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Abstract

In this thesis the electrochemical performance of germanium nanowires (GeNWs) as
anode for lithium-ion batteries (LIBs) and tin-germanium-antimony (Sn-Ge-Sb) thin films as

anode for sodium-ion batteries (NIBs) have been investigated.

Scientific literature shows a substantial study-to-study variation in the electrochemical
lithiation performance of "1-D" nanomaterials such as Si and Ge nanowires or nanotubes. In
chapter 2 of this thesis, we varied the vapor-liquid-solid (VLS) growth temperature and time,
resulting in nanowire arrays with distinct mass loadings, mean diameters and lengths, and
thicknesses of the parasitic Ge films that are formed at the base of the array during growth. When
all the results were compared, a key empirical trend to emerge was that increasing active material
mass loading drastically degraded the electrochemical performance. For instance, GeNWs grown
for 2 minutes at 320 °C (0.12 mg cm™ mass loading, 34 nm mean nanowire diameter, 170 nm
parasitic film thickness) had a reversible capacity of 1405 mAh g, a cycle 50 coulombic
efficiency (CE) of 99.9%, a cycle 100 capacity retention of 98%, and delivered ~ 1200 mAh g
at 5C. To contrast, electrodes grown for 10 minutes at 360°C (0.86 mg cm'z, 115 nm, 1410 nm)
retained merely 5.6% of their initial capacity after 100 cycles, had a CE of 96%, and delivered ~
400 mAh g at 5C. Using TOF-SIMS we are the first to demonstrate marked segregation of Li to
the current collector interface in planar Ge films that are 300 and 500 nm thick, but not in the
150 nm specimens. FIB analysis shows that the cycled higher mass loaded electrodes develop
more SEI and interfacial cracks near the current collector. A comparison with the state-of-the-art

scientific literature for a range of Ge - based nanostructures shows that our low mass loaded
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GeNWs are highly favorable in terms of the reversible capacity at cycle 1 and cycle 100, steady-

state cycling CE and high-rate capability.

Chapter 3 provides the first report on several compositions of ternary Sn-Ge-Sb thin film
alloys for application as sodium ion battery (aka NIB, NaB or SIB) anodes, employing
Sn50Ge50, Sb50Ge50 and pure Sn, Ge, Sb as baselines. Sn33Ge33Sb33, Sn50Ge25Sb25,
Sn60Ge20Sb20 and Sn50Ge50 all demonstrate promising electrochemical behavior, with
Sn50Ge25Sb25 being the best overall. This alloy has an initial reversible specific capacity of 833
mAhg™ (at 85 mAg"), and 662 mAhg ™ after 50 charge - discharge cycles. Sn50Ge25Sb25 also
shows excellent rate capability, displaying a stable capacity of 381 mAhg™ at a current density of
8500 mAg" (~ 10C). A survey of published literature indicates that 833 mAhg™ is among the
highest reversible capacities reported for a Sn-based NIB anode, while 381 mAhg™ represents
the most optimum fast charge value. HRTEM shows that Sn50Ge25Sb25 is a composite of 10 -
15 nm Sn and Sn-alloyed Ge nanocrystallites that are densely dispersed within an amorphous
matrix that also contains localized "buffering" nanoporosity. Comparing the microstructures of
alloys where the capacity significantly exceeds the rule of mixtures prediction to those where it
does not, leads us to hypothesize that this new phenomena originates from the Ge(Sn) that is able
to sodiate beyond the 1:1 Na:Ge ratio reported for the pure element. Combined TOF-SIMS,
EELS TEM and FIB analysis demonstrates substantial Na segregation within the film near the
current collector interface that is present as early as the second discharge, followed by cycling -

induced delamination from the current collector.

Keywords: Ge, nanowire, thin film, Li segregation, SEI, TEM, FIB, TOF-SIMS, sodium ion

battery NIB NaB SIB, lithium ion battery LIB, anode, Sn, Sb, Ge, thin film
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1. Introduction

Energy is the lifeblood of modern society. Global warming, finite fossil-fuel supplies and
city pollution arouse the need of renewable energy and electric transportation. There is a prompt
need to design electrical energy storage systems to balance supply with demands and to use the
plug-in hybrid electric vehicles or electric vehicles. Numerous energy storage solutions such as
mechanical, magnetic, chemical storage, etc., are being recently investigated. Therefore, as we
want to store energy in order to restore it as electricity, the most attractive path is to convert
chemical energy into electrical energy, as they both share a common carrier, namely the electron.
Batteries are electrochemical storage devices that ensure such conversions to occur in a
reversible way, respectively. For this purpose, lithium- ion batteries (LIBs) can be significantly
important. " Due to their high energy density and long cycle life, LIBs have been extensively
used in portable electronic devices such as computers, tablets, cell-phones, and etc. However,
they still suffer from some problems which need to be overcome in order to be used broadly and
practically in stationary energy storage and electric vehicles. **® For instance, the energy
density and the driving range they provide cannot compete with liquid fuels yet. ° Thus,
increasing energy and power densities, improving safety, and lowering the cost of ion batteries is

highly required. **"°



1.1. Batteries

Typically batteries need a driving force to accept electrons or to give them away between
two electrodes. This driving force is usually the difference in oxidation or reduction potentials.
These electrodes have metallic current collectors to let the electrons flow from the external
circuit to the electrodes. This flow results in the generation of a useful work, which could be
power of a portable device such as a cellular phone or an electric vehicle. An ionically
conducting and electronically insulating electrolyte is used in batteries to physically and
electronically separate these two electrodes. To separate them mechanically and also to prevent
short-circuits, a separator, usually a piece of glass, cellulose, or polymer fibers is used. The
electrode with stronger reducing potential gives electrons away and becomes oxidized and is
called the negative electrode (anode). Lithium as the strongest reductant on the periodic table has
a standard reduction potential of -3.04 V. Positive electrode (cathode), on the other hand, is the

electrode which accepts the electrons from the negative electrode and becomes reduced. '

During discharge, negative electrode oxidizes and at the same time positive electrode
reduces. The oxidation and reduction processes are accompanied by giving up and accepting
electrons, respectively. This electron transfer process will continue until the potential difference
between cathode and anode becomes too low. At this point, the cell is fully discharged. '*'* The
change from electronic current to ionic current occurs at the electrode/electrolyte interface and is
controlled by Faraday’s Law, the relationship between the equivalent quantities of chemical

reactants and electrical charge.

Batteries mainly come in two types: primary batteries (non-rechargeable batteries) and

secondary batteries (rechargeable batteries). In rechargeable batteries, an opposite current is
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applied and electrons are pumped from the positive to the negative electrode to raise the potential
difference for further discharge. This process is known as charging step. During charging, the
positive active material is oxidized therefore produces electrons and then electrons are taken to
the negative electrode and finally the negative active material will be reduced. In fact, oxidation
and reduction occurs in the positive and negative sides of battery during charging, respectively,
and vice versa upon discharging. While redox reactions take place and electrons travel through
the external circuit between negative and positive sides, to balance the battery electronically,

cations transfer between electrodes inside the electrolyte as well. '*

Due to their high gravimetric, volumetric energy densities and design flexibility, Li-based
batteries are the dominant type of secondary batteries amongst the various existing technologies.
3 Owing to the light-weight lithium containing compounds and a non-aqueous electrolyte these
batteries can be lighter with less taken space and also a larger voltage range can be used between
two electrodes. The energy density is related to this voltage range and a large voltage will yield a
higher energy density. In addition, these batteries can recharge more quickly than other types of

. . . .o 15,1
batteries, because of their superior power densities. "'

1.1.1. Lithium-ion Batteries

Lithium batteries are characterized by the transfer of Li ions and electrons in order to
balance the charge. Most of the commercial rechargeable LIBs are based on graphite, in which

LiCe will be formed after fully lithiation and will result in a maximum theoretical specific

17,18

capacity of 372 mAh/g. Upon graphite reduction during charging step, Li intercalation into



carbon structure takes place when ions insert between graphene sheets and an intercalated
compound is formed. Once it occurs, Li" de-intercalate from the graphite host structure and
dissolve into the electrolyte. ' Figure 1.1 illustrates schematic of processes happening during
charge and discharge in a typical Li-ion battery with graphite anode and a lithium metal oxide
(Li;xC00;) cathode.
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Figure 1.1. Schematic demonstration of electrons and Li" transfers during charge and discharge
steps. e



1.1.1.1. Important parameters for evaluating battery electrode materials

I. Voltage

In Li-ion batteries, the voltage of a battery is equivalent to the difference in lithium’s
chemical potential in each electrode. At cell’s open circuit state, in which cell is not discharged

yet, the voltage between two electrodes equals to:

g h )

V =
oc nF

)

In this equation, n is the stoichiometric number of electrons involved in the reaction, F is

the Faraday’s constant, and (p.glf)) and (uf{)) are the chemical potentials of Li in the anode and

cathode, respectively. At the cell’s fully charged state, uglf) > ug) and therefore the voltage is
positive. Upon closing the circuit, Li" ions transfer from anode with higher chemical potential to
cathode with lower chemical potential, resulting in current flow. Upon discharging, the change of

lithium chemical potential in each electrode can be expressed by the Nernst equation:
M, = L +RTlna; (2)

Where, u; is the chemical potential of species 1 in its standard state, a; is the activity of

species, T is the temperature and R is the ideal gas constant (8.315 J/mol.K). Because the activity
of a species is equal to its effective concentration, the Nernst equation shows that the chemical
potential and therefore the voltage changes as a function of the concentration of Li in each
electrode. Typically the potential change is monitored over time and as a regard, the capacity can

be defined from the potential-time relation.



Typically lithium reacts with a metal or alloy in three different ways; solid-solution
reaction, addition reaction, and displacement or conversion reaction. 20 The first two reactions
can be used when lithium ions are added in reactant phase (M), which might be element or a
compound, without displacing components from the reactant; Li + xXM — LiMy. This reaction,
depending on whether a phase transformation occurs in the reactant M during insertion of lithium
ions into the structure, might be a solid-solution and addition reactions. If a phase change occurs
from M to LiMy, it is referred to an addition reaction. For instance, because of the very low
solubility of Li in crystalline Si, Ge, Al and Sn, lithium insertion/extraction in in these elements
are addition reactions. In displacement reaction, on the other hand, lithium reacts with one
component of the reactant, while the other component, which could be active or inactive towards

lithium, is displaced or extruded from the reactant; Li + xMNy; — LiM, +xyN.

The importance of a voltage curve in understanding the electrochemical reactions of a

material can be explained using Gibbs phase rule, the equation of which is:
F=C-P+2 3)

In Gibbs phase rule, F is the number of degree of freedom, C is the number of
independent components and P is the number of phases in the system. The degree of freedom, F,
determines the number of thermodynamic parameters which define the system and its related
properties, for example the chemical potential and thus, voltage. For a solid-solution reaction, the
degree of freedom is three. As the electrochemical reactions are measured at specific temperature
and pressure, therefore only one parameter is required to define the system. Since lithium is
added to the system, its concentration in LiMy changes during the reaction. So the concentration

of lithium in LiMy could be the final parameter. Thus, at constant temperature and pressure and
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where only one phase exists, the potential varies with the lithium concentration in LiMy. In this
case, the voltage profile has a sloping shape. For an addition reaction in a binary system, the
chemical potential is two degree of freedom. As a result, at constant temperature and pressure, no
parameter is left to define the system. In this case, the potential is independent of the lithium
concentration and the voltage profile is a constant plateau. For a displacement reaction in a
ternary Li-M-N system in which three phases exist, the equilibrium potential is independent of

the lithium concentration.?’

I1. Capacity

Capacity is the amount of charge that can be stored in the active material. It is usually
reported in terms of gravimetric or volumetric specific capacity, which is normalized by the
amount of active material in the electrode structure or by the size of material. Volumetric
specific capacities can be used where the size of the battery is more important than its weight.
Capacities of batteries are often reported in the units of ampere-hours per gram (Ah/g), which
represents the charge as an ampere is a Coulomb/sec. For LIBs, if the stoichiometry of the
lithiated material, Li A is known, the capacity of that material can be calculated. The gravimetric

capacity (specific capacity), Cg, and volumetric capacity, Cy, can be calculated as follows:

1000xF

= m mAh/ g (4)

G

Cy=pCg Ah/L or mAh/cm’ ®))

Where F is Faraday's constant (9.64853 x 10* C), and M, and p are the molecular weight

and density, respectively, of the host material A, and x is the amount of Li in LixA,
7



One of the important parameters in batteries is coulombic efficiency (CE), which is
utilized to determine how much the redox reactions are reversible, and is defined as the discharge
capacity over charge capacity (equation (6)). In the case of LIBs, for example, coulombic

efficiency is the ratio of gained capacity on delithiation over the obtained capacity in lithiation.

C
CE (%) = CZ—L; X 100 (6)

CE lower than 100% means that some charge is lost and used for processes other than the
reversible lithiation/delithiation reactions. Typically first cycle coulombic efficiency is lower
than that of subsequent cycles because of the formation of solid-electrolyte interface (SEI),
which is formed due to electrolyte decomposition on the electrode surface and irreversible
trapping of Li in the host material. In the first cycle, some of lithium ions are trapped inside the
host structure and cannot be released and take apart in subsequent redox reactions, which is
known as irreversible capacity. The SEI formation leads to active material surface passivation,

. . . . . . 12
which consequently causes an increase in the coulombic efficiency in subsequent cycles.

I1I1. Energy density

Considering the specific capacity of a material and the average potential at which the

reaction with lithium occurs, V, the specific energy, E, can be calculated as follows:
E=VCg (7)

The gravimetric energy density or specific energy is typically reported in units of Wh/kg

while the volumetric energy density is reported in Wh/L. Equation (7) indicates that increaseing

8



the specific capacity or the voltage can increase the energy of a battery. When considering only
the active materials of the cathode and anode, the energy densities of ~560 Wh/kg are obtained
for LiCoO,, LiMn,O4, or LiFePO, against graphite. However, considering the weight of
electrolyte, separator, current collectors, and other inactive components used in battery results in
a energy density 50- 70% lower than the theoretical one. *' Although specific capacity is an
important parameter, voltage should be also considered when looking for a new electrode to use
in a battery. Voltage is an important parameter because if potential changes dramatically during
the lithiation/delithiation process, the energy density will also change. In fact, the high specific

capacities of some electrode materials are resulted from their poor voltage characteristics.

IV. Power

The power of a battery is dependent on the magnitude of the current drained during the
discharge. Indeed, the larger the current is, the higher the IR losses and polarization effects are.
Batteries are typically measured at different currents. "C" rates are used to identify the currents
used in galvanostatic (constant current) measurements. The term C over a number (e.g. C/10)
refers to charge and discharge rate in battery characterizations, where C means the electrode’s
full capacity, and the number corresponds to how many hours it takes for battery to be fully
charged or discharged. 1C, for example, is defined as the amount of current needed to fully
discharge the battery in one hours. This can be calculated from the theoretical capacity, Cg, and

the mass of available material, m:

1C= mCG (8)



1.1.1.2. Germanium as anode for LIBs

Germanium (Ge) is analogous to Si and fully lithiated Liy»Ges offers a high theoretical
capacity of 1624 mAhg'l, which is 45% of that of Li»,Sis, but still approximately four times
greater than that of conventional graphite. ** Compared to Si, Ge has some advantages, which
makes it a promising candidate for LIB anode materials. Ge has higher intrinsic electronic
conductivity due to its smaller band gap (0.6 eV) compared to that of Si (1.1 eV) and exhibits a
400 times higher diffusivity of lithium (Li) than Si at room-temperature, indicating high rate
capability demonstrated up to 1000C. **?7 Ge also undergoes less volume change during
lithiation/delithiation rather than Si. Additionally, in contrast to Si, Ge does not form stable oxide

24-27

on its outermost layers. The presence of native oxide on the surface of electrodes usually

reduces the overall specific capacity, because of its reaction with lithium during the initial cycle,

which leads to the formation of Li,O and results in a large irreversible capacity for the first cycle.

