 200 

mV and 500 mV and fades into a single broad peak at lower potentials. Delithiation 

occurs at 500 mV and fades to lower potentials as well, forming a broad peak. 

 

Figure C2:  Differential capacity (a) discharge and (c) charge color maps with (b) 
waterfall plots for a battery cycled using an electrolyte solution of 1M LiPF6 
dissolved in a 1:1 w/w mixture of PC:DMC. 
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C.2 Rate test using PC:DMC electrolyte 

Figure C3 shows the rate-test cycling behavior with coulombic effiiciencies for 

the PC:DMC electrolyte with voltage profiles and differential capacity plots. The over 

potential and lithiation / delithiation peaks are similar to the values reported in the main 

text. Shifting peaks are not observed for this electrolyte, indicating that the shift observed 

in the main text may be due to more than just the non-equilibrium nature of the 

experiment. Here, charge transport is still the limiting factor. As proposed in the main 

text, there may be a rate-dependent variance in the lithiatin pathway for Ge nanowires. 
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Figure C3: (a) Capacities, (b) voltage profiles and (c) differential capacity plots for a 
battery cycled using a 1:1 w/w electrolyte solvent mixture of PC:DMC.  The 
battery was cycled at the following rates (number of cycles): C/20 (10), 
C/10 (10), C/5 (5), C/2 (5), 1C (5), 2C (5), C/10 (10). 

Detailed electrochemical data are shown in Figure C4 that correspond to the data 

presented in Figure C3.  Similar lithiation / delithiation trends are observed as discussed 

above in Figure C2. 
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Figure C4:  Differential capacity (a) discharge and (c) charge color maps with (b) 
waterfall plots for a battery cycled at various rates using the PC:DMC 
electrolyte. 
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Appendix D 

D.1 XPS peak deconvolution of high resolution elemental scans 

High resolution elemental XPS scans of the Ge3d orbital are presented in Figure 

D1 with peak deconvolution evelopes shown for Ge nanowire films cycled with EC:DEC 

(Figure D1a), EC:DMC (Figure D1b), and FEC:DMC (Figure D1c) electrolyte soluitions. 

Scans were taken before sputtering with Ar+ ions (4 keV) and again after sputtering for 

20 seconds, 2 minutes, 5 minutes, 15 minutes, and 30 minutes. Similar data are shown for 

the C1s, O1s, Li1s, F1s, and P2p orbitals in Figures D2–D6, respectively.  
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Figure D1: Deconvoluted high-resolution XPS element scans of the Ge3d orbital at the 
indicated sputtering times for Ge nanowire films cycled using (a) EC:DEC, 
(b) EC:DMC, and (c) FEC:DMC. 
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Figure D2: Deconvoluted high-resolution XPS element scans of the C1s orbital at the 
indicated sputtering times for Ge nanowire films cycled using (a) EC:DEC, 
(b) EC:DMC, and (c) FEC:DMC. 
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Figure D3: Deconvoluted high-resolution XPS element scans of the O1s orbital at the 
indicated sputtering times for Ge nanowire films cycled using (a) EC:DEC, 
(b) EC:DMC, and (c) FEC:DMC. 
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Figure D4: Deconvoluted high-resolution XPS element scans of the Li1s orbital at the 
indicated sputtering times for Ge nanowire films cycled using (a) EC:DEC, 
(b) EC:DMC, and (c) FEC:DMC. 
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Figure D5: Deconvoluted high-resolution XPS element scans of the F1s orbital at the 
indicated sputtering times for Ge nanowire films cycled using (a) EC:DEC, 
(b) EC:DMC, and (c) FEC:DMC. 
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Figure D6: Deconvoluted high-resolution XPS element scans of the P2p orbital at the 
indicated sputtering times for Ge nanowire films cycled using (a) EC:DEC, 
(b) EC:DMC, and (c) FEC:DMC. 
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D.2 XPS characterization of uncycled Ge nanowire films 

Figure D7 shows XPS spectra and film composition for an as-made Ge nanowire 

film. This film was examined by XPS prior to and after 20 seconds and 30 minutes of 

sputtering. The fluorine signal at 687.5 eV is due to PVdF. The peak at 684 eV after 30 

minutes of sputtering is due to elemental fluorine, released by Ar+ bombardment. The 

C1s peak at 285 eV is also due to PVdF. Some oxidation is observed in the un-sputtered 

and 20-second C1s scans. This is confirmed by the O1s signal. The 30-minute scan shows 

a very weak (e.g., noisy) O1s signal. The Ge3d signal also shows some oxidation, but 

only on the surface. 
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Figure D7: (a) High-resolution XPS elemental scans of F1s, O1s, C1s, P2p, Li1s, and 
Ge3d at various sputtering times and corresponding (b) atomic and (c) 
weight compositions of the Ge nanowire film prior to cycling. 