23

Despite the huge capacity, the fully lithiated Li,;Ges undergoes a volume change of

370% during the lithium insertion and extraction leading to high internal stress, pulverization,

18,28

and loss of electrical contact in bulk electrodes. To facilitate strain relaxation and improve

the electrode conductivity, many strategies have been recently utilized using Nanostructured

17,27,29-31 26,32,-34 18,24,35-37

materials, nanocomposites, and thin films. Due to the large surface-to-
volume ratio, nanomaterials are expected to accommodate the large volume change during
lithiation/delithiation process without structural degradation and thereby enhance the cycling

performance. ** Moreover, due to their high interfacial contact area of nanostructured materials

10



with electrolyte, they can improve the cycling stability by introducing short lithium diffusion

distances within the electrode speeding up the charge/mass transport. >

I. Advantages of Ge nanowire morphologies

Amongst different nanosized morphologies, one-dimensional (1D) nanowires are
considered to be more attractive due to their small diameter and 1D conductivity, which allows
facile volume expansion in both radial and axial direction without pulverization. They also
enhance efficient charge transport, both for electrons from the current collector and Li ions from
the electrolyte. ** Figure 1.2 illustrates the schematic of morphological changes occurring in
these kinds of anodes during electrochemical cycling. As could be seen, the thin films and
particles are more prone to pulverize compared to NWs during cycling, resulting in poor
transport of electron as indicated by arrows. In contrast, germanium nanowires (GeNWs) can
more easily accommodate large volume changes during lithium insertion and extraction with

capacities near theoretical capacities. '’

Various synthetic methods for GeNWs have been recently explored, such as thermal co-
evaporation, 9 solution-liquid—solid (SLS) growth, 26 vapor-solid-solid (VSS) growth, 142 and
etc. However, most synthetic approaches for the growth of GeNWs are based upon a vapor-
liquid—solid (VLS) mechanism, using chemical vapor deposition (CVD) of a gas-phase
precursor. " Using GeNWs as an anode material grown directly on a metal current collector by
VLS growth mechanism have significant benefits, such as the contribution of each nanowire to

the capacity because of their electrical connection to the metallic current collector and no need of

binders or conducting additives which add extra weight. *°
11



As mentioned before, one of the most effective ways to prepare semiconducting GeNWs
with controllable diameters and lengths is the bottom-up approach VLS chemical vapor
deposition. In the VLS mechanism (Figure 1.3) the reactants are introduced via the vapor phase
and dissolve into the catalyst to form a molten alloy of the catalyst and reactant species. Super-
saturation of the molten droplet by Ge leads to nucleation and axial growth of a nanowire. **
Therefore, the VLS growth can be divided to three main steps (i) the gaseous Ge precursor,
commonly germane (GeH,), being cracked at the surface of the catalyst droplet. *° GeH,
decomposition occurs during two steps: (1) GeHs — GeH, + H; and (2) GeH, — Ge + H;. The

released Ge then gets incorporated into the droplet. (ii) it diffuses in the liquid phase, and (iii)

crystallizes at the liquid—solid interface (L-S interface). *’

Film

Particles

= I
LA W

After Cycllng

Figure 1.2. Schematic of morphological changes that occur in different structures during cycling.

>
3

Vapor GeH,

GeH4 — Ge+ ZHZ Vapor GeH,
s
Au
Catalyst "
=)

Figure 1.3. The Au catalyzed GeNW growth via VLS mechanism
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The requirement of the presence of a liquid for the VLS mechanism suggests that the
nanowire growth should be carried out at temperatures above the binary eutectic melting point. **
However, the growth of germanium nanowires at temperatures below the Au—Ge eutectic

: 28,43-45,48,50
temperature have been extensively reported, 254448

which is in apparent contradiction with
the VLS mechanism. It has been suggested that capillary effects, which result in melting point
depression for elemental nanoparticles, are responsible for a shift in eutectic temperature to
lower temperatures in these binary systems. This can explain nanowire growth at substantially
lower temperatures than the real eutectic temperature at which the bulk liquid would solidify. *
In the Au-Ge binary alloy phase diagram, due to the nanoscale size effects, i.e., the size of the
Au nanoparticles and the NW, the liquidus lines will shift and the eutectic temperature will shift
to a lower value as shown in Figure 1.4. Therefore, the growth of Ge NWs below the eutectic

temperature of bulk Au-Ge is expected. ****

1200 Bulk -
1100 1 ----Nanoscale [
10004 -
© 900",
© 800 1
5 700
© 600
%500 .
@ 4007 2 C
= 300 ELLEITINTY V\ —
200 J=(Au) (28%, 360 °C) (Ge)=[
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0 20 40 60 80 100
Ge atomic content (%)

Figure 1.4. Phase diagram of the Au-Ge binary alloy. The solid purple and brown lines are the
liquid lines of bulk AuGe while the dashed red and blue lines are the liquid lines of nanoscale
AuGe. ¥
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1.1.2. Sodium-ion Batteries

While lithium ion batteries (LIBs) are the dominant secondary energy storage source for
portable and electric vehicle applications, there are some concerns about lithium’s cost and
continued availability. Sodium-ion batteries (NIBs) have recently attracted much scientific
attention as alternatives to LIBs, since sodium is more readily available than lithium and has a
potential for significant associated cost reduction. °'~® Moreover NIBs are considered as the key

" mainly due to much more

technology for meeting large-scale energy storage needs,
"geographically democratic" availability of Na and lower cost as compared to Li. NIBs also offer
an increased resistance to metal plating-induced shorts. ® The standard electrode potential is
determined by the redox couple and by the ion solvation interactions, with the difference

between Li and Na standard potentials in carbonate solvents being in the range of 0.2 - 0.25 V. ©!

Table 1.1 shows a comparison between Na and Li elements.

Table 1.1: The comparison between Na and Li elements. *

Na Li
Cation radius (pm) 97 68
Atomic weight (g/mole) 23 6.9
E’vs. SHE (V) 2.7 -3.04
Melting point (°C) 97.7 180.5
Abundance (mg/Kg) 23.6 x 10° 20
Distribution Everywhere 70% in South America
Price (RMB per Kg) ~2 ~40

14



1.1.2.1 NIB Anode Materials

Although Several classes of cathode materials have been proposed for NIBs, including
Nay44MnO,, NaggsLi ¢.17Ni 921Mng 407, Nag7C00;, NazV,(POs),F;, NaFePO4F, LiFeSO4F,
Nag-Ma1a2(P207), (2/3 < o < 7/8, M = Fe, FeysMngs, Mn), Olivines, and NASICONs. > ¢4
NIB anodes present more of a challenge since commercial graphite has very low Na storage
capacity. © Charge storage capacities and cycling stabilities approaching LIB graphite have been
demonstrated for various amorphous or partially graphitic carbons. 6671 Anodes based on
titanium oxide, such as Na,Ti307 and anatase TiO; have also been successfully employed. These
are highly desirable from a cost and environmental friendliness perspective, while offering

capacities of ~ 150 mAh g and good cycling stability. "*7*

These materials along with the
carbons represent perhaps the most economical anode option for large-scale stationary

applications.

As in the case of Li, other Group 14 elements besides carbon have potentially higher
storage capacities for sodium. " According to the equilibrium phase diagram, Sn can store 3.75
Na/host-atom (Na;sSny), * with a resulting maximum charge storage capacity of 847 mAhg™.
The experimentally measured capacity of Sn anodes generally approaches this value early in the

1-84 . !
>>88184 Eor instance, Yamamoto ef al. ®' reported a

testing, but degrades during cycling, e.g.
NIB negative electrode based on Sn thin film with a discharge (charge) capacity of 790 (729)
mAhg™ in the first cycle. However, this electrode showed a rapid capacity decay after 15 cycles.
Ellis et al. * also observed an initial discharge capacity of ~850 mAhg™ for a sputtered Sn

electrode, and a rapid cycling-induced capacity degradation to near zero. Sn- based alloy

composites have been reported to exhibit improved cycle stability, such as (SngsCoy s);1xCx alloy,

15



85 (CugSns)Cy, 8 SnSb/C nanocomposite, 54 CueSns, 87 SnyoCuy; alloy, 8 and Sn—SnS—C

nanocomposite. >’

Antimony has also been recently examined for its potential as a NIB anode, e.g. °*° The

b, % giving Sb a theoretical capacity of 660

maximum stoichiometry of Na-Sb alloys is Na;S
mAhg”. Authors have examined Sb alloy and intermetallic electrodes, including Cu,Sb with a
capacity of 280 mAhg™, *> AISb with a capacity of 490 mAhg™, *® Mo;Sb; with a capacity of
330 mAhg”, 7 Sb-MWCNT nanocomposites with a capacity of ~500 mAhg™”. *® Germanium in
thin film form or as porous nanocolumnar structures have been demonstrated to work as a NIB

99,100
|

anodes as wel Experimental capacities in the range of 1:1 NaGe (369 mAhg’l) have been

reported.

1.2. The Motivation and Scope of This Thesis

The main focus of this thesis is to improve the electrochemical performance of
germanium-based anode materials for lithium-ion and sodium-ion batteries. As mentioned
before, Ge is attractive in terms of energy density, but suffers from a very large volume
expansion/shrinkage during ion insertion/extraction. In fact, the high internal strains in Li- and
Na-active Ge lead to structural disintegration, pulverization, loss of electronic contact, and
ultimately poor capacity retention. In this work, we demonstrate that Ge nanowires grown at an
optimum temperature and for an optimum time can significantly withstand the huge volume
changes during lithium insertion/extraction and improve the capacity retention. We also present a
new Ge-containing ternary alloy with an optimum composition as anode for sodium-ion

batteries, which show an excellent electrochemical performance. The degradation mechanisms of

16



germanium nanostructures as negative electrode materials are investigated through post-cycled
characterizations using X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), focused ion beam (FIB), X-ray photoelectron
spectroscopy (XPS), time of flight secondary ion spectroscopy (TOF-SIMS), electron energy

loss spectroscopy (EELS), etc.

In chapter two of this thesis, we show substantial variation in the electrochemical
lithiation performance of "1-D" Ge nanowires. We varied the VLS growth temperature (320°C
and 360°C) and time (2, 5 and 10 minutes), resulting in Ge nanowire arrays with distinct mass
loadings, mean diameters and lengths, and thicknesses of the parasitic Ge films that are formed
at the base of the array during growth. We also elucidate that there is a degradation of cycling
capacity retention, coulombic efficiency and rate capability with higher mass loading and with
coarser array geometry (mean nanowire diameter, mean thickness of the parasitic Ge films at the
current collector - array interface). Using TOF-SIMS we are the first to demonstrate marked
segregation of Li to the current collector interface in planar Ge films that are 300 and 500 nm
thick, but not in the 150 nm specimens. FIB analysis shows that the cycled higher mass loaded
electrodes develop more SEI and interfacial cracks near the current collector. The inferior
cycling capacity retention and CE is correlated with increasing levels of Li segregation to the
current collector interface, and to preferential SEI formation and macroscopic cracking in that
region. The inferior rate capability is likely caused by the longer Li diffusion distances
associated with the larger diameters of the nanowires, and with the thicker Ge films at the bottom
of the arrays. Our findings may serve as a useful design tool for fabricating high performance 1-

D nanostructured anodes for Li ion storage applications.

17



In chapter three, we provide the first report on several compositions of ternary Sn-Ge-Sb
for application as NIB anodes. The discovery of new materials and microstructures for sodium
ion battery (NIBs or SIBs) electrodes is of high scientific interest. Here we provide the first
report on several compositions of ternary Sn-Ge-Sb for application as NIB anodes. Alloy of Sn-
25at%Ge-25Sb demonstrates the best overall performance, displaying a reversible capacity as
high as 878 mAh/g (at 85 mAh/g), with ~ 609 mAh/g remaining after 50 cycles. This material
also has the best rate capability, displaying a stable capacity as high as 381 mAh/g at a very high
current density of 8500 mA/g (~ 10C). This capacity, capacity retention, and rate capability are
substantially superior to what we obtained for identically synthesized elemental Sn, Sb, Ge, or
for Sn-Ge or Sb-Ge. A survey of published literature shows that 878 mAh/g is among the highest
reversible capacities reported for any NIB anode, while 381 mAh/g represents the most optimum
fast charge value. We employ TEM analysis to assay the cycling microstructure of the binary and
ternary electrodes, showing that Sn-25at%Ge-25Sb is a composite of Sn and Ge nanocrystals
embedded in an amorphous Sn-Ge-Sb matrix. Our hypothesis is that the measured remarkable
capacity is due to the ability of Ge nanocrystallites alloyed with Sn to sodiate beyond the 1:1
Ge:Na (369 mAh/g) ratio previously reported for "stand alone" Ge electrodes, perhaps

approaching the 3:1 stoichiometry present on the equilibrium phase diagram.
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2. Array Geometry Dictates Electrochemical Performance

of Ge Nanowire Lithium Ion Battery Anodes

Material in this chapter has been accepted in Journal of Materials Chemistry A., 2014, 2 (39),

16770 — 16785.

List of authors: Farbod B., Cui K., Kupsta M., Kalisvaart W. P., Memarzadeh E., Kohandehghan

A., Zahiri B., and Mitlin D.

2.1. Introduction

Lithium ion batteries (LIBs) are rechargeable batteries meeting high power density
demands of the portable electronic and implantable devices as well as electric and hybrid electric
vehicle. ' Commercial LIB anodes are primarily based on graphite, in which a maximum
theoretical specific capacity of 372 mAh g may be achieved. * Since this capacity is less than
that required for high-energy applications, alternative anode materials are being sought.
Germanium with the theoretical capacity of 1624 mAh g (LiyGes) is considered to be a
promising alternative > Despite its higher price, Ge has some advantages over Si, including 10*
times higher electrical conductivity, and 400 times higher lithium diffusivity at room
temperature. *'° Compared to Si, Ge forms a much less tenacious native oxide at its outermost

layer, resulting in a decreased Li,O formation during first lithiation and thereby an improved
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initial coulombic efficiency. '' However, similarly to Si, the high internal strains in Li-active Ge

lead to structural disintegration, pulverization, loss of electronic contact, and ultimately poor

12-14

capacity retention. While attractive in terms of energy density, Ge also suffers from a very

large volume expansion/shrinkage during lithium insertion/extraction. As a comparison, graphite

expands 10% upon lithiation to LiCs, ' Li»Ges exhibits 370 % ~ volume expansion.

To improve capacity retention many strategies have been recently implemented using Ge

11,16-21 10,22-30

planar films, nanoparticles, nanotubes, 31 alloyed nanocrystals, 3233 and "1-D"

nanowires. **** Such structures are also expected to demonstrate improved rate capability due
to the high specific surface area available for Li uptake and charge transfer. ** However, the large

surface area is also a disadvantage, leading to formation of copious amounts of solid electrolyte

4549

interphase (SEI) and an accompanying irreversible capacity loss. Being manufacturable en-

masse through various VLS and solution growth mechanisms, Ge nanowires (GeNWs) remain

highly scientifically interesting. Lithiation and expansion of Ge nanowires has been reported to

50-52 49,53,54

proceed isotropically, contrary to the dumbbell-shapes that develop in SINWs. Early

3542 and that it

studies on GeNWs reveal that the cycling stability requires further improvement
varies substantially from study to study. For instance, authors in *® reported a capacity loss of
65.7% for bare GeNWs, cycled 50 times at the rate of 0.1C. Losses higher than 50% over the
first 20 cycles have been reported as well. *° Other studies show that GeNWs grown directly on a

current collector are generally more favorable, ***!°

VLS-grown GeNWs using chemical vapor
deposition (CVD) from GeH, showed ~1000 mAh g™ capacity at 0.05C over the first 20 cycles

0 Failure modes for GeNWs appear to be distinct form their Si counterparts. For instance highly

anisotropic expansion followed by break-up into thinner filaments has been observed during
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lithiation of SINWs. **°*°%7 GeNWs, on the other hand, expands more isotropically becoming

porous over the course of cycling. *®

Our original objective was to investigate the role of GeNW array geometry on its cycling
capacity retention and rate capability as a lithium ion battery anode. Remarkably, despite a large
number of high quality studies (e.g. those cited in this Introduction and in Table 2.3) on a given
GeNW array with a fixed architecture, the actual role of the mean nanowire length, diameter, etc.
on the electrochemical performance has not been explicitly examined. While there is some
(primarily modeling) work on geometric-aspects of the lithiation behavior of Si nanowires, as
will be discussed in the main manuscript, the two systems are sufficiently distinct. The mean
nanowire diameters and lengths in the arrays were tuned by changing the vapor-liquid-solid
(VLS) growth temperatures (320°C and 360°C) and times (2, 5 and 10 minutes). We started with
a hypothesis that thicker nanowires will fail at faster rates due to the higher differential stresses
incurred between their lithiated and non-lithiated sections. For a given growth temperature, this
relationship was indeed observed. We also documented a factor of 3X improvement in the
electrodes' rate capability when the mean nanowire diameter was halved. When the capacity
retention and steady-state coulombic efficiency were plotted against the electrode mass loading,
there was a clear empirical tend of decreasing performance with higher loading that spanned an
order of magnitude in active material weight (~ 0.1 - 1 mg cm™). Such a strong correlation has
never been reported in literature for either Ge or Si nanowires. This study is also the first to
examine the role of the parasitic thin film layer sitting at the base of the nanowire arrays in
establishing the cycling performance of Ge nanowires. Parasitic films are widely reported in

59-65

literature for VLS grown Si and Ge nanowires and have been recently examined by Picraux

et al. > only for the case of Si. However their role remains unexplored for the fundamentally
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different case of Ge nanowires. Time of Flight Secondary lon Spectroscopy (TOF-SIMS) is a
powerful emerging technique that is becoming employed to analyze Li interfacial segregation in
Si and Sn °*"%%% and Na segregation in Sn alloy films. ° Here we are the first to employ TOF-
SIMS to probe Li segregation in Ge, delivering a finding that such segregation does indeed occur
but is highly thickness dependent, with consequently profound implications on the mechanical
performance of a range of Ge-based electrodes. Finally we provide a systematic comparison of
the performance of our best GeNW arrays with a range of state-of-the-art Ge nanostructures
reported in literature. We demonstrate that our materials are among the best in terms of a range
of key parameters, such as the initial capacity, the cycling capacity retention, the cycling

coulombic efficiency and the rate capability.

2.2. Experimental Procedure

Germanium nanowires (GeNWs) of varying mass loadings were grown on commercial
316 stainless steel spacers (MTI Corporation) that were polished down to 0.05 micron. The
nanowires were grown in a commercial CVD tube furnace (Tystar, Inc.) by the vapor-liquid-
solid (VLS) mechanism. A 200 nm TiN conductive diffusion barrier layer and a 10 nm Au seed
catalyst layer were employed. The furnace was heated up to the growth temperature, either 320
or 360 °C, at 10 °Cmin” under a flow of Ar and H,. Even though 320 °C is well below the
eutectic temperature of Au-Ge, nanowire growth can still occur by the VLS mechanism. When
the Au catalyst particles are in the order of several tens of nanometers, the eutectic point can shift

60,71

to lower temperature. To dewet the Au catalytic film, the substrates were held at the growth

temperature for 1 hour prior to introducing GeHs. During the growth process, a mixture of
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GeH4:H, with a flow ratio of 1:4 was used as a working gas and the total pressure of chamber

was set at 100 Torr. Three different growth times, 2, 5, and 10 minutes, were employed.

Standard 2032 half-cells were assembled using lithium metal foil as the counter electrode
and polyethylene separators (MTI Corporation, porosity of 36-44% and average 0.03 um pore
size). The spacers were weighted before and after GeNWs deposition. The microbalance
employed (Mettler Toledo, XP6U) had a manufacturer quoted 0.1 pg accuracy. 1 M lithium
hexafluorophosphate (LiPF¢) salt in 1:1:1 volume ratio of ethylene carbonate: dimethyl
carbonate: diethyl carbonate (EC:DMC:DEC) was used as electrolyte. The assembly process
was carried out in an argon-filled glovebox in which oxygen and moisture concentration levels
were kept below 0.2 ppm. Galvanostatic charge-discharge measurements were carried out on a
BT2000 Arbin potentiostat at a potential range of 0.01-2 V vs. Li/Li" and a constant current (CC)
density. Cyclic voltammetry (CV) experiments were carried out using a Solartron 1470 Multistat
system with Corrware data acquisition software, in which the potential was scanned in a range of
0.01-2 V vs. Li/Li" with a scan rate of 1 mV s for 10 cycles. After testing, the samples were
disassembled in order to do post-cycling characterization of the microstructure. The cycled
electrodes were soaked and rinsed in acetonitrile and kept overnight in the glovebox to remove

residual electrolyte. All testing was performed at room temperature.

The as-grown and cycled nanowire samples were characterized using scanning electron
microscopy (SEM) (Hitachi FESEM S-4800) and transmission electron microscopy (TEM)
(JEOL 2100, 200 kV). Cross-sectional images of cycled electrodes were obtained using a dual
beam FIB/SEM (Hitachi NB5000). Electron diffraction patterns were simulated using the

commercial software Crystal Maker "™ and open-source software Diffraction Ring Profiler, "
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with the input of known space group information of Ge (Fd3m, 5.6578, 5.6578, 5.6578, Wyckoff
position: 8a). Electron energy loss spectroscopy (EELS) measurements were conducted using
scanning TEM (STEM) (JEOL 2200FS, 200 kV) with a nominal analytical beam size of 0.5 nm.
High angle annular dark field (HAADF) images were also recorded simultaneously with the
EELS analysis. We mapped Ge, C and O by integrating over core-loss edges of Ge-L, C-K, and
O-K edge, respectively. Lithium maps for cycled materials were obtained from the low-loss Li-K
edge at 60-70 eV. Digital Micrograph (Gatan, Inc.) was employed for signal collection and data
extraction from EELS spectra. XPS measurements were conducted on an ULTRA (Kratos
Analytical) spectrometer under ultrahigh vacuum (10° Torr), using monochromatic Al-K,
radiation (hv = 1486.6 e¢V) operated at 210 W. The high-resolution spectra were collected with
an energy window of 20 eV. The XPS data were analyzed using CasaXPS software. Planar Ge
thin films were depth analyzed using time-of-flight secondary ion mass spectroscopy (TOF-
SIMS) instrument, ION-TOF GmbH. The analysis chamber was kept at a pressure of < 5 x 10~
mbar. 1 kV O, ions with current of ~ 40 nA were used for sputtering over an area of 200 x 200

um” and a 25 kV Bi ion source was used for analysis over an area of 40 x 40 pm’.

2.3. Results and Discussion

The GeNWs were grown for three different growth times, 2, 5, and 10 minutes, at
temperatures of 320°C or 360°C. For the remainder of manuscript, the samples will be labeled
according to their mass loading which corresponds to a specific growth temperature - time
combination: 0.12mg-(320/2min), 0.31mg-(320/5min), 0.73mg-(320/10min), 0.2mg-(360/2min),

0.52 mg-(360/5min), 0.86 mg-(360/10min).
30



Plan - view and cross-sectional images of as-grown nanowires for 0.12mg-(320/2min),
0.2mg-(360/2min), 0.52mg-(360/5min) are shown in Figure 2.1. The samples 0.31mg-
(320/5min), 0.73mg-(320/10min) and 0.86mg-(360/10min) are shown in Figure 2.2. The wires
are all shown at the same magnification. The high-magnification insets show that the 0.52mg-
(360/5min) and 0.86mg-(360/10min) nanowires possess a two-tiered morphology. The top parts
of the nanowires, below the Au catalyst droplets at the tips, are smooth, whereas further down
the nanowire there is a transition to a different morphology where the surface becomes much
rougher and tapered. The nanowire diameter and length distribution histograms are shown in
Figure 2.3. Approximately 200 nanowires were analyzed per synthesis condition. With longer
growth times not only does the mean nanowire diameter increase, but the overall diameter

distribution broadens.

In addition to being present as crystalline nanowires, the Ge is also present as a largely
continuous parasitic thin film layer sitting at the base of the array. The arrows in the cross-
sectional images mark these films, with the associated numbers representing their mean
thickness and standard deviation. It is important to point out that parasitic films are not a
particularity of our CVD process (which was performed in a commercial nanowire growth
reactor), but are a fairly universal feature of Ge and Si nanowire growth through VLS. For
instance, Cho and Picraux have recently detailed the ubiquity of parasitic layers (in that case
semicontinuous islands) at the nanowire base for VLS Si nanowires. %% The authors demonstrated
that their formation could only be avoided by growth involving a tailored anodized aluminum
oxide template. For the case of VLS Ge nanowires, parasitic islands near the current collector

60-65

were reported in a range of studies. In our samples, with increasing growth time and with a

higher growth temperature the parasitic Ge layers thickened.
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Figure 2.1: Plan-view (left-column) and cross-sectional (right column) SEM images of as
synthesized nanowires. (a) 0.12mg-(320/2min); (b) 0.2mg-(360/2min); (¢) 0.52mg-(360/5min); The
images for samples grown with the remaining three sets of conditions are shown in 2.2. Parasitic Ge
films, formed at the nanowire base during VLS growth, are indicated by arrows in cross-sectional
images.
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Figure 2.2: Plan-view (left column) and cross-sectional (right column) SEM images of as
synthesized nanowires. (a) 0.31mg-(320/5min); (b) 0.73mg-(320/10min); (c) 0.86mg-(360/10min).
Parasitic Ge films, formed at the nanowire base during VLS, are indicated by arrows in cross-
sectional images.
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Figure 2.3: (a) — (d) Diameter and length distribution histograms of the as-synthesized GeNWs,
grown at 320 °C and 360 °C.

Table 2.1 provides the mean and standard deviation values for the nanowire length, the
nanowire diameter and the parasitic layer thickness, for each synthesis conditions. For the more
tapered nanowires grown at 360°C, the diameter was measured in the middle of the nanowire.
For a given temperature, higher growth times also lead to longer nanowires. However, the
nanowires grown at 360°C are consistently shorter than the ones grown for the same duration at
320°C. For a given growth duration the higher growth temperature also yields a higher Ge mass

loading. Figure 2.4 shows conventional and high resolution TEM analysis for the 0.12mg-
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(320/2min), 0.73mg-(320/10min) and 0.86mg-(360/10min) specimens. The 320°C grown
nanowires are primarily single crystal or twinned single crystal. The 360°C grown nanowires are
also single crystal at their core, but contain a substantial fraction of secondary Ge
nanocrystallites nucleated near the nanowire base. This is what is responsible for the tapered
morphology especially observed in the 0.86 mg-(360/10min) sample. Figure 2.5 shows the XPS
results of the as-synthesized electrodes. The presence of a minor oxygen peak in addition to a
strong Ge signal indicates that the as-grown nanowires are covered by a layer of oxide that is

quite thin, likely in the single nanometer or sub nanometer range.

Table 2.1: Mean and standard deviation values for the nanowire length, nanowire diameter, and
the thin film layer thickness versus processing conditions.

Electrode Mean diameter Mean length Mean thickness of
(nm) (um) Ge thin film (nm)
0.12mg-(320/2min) 34+ 19 2+0.7 170 £ 70
0.31mg-(320/5min) 35+30 13+3.5 310+90
0.73mg-(320/10min) 106 + 81 36 +8.3 860 + 130
0.2mg-(360/2min) 64 £ 42 2+0.7 220 £ 80
0.52mg-(360/5min) 88+ 61 4+1.5 790 + 160
0.86mg-(360/10min) 115£76 7+2.0 1410 £ 280
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Figure 2.4: (a) — (c) TEM analysis of 0.12mg-(320/2min); (a) bright field image of a single Ge
nanowire; (b) SAD pattern confirming that it is single crystal; (c) dark field image taken using g = -
111 reflection. (d) — (f) TEM analysis of 0.73mg-(320/10min); (d) bright-field image showing this
nanowire to be multiply twinned along its length (e) SAD pattern streaked perpendicular to the
twin interface f) HRTEM image showing a twin interface (g) — (I) TEM analysis of the near-top
portion of a nanowire 0.86mg-(360/10min), showing the core single crystal. (j) — (I) TEM analysis of
the near-base portion another nanowire in 0.86mg-(360/10min), showing the secondary nucleated
Ge particles around the core. The dark field image in (I) was taken using a section of the 111 ring
pattern.
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Figure 2.5: High resolution XPS spectra of C 1s, O 1s, and Ge 3d of as-synthesized 0.12mg-
(320/2min) and 0.2mg-(360/2min) electrodes.

In the VLS mechanism, the reactants are introduced via the decomposition of GeH, gas
and dissolve into the catalyst to form a molten gold-germanium alloy. Super-saturation of the
molten droplet by Ge finally leads to the nucleation and axial growth of the nanowires. >* The
presence of liquid phase in the VLS growth mechanism requires the NWs growth to be carried
out at temperatures above the eutectic melting point of the Au-Ge binary system (360 °C). 63
However, the eutectic temperature may shift to lower values in nanoscale binary systems due to
the capillary effects, making it possible to grow Ge nanowires at temperatures below 360 °C.
00647576 Germanium nanowires grown at temperatures near the bulk eutectic are reportedly

60,74,76,77 . . .
0 Tapering growth of nanowires can occur via

tapered with thicker root and thinner top.
two possible mechanisms. One mechanism, first reported by Hannon et al., "® is due to the Au
catalyst mass loss during the VLS process at high temperatures. Catalyst migration through the
surface of the nanowires will gradually consume the Au-containing alloy from the tip and make
the droplet size smaller. This phenomenon induces further tapering growth of nanowires with
non-uniform diameters. ® Previous works on GeNWs " have shown that lowering the growth

temperature can significantly decrease the surface diffusion of gold and the tapered growth of the

NWs. Another mechanism can be the vapour-solid (VS) growth of the nanowires during the VLS
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process, probably due to the direct deposition of Ge on their sidewalls. "*** At high temperatures,
the decomposition of GeHy can take place without the presence of the Au nanoparticles, leading
to the deposition of Ge nanoparticles. ® The lower sections of the NWs are exposed to a Ge
source for longer time, leading to increased radial growth at these parts and thus tapering and
irregular morphology. Since the nanowires become amorphous in their delithiated state after the
first lithiation, it is their geometrical (i.e. diameter, length) rather than their crystallographic

features that are important for electrochemical performance.

Figure 2.6 shows the cyclic voltammetry (CV) curves for all the materials. The order of
presentation is (a) 0.12mg-(320/2min), (b) 0.31mg-(320/5min), (¢) 0.73mg-(320/10min), (d)
0.2mg-(360/2min), (e) 0.52mg-(360/5min), (f) 0.86mg-(360/10min). The peak currents increase
with increasing temperature/growth time, consistent with increasing mass loading per unit area.
While the absolute current varies due to the different mass loading for each growth condition,
qualitative shape of the CV's is analogous for each specimen. In the first cycle, crystalline Ge is
transformed into a series of LiGey alloys. Over the course of cycling, there are three highly
broadened reduction peaks centered near 0.45, 0.3 and 0.1 V, and a sharp oxidation peak near 0.7
V vs. Li/Li". In the CV of the 0.12mg-(320/2min) specimen these peaks are highlighted by
arrows. The reduction peak near 0.1 V has been associated with the crystallization to Li;sGea,
8081 with the reverse dissolution process having an oxidation peak too broad to detect separately.
The remaining peaks may be attributed to compositional and structural (i.e. nearest neighbor
arrangement) changes within the lithiating/delithiating LiGey. The associated phases would not

be present on the equilibrium phase diagram and are yet to be well characterized. Similarly to the

Li-Si system, the nucleation barrier for the intermediate Li-Ge phases of equilibrium crystal
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structure is expected to be too high at ambient temperature. It is reasonable to argue that these

intermediate Li-Ge phases should rather be amorphous, as they are known to be in Li-Si.

Figure 2.6 also shows the constant current (CC) voltage versus capacity curves for all the
electrodes, in the order of (a) 0.12mg-(320/2min), (b) 0.31mg-(320/5min), (c¢) 0.73mg-
(320/10min), (d) 0.2mg-(360/2min), (e) 0.52mg-(360/5min), (f) 0.86mg-(360/10min). Testing
was performed at a current density of 138 mA g'. The CC curves are shown for cycles 1, 2, 10,
50 and 100. The potential versus capacity curves for all electrodes are quite similar both upon
lithium insertion at first cycle and during subsequent cycling, with the mean positions of the
sloping plateaus agreeing with the broadened peaks in the CV profiles. With increased cycling
the plateau around 0.1 V decreases in capacity, indicating progressively less crystallization to
Li;sGey. The same has been observed for SINWs 48.82.83 and may be related to the fact that during
cycling, the nanowires disintegrate and the individual filaments are too small to accommodate a

phase boundary.

The GeNWs specimens are amorphous in their delithiated state. This is demonstrated in
Figure 2.7, which displays HRTEM micrographs and the corresponding Fast Fourier Transforms
(FFTs) of two representative nanowires in the 0.12mg-(320°C/2min) arrays after their first

delithiation.
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Figure 2.6: Cyclic voltammetry curves (left column) and constant-current voltage profiles (right
column) of (a) 0.12mg-(320/2min), (b) 0.31mg-(320/5min), (¢) 0.73mg-(320/10min), (d) 0.2mg-
(360/2min), (e) 0.52-(360/5min), (f) 0.86-(360/10min) between 0 and 2V vs. Li/Li+ and 0.1C rate.
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Figure 2.6, cont.: Cyclic voltammetry curves (left column) and constant-current voltage profiles

(right column) of (d) 0.2mg-(360/2min), (e) 0.52-(360/5min), (f) 0.86-(360/10min) between 0 and 2V
vs. Li/Li" and 0.1C rate.
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Figure 2.7: HRTEM and corresponding FFT images of representative sections of the 0.12mg-
(320°C/2min) samples, after the first delithiation at 138 mA g

As shown in Table 2.2, the cycle 1 coulombic efficiency (CE) of the nanowires is
effectively independent of the Ge nanowire and underlying Ge film dimensions, or of the mass
loading. Figure 2.8 shows a plot of the first cycle charge and discharge capacities versus cycle
number versus mass loading, tested at 138 mAh g™'. This is in contrast to what is known for Si
nanowires where cycle 1 CE substantially depends on the nanowire dimensions and size
distribution, e.g. being in the range of 94 - 83% depending on the geometry. ** Moreover, the
cycle 1 CE values (94.8 - 96.8) are in the range, albeit on the upper end, of what has been
previously reported for a variety of Ge - based nanostructures. This is illustrated in Table 2.3,
where the literature reported cycle 1 CE values run as high as 98.6% down to the low 30's.
Interestingly the same wide variation is reported in scientific literature for graphite-based LIB
anodes, with cycle 1 CE values ranging anywhere from 100% (within measurement accuracy) to

74.5%. Table 2.4 shows a comparison of the initial CE for literature published graphite and
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related materials - based LIB anodes. The associated references are provided in the

supplemental.