D.3 Ge composition: Ge0 and GeOx contributions 

Figure D8 shows the contributions of Ge suboxides and zero-valent Ge to the 

Ge3d signal. GeOx and Ge0 signals for Ge nanowire films cycled with various electrolyte 

solutions are shown in Figure D8a. The individual suboxide contributions are shown 

along with the Ge 5/2 and Ge 3/2 contributions in Figures D8b–D8d for Ge nanowires 

cycled with EC:DEC, EC:DMC, and FEC:DMC (Figures D8b-d, respectively).  
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Figure D8: Individual contributions from Ge 5/2, Ge 3/2, Ge1+, Ge2+, Ge3+, and Ge4+ for 
(a) uncycled and (b-d) cycled Ge nanowires using (b) EC:DEC, (c) 
EC:DMC, and (d) FEC:DMC. 
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Figure D9: Percent of Ge signal present as either Ge0 or GeOx for films cycled with 
various electrolytes.
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Appendix E 

E.1 Electrochemistry of Si nanowires using PVdF binder 

Figure E1 shows electrochemical data for film (1) with electrolytes (A)–(E). All 

batteries show large first cycle irreversible capacity loss and show rapid fade. The 

FEC:DMC electrolyte shows the most promise for this system.  

 

Figure E1: (i) Charge / discharge capacities, coulombic efficiencies, (ii) voltage profiles 
and (iii) differential capacity for Si nanowires using PVdF and (a) EC:DEC, 
(b) EC:DMC, (c) EC:DMC+FEC, (d) FEC:DMC, and (e) PC:DMC. 
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E.2 Electrochemistry of Au-removed Si nanowires  

Figure E2 shows electrochemical data for film (1) with electrolytes (A), (B), and 

(E). All batteries again show large first cycle irreversible capacity loss and show rapid 

fade. The FEC:DMC electrolyte once more shows the most promise for this system.  

 

Figure E2: (i) Charge / discharge capacities, coulombic efficiencies, (ii) voltage profiles 
and (iii) differential capacity for Au-removed Si nanowires using PVdF and 
(a) EC:DEC, (b) EC:DMC, or (c) FEC:DMC.



 315 

Appendix F 

F.1 Sn-seeded Si nanowires with varying Si:Sn ratio 

Figure F1 shows in-situ Sn seeded Si nanowires grown at various Si:Sn ratios.  

Wires can be grown at a Si:Sn ratio of 40:1, but when the ratio is increased to 400:1, 

amorphous Si particles form. This is due to the extremely high reactivity of trisilane that 

results in homogeneous nucleation when there is not a high enough concentration of seed 

particles. 

 

Figure F1: TEM of in-situ Sn-seeded Si nanowires with a Si:Sn ratio of (a) 40:1 and (b) 
400:1. 

F.2 Electrochemistry Sn-seeded Si nanowires using PVdF 

Charge and discharge capacities and corresponding coulombic efficiency curves 

are shown in Figure F2 for film (1) and a variety of electrolyte solutions.  These films 

were tested as-prepared and performed particularly poorly. PVdF requires thermal 

treatment to be an effective binder. 
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Figure F2: Cycle data with coulombic efficiency for batteries assembled using Sn-
seeded Si nanowires with PVdF binder and an electrolyte solvent solutions 
containing 1.0 M LiPF6 in a 1:1 w/w mixture of (a) EC:DEC, (b) EC:DMC, 
(c) EC:DMC + 3% w/w FEC, and (d) FEC:DMC. 

 

 



 317 

Appendix G§7 

G.1 Bi[N(Si(CH3)3)2]3 characterization 

Figure G1 shows mass spectrometry characterization of the reactant, bismuth 

tris[bis(trimethylsilyl)]amide (Bi[N(Si(CH3)3)2]3). Figure G2 shows TEM images of 

reaction product obtained when Bi nanocrystals were not included in the reaction. M/Z 

ratio of 689 corresponds to the molecular weight of the singly charged total molecule.  