For Si nanowires extensive modeling and experimental analysis shows that there is a
critical diameter (200 - 300 nm range) above which the initially single or twinned single crystal
nanowires are not able to withstand the initial lithiation stress and fracture catastrophically.
525354828490 Byl fracture during the first cycle then leads to immediate mechanical separation
from the current collector. Any Li already present in the fractured wires is then not recovered,
leading to a lowering of the CE. Thicker crystalline blanket films of Si are similarly less able to
withstand the anisotropic initial lithiation stress associated with the ~ 300% volume expansion.
849195 However it has been recently demonstrated that 300 nm scale and even micro scale Ge
particles behave fundamentally differently, not fracturing upon the initial lithiation. *® This was
explained in terms of the crystallographic isotropy of the lithiation process, with the stress state
in Ge being much more uniform than in Si. Our cycle 1 results support this conclusion. Moreover
comparing the cycle 1 capacity loss for the Ge nanowires in this study to the cycle 1 capacity
loss for Si nanowires, shows that the roughly 4 - 7 % cycle 1 capacity loss for all the conditions
tested here is on par with the CE loss in the most optimized Si nanowire arrays, i.e. the ones that

48,82,83,97,98

have diameters largely below the critical fracture dimension. The electrodes with

larger Si nanowire dimensions lose as much as 17% capacity at cycle 1.
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Figure 2.8: First cycle charge and discharge capacities versus mass loading, tested at 138 mAh g™

Figure 2.9(a) shows a plot of the reversible capacity (measured at delithiation) of all the
specimens as a function of cycle number, going up to 100 cycles. The results are plotted in the
order of increasing mass loading, which clearly highlights the key trend in performance. The
capacity of the highest mass loaded specimen, 0.86mg-(360/10min), decays to 5.6% of the initial
capacity by cycle 100. The second highest mass loading specimen, 0.73mg-(320/10min), retains
50% of its initial capacity at cycle 100. With lower mass loadings, the capacity progressively
improves until it reaches 98% of its initial value for 0.12mg-(320/2min). According to Figure
2.9(b) the cycling coulombic efficiency of the electrodes also decreases on the order of higher
mass loading. As Table 2.2 indicates, the CE values at cycle 100 range from nearly 100%
(99.8%) for the 0.12mg-(320/2min) specimen to 88.1% for 0.86mg-(360/10min). As
demonstrated in Figure 2.9(c), the 320°C and the 360°C synthesis temperature cycling capacity

retention and CE results converge into a fairly narrow single band of data when plotted against
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the Ge mass loading. Figure 2.9(d) shows a rate capability comparison between 0.12mg-
(320/2min) and 0.2mg-(360/2min). The drastic difference in the rate capability is likely a result
of the longer Li diffusion distances associated with the larger diameters of the nanowires and the
thicker Ge films in the 0.2mg-(360/2min) electrodes, as shown in Table 2.1. At high rates there is
insufficient time to lithiate through the thickness and only a fraction of the theoretical capacity is

achieved.

Table 2.2: The reversible capacity and coulombic efficiency of GeNWs after the 1st and 100th cycle,
tested at 138 mA g’

Electrode Capacity Capacity Coulombic
-1 retention (%) efficiency (%)
(mAhg )

st th th st th

1 100 100 1 100
0.12mg-(320/2min) 1438 1408 97.9 94.8 99.8
0.31mg-(320/5min) 1426 1300 91.1 95.0 96.9
0.73mg-(320/10min) 1398 691 494 96.1 98.1
0.2mg-(360/2min) 1429 1262 88.3 933 96.7
0.52mg-(360/5min) 1331 1120 84.1 96.7 96.3
0.86mg-(360/10min) 1338 75 5.6 96.8 88.1
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Figure 2.9: (a) Reversible capacity and (b) Coulombic efficiency (CE) versus cycle number,
tested at 138 mA g'. (¢) Cumulative comparison of capacity retention (at 100 cycles) and CE (at 50
cycles) versus mass loading. (d) Rate capability comparison of the 0.12 mg versus the 0.2 mg mass
loading electrodes.

The role of electrode nanowire and parasitic film geometry on the cycling performance is
highlighted in Figures 6. Figures 2.10(a) and 2.10(b) show the cycling capacity retention as a
function of the mean nanowire diameter and of the Ge film thickness. These results highlight the
strongest trends in performance. In both cases, there is a sharp monotonic decrease in the cycle
100 capacity with thicker nanowires and with thicker parasitic films. The role of nanowire (or

nanoparticle) diameter and film thickness in establishing cycling electrochemical performance
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has been treated extensively in scientific literature for the case of Si. 7

The general findings
may be qualitatively applied for the case of Ge, which has received less attention to date, e.g.
17183299 Both experimental and theoretical analysis of individual Si nanowires shows that with a
larger diameter there is an increasing differential stress associated with the differential volume
expansion due to lithiation, which proceeds radially inward. >*>**1°1% Thjcker films of Si will
also be liable to fracture more both normal to the substrate plane * and in parallel to the substrate
- film interface. ***° Since both Si and Ge cycled specimens are fully amorphous in their
delithiated state, the behavior of Ge wires and films is expected to be qualitatively similar. This
is different from cycle 1 lithiation, where Ge lithiates more isotropically than Si, as discussed.
Figures 2.10(c) and 2.10(d) show the relationship between the coulombic efficiency (at cycle 50)
and the wire diameter and film thickness. There again is a strong negative trend with
progressively worsening CE with larger wire and film thicknesses. It is known that cycling CE is
degraded by a combination of progressive SEI formation with every cycle and any loss of active
material that contains Li. The second aspect may be understood in terms of a partially lithiated
section of a nanowire fracturing from the assembly. As will be demonstrated in the next series of
figures, at the thicker dimensions both mechanisms do contribute to the loss of CE. Figure
2.10(e) and 2.10(f) show the (less strong) trend of both capacity retention and CE decreasing
with increasing mean nanowire length. This is presumably due to a higher statistical chance of

catastrophic fracture occurring in longer wires.
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Figure 2.10: Cycle 100 capacity retention as a function of (a) the mean nanowire diameter, and (b)
Ge parasitic film thickness. (¢) — (d) CE (cycle 50) as a function of the mean nanowire
diameter and parasitic Ge film thickness, (¢) — (f) Cycling capacity retention (cycle 100)
and CE (cycle 50) as a function of mean nanowire length.
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Figure 2.11 compares the morphology of the post-cycled 0.12mg-(320/2min) and 0.2mg-
(360/2min) specimens. With cycling, both electrodes show progressive lithiation-induced
"stranding" of the nanowires, agreeing with previous reports on a range of cycled Ge
nanostructures. >>~>*'. Figure 2.12 shows the HAADF images and overlaid EELS maps of Ge,
Li, C, and O for the post-100 cycles specimens in their delithiated state. For this analysis we
found non-agglomerated nanowires, which were usually located near the top surface of the
electrode. Figure 2.12(a) shows the 0.12mg-(320/2min) specimens, 2.12(b) shows the 0.73mg-
(320/10min) specimens, and 2.12(c) shows the 0.2mg-(360/2min) specimens. In all three cases
the microstructure of the individual cycled GeNWs is analogous: The nanowires have undergone
substantial stranding parallel to their longitudinal direction and are now interspersed with visible
porosity also running lengthwise (marked by arrows in the first panel of each series). The
formation of nanopores during consecutive lithiation/delithiation has been previously reported
for Ge nanowires. “>~° Each of the newly exposed Ge surfaces is covered by SEL which shows

up as strong C, O and Li signals.

Figures 2.13 (a) and (b) show FIB cross-section SEM images of the post-100 cycles
0.73mg-(320/10min) and 0.86mg-(360/10min) electrodes. Near the current collector base (unlike
near the top) the post-cycled nanowires are heavily agglomerated with SEI. There is much more
cracking at the film - current collector interface in the 0.86mg-(360/10min) electrode. The stress
driven failure of the bulk thin film has been discussed already. As the parasitic Ge film fractures
during lithiation/delithiation cycling there is fresh Ge exposed to the electrolyte. This promotes
more SEI growth, adding to the overall film stress and reducing the CE. The analytical maps
shown in Figures 2.13(c) and 2.13(d) highlight the enhanced SEI formation near the nanowire —

current collector interface, where a higher C and O signal is observed in that region. Note that
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heavier elements in the steel substrate and the W in the "surface cap" have a large number of
emission lines that overlap with any of the lighter elements and thus appear bright in all of the
maps. The cycling-induced overgrowth of SEI on each nanowire also adds to the total film stress

as there are regions where there is so much SEI that the nanowires actually fuse together to make

a nanoporous composite.

Figure 2.11: Plan-view SEM images of the cycled 0.12mg-(320/2min) for (a) 1 cycle, (b) 10 cycles,
and (c) 100 cycles. Cycled 0.2mg-(360/2min) for (d) 1 cycle, (e) 10 cycles, and (f) 100 cycles.
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Figure 2.12: HAADF images and overlaid EELS maps of Ge, Li, C, and O for the post-100 cycles
non-agglomerated nanowires located near the top surface of the electrode. (a) 0.12mg-(320/2min),

(b) 0.73mg-(320/10min), and (c) 0.2mg-(360/2min). Arrows indicate the porosity near the center of
the nanowires, which is running lengthwise.
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Figure 2.13: (a) and (b) FIB cross-sectional SEM images of the post-100 cycles 0.73mg-(320/10min)
and 0.86mg-(360/10min) electrodes highlighting cracking at the current collector interface. (¢) and
(d) FIB cross-sectional images and elemental maps of germanium, carbon, and oxygen in the post-
100 cycles 0.12mg-(320/2min) and 0.2mg-(360/2min) electrodes, highlighting enhanced SEI
formation near the nanowire — current collector interface.

Electrochemical impedance spectroscopy (EIS) was employed to further understand the
effect of mass loading on the cycling performance. Button cells (2 electrode) were tested in their
delithiated state immediately after cycling. The Nyquist plots in Figure 2.14 are for the post-
cycled electrodes, analyzed after cycle 10 and 100 delithiation. The insert in the figures shows
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the equivalent circuits employed for modeling. The spectra exhibit well-defined features
including a high-frequency depressed semi-circle, followed by a 45° sloped line in the low-
frequency region of the spectra. The intercept of the spectra with the real part of the impedance
axis shows equivalent series resistance (Res) of the half-cell. The diameter of the high frequency
semi-circle represents the interfacial charge transfer resistance (Rg). 104 At cycle 10 the
equivalent series and the charge transfer resistances of all the specimens are on par: Rsis 4, 5, 6
and 10 Q for the 0.12mg-(320/2min), 0.2mg-(360/2min), 0.73mg-(320/10min), and 0.86 mg-
(360/10min), respectively. In the same order R is 90, 70, 80 and 60 Q. Cycling has a negative
effect on the higher mass loaded specimens. After 100 cycles R is 4.5, 5, 22 and 19 Q for the
0.12mg-(320/2min), 0.2mg-(360/2min), 0.73mg-(320/10min), and 0.86 mg-(360/10min),
respectively. Ry increases to 80, 240, 180 and 340 Q. The R in post-cycled LIB anodes is
known to be related to the charge transfer resistance through the multilayer SEI structure that
forms initially upon cycle 1 lithiation and subsequently during cycling as fresh electrode material
is exposed to the electrolyte. '®'% For a given material, higher values of R are considered
synonymous with more interfaces that impede Li ion transfer into the bulk of the electrode,
caused by a thicker SEL '% Since SEI irreversibly consumes Li during the reduction process,
higher rates of SEI formation lead to lower CE values. Increasing R.s may be associated with a
degradation of the electrical conductivity of the electrode materials, in addition to other factors
such as an increasing interfacial electrical resistance, an increasing resistance of the current
collector and of the electrochemical fixtures (the last two effects are unlikely). Having the
specimens R values be on-par at cycle 10 agrees with the results in Figure 2.9, showing on-par

retained capacity and a similar CE at that point. After 100 cycles EIS results also agree with the
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cycling data, with the CE at cycle 100 being the lowest for the 0.86 mg-(360/10min) specimens

and the best for 0.12mg-(320/2min) electrodes.
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Figure 2.14: Electrochemical impedance (EIS) spectra of the GeNW electrodes after (a) 10 cycles,
and (b) 100 cycles based on the equivalent circuit of two-electrode cells shown in the insets.

Figure 2.15 shows the XPS data for all the 0.12mg-(320/2min) electrodes after 1, 10 and
100 cycles. In the C Is spectra, the shoulder off the main hydrocarbon signal at about 286 — 287
eV is attributed to polyethylene oxide (PEO). Lithium ethylene dicarbonate peak in C 1s appears
as a broad shoulder at the binding energy of 288 — 289 eV. The peak associated with the Li,CO3
is located at about 290 eV. The O 1s spectra confirm the assignments made for C s spectra. The
maximum intensity has a binding energy of around 531 — 532 eV for all the materials with a
broad shoulder at higher binding energy of 532 — 534 eV. The main peak at ~ 531.5 eV
represents Li,COs; compound and the broad shoulder off the main carbonate signal at around 532

— 533 eV is associated with the PEO-like polymers and lithium ethylene dicarbonate. Presence of
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fluorine and phosphorous in the SEI film suggests that degradation of LiPF¢ salt occurred during
cycling. LiF is the main compound formed upon degradation of LiPF¢ through either a chemical
decomposition or a reaction in presence of water. Li 1s spectra also have a main peak with a
center at 55.2 eV, corresponding to Li,COs;, and a shoulder at about 56 eV, for LiF.

"% The main

Correspondingly, the main peak in F 1s spectra at ~ 684.5 eV is assigned to LiF.
signal in P 2p is from LiPF,0,, produced from the reaction of PFs, formed upon chemical
decomposition of LiPFg salt, with the contaminations and compounds in the cell. The XPS
measurements indicate that the SEI layer consists mostly of Li,COj; and LiF compounds. Li,CO;

111,112 . . . . -
**“ the irreversible formation of which is

is a well-known electrolyte reduction product,
associated with poor coulombic efficiency. Lithium carbonate, Li,COs, and lithium ethylene
dicarbonate, (CH,OCO;Li),, are produced upon the electrochemical reduction of EC solvent.
Polyethylene oxide (PEO), —(CH,CH,0),—, is another product of EC degradation. ''° LiF is

considered an electroless decomposition product of the LiPFg salt that forms over time. '*"'"?

Figures 2.16 (a) — (c) show TOF-SIMS depth profiles of Li and Fe concentration through
the thickness of three pure Ge films that were sputtered onto stainless steel substrates and then
lithiated twice. The films had thicknesses of 150, 300 and 500 nm and were employed as model
systems for understanding Li segregation in the Ge parasitic films present in the nanowire arrays.
The Fe signal originates from the stainless steel current collector and demarcates the current
collector — electrode interface. The profiles reveal Li segregation to the current collector
interface in the 300 and 500 nm specimens, but with negligible segregation present in the 150 nm
electrode. Segregation in the 500 nm specimen appears to be stronger than in the 300 nm film.
The actual Li segregation profile in the 300 and 500 nm samples is probably sharper than what

the TOF-SIMS results indicate, since the current collector's inherent roughness will smear the
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through-thickness Fe and Li distributions. The results shown in Figure 2.16 are the first direct
experimental confirmation of this phenomenon in regard to Ge electrodes. Our group has
recently reported a similar interfacial segregation behavior of Na in Sn films deposited on
stainless steel current collectors. ° Authors reported calculations demonstrating that lithiation of
pure Sn and Si leads to elastic softening of Sn-Li ''* and Si-Li ''"* phases. Moreover failure of
similar "film-on-support" type architectures (Si on Cu) has been both experimentally and
theoretically proven to be critically related to a weakening of the mutual interface due to Li
segregation and a change in bonding of the Si-Li alloy. ° It is reasonable to expect an analogous
effect for Ge-Li. Such phenomenology would further explain our electrochemical cycling and
FIB results, where the array with a higher parasitic film thickness and hence with potentially

more severe Li segregation is the one showing more interfacial fracture.
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Figure 2.15: High resolution XPS spectra of 0.12mg-(320/2min) electrode after 1, 10 and 100 cycles.
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Figure 2.16: TOF-SIMS depth profiles of Li and Fe concentration through the thickness of lithiated

Ge thin films on stainless steel substrate after the 2™ lithiation (a) — (c) 150, 300 and 500 nm Ge film
thicknesses.
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Finally, it is instructive to compare our electrochemical testing results with state-of-the-

art scientific literature concerning the electrochemical performance of a range of Ge - based

nanostructures employed as LIB anodes. Table 3 presents this comparison, highlighting the

essential features of each material including the initial CE, reversible capacity at cycle 1 and at

cycle 100, a steady-state cycling CE, and the high rate capability. In the Table, we present the

performance of our best nanowire arrays, i.e. the ones with 0.12 mg mass loading. It may be

observed that the performance of this electrode is among the best in all respects as compared to a

range of advanced Ge - based nanostructures.

Table 2.3: A comparison of our best-performing electrode with previously published literature on
Ge-based LIB anodes.

Electrodes Initial Cycling Capacity mAhg™” Coulombic Efficiency (%) Rate Capability
Coulombic (current density) mAhg”
. (current density)
Efficiency (%)
(current density)
10* 100" 10" 100
0.12mg-(320°C/2min) 95 1318 1405 99.85 99.86 1143
(138 mAg”) (138 mAg”) (138 mAg”) (138 mAg”) (138 mAg™) (6900 mAg™)
(0.1C) (0.1C) (0.1C) (0.1C) (0.1C) (5C)
Alkanethiol-Passivated 79.3 1300 1150 N/A ~99 733
Ge Nanowires"'
(0.10) (0.10) (0.10) (0.10) (6.5C)
Cu—Ge core—shell 80.1 ~1538 NA ~97 NA 1103
nanowire arrays *'
(800 mAg™") (800 mAg™) (800 mAg™) (6400 mAg™)
Ge nanoparticle— ~33 ~875 ~850 ~94 ~97 ~500
multiwalled CNT '
(1623 mAg™") (1623 mAg") (1623 mAg") (1623 mAg") (1623 mAg") (8115 mAg")
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Carbon-Coated Ge

Composite "'

Graphene-Supported

Germanium +

Entangled Ge NWs and
Graphite Nanofibers™

Ge Nanotubes '’

Ge nanowires-based

carbon composite™

Germanium—Graphene

s 30
composite

.40
Ge Nanowires

Ge nanowire anode

sheathed with carbon *
Ge Nanoparticles >
Hybrid Ge Nanoparticle

Single-Wall CNT #

Ge@C Core—Shell
Nanoparticles and

Graphene Networks '’

24
Mesoporous Ge

~90
(100 mAg™)
~81
(0.05C)
78
(0.1C)
76
(0.20)
62.1
(160 mAg™)
~80
(400 mAg™)
39
(0.05C)
91
(0.5C)
96
~58
(50 mAg™)
~52

(50 mAg™)

43.8

(150 mAg™)

~500
(100 mAg™)
~830
(0.05C)
~ 1200
(0.1C)
~900
(0.20)
~900
(160 mAg™)
~800
(400 mAg™)
~1150
(0.05C)
~800
(0.5C)
NA

NA

~1025

(50 mAg™)

~900

(150 mAg™)

NA

~375

(0.1C)

NA

NA

NA

~720

(400 mAg™)

NA

~700

(0.5C)

NA

NA

NA

NA

NA

~93
(0.05C)
~99
(0.1C)
~99
(0.2C)

N/A

~99
(400 mAg™)
~99
(0.05C)

NA

NA

NA

~99

(50 mAg™)

NA

NA

~98

(0.1C)

NA

NA

~99.5

(400 mAg™)

NA

~90

(0.5C)

NA

NA

NA

NA

NA

~100
(1C)
~600
(5C)
~650
(5C)
~600

(800 mAg™)
~300

(5000 mAg™)
~600
(20)

~700

(6C=4800 mAg™)

NA
~300
(2000 mAg™)
~380

(3600 mAg™)

NA
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Ge Thin Films™®

Ton-beam Modified Ge

Films '

Solution-Grown Ge

Nanowires

p- and n-doped Ge Thin

films 7

Ge/Cu;Ge/C

20 22
composite

GeO,/Ge/C

Nanocomposite >

Colloidal Tin-

Germanium Nanorods °

GeO,—SnCoC

Composite’

Ge.Mo Composite **

Ge Thin Film %

Ge Nanowire Arrays >

Graphene-encapsulated

~33
(375 mAg™)
98.4
(0.14C)
~82
(0.1C)

NA

78.4
(100 mAg™)
82

(0.05C)

~52
(1000 mAg™)
80
(100 mAg™)
91.6
~95
(167 pA cm ™)
97
(0.5C)

~53

~1700
(375 mAg™)
1300
(0.14C)
~1300

(0.1C)

. p,m'l)
(100 pA cm %)
~1000
(100 mAg™)

~1800

(1C=2100 mAg
)

~1650

(1000 mAg™)
~950

(300 mAg™)
~1050
~1020

(167 pA cm™)
~1120
(0.5C)

~1400

NA

1342

(0.14C)

~ 1400

(0.1C)

~750 (LAh cm~800 (pAh cm’
.pm’l)

(100 pA cm )

NA

NA

~1500

(1000 mAg™)
~800

(300 mAg™)
~930

~720

(167 pA cm ™) (167 pA cm™) (167 pA cm )

~1000

(0.5C)

NA

~97
(375 mAg™")
~96
(0.14C)
~97
(0.1C)

NA

N/A

NA

NA

NA

>99

~99

~97
(0.5C)

~96

NA

~95

(0.14C)

~99

(0.1C)

NA

NA

NA

NA

NA

97.2

~97

~98
(0.5C)

NA

~500
(1000C)
1000
(1.10)
~800
(5C)
~800 (mAh.g™")

(1600 pA

-2
cm

NA

~1750

(50)

~750
(4000 mAg™)
~500
(1200 mAg™)
NA

NA

~700
(50)

~1000
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. 36
Ge Nanowires

Metallic Ge ** ~72 ~300 NA ~99 NA NA
(1C=1600mAg (1600 mAg™) (1600 mAg™) (8000 mAg™)
_1)
Ge Thin Film % ~65 ~1250 NA NA NA ~1130
(0.1C) (0.1C) (5C)
Sn—Ge alloy™ ~78 ~1100 NA ~98 NA ~500
(0.1C) (0.1C) (0.1C) (5C)
GeS Nanocrystals 12 78 ~1375 ~1250 ~99 ~99 ~1125
GeO, Nanocrystals 2 70 ~1300 ~1120 ~99 ~99 ~625
Ge Nanocrystals 2 70 ~1250 ~1125 ~98.5 ~98.5 ~600
(0.1C) (0.1C) 0.1C) (0.1C) (0.1C) (5C)
Ge microstructures *° NA ~550 NA ~98 NA NA
(0.05C) (0.05C)
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Table 2.4: A comparison of the initial CE for literature published graphite and related
materials - based LIB anodes.

Electrodes

Initial Coulombic
Efficiency (%)

(current rate or density)

Graphite flakes '"*

Graphite '’

Graphite with Stabilized Lithium Metal Powder '

graphite/microfibrillated cellulose '*°

ZnFe,04/Flake Graphite Composite '*!

Spherical natural graphite/ PVDF binder '**
Spherical natural graphite/ CMC/SBR binder '

Spherical natural graphite/ PAA binder '**

Spherical natural flake graphite '**

Mildly expanded graphite '**
Ultrathin Graphite Foam '**
Graphene/SWNT Hybrid Foam '**
Pristine Graohite '*°

Li4Ti504,-coated Graphite 125

Graphite-anchored lithium vanadium oxide '*°

Graphite '*’

graphite/silicon/graphene spherical composite '*’

Commercial Graphite '**

~92 (0.5C)

~93 (0.33C)
~100 (0.33C)

~75(0.1C)
87.7 (100 mA g™

~88.5 (70 mAg™)
~90.3 (70 mAg™)
~90.1 (70 mAg™)
~91.3 (0.2C)
~84.4 (0.2C)
~94 (190 mAg™)
~98 (190 mAg™)
~94 (0.05C)
~88 (0.05C)

79 (0.1C)
~89 (50 mAg™)
~74.5 (50 mAg™)

~86 (0.1C)
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3. Anodes for Sodium Ion Batteries based on Tin -

Germanium - Antimony Alloys

Material in this chapter has been published in: ACS Nano, 2014, 8 (5), 4415-4429.

List of authors: Farbod B., Cui K., Kalisvaart P., Kupsta M., Zahiri B., Kohandehghan A.,

Memarzadeh E., Li Z., Luber E. J., and Mitlin D.; DOI: 10.1021/nn4063598

3.1. Introduction

While lithium ion batteries (LIBs) are the dominant secondary energy storage source for
portable and electric vehicle applications, there are some concerns about lithium’s cost and
continued availability. Sodium-ion batteries (NIBs) have recently attracted much scientific
attention as alternatives to LIBs, since sodium is more readily available than lithium and has a
potential for significant associated cost reduction. '® Moreover NIBs are considered as the key
technology for meeting large-scale energy storage needs, '~ mainly due to much more
"geographically democratic" availability of Na and lower cost as compared to Li. NIBs also offer

' The standard electrode potential is

an increased resistance to metal plating-induced shorts.
determined by the redox couple and by the ion solvation interactions, with the difference

between Li and Na standard potentials in carbonate solvents being in the range of 0.2 - 0.25 V. H

Several classes of cathode materials have been proposed for NIBs, including Nay44MnO,,
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NaggsLi  017Ni  021Mnge402, Nay7C00,;, NazVy(POs)Fs, NaFePO4F, LiFeSO4F, Nay.
Maa2(P207), (2/3 < o < 7/8, M = Fe, FegsMngs, Mn), Olivines, and NASICONs. %'*'* NIB
anodes, on the other hand, present more of a challenge since commercial graphite has very low
Na storage capacity. '* Charge storage capacities and cycling stabilities approaching LIB
graphite have been demonstrated for various amorphous or partially graphitic carbons. '>2°
Anodes based on titanium oxide, such as Na,Ti;07 and anatase TiO, have also been successfully
employed. These are highly desirable from a cost and environmental friendliness perspective,
while offering capacities of ~ 150 mAh g™ and good cycling stability. *'*” These materials along

with the carbons represent perhaps the most economical anode option for large-scale stationary

applications.

As in the case of Li, other Group 14 elements besides carbon have potentially higher
storage capacities for sodium. ** According to the equilibrium phase diagram, Sn can store 3.75
Na/host-atom (Na;sSny), *° with a resulting maximum charge storage capacity of 847 mAhg™.
The experimentally measured capacity of Sn anodes generally approaches this value early in the

>83033 Eor instance, Yamamoto et al.” reported a NIB

testing, but degrades during cycling, e.g.
negative electrode based on Sn thin film with a discharge (charge) capacity of 790 (729) rnAhg'1
in the first cycle. However, this electrode showed a rapid capacity decay after 15 cycles. Ellis et
al. ** also observed an initial discharge capacity of ~850 mAhg™ for a sputtered Sn electrode, and
a rapid cycling-induced capacity degradation to near zero. Sn- based alloy composites have been
5

reported to exhibit improved cycle stability, such as (SngsCogs)1-xCx alloy,34 (CugeSns);—Cx, 3

SnSb/C nanocomposite,4 CueSns, 36 Sng9Cuyg; alloy, 37 and Sn—SnS—C nanocomposite. 38
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Antimony has also been recently examined for its potential as a NIB anode, e.g. >*** The
maximum stoichiometry of Na-Sb alloys is Na;Sb,”* giving Sb a theoretical capacity of 660
mAhg”. Authors have examined Sb alloy and intermetallic electrodes, including Cu,Sb with a
capacity of 280 mAhg”, * AISb with a capacity of 490 mAhg™, ** Mo;Sb; with a capacity of
330 mAhg”, ** Sb-MWCNT nanocomposites with a capacity of ~500 mAhg”. ¥ Germanium in
thin film form or as porous nanocolumnar structures have been demonstrated to work as a NIB
anodes as well. *** Experimental capacities in the range of 1:1 NaGe (369 mAhg™) have been

reported.

While binary and a several ternary (containing C) Sn- and Sb- based alloys have been
examined as potential NIB anodes, little is known regarding Ge-containing systems. Here we
provide the first report on thin films — based ternary Sn-Ge-Sb alloy anodes. In order to better
understand the role of each element in determining the electrochemical properties of the ternary
system, and to obtain baselines for clear comparisons, elemental Ge, Sb, Sn and binary Sn-Ge
and Sb-Ge alloys are also evaluated. Our results demonstrate a highly promising reversible
capacity and rate capability in Sn60Ge20Sb20 and Sn50Ge25Sb25 alloys. These findings should
serve as a useful guide for designing improved formulations of NIB electrode materials in bulk,

using methods such powder co-mechanical milling and rapid solidification.

3.2. Experimental Procedure

Target composition 100 nm films were (co-)sputtered onto polished stainless steel

substrates (battery spacers) at room temperature (ATC Orion 8, AJA International Inc.). Sb and
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Ge deposition were carried out using radio frequency (RF)-magnetron sputtering, while Sn
deposition was performed by DC-magnetron sputtering. Depositions were performed with
continuous substrate rotation in presence of Ar gas with 5N purity at a sputtering pressure of 4
mTorr, with a maximum base pressure of 5x10° Torr. The deposition rates were adjusted for
stoichiometry, being in the range of 0.04 - 0.39 nm sec™. The primary approach for confirming
film thicknesses depended on a series of ex-situ deposition calibrations crosschecked against in-
situ calibrations, film weight measurements and XPS. For a range of gun powers relevant to the
deposition conditions, a series of elemental films were deposited at varying times with
thicknesses up to 1.5 pm. Film thicknesses were then analyzed using a standard profilometer
approach, with the deposition rate per given power being back- calculated. These results were
crosschecked against an in-situ deposition rate monitor held in the plane of the substrate (instead
of the battery substrate), using known tooling factors for each element. To ensure that re-
sputtering did not affect the final alloy film stoichiometry or thickness (it should not since the
atomic weights of the elements are not that divergent), the weight of the alloy film was compared
to the rule of mixtures weight that would be expected for the 100 nm film thickness employed
for all materials. High resolution FE-SEM was employed as secondary confirmation tool for
reporting the film thicknesses. Film compositions were further confirmed using X-ray
photoelectron spectroscopy (XPS) and are listed in atomic %, e.g. Sn50Ge25Sb25 is 50at.%Sn-

25at%Ge-25at%Sh.

Na half-cells were assembled using Na metal foil as the counter electrode and
polyethylene separators (MTI Corporation, porosity of 36-44% and average 0.03 um pore size).
316 stainless steel spacer disks (MTI Corporation), with a diameter and thickness of 15.8 mm

and 0.5 mm, respectively, were used as the substrates for thin film deposition. Prior to
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deposition, the spacers were polished down to 5 micron SiC polishing paper (Allied High Tech
Products, Inc.). The substrates were then cleaned by sonication in acetone, iso-propanol, and
Milli-Q water and were finally dried. The spacers were weighted before and after deposition. The
microbalance employed (Mettler Toledo, XP6U) had a manufacturer quoted 0.1 pg accuracy. For
each composition, 3 - 6 samples were electrochemically tested to obtain a mean value of
reversible capacity. Extended cycling testing was performed on 2 - 3 specimens per composition.
Table 3.1 shows the average weight and standard deviation for each composition based on 6
different samples. Table 3.2 shows the XPS and EDXS results of as-synthesized alloy electrodes.
The EDXS results contain approximately = 10% error. In general more quantitative validity may

be attributed the XPS results. The raw XPS and EDXS data are shown in Figure 3.1 and 3.2.

Table 3.1: Average weight and standard deviation for each composition based on 6 different
samples.

Sample Average weight (mg) Standard deviation
Sb50Ge50 0.0883 0.0033
SnS0GeS0 0.0983 0.0054
Sn33Ge33Sb33 0.0898 0.0039
SnS50Ge25Sb25 0.1045 0.0028
Sn60Ge20Sb20 0.1093 0.002
Sn80Gel10Sb10 0.1159 0.0014
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Table 3.2: XPS and EDX spectroscopy results of as-synthesized alloy electrodes, confirming the
surface and bulk composition of thin films by = 10% error.