The recurring M/Z gap of 73 between peaks corresponds to the loss of Si(CH3)3 groups 

upon ionization. 

 

Figure G1: Mass spectrometry of bismuth tris[bis(trimethylsilyl)]amide 
(Bi[N(Si(CH3)3)2]3) collected by positive ion chemical ionization.   

G.2 Control reactions without the addition of Bi nanocrystals 

The reaction products shown in Figure G2 were obtained by carrying out the Ge 

nanorod synthesis without the addition of Bi nanocrystals. A polymer solution with either 

0.5 g PVP/HDE copolymer in 4.5 g of DPE was degassed on a Schlenk line under 

vacuum with vigorous stirring for 1 hour at 70oC. 2 g of TOPO dissolved in 5 mL of 

                                                 
§ This chapter appears in Chemistry of Materials 2011, 23, 1964-1970.   
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toluene and 4 mL of squalane were added by syringe. The temperature was raised to 

150oC while under vacuum for 60 minutes to evaporate the DPE. The flask was then 

blanketed in nitrogen and heated to 350oC (product shown in Figure I2a) or 400oC 

(product shown in Figure I2b). Under vigorous stirring, a Ge reactant solution of 36 μL 

of DPG dissolved in 0.5 mL squalane was rapidly injected into the hot solvent mixture. 

The heating mantle was removed five minutes later to allow the reaction mixture to cool 

to room temperature. The reaction product was purified using the same procedure used 

for the Ge nanorod samples as described in the main text. 

 

 

Figure G2: Control reactions at (a) 350oC and (b) 400oC where the typical Ge nanorod  
procedure was followed except for the injection of Bi precursors.  These 
results show that Ge nanorod growth requires the presence of Bi seeds to 
proceed through the SLS mechanism. 

G.3 Optical properties of Ge nanorods 

 Aliquots were taken every minute during a Ge nanorod reaction at 350oC. These 

aliquots are shown in Figures G3 with rod lengths of (1 minute) 31 ± 12 nm, (2 minutes) 

52 ± 17 nm, (3 minutes) 72 ± 18 nm, (4 minutes) 79.0 ± 17 nm, (5 minutes) 98.0 ± 19 

nm. Absorbance spectra are also presented, showing the evolution of a peak at 550 nm. 

The nature of this peak is discussed in Chapter 10. Figure G4 shows absorbance spectra 

for branched and unbranched nanorods. The peak at 550 nm is more pronounced here. 
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Figure G3: TEM of Ge nanorods grown at 350oC after (a) 1 minute, (b) 2 minutes, (c) 3 
minutes, (d) 4 minutes, and (e) 5 minutes with (f) absorbance spectra. 

 



 320 

 

Figure G4: Absorbance spectra of branched and unbranched Ge nanorods and Bi 
nanocrystals. 
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Appendix H 

H.1 Bi and Au seeded Ge nanorod characterization 

Ge clusters form during the Ge nanorod reaction, as shown in Figure H1. It is 

unclear whether or not these clusters contribute to the growth of the Ge nanorods, though 

it appears that the presence of these clusters wanes as the reaction progresses. 

 

Figure H1: Ge nanorod sample at 30 seconds (or 1 minute) and 2 minutes showing the 
presence of Ge clusters in the reaction mixtures. 

Absorbance measurements were made on as-prepared Bi nanocrystals as a control 

to be compared against data collected for Ge nanorods of various lengths, shown in 

Figure H2. The curve is qualitatively similar to the 30 second and 1 minute Ge nanorod 

aliquots, though the peak for the Bi nanocrystals occurs at 400, whereas the spectra in 

Figure 10.1 show an initial peak at ~550 nm. Though little Ge nanorod growth occurs in 

the early stages of the reaction, the presence of Ge red-shifts this absorbance feature by 

100–200 nm. 
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Figure H2: Absorbance spectrum of Bi nanocrystals. 

Au seeds agglomerate very quickly, even with the addition of amines, which has 

been shown to stop Au aggregation. The rods also grow very quickly (within seconds), 

making aliquot extraction difficult.  As such, absorbance data for Au seeded Ge nanorods 

were not collected. Au seeded Ge nanorods are shown in Figure H3. 
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Figure H3: TEM image of solution grown Au seeded Ge nanorods in squalane, TOPO 
and tri-n-dodecylamine. 

H.2 Supplemental discrete dipole approximation calculations 

Figure H4 shows extinction spectra calculated for 200 nm long Ge nanorods with 

varying diameter. These calculations show that there is no diameter dependence to the 

extinction spectra and that the peak that forms at 600nm results from waveguiding down 

the length of the nanorods. 
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Figure H4: Extinction spectra of 200 nm long Ge nanorods with no metal tip with the 
incident electric field polarized (a) perpendicular and (b) parallel to the long 
axis of the nanorods. 

Various dipole arrangements were used (in addition to the 2x2 dipole 

arrangement) to calculate extinction spectra. Figure H5 shows good agreement among 

these spectra, independent of dipole arrangement.  Additional arrangements used 

included (1) cross, (2) hexagon, and (3) 3x3 cross-sectional dipole arrays.   New values 

for a and R were determined for each dipole configuration with 688.1=Ra  and either  

D = 2R + 2a         (12) 

for the cross (Figure H5b) and hexagonal (Figure H5c) arrangements, or  

D = 2R + 2 2a         (13) 

for the 3x3 dipole arrangement (Figure H5d).  Behavior is examined under a 

perpendicular (Figure H5e) and parallel (Figure H5f) incident electric field.  Figures H5e 

and H5f show the calculated optical extinction around the 550 nm absorption peak.  

There is no observed difference among these curves related to the dipole configuration.   
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Figure H5: Extinction cross-section calculations using the DDA with various dipole 
arrangements: (a) 2x2,(b) cross, (c) hexagon, and (d) 3x3, with the 
polarization of the incident electric field aligned (e) perpendicular and (f) 
parallel to the long axis of the nanorods.   

Figure H6 shows surface and contour plots of the electric field for dipoles located 

along the edges and along the central axis of the nanorod using the cross dipole 

arrangement. This arrangement has surface dipoles with the greatest surface exposure, 

which results in the highest electric fields calculated in this work. 
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Figure H6: Internal electric field using a parallel incident electric field for (a) edge and 
(b) central dipoles with (c, d) corresponding cross-sectional plots showing 
electric field contours for specific wavelengths for a dipole arrangement 
with a cross cross-section. 

Figure H7 shows surface and contour plots of the electric field for dipoles located 

along the edges and along the central axis of the nanorod using the hexagon dipole 

arrangement. This arrangement has surface dipoles with the exposed surfaces intermittent 

to the edge and surface dipoles for the 3x3 arrangement. As such, the edge effects give 

rise to an electric field with a value intermittent to the 3x3 surface and edge dipoles. 
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Figure H7: Internal electric field using a parallel incident electric field for (a) face and 
(b) central dipoles with (c, d) corresponding cross-sectional plots showing 
electric field contours for specific wavelengths for a dipole arrangement 
with a hexagonal cross-section. 

The internal electric field was examined for Ge nanorods with Au tips using the 

2x2 dipole arrangement and is shown in Figure H8. The rods examined were 30 nm in 

diameter and had an aspect ratio of 20. The presence of the Au tip significantly alters the 

internal electric field in the Ge near the Au tip. Au has a strong peak just below 1.8 eV, 

which causes a corresponding peak within the first 20 nm Ge portion of the nanorod. 
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Figure H8: Intensity plots showing the local electric field near the tip of Ge nanorods 
with Au seeds for (a) perpendicular and (c) parallel incident electric fields 
with (b, d) corresponding cross-sectional plots showing constant wavelength 
contours. 
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Appendix I 

I.1 DOPA characterization 

Figure I1 shows a positive chemical ionization mass spectrometry spectrum of the 

final DOPA product. M/Z ratio of 291 corresponds to the molecular weight of the singly 

charged molecule. M/Z ratios of 581 and 871 correspond to masses of a DOPA dimer and 

trimer, respectively. 

 

Figure I1: Mass spectrometry of DOPA collected by positive ion chemical ionization. 