Sample XPS results EDX results
At.% Sn At.% Ge At.%Sb [ At.% Sn  At.% Ge At.%Sb

Sn50GeS0 48 52 - 46 54 -
Sb50GeS0 - 54 46 - 54 46
Sn33Ge33Sb33 33.5 34 325 32 36 32
Sn50Ge25Sb25 51 24 25 50 30 20
Sn60Ge20Sb20 60.5 19.5 20 59 23 18
Sn80Gel10Sb10 71 12 11 76 12 12

1 M sodium perchlorate (NaClO4, Alfa Aesar, 98-102% purity) salt in ethylene carbonate
(EC, Alfa Aesar: 99% purity): diethyl carbonate (DEC, Alfa Aesar: >99% purity) (1:1 by
volume) was used as an electrolyte. The assembly process was carried out in an argon-filled
glovebox in which oxygen and moisture concentration levels were kept below 0.2 ppm.
Galvanostatic charge-discharge tests were performed on a BT2000 Arbin potentiostat at a
potential range of 0.01-2 V vs. Na/Na" and a constant current (CC) density. Current densities
were based on the accurately measured final weight of the films. We employ the usual definition
of a reversible capacity being the capacity at first charge (desodiation). Electrochemical
impedance spectroscopy (EIS) measurement was conducted on a Solartron 1470E Multichannel
Potentiostat in a frequency range of 10 MHz to 0.01 Hz at open circuit potential condition with
an AC perturbation of 10 mV. Na batteries were disassembled in order to do post-cycling
characterization of the microstructure. Cycled electrodes were soaked and rinsed in acetonitrile
(Fisher Scientific, >95% purity) and kept overnight in the glovebox to remove residual

electrolyte.
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Figure 3.1: High resolution XPS spectra of Sn3d, Sb3d, and Ge3d of as-synthesized thin films.
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Figure 3.2: EDXS spectra of Sn3d, Sb3d, and Ge3d of as-synthesized thin films.

As-deposited and cycled samples were characterized using transmission electron
microscopy TEM (JEOL 2010 and JEOL JEM 2100, both at 200 kV). Electron diffraction
patterns were simulated using the commercial software Crystal Maker '™ and open-source

software Diffraction Ring Profiler,”® with the input of known space group information of the
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relevant phases, such as Sn (I4,/amd, 5.8197, 5.8197, 3.1749, Wyckoff position: 4a), Ge (Fd3m,
5.6578, 5.6578, 5.6578, Wyckoff position: 8a), Sb (R-3m, 4.5066, 4.5066, 4.5066, Wyckoff
position: 361), Na;sSng (I-43d, 13.16, 13.16, 13.16, Wyckoff positions Snl:16¢c, Nal:12a,
Na2:48e), and NaszSb (P63/mme, 5.3550, 5.3550, 9.4960, Wyckoff positions Sbl:2c, Nal:2b,
Na2:12k). The Diffraction Ring profiler integrates the selected area diffraction (SAD) ring
pattern intensities to accurately calculate the center point of each ring. High resolution TEM
(HRTEM) measurements were conducted using scanning TEM (STEM) (JEOL 2200FS, 200 kV)
with a nominal beam size of 0.5 nm. Electron energy loss spectroscopy (EELS) analysis was also
conducted using a 200 kV JEOL 2200FS scanning TEM (STEM) with a nominal beam size of
0.5 nm. High angle annular dark field (HAADF) images were also recorded. Digital Micrograph
(Gatan, Inc.) was employed for signal collection and data extraction from EELS spectra. The Na
spectrum was extracted by integrating over low loss edges of Na at 30-40 eV. Typical current

densities for HRTEM imaging were 13.15 pA cm™ at 400 K and 16.72 pA cm™ at 500 K.

Crystal structures of as-deposited thin films were characterized by X-ray diffraction
(XRD) on a Bruker AXS diffractometer with Cu-Ka radiation (A\=1.5406 A) (Bruker Discover
8). The diffractometer is equipped with a HiStar general area 2-dimensional detection system
(GADDs) with sample—detector distance of 15 cm. Phase identification was performed
employing the XRD database on EVA software. The presented XRD patterns were obtained by
subtracting the pattern of the substrate from the composite. To achieve this we performed XRD
on both the stainless substrate and on the deposited thin film on the substrate, employing
identical scanning conditions. The mathematical subtraction was performed using EVA™
commercial software. Cross-sectional samples of cycled materials were obtained using a Hitachi

NB5000 dual beam focused ion beam/scanning electron microscopy (FIB/SEM). To prepare FIB
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samples, a proper area from the bulk of the sample was selected using SEM. A thin layer of
carbon and tungsten were then deposited on the top of the area. Using FIB and micro-sample

manipulator, the selected volume was finally isolated, lifted out, and placed on a Cu 5-post grid.

The as-synthesized and cycled thin films were also analyzed using EDX spectroscopy
with scanning electron microscopy (SEM) on a Hitachi FESEM S-5500. XPS measurements
were conducted on an ULTRA (Kratos Analytical) spectrometer under ultrahigh vacuum (107
Torr), using monochromatic Al-K, radiation (hv = 1486.6 eV) operated at 210 W. The high-
resolution spectra were collected with an energy window of 20 eV. The XPS data were analyzed
using CasaXPS software. The sodiated Sn50Ge25Sb25 thin film electrode was depth analyzed
using time-of-flight secondary ion mass spectrometery (TOF-SIMS) instrument (ION-TOF
GmbH). The analysis chamber was kept at a pressure of less than 5 x 10 mbar and a 25 kV Bi"
ion source was used for analysis. 1 kV O," ions with current of ~34 nA were also used for
sputtering with the rate of ~0.06 nm/s. The analysis and sputtering areas were 40 pm x 40 um

and 200 pm % 200 pum, respectively.

Prior to XRD, XPS and TOF-SIMS analysis the samples were covered and sealed with
Parafilm in a glovebox to avoid exposure to air. Next, the air-tight sample holder was transferred
to the XRD instrument for measurement of the XRD patterns. For TEM, the samples were
quickly transferred into the TEM, reducing its air exposure to around 20 s. TEM analysis did not
reveal excessive oxide formation on the surfaces and we were able to perform quantitative

HRTEM and analytical TEM without interference from the oxide.
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3.3. Results and Discussion

TEM images of the as-deposited 100 nm thick elemental films are shown in Figures 3.3.
The as-deposited Sn, as shown in Figures 3.3(a) — 3.3(c), is composed of relatively large
crystallites of various orientations. The as-sputtered pure Ge (Figures 3.3(d) — 3.3(e) is
diffraction amorphous (i.e. amorphous, nanocrystalline or a combination of the two) as
evidenced by the washed out SAD ring pattern. The as-deposited Sb film is continuous and
polycrystalline, with the grain size being large enough to generate single-crystal SAD patterns
when the smallest field-limiting aperture is employed (Figures 3.3(f) — 3.3(h)). The crystallinity
of pure Sn and Sb and the amorphous/nanocrystalline structure of Ge are confirmed by XRD
analysis, as shown in Figure 3.4. These results are in good agreement with previous studies on

Sn, Ge, and Sb filmsg 38404851
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Figure 3.3: TEM micrographs of as-deposited (a)-(c) Sn, (d)-(e) Ge, and (f)-(h) Sb thin films. (a,d,f)
Bright-field images, (b,e,g) corresponding SAD patterns, (¢) dark-field image of Sn thin film taken
from (200)g, diffraction ring, (h) dark-field image of Sb thin film taken from g = [1-10]s, diffraction
spot.
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Figure 3.4: Indexed XRD patterns of as-deposited elemental and alloyed thin films.

Figures 3.5(a)- (b) show TEM micrographs and the indexed SAD pattern of the as-
synthesized Sn50Ge50 alloy, which is a two-phase nanocomposite. Polycrystalline Sn is
detected, as the 200, 101 and 211 Sn diffraction rings are visible in the SAD pattern. Two
additional reflections belonging to Ge are also present. The associated d-spacing for the 111 and
220 Ge rings is expanded by ~6% with respect to elemental Ge, indicating that there is extended
substitutional solid solubility of Sn in Ge, likely much beyond the equilibrium 1%. XRD analysis
of the as-synthesized materials, shown in Figure 3.4, confirms this shift in the Ge lattice
parameter. As is marked in the figure, the equilibrium position of the Ge (111) reflection (the
film is highly textured) should be at 20 = 27.30°, whereas it is located at 20 = 25.70°,
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corresponding to a 6% shift in the lattice parameter, which is the same as measured by TEM.
Figures 3.5(c) presents TEM analysis of the as deposited Sb50Ge50. The equilibrium Sb-Ge
phase diagram demonstrates negligible room temperature solubility and no intermediate phases.
However, as evidenced by the SAD pattern, co-sputtering of Sb and Ge results in the formation
of an amorphous alloy with the broad rings corresponding to the first and the second nearest
neighbors. This conclusion is also confirmed by the XRD pattern of this alloy shown in Figure
3.4. Figures 3.5(d) and 3.5(e) show the Sn80GelOSb10 microstructure, which consists of
nanocrystalline Sn with no evidence of Ge or Sb precipitates. TEM analysis of Sn33Ge33Sb33 is
presented in Figures 3.5(f). Analysis of Sn50Ge25Sb25 is shown in Figures 3.5(g) - (i). The
Sn33Ge33Sb33 alloy appears amorphous, while Sn50Ge25Sb25 has a two-phase structure
consisting of an amorphous phase and nanocrystalline Sn. The Sn nanocrystals may be imaged in
dark field (Figure 3.5(h)) and by HRTEM (Figure 3.5(i)). The Sn-rich side of the ternary Sn-Ge-
Sb diagram consists of a mixture of Sn, SbSn and Ge phases with appreciable mutual solubility.
> However, we detected no crystalline phases besides Sn. This means the rest of the material

will consist of an amorphous matrix that may be compositionally homogeneous or segregated.
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Figure 3.5: TEM analysis of as-synthesized alloys (pure Sn, Sb, Ge are shown in Suppl): (a) - (b)
Sn50GeS0, bright field micrograph and simulated SAD with the Sn-induced expansion of the Ge
lattice being taken into account. (¢) Sb50GeS0, (d) and (e) Sn80Ge10Sb10, (f) Sn33Ge33Sb33, and
(g) - (i) Sn50Ge25Sbh25. The dark field image (h) was taken using a portion of the (200) and (101) Sn
rings. (i) HRTEM micrograph showing a Sn nanocrystallite (arrowed) embedded in an amorphous
matrix. The corresponding FFT is shown in the insert.

The trend of larger amounts of the amorphous phase with greater GeSb content can be

better understood by analyzing the glass forming ability of (GFA) of all 3 binary alloys i.e.,
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GeSb, SnGe and SnSb. From previous studies of co-sputtered films of GeSb, * SnGe, ** and
SnSb, * it is found that both GeSb and SnSb films deposited over a wide range of compositions
possess an amorphous microstructure, while SnGe does not exhibit an amorphous phase at any of
the studied compositions (also confirmed in our data). Moreover, the GFA of GeSb >* and SnSb
> alloys are found to highest when both components are in roughly equal proportion (i.e. ~50
at.% Sb). As such, we would expect to have the highest fraction of amorphous phase when both
the Sn/Sb and Ge/Sb ratios are close to 1. For the films considered in this study the Ge/Sb ratio is
always fixed at 1, while the Sn/Sb ratio approaches 1 as the GeSb content is increased relative to
Sn. Specifically the condition of both Sn/Sb and Ge/Sb ratios being equal to 1 is satisfied at
Sn33Ge33Sb33, which is found to consist completely of amorphous phase. However, it must be
noted that this analysis is only a qualitative guide to understanding the trends that we observe, to
more fully understand this phenomenon it is necessary to characterize the GFA properties of the

ternary Sn-Ge-Sb via calorimetric or diffraction heating experiments.

The sodiation behavior of the elemental films is shown in Figure 3.6. Pure Sn was tested
at 85 mAg"', Ge was tested at 110 mAg™, while Sb was tested at 120 mAg™. For pure Sn the
reversible capacity drops to 38 mAh g'1 only after 10 cycles - far below its theoretical value. This
agrees with previous studies on sodiation of pure Sn, where the materials degrade very rapidly

- . 30,31,34,56
during cycling.”™ "™

During the first sodiation process, there are four sloping plateaus at
roughly 0.45, 0.18, 0.08, and 0.03 V, although the only equilibrium phase that is observed to
form electrochemically is Na;sSns. Upon charging, the plateaus are at approximately 0.15, 0.28
and 0.55 and 0.63 V. The plateaus become less distinct with cycling. The reversible capacity of

Ge is 349 mAhg™, being close to a 1:1 ratio of Na/Ge (369 mAhg™) and agreeing with a previous

report.** The voltage profile of Ge presents an initial sharply sloping plateau during the first and
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subsequent sodiation cycles from ~ 1V down to 0.1 - 0.15 V, followed by a flat plateau at 0.1 -
0.15 that remains until discharge. There is a large hysteresis in the charge/discharge behavior,
with the flat desodiation plateau being at 0.6 V. The reversible capacity of Sb is 650 mAhg™,
which is close to the 660 mAhg™ theoretical. In the pure Sb films, the voltage profiles show 2
sloping plateaus during sodiation, centered around 0.75 and 0.55 V. Only 2 stable intermetallics,
NaSb and Na3Sb, are known in the Na-Sb system.”’ Intermediate phases may be possible, as the
voltage profile is not sharp enough to conform or negate their presence. During desodiation two
plateaus are observed at around 0.78 and 0.85 V. The voltage profiles along with the TEM
analysis of the post-cycled microstructure indicate that the desodiated Sb film is still crystalline
after 10 cycles. Both elemental Ge and elemental Sb degrade during cycling, though not at a rate
as fast as Sn. The sodiation voltage profiles of the individual elements are generally in agreement

. . 8,39,48-49
with previous reports.”
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Figure 3.6: Constant current (CC) voltage profiles of elemental films.



Figure 3.7 shows the TEM analysis of the cycled elemental Sn, elemental Ge, and
elemental Sb electrodes. All sodiated samples are characterized after the first Na insertion, while
desodiated samples are characterized after 5 full cycles. Figures 3.7(a) — (¢) show sodiated pure
Sn, (d) — (f) show desodiated Sn, (g) — (i) sodiated Ge, (j) — (k) desodiated Ge, (1) — (n) sodiated
pure Sb, and (0) — (q) desodiated Sb. The dark field image in (c) is taken using a portion of (022)
and (013) Na;sSny diffraction rings. The dark field image in (f) is taken from the g = (200)s,
diffraction spot. The formation of the Na;sSns terminal phase is confirmed by TEM
characterization of the Sn electrode discharged to 0.01 V. Desodiation leads to the formation of
crystalline Sn. This is consistent with previous in-situ observations. ***’ These findings are
confirmed by XRD analysis, as presented in Figure 3.8. For as synthesized specimen, the (111),
(110) and (211) peaks are respectively located at 20 = 23.77, 28.77, 40.13°. For the desodiated
one, these are located at 20 = 23.83, 28.89, 40.39°, indicating that the crystalline structure is
restored without any noticeable changes in the lattice parameter. TEM analysis indicates that the
Ge electrode sodiated to 0.01V is partially nanocrystalline, though the exact phase could not be

identified. Similar to the recent reports on Ge thin films,***

it seems that the sodiation process of
Ge reaches a metastable phase which is not on the equilibrium Na-Ge phase diagram. The

desodiated Ge sample is diffraction amorphous.
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Figure 3.7: TEM micrographs of cycled elemental Sn, elemental Ge, and elemental Sb electrodes.
All sodiated samples are characterized after first Na insertion, while desodiated samples are
characterized after 5 full cycles. (a)-(c) Sodiated pure Sn, (d)-(f) desodiated Sn; (g)-(i) sodiated Ge;
(j)-(k) desodiated Ge. Dark field image in (c) is taken using a portion of (022) and (013) Na;sSn,
diffraction rings. Dark field image in (f) is taken from g = (200)s, diffraction spot. The dark field in
(i) is taken using the region near the marked spot.
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Figure 3.7, cont.: TEM micrographs of cycled elemental Sn, elemental Ge, and elemental Sb
electrodes. All sodiated samples are characterized after first Na insertion, while desodiated samples
are characterized after 5 full cycles. (I)-(n) Sodiated pure Sb; (0)-(q) Desodiated Sb. Dark field
images in (n) and (q) are taken using a portion of the (110)Sb rings pattern.

90



Intensity (a. u.)

W Sn  +NaySn,

& Sb ®Na,Sb
# Na,Ge

(a)

w Sn (b)
® Ge(Sn)
: Standard Ge
— > 20=27.3¢
S | wt bl T Sn50Ge25Sb25
. DAL AR a il U o (LR A L o Lo dak
m . . : | ‘ I‘_. aahlaL. 1. ..
> T \
= I
(7] 1
& Sb50Ge50
)
: T
= =
e
1
]
I Sn50Ge50
20 30 40 50 60 70
2 Theta (deg.)