I.2 Bi nanocrystal and InP nanowire histogram data 

Figure I2a shows TEM of the Bi nanocrystal seeds used in this study, which had 

an average diameter of 14.0 ± 2.5 nm.  TGA, shown in Figure I2b, shows that a 

significant portion of the Bi reaction product is the unctuous PVP-HDE copolymer used 

to stabilize the nanocrystals.  A typical reaction yields product that is 2% w/w Bi 

nanocrystals. 



 330 

 

Figure I2: (a) TEM with (inset) diameter histogram of Bi nanocrystals (d = 14.0 ± 2.5 
nm) and (b) TGA analysis of the reaction product. 

Nanowire diameter histogram data were taken for reactions (1)–(7) and are shown 

in Figure I3.  Figures I3a–I3d correspond to reactions (1)–(4), respectively; 200 

nanowires were measured.  Figures I3e–I3h corresponding to reactions (5), (2), (6), and 

(7), respectively; 50 nanowires were measured. 
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Figure I3: Nanowire histogram plots for InP nanowires grown in the presence of (a) 
HDA and OPA, (b) OPA only, (c) HDA only, or (d) no ligand. Nanowires 
were also grown in the presence of HDA and (e) H3PO4, (f) OPA, (g) 
DOPA, or (h) TOPO.  
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I.3 Effect of n-octylphosphonic acid concentration 

Promotion of InP nanowire growth through OPA addition is illustrated by varying 

the amount of OPA in the reaction mixture.  Figure I4 shows product formed using 

reaction (1) reaction media with 0 (Figure I4d.i), 10 mg (Figure I4a, I4d.ii), 100 mg 

(Figure I4b, I4d.iii), or 1000 mg (Figure I4c, I4d.iv) OPA.  Reaction (3), discussed above 

and shown in curve (i), produces a mixture of InP and In2O3 nanowires. Increasing the 

amount of OPA enhances InP and weakens In2O3 signals.  Using 1000 mg OPA quenches 

the reaction entirely and only Bi nanocrystals are recovered; it is interesting to note that 

at this high OPA concentration, HDA still protects the Bi nanocrystals from etching 

(Figure I4c). Given that OPA does not bind to the surface of the nanowires, it likely plays 

a role in catalyzing InP precursor decomposition. 
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Figure I4: InP nanowires grown in the presence of HDA and (a) 10 mg, (b), 100 mg, and 
(c) 1000 mg OPA with (d) XRD spectra for each. Reference patterns are 
included for InP (JCPDS: 00-032-0452), In2O3 (JCPDS: 01-071-2194), and 
Bi (00-044-1246). 

I.4 Effect of phosphoric acid derivatives 

OPA was replaced with various additives to probe the reactivity of phosphonic 

acids with various degrees of alkylation (i.e., primary, secondary, etc.).  Figure I5 shows 

ligand molecules used to replace OPA in the reaction of InMyr3 with TMS3P in the 
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presence of Bi nanocrystals.  Additives used include: (1) H3PO4, (2) OPA, (3) DOPA, 

and (4) TOPO. 

 

 

Figure I5: Phosphoric acid derivatives used in reactions included (1) phosphoric acid 
(H3PO4), (2) OPA, (3) DOPA, and (4) (TOPO). 

TGA measurements were made on samples for reactions done with various 

phosphoric acid derivatives, shown in Figure I6.  Very little ligand is present in OPA, but 

all reactions show a mass loss event between 300 and 350oC which due to HDA (Tb = 

330oC).  The DOPA shows a significant mass loss event starting around 400-450oC.  This 

reaction yields very unctuous, gel-like byproduct in comparison to the other reactions; 

this mass loss event is likely due to DOPA.  The other reactions do not show mass loss 

events other than HDA further indicating that the phosphonic acids are not surface bound.  

All samples exhibit oxidation onset at a temperature of 550–600oC. 
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Figure I6: TGA of InP nanowires grown in the presence of HDA and H3PO4, OPA, 
DOPA, and TOPO.  

Figure I7 show TEM images of InP nanowires synthesized in the presence of 

HDA and DOPA. A large portion of this product was nanocrystalline InP. This is 

evidence that DOPA promotes In-P pair cluster formation, which in turn leads to 

homogeneous nucleation of InP nanocrystals. 
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Figure I7: TEM of InP nanowires grown in the presence of HDA and DOPA showing a 
high yield of nanocrystalline byproduct mixed in with the InP nanowires. 
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