Figure 3.8: (a): Indexed XRD patterns of sodiated and desodiated elemental thin films. (b): XRD
patterns of desodiated binary Sn50Ge50 and Sb50Ge50 and ternary SnS0Ge25Sb25 alloys.
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Figure 3.9 shows the voltage versus capacity behavior for the binary and the ternary
alloys, which were tested at 85 mAg™. The constant current (CC) voltage profile of Sn50Ge50,
shown in Figure 3.9(a), reveals three sloping sodiation plateaus near approximately 0.28, 0.19,
and 0.03 V. The system displays two sloping desodiation plateaus near 0.16 and 0.6 V. The
voltage profiles, particularly for desodiation, are nearly identical for cycle 1-10 indicating a
stable microstructure. For the second to tenth cycle, coulombic efficiency (CE) is nearly 100 %,
with a reversible capacity of 713 mAhg™. This is substantially more than what is expected based
on a weighted average (the alloy is Sn-38%Ge by weight) of theoretical capacities of the
elemental films (665 mAhg™). The voltage profiles of Sb50Ge50 are shown in Figure 3.9(b). The
reversible capacity is 551 mAhg™, which is close to a rule of mixtures prediction (the alloy is Sb-
37%Ge by weight) based on either the experimental or the theoretical values for Sb and Ge. The
stable cycling voltage behavior of this alloy demonstrates a single broad monotonically
decreasing slope between 0.8 and 0.2 V upon discharge, and between 0.6 to 1.2 V upon charge.
The absence of sharply defined plateaus indicates that there are no two-phase regions with each
phase being energetically distinct. Rather there is a continuing variation in occupational site
energies, as would be expected for a solid solution with a continuously varying Na content or

with nanocrystals where a second phase is difficult to nucleate due to size effects.
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Figure 3.9: Constant current voltage profiles of binary and ternary alloys. All systems were tested
at 85 mAg™.
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Figure 3.10: (a) - (c) Stable cycled microstructures (10 cycles). Desodiated Sn50GeS0, bright field
image, indexed SAD pattern and dark field image taken using a portion of the Sn (200) (101) and
Ge (111) ring patterns. In (b) the Sn-induced expansion of the Ge lattice parameter has been taken
into account. (d) - (f) Desodiated Sb50Ge50. The dark field image in (d) was taken using a portion
of the Ge (111) ring.

The constant current voltage profiles for the Sn-Ge-Sb alloys are presented in Figures
3.9(c)-(f). At least three voltage plateaus, each with a distinct flat or a sloping profile, are
observed both upon charge and upon discharge in every alloy. Qualitatively the voltage-capacity
profiles of the ternary systems are more similar to that of Sn-Ge than to Sb-Ge. Moreover the
position and the slope of the plateaus evolve with alloy composition. The measured reversibly
capacities of Sn80Gel0Sb10, Sn60Ge20Sb20, Sn50Ge25Sb25, and Sn33Ge33Sb33 are 728,
829, 833 and 669 mAhg’, respectively. This is an intriguing finding since the values

for Sn60Ge20Sb20 and Sn50Ge25Sb25 are considerably above the weighted average
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combination of the elemental capacities. For instance one can assume the known theoretical
capacity of Sn (847 mAhg") and of Sb (660 mAhg™), and a 1:1 Na/Ge ratio (369 mAhg™). In
that case alloys Sn80GelOSb10 (Sn-6wt%Ge-10Sb), Sn60Ge20Sb20 (Sn-13wt%Ge-22Sb),
Sn50Ge25Sb25 (Sn-17wt%Ge-28Sb) and Sn33Ge33Sb33  (Sn-23wt%Ge-39Sb) should be 800,

743, 714 and 664 mAhg™, respectively.

As the TEM micrographs in Figure 3.10(a) - (¢) demonstrate, the cycled microstructure
of Sn50Ge50 contains both Sn and Ge nanocrystallites. The dark field image in Figure 3.10(c)
highlights the nanocrystalline nature of the cycled material. The Ge nanocrystals still contain
solutionized Sn, with the Ge diffraction rings being closer than the equilibrium spacing (Sn
would expand the Ge lattice). From the (111) reflection, the lattice constant is estimated as
approximately 5.92 A, which is 4.77% larger than elemental Ge (5.65 A). From measurements of
the nearest-neighbor distance in Ge-20at%Sn films, 2.7 A, *® it can be inferred that Sn strongly
expands the Ge lattice and that the amount of dissolved Sn in the Ge phase is at maximum 10
at.% or less. Figure 3.8 shows the XRD patterns of desodiated binary Sn-Ge and Sb-Ge and
ternary Sn50Ge25Sb25 alloys. It is confirmed that Ge contains Sn in substitutional solid
solution, with a comparable contraction in the 26 values of the (111) Ge XRD Bragg peaks. As is
marked in the figure, the equilibrium position of the Ge (111) reflection (the film is highly
textured) should be at 20 = 27.30°, whereas it is located at 26 = 26.04°, corresponding to a 4.8 %
shift in the lattice parameter. The broad background intensity in the TEM SAD indicates that
there is also substantial presence of an amorphous phase. This is reasonable as the initially fully
amorphous alloy is expected to decompose relatively slowly at room temperature, especially
concomitantly with the insertion/extraction of Na ions. As Figures 3.10(d) - (f) demonstrate the

desodiated Sb50Ge50 microstructure consists of a dense distribution of Ge nanocrystallites
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embedded in an amorphous matrix. For the case of Sb-Ge, the Ge crystallites, they have a lattice
parameter at the equilibrium value, demonstrating negligible solutionizing of Sb. This is the key
difference between the Sn-Ge and Sb-Ge, where in the latter case the Sb atoms are unable to
remain in Ge substitutional solid solution during cycling, which leads us to conclude that that

observed Ge lattice expansion in the Sn-Ge-Sb alloy is likewise due to the effect of Sn.

Figures 3.11(a) presents the SAD pattern of a steady-state microstructure of the
desodiated Sn50Ge25Sb25 alloy after 10 cycles. Although the sample was X-ray amorphous
(Figure 3.8(b)), it was possible to resolve the crystallites in the electron diffraction patterns. The
desodiated Sn50Ge25Sb25 is a multi-phase nanocomposite. According to the indexed SAD
pattern shown in Figure 3.11(a), nanocrystalline Sn is present in the material as evidenced by the
(200), (101), and (220)/(211) Sn rings. Well-identifiable ring patterns ascribed to (111), (220)
and (311) Ge are present in the SAD as well, giving proof to the presence of nanocrystalline Ge.
However from a comparison of the experimental SAD pattern with a simulation, there is no
evidence for crystalline Sb. Figure 3.11(b) — (c) display HRTEM images of this alloy in the
desodiated state after 10 cycles. The Sn and Ge nanocrystallites are densely dispersed in an
amorphous matrix. As confirmed by EDX spectroscopy, shown in Figure 3.12, the amorphous
matrix is a ternary alloy composed of Sn, Ge, and Sb elements. The amorphous matrix may act
as a mechanically buffering phase, allowing for repeated expansion/contraction with reduced
levels of localized fracture.

While such effects have been achieved through intelligent design by careful chemical
synthesis,””®* here it may occur in situ through a natural microstructural evolution. Figure 3.11d
shows this alloy in the sodiated state, highlighting the nonspherical morphology of Na;sSn4

intermetallics. Figures 3.11e and f show HRTEM analysis of the post 10 cycles sodiated
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Sn80Ge10Sb10. The material contains coarser and largely spherical Nal5Sn4 particles, two
representative crystallites being shown by arrows. There is no evidence of a separate Ge phase
either from the HRTEM images or from the indexed SADs of the post-cycled material (not

shown). However an amorphous matrix was also observed in this specimen.
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Figure 3.11: (a) - (c) Desodiated Sn-25Ge-25Sb. HRTEM analysis in (b) and (c) highlights the ~ 5
nm diameter Sn and Ge nanocrystallites dispersed within an amorphous matrix. Figure 4(d) shows
this alloy in the sodiated state, highlighting the non-spherical morphology of Na,;sSn, intermetallics.
(e) - (P) Sodiated Sn-10Ge-10Sb, which contains coarser and more spherical Na;sSn, particles and
no evidence of a separate Ge phase.

97



Figure 3.12: (a) - (b) TEM EDX line scans overlaid on HAADF images of desodiated SnS0Ge25Sb25
alloy electrode after 2 cycles, showing Sn;, Ge;, and Sby signal variation along the yellow line.

Revisiting the extraordinary results shown in Figure 3.9 - we may begin to understand the
origin of the excess capacity beyond the theoretical rule of mixtures by first considering which
alloys demonstrate it and which do not. The phenomenon is observed in Sn50Ge50 and in
ternary Sn-Ge-Sb alloys of richer Ge content. It is neither observed in Sb50Ge50 nor in
Sn80Gel10Sb10. It is unlikely that the extra capacity comes from the Sn nanocrystallites since
they form the standard terminal Na,sSny intermetallics in all the sodiated samples. An amorphous
structure per se would not produce such a capacity enhancement either: Sb50Ge50 and
Sn80Ge10Sb10 also contain a large volume fraction of an amorphous phase, and yet show no
excess capacity beyond the rule of mixtures prediction. We demonstrated that in Sn50Ge50 and
in Sn50Ge25Sb25, the Ge nanocrystals contain solutionized Sn throughout cycling, with the
lattice parameter of Ge being expanded far beyond the equilibrium. Conversely, in cycled
Sn80Gel10Sb10 the Ge nanocrystals are absent, while in cycled Sb50Ge50 the Ge crystallites

have a lattice parameter near the equilibrium value.
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We therefore propose that the measured remarkable capacity enhancement in Sn50Ge50
and in the alloy-rich ternaries is due to the ability of Ge nanocrystallites alloyed with Sn to
sodiate beyond the 1:1 Ge:Na (369 mAhg™) ratio previously reported for pure Ge electrodes.
While a size-dependence of phase transitions is experimentally well-established for numerous

other materials, 65-68

the lack of capacity enhancement in Sb50Ge50, or in the nanocolumnar pure
Ge electrode employed in the previous study, ** suggests that size alone will not drive Ge:Na far
beyond 1:1. The equilibrium Ge-Na phase diagram contains an essentially pure Ge phase, a
GesNa intermetallic line compound, a GeNa intermatallic line compound, and a GeNaj
intermatallic line compound whose crystal structure is not known. *° The last phase, which
should thermodynamically exist after full discharge, corresponds to a capacity of 1107 mAhg™.
The fact that the capacity of pure Ge never approaches this value may be a kinetic limitation,
normally associated with slow diffusion and/or insurmountable nucleation barriers during room

temperature solid-state phase transformations. *

The cycling charge-discharge curves for the ternary alloys show well-defined voltage
plateaus that have to be attributed to energetically distinct two-phase regions. However it is
unlikely that the individual ~ 10 nm nanocrystallites are able to accommodate a phase boundary
per se. Thus the two-phase voltage plateau may correspond to a crystallographic dependence of
the individual crystallites fully transforming to their sodiated structure. In other words, at a given
time the particles with the favorable surface crystal faces/directions will be fully sodiated, while
the rest will be unsodiated. A nanocrystalline Ge precipitate with Sn in substitutional solid
solution may allow for facile nucleation of one or several Na,Ge, phases that are inaccessible in
the pure state, even if is not possible to fully reach the 1:3 stoichiometry. Moreover the

surrounding amorphous matrix may provide a fast ion diffusion path during
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sodiation/desodiation, markedly accelerating the kinetics and thus allowing the system to
adsorb/release more sodium for a given charge cycle. Such a dependence of the total reversible
capacity on rate kinetics is known for hydrogen storage materials, where the same hydride but

with an improved catalyst will actually store more hydrogen per sorption cycle. '*7

The absolute value of the reversible capacity of all the materials examined, as a function
of cycle number, is shown in Figure 3.13(a). The capacity retention as a fraction of the initial
value is shown in Figure 3.14(a), while the associated coulombic efficiencies are shown in
Figure 3.14(b). Elemental Sn, Sb and Ge, along with the initially crystalline Sn80Gel0Sb10
alloy degrade by far the fastest. Conversely, the more alloyed systems Sn60Ge20Sb20,
Sn50Ge25Sb25 and Sn33Ge33Sb33 all cycle fairly well. Table 3.3 shows the coulombic
efficiency for all alloy electrodes after 1% and 50" cycles at 85 mAg”. For the case of
Sn50Ge25Sb25 the coulombic efficiency remains close to 100 % during cycles 1-30, listed in
Table 3.4, but begins to decrease afterward, approaching 90% at cycle 50. Such CE values are on
par with values reported by others for Sn and Sb elemental and alloy thin films and for Ge
films.****** The cycling behavior of the Sn60Ge20Sb20 and Sn50Ge25Sb25 is analogous, with
both alloys demonstrating similar initial and cycle 50 capacity. Likewise, the Sn33Ge33Sb33

alloy is stable, but has an overall lower specific capacity.
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Figure 3.13: (a) Specific capacity vs.cycle number for all materials. Alloys were tested at same rates
as data in Figure 3.8 and Figures 3.6. (b) — (c) Rate capability of binary and ternary alloys.
Electrodes in (b) received 50 charge/discharge cycles (data shown in previous panel) prior to the
sequential rate testing displayed, while electrodes in (¢) were activated for only several cycles and
then immediately ramped to 850 mAg™. (d) Specific capacity and coulombic efficiency vs. cycle
number for Sn50Ge25Sb25 electrode cycled at 425 mAg™” (~0.5C).

Table 3.3: Coulombic efficiency (CE) of all alloy thin films after 1 and 50™ cycles at 85 mAg™.

Sample Initial coulombic efficiency Coulombic efficiency at 50th cycle
Sn50GeS0 0.6697 0.7722
Sb50Ge50 0.7698 0.7982
Sn33Ge33Sb33 0.6757 0.7612
Sn50Ge25Sb25 0.8369 0.9021
Sn60Ge20Sb20 0.7890 0.8323
Sn80Ge10Sb10 0.7000 -

101



Table 3.4: Coulombic efficiency of SnS0Ge25Sb25 thin film electrode for the first 30 cycles at 85
mAg’.

Cycle number Coulombic efficiency
1 0.8369
2 0.9996
3 0.9988
4 0.9984
5 0.9989
6 0.9984
7 0.9979
8 0.9978
9 0.9987
10 0.9987
11 0.9977
12 0.9983
13 0.9977
14 0.9988
15 0.9979
16 0.9983
17 0.9985
18 0.9981
19 0.9989
20 0.9988
21 0.9979
22 0.9988
23 0.9988
24 0.9987
25 0.9981
26 0.9985
27 0.9988
28 0.9969
29 0.9961
30 0.9934

Electrode failure may be related to several mechanisms. Failure of sodiated Ge electrodes
is not well-document in literature. However for the elemental systems such as Sn and Sb a
common source of failure is the occurrence of repeated crystallization events. This leads to an
anisotropic stress at two-phase boundaries, especially at the substrate/electrode interface. Of Ge,

Sn and Sb elements, Sn is more likely to undergo such transitions. In addition, Sn has the largest
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volume expansion, with ~ 425 % upon complete sodiation to Na158n4.37 The related stresses
would drive the delamination of the electrode from the support for a variety of current collector

geometries.

Another contributor to loss of electrical contact is a potential chemical segregation
induced weakening of the electrode - current collector interface. Authors recently reported
calculations demonstrating that sodiation of pure Sn phases leads to elastic softening
corresponding to a 75 % deterioration of the elastic moduli. * Moreover, for the case of lithium
ion battery anodes, failure of similar "film-on-support" type architectures (Si on Cu) has been
both experimentally and theoretically proven to be critically related to a weakening of the mutual
interface, in turn due to Li segregation and a change in bonding. " The results shown in Figure
3.15 are the first direct experimental confirmation of this phenomenon in regard to sodiated
(rather than lithiated) systems. Figure 3.15(a) shows a TOF-SIMS depth profile of Na and Fe
concentration through the thickness of sodiated Sn50Ge25Sb25 alloy film on stainless steel
substrate after the 2nd sodiation cycle. Clear Na segregation to the film - steel current collector
interface is observed. The HAADF image and thickness-corrected EELS elemental line scan of
Na in Sn50Ge25Sb25 after 2nd sodiation again clearly confirms these segregation phenomena
(Figure 3.15(b)). Figure 3.15 also shows FIB cross-section SEM images of (c) pure Sn and (d)
Sn50Ge25Sb25 alloy electrodes after 50 cycles. Both films show some delamination from the
current collector, but with the case for pure Sn being substantially more severe. In fact according
to the FIB image shown almost the entire pure Sn film is lifted off the current collector, with

only the rightmost section in the image making electrical contact.
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Figure 3.14: (a) Capacity retention as a fraction of the initial value and (b) coulombic efficiency as a
function of cycle number for all materials. Figure 3.14 (c¢) and (d) coulombic efficiency associated
with the rate capability results presented in Figure 3.13.
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Figure 3.15: (a) TOF-SIMS depth profile of Na and Fe concentration through the thickness of
sodiated Sn50Ge25Sb25 alloy film on stainless steel substrate after the 2" sodiation. (b) HAADF
image and thickness-corrected EELS elemental line scan of Na in Sn50Ge25Sb25 after 2™
sodiation. (c¢) and (d) FIB cross-section SEM images of (¢) pure Sn and (d) Sn50Ge25Sb25 alloy
electrodes after 50 cycles.

Upon sodiation the ternary alloys all undergo an expansion of roughly 300 — 400 %,
depending on their total capacity. The alloys have the following approximate characteristics:
Sn33Sb33Ge33: 103.3 g mol' atoms, max reversible capacity 669 mAhg”, 2.6 Na atom™;
Sn50Sb25Ge25: 108.0 g mol” atoms, max reversible capacity 833 mAhg”, 3.4 Na atom™;
Sn60Sb20Ge20: 110.1 g mol” atoms, max reversible capacity 829 mAhg”, 3.4 Na atom™;

Sn80Sb10Ge10: 114.4 g mol™ atoms, max reversible capacity 728 mAhg™, 3.1 Na atom™. From
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a calculation based on the molar volume of each alloy and the molar volume of Na (23.78
cm’mol™) the following expansion values are obtained: Sn33Sb33Ge33 - 280%; Sn50Sb25Ge25
- 380%; Sn60Sb20Ge20 - 380%; Sn80Sb10Gel0 - 340%. Thus, it can be concluded that the
alloys with the highest capacity also undergo the largest expansion upon sodiation and that the
cycling lifetime does not depends on minimizing the volume changes. This leads us to
hypothesize that the heavily alloyed systems actually suffer less from Na-induced interfacial-
softening tendency despite the fact that Na segregation still occurs. Classic metallurgical alloy
design would rather attribute substitutional solid solution strengthening, an increased resistance
to crystallization and a multiphase nanocomposite microstructure that gives both strength and

ductility, leading to the observed increased resistance to interfacial delamination.

One successful way to improve the cycling stability of materials with exceptionally large

sodiation/lithiation expansion is to form nanocomposites with lower-expansion materials such

38,75 61-79 (. 37
’ Cu,

amorphous carbon, empty space, or nano-scale films of Al and atomic-scale films
of TiO, and TiN. ***? These either buffer the massive volume changes (carbon, empty space), or
mechanically scaffold (Cu, Al, TiO,, TiN) the primary active material, thus preventing its
disintegration. For the case of the cyclically stable ternary Sn-Ge-Sb alloys, the amorphous
matrix may accomplish a similar goal, surrounding the highly Na-active Sn-alloyed Ge and

unalloyed Sn nanocrystallites, and mechanically preventing their loss of electrical contact with

the current collector.

The electrolyte solvents used in studies of NIB anodes are generally the same as for LIB
and in our case consisted of a mixture of EC and DEC. The operating potential of a NIB anode is

slightly more positive than for LIB but still well below the onset potential of electrolyte
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reduction for this type of cyclic carbonate compounds forming a so called solid electrolyte
interphase (SEI) which is very similar for Na or Li electrolyte salts. '’ Since reduction of the
solvent molecules to Na,CO;, Na alkyl carbonates and Na alkoxides consumes electrons
irreversibly, this will reduce the coulombic efficiency. Indeed, the first cycle CE that we found
was generally around 60-70%. Formation of an SEI layer will also increase the charge transfer
resistance and thereby increase the overpotential ***° and reduce the capacity that can be
extracted at a given current density. For materials that exhibit high expansion upon cycling, the
SEI will fracture and expose fresh material to the electrolyte leading to build-up of an ever
thicker surface layer. SEI accumulation in cracks or voids can lead to detachment of active
material from the rest of the active mass and/or delamination from a substrate. *">* For thin
films this problem is somewhat alleviated as expansion is confined to the direction perpendicular
to the substrate. Indeed, we found CE close to 100% for Sn50Sb25Ge25 in cycle 2-30. However,
expansion is so severe for NIB alloying anodes, up to a factor 5.2 for pure Sn and comparable
expansion ratios were estimated based on our measured capacities, that beyond cycle 30 the CE

and reversible capacity start to drop.

Modifications to the electrolyte have been highly successful in extending the lifetime of
some high-expansion electrode materials. It has been shown that Si nanowires can be cycled
thousands of times without significant degradation in electrolyte solvents that are highly resistant
to reduction such as 1,3 dioxolane, despite 280% volume expansion. *” Alternatively, addition of
fluoro ethylene carbonate to conventional electrolyte mixtures has also been found to increase

404185 and modify the SEI layer. **° Compared to standard carbonate

electrode lifetime
mixtures, SEI formed from FEC is found to be very thin and contain large amounts of a polyene

compound * that can passivate the electrode surface. High polymeric content would make the
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SEI more elastic compared to one composed entirely of Li salts and less prone to fracture. This is
especially important for materials that expand by extremely large amounts such as Sn and Sn-
based alloys that we studied here. We would expect that the CE and cycling performance of our

materials could be much improved by electrolyte modification.

Binary and ternary alloy electrodes were subjected to rate-capability tests with the results
being shown in Figures 3.13(b) and 3.13(c). Capacity retention as a fraction of the measured
capacities is plotted in Figure 3.14(a). Samples in Figures 3.13(b) received 50 charge/discharge
cycles (shown in Figure 3.13(a)) prior to the rate testing, while alloys in 3.13(c) were activated at
85 mAg™ for only several cycles and then rate tested. The degradation incurred in cycles 1-50
explains the capacity discrepancy at 850 mAg'1 between the two plots. Both Sn50Ge25Sb25 and
Sn60Ge20Sb20 show excellent rate capability, with capacities of 381 mAhg™ and 313 mAhg
being retained at a charge/discharge rate near 10C. As shown in Figure 3.13(d), Sn50Ge25Sb25
electrode revealed an initial reversible specific capacity of 653 mAhg™ and 491 mAhg™ after 50
charge - discharge cycles at 425 mAg™, indicting excellent cycling performance of this alloy at a

relatively high cycling rate of ~0.5C.

The electrochemical impedance spectra (EIS) Nyquist plots of Sn50Ge25Sb25 alloy in
as-synthesized state and after 50 cycles at 85 mAg™ are shown in Figure 3.16. As indicated in
Figure 3.16(b), cycled Sn50Ge25Sb25 has a low equivalent series resistance but that is generally
on par with the elemental electrodes. This implies that the fast rate capability of the alloy is
attributable to the facile phase transformation kinetics, rather than to an enhanced electrical
conductivity of the material per se. It is instructive to compare the performance of the Sn-Ge-Sb

electrodes with the best systems reported in scientific literature. Table 3.5 compares our results
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with the state-of-the-art in previously published research on Sn-based NIB anode materials. It
can be concluded that Sn50Ge25Sb25 and Sn60Ge20Sb20 electrodes exhibit one of the most

promising capacity - rate capability combinations, with performance at 10C being especially

desirable.
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Figure 3.16: Impedance spectra of elemental and alloy Sn50Ge25Sb2S5 thin film electrodes in (a) as-
made state and (b) cycled state after S0 cycles. Impedance spectra of Sn50Ge25Sb2S5 in (¢) as-made
state and (d) cycled state with corresponding simulation based on the equivalent circuit shown in
insets.
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Table 3.5: Comparison of our best-performing materials with previously published Sn-, Sb-, and
Ge-based NIB anodes, as well as some carbon nanostructures, in terms of capacity and rate

capability.
Electrodes Cycling Capacity mAhg™ Rate Capability mAhg™
(current density) (current density)
1™ 10 50"
Sn50Ge25Sh25 833 821 662 658 381
Sn60Ge20Sb20 829 826 625 675 313
(85 mAg™) (85 mAg™) (85 mAg™) (850 mAg”) (8500 mAg™)
(55 mdem?) (55 mAem?) (55mAcm?) (550 mAcm™) (5500 mAcm)
(0.1C) (0.1C) 0.1C) (10) (10C)
Sn/C Nanocomposite” 470 270 N/A N/A N/A
(50 mAg™) (50 mAg™)
Sn-Cu Nanocomposite®’ ~250 ~420 ~460 182 126
(169 mAg")  (169mAg") (169 mAg") (847 mAg") (1694 mAg™)
Sn-SnS-C Composite® ~430 ~425 ~450 ~350 N/A
(100 mAg") (100 mAg") (100 mAg') (800 mAg™)
Sn-C Composite®® ~240 ~280 ~220 ~150 N/A
(100 mAg") (100 mAg™") (100 mAg") (800 mAg")
Nanocolumnar Germanium ~480 ~470 ~460 380 170
Thin Films*
(74 mAg™) (74 mAgh (74 mAg™) (370 mAg") (10000 mAg™)
Sb/C Fibers"' ~450 ~400 ~420 ~300 ~100
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(100 mAg")  (100mAg") (100mAg")  (1000mAg") (6000 mAg™)

Tin-Coated Viral ~770 ~580 ~470 N/A N/A

Nanoforests>®
(50 mAg™) (50mAg") (50 mAg™")

Sn Nanoparticles with Al,O; ~ 620 ~ 680 N/A N/A N/A
Nanoglue *'

(N/A) (N/A)
Sn-film electrode in NaFSA ~330 ~300 N/A N/A N/A
KFSAY

(0.6 mAcm™@)  (0.6mAcm™)

Mesoporous C/Sn Composite > ~300 ~250 N/A ~70 ~60
(20 mAg™) (20 mAg™) (800 mAg™") (1000 mAg™)
Sn @ Wood Fibers®! ~350 ~220 ~250 ~75 N/A

(84 mAg™) (84mAg") (84 mAg") (840 mAg™)
SnSb/C Nanocomposite* ~570 ~520 435 ~280 N/A
(100 mAg") (100 mAg") (100 mAg") (1000 mAg™")
Hollow Carbon Nanowires' 251 ~250 ~240 149 N/A
(50 mAg™h) (50 mAg) (50 mAg™) (500 mAg™)
Carbon Nanofibers'® ~200 ~180 175 ~80 ~60
(200 mAg")  (200mAg") (200mAg') (500 mAg') (2000 mAg™)
Sb-C Nanocomposite™ ~610 ~600 ~600 ~500 ~300

(100 mAg")  (100mAg") (100mAg") (1000 mAg") (2000 mAg™)
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Cu,Sb Thin Films* ~280 ~270 ~50 ~230 N/A

(100 pAcm™?) (100 pAcm™?) (100 pAcm?) (100 pAcm™?)

AISb Thin Films* ~490 ~350 ~250 ~100 N/A
(40 pAcm?) (40 pAcm?) (40 pAcm?) (40 pAcm?)
Mo;Sb, thin Films*® ~330 ~340 ~300 ~300 ~110

(0.6 mAcm?) (0.6 mAcm?) (0.6 mAcm?) (0.6 mAcm?) (18 mAcm?)

Sb/MWCNT Nanocomposite*’  ~ 500 ~500 ~450 ~350 ~250

(100 mAg")  (100mAg™") (100 mAg") (1000 mAg™") (2000 mAg™)

SnO,@MWCNT ~500 ~450) ~380 ~310 N/A
Nanocomposite 2
(N/A) (N/A) (N/A) (N/A)
0.10) (0.1C) (0.1C) 0.5C)
Sb,0, Thin Films ** ~980 ~500 N/A N/A N/A
(N/A) (N/A)
0.10) (0.1C)
Sny3Co03Co4 Nanocomposite®®  ~400 ~200 N/A N/A N/A
(N/A) (N/A)
(0.04C) (0.04C)
Porous Sb/Cu,Sb anode* ~617 ~600 ~550 ~470 ~280
(N/A) (N/A) (N/A) (N/A) (N/A)
(0.1C) (0.1C) (016 16 6
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Sn0,~RGO Nanocomposite ** 407 ~500 ~400 ~200 ~120

(100mAg') (100 mAg") (100mAg") (500 mAg™) (1000 mAg")

CugSns % 160 75 N/A N/A N/A

(7.9 mAcm?®)  (7.9mAcm™)

% 135 120 117 N/A N/A
Sny5Cusz,Cyy
0.1C) (0.1C) (0.1C) N/A N/A
350 330 160 465 337
Sn3oCuyeCs ™
(0.1C) (0.1C) (0.1C) (600 mAg") (3000 mAg")
495 ~500 ~500 N/A N/A

Sb-C nanofibers *°
(00 mAg')  (200mAg") (200 mAg™)

ALD-AlL,O4 coated Sn
625 650 N/A N/A N/A

. 9
nanoparticles *°

(N/A) (N/A)

Finally it is important to point out that while physical vapor co-deposition (co-sputtering)
of alloy films represents a repeatable and compositionally accurate method for rapidly screening
new materials, the microstructures discovered in this study are attainable through more "bulk"
methods as well. High-energy mechanical alloying and rapid solidification are two well-known
techniques for achieving a range of non-equilibrium microstructures that are in-practice stable
during service. Co-milling is especially effective for the relatively soft metallic systems, such as
those based on Sn or Sb, that undergo significant cold-welding and interdiffusion rather than

pulverizing. For instance, metastable Ge-12at.% Sn °’ and 34at.% Ge °° substitutional solid
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solutions have already been synthesized by high-energy mechanical milling, though the authors
did not employ the resultant structures for electrochemical purposes. Rapid solidification (melt

spinning) has also been recently employed to produce metastable SnTe-Se thermoelectric alloys,

% as well as Sn-Ge lithium ion battery anodes with exceptional charge storage capacities and

cycling stability. 190 Neither co-milling nor rapid solidification methods suffer from practical
engineering concerns of limited mass loadings or the need for planar geometries, and are
therefore readily scalable to the desired battery application. In order to limit phase segregation in
larger structures, a fourth element possessing a strong affinity for Sn, Sb and Ge may also be
added. This was successfully achieved through the addition of S or Se into the non-equilibrium

microstructures of Sn-Co-C nanocomposites, which were then sufficiently stable in bulk form as

to be utilized for cycleable sodium ion battery anodes. **
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4. Conclusions

In this thesis the electrochemical performance of germanium nanowires (GeNWs) as
anode for lithium-ion batteries (LIBs) and tin-germanium-antimony (Sn-Ge-Sb) thin films as

anode for sodium-ion batteries (NIBs) have been investigated.

In order to find the optimum geometry and mass loading of GeNWs which offer the best
electrochemical performance, we investigated diverse germanium nanowire arrays, in chapter 2,
synthesized by VLS growth for 2, 5 and 10 minutes at 320°C or 360°C. We demonstrate a strong
empirical correlation between the mass loading and the electrodes' electrochemical performance,
which converged the 320°C and 360°C results into one relatively narrow band. There is a
degradation of cycling capacity retention, coulombic efficiency and rate capability with higher
mass loading and with coarser array geometry (mean nanowire diameter, mean thickness of the
parasitic Ge films at the current collector - array interface). The inferior cycling capacity
retention and CE is correlated with increasing levels of Li segregation to the current collector
interface, and to preferential SEI formation and macroscopic cracking in that region. The inferior
rate capability is likely caused by the longer Li diffusion distances associated with the larger
diameters of the nanowires, and with the thicker Ge films at the bottom of the arrays. Our
findings may serve as a useful design tool for fabricating high performance 1-D nanostructured

anodes for Li ion storage applications.

Our study in chapter 3 reports the electrochemical charge/discharge cycling behavior Sn-
Ge-Sb, Sn-Ge and Sb-Ge alloy thin films for the use as sodium ion battery anodes, testing pure

Sn, Ge and Sb films as well. The measured reversibly capacities of Sn80GelOSbl10,
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Sn60Ge20Sb20, Sn50Ge25Sb25, and Sn33Ge33Sb33 are 728, 829, 833 and 669 rnAhg'l. With
the exception of Sn80Ge10Sb10, these values are considerably above than the weighted average
combination of the elemental capacities, which should be 800, 743, 714 and 664 mAhg’l,
respectively. Of all the compositions investigated, Sn50Ge25Sb25 demonstrates the best overall
cycling performance, with 662 mAhg" of capacity remaining after 50 cycles. The alloy also
offers exquisite rate capability, delivering a stable cycling capacity of 658 and 381 mAhg™' at
850 and 8500 mAg™, respectively. We employ conventional TEM and HRTEM to investigate
the materials' cycling microstructures, the optimum system being a composite of 10-15 nm Sn
and Ge(Sn) crystals nanodispersed in an amorphous matrix. A hypothesis put fourth is that the
capacity enhancement is due to the unique ability of Ge nanocrystallites that are heavily alloyed
with Sn to sodiate beyond the 1:1 Ge:Na (369 mAhg™) ratio previously reported for pure Ge

electrodes.
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