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Abstract

Nowadays, rechargeable batteries play an ever more important role in our society as
an energy storage medium for a wide range of applications from tiny electronic
devices to grid-level energy storage. Among the different types of batteries, lithium-
ion batteries (LIBs) have achieved significant advances during the last three decades
and currently dominate the market. However, to meet the needs for emerging energy
storage scenarios, such as electrical vehicles, improvement of battery performance in
terms of energy density, cycling life, and safety is still required. In addition to LIBs,
sodium-ion batteries (SIBs) are of great interest due to the abundance and wide
geographical distribution of Na resources, especially for grid-scale battery
applications. SIBs lag, however, far behind LIBs in terms of research and
development and suffer from sluggish kinetics, poor cycling stability, and lower
energy density. The development of high-performance LIBs mainly relies on
improving the electrode materials. Therefore, studying the electrode materials for
LIBs and SIBs is essential. This thesis focuses on understanding and developing high
capacity alloying anode materials for the next-generation high-performance LIBs and
SIBs.

This thesis starts with an introduction to the motivation, working principles, and
evaluation criteria of LIBs and SIBs. We begin with the research background of high
capacity alloying anodes, including Sn, Sb, and Si based anodes. The three research
projects are described as follows.

In the first project, three series of ternary Sn—Bi—Sb alloy electrodes, as well as
elemental Sn, Bi, and Sb electrodes, were prepared by magnetron sputtering, and their

electrochemical performance as anodes for SIBs was examined. Alloying was used as



the method to modify the morphology and electrochemical charge/discharge behavior
in order to improve the cyclability of pure Sn and Sb electrodes. The prepared alloys
were found to outperform the pure elements in terms of cycling stability and rate
capability. The best performing alloy, composed of 80 at% Sb, 10 at% Sn, and 10 at%
Bi, shows negligible capacity degradation after 100 charge/discharge cycles. The
improved performance is ascribed to the increased resistance toward internal stresses
and modification of Sb chemical potential induced by the dissolution of Sn and Bi
atoms in the Sb lattice.

The second project was to investigate the sodiation—desodiaton mechanism of -
SnSb, which is a highly stable anode material for SIBs but is poorly understood with
respect to its reaction mechanism with Na. By combining in-situ TEM, ex-situ X-ray
diffraction, and electroanalytical methods, it was found that sodiation of -SnSb leads
to the formation of Na3;Sb and Na,;sSn4 in sequence and that upon desodiaton, B-SnSb
reforms. The amorphous-nanocrystalline microstructure during the sodiation—
desodiaton and the intrinsic mechanical toughness of the -SnSb account for the good
cycling stability of B-SnSb.

In the third project, the effect of the Ni adhesion layer and C/Ti0; surface coatings
on the formation of both the c-Lis 75Si phase and the solid electrolyte interphase (SEI)
in Si-based anodes was investigated. The adhesion layer and surface coatings were
found to suppress the formation of c-Lij; 7551, resulting in improved capacity
retentions and Coulombic efficiency. In addition, surface coatings were found to
influence the growth rate and composition of SEIL

The thesis concludes with a summary of each chapter and directions for future

studies.



Preface

This thesis is composed of five chapters. Chapter 1 introduces the background and
basic concepts for lithium-ion and sodium-ion batteries, with an emphasis on the Sn,
Sb, and Si based anodes. Chapter 2 investigates three series of ternary Sn—Bi—Sb
alloys as anodes for sodium-ion batteries. Chapter 3 presents a study of the sodiation—
desodiation mechanism of a promising anode, B-SnSb, for sodium-ion batteries.
Chapter 4 studies the effect of both an adhesion layer and a surface coating on the
suppression of the c-Lij; 7551 phase and the growth of the solid electrolyte interphase
in Si-based anodes, which is the most promising anode material for lithium-ion
batteries. Finally, Chapter 5 summarizes the research findings and provides several
research directions for future work.

The work described in Chapter 2 has been published as: “Xie, H.; Kalisvaart, W. P.;
Olsen, B. C.; Luber, E. J.; Mitlin, D.; Buriak, J. M. Sn—Bi—Sb Alloys as Anode
Materials for Sodium Ion Batteries. J. Mater. Chem. A 2017, 5 (20), 9661-9670.” 1
designed the initial experimental plan with Brian C. Olsen, and conducted all the
experiments, analyzed the results, and wrote the initial manuscript. Dr. Erik J. Luber
and Brian C. Olsen helped with data analysis, figure preparation, and manuscript
revision. Dr. W. Peter Kalisvaart helped with data analysis and manuscript writing.
Prof. David Mitlin reviewed and revised the manuscript. Prof. Jillian M. Buriak was
the supervisor and helped to prepare the manuscript.

Chapter 3 is based on the following publication: “Xie, H.; Tan, X.; Luber, E. J.;
Olsen, B. C.; Kalisvaart, W. P.; Jungjohann, K. L.; Mitlin, D.; Buriak, J. M. B-SnSb
for Sodium Ion Battery Anodes: Phase Transformations Responsible for Enhanced

Cycling Stability Revealed by In Situ TEM. ACS Energy Lett. 2018, 3 (7), 1670—
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1676”. Dr. Xuehai Tan and I designed the research plan, conducted the in-situ TEM
experiment, and wrote the first manuscript. I performed the ex-situ characterizations
and electrochemical tests and analyzed the data. Dr. Erik J. Luber assisted with the
sample preparation for the in-situ TEM experiment and manuscript writing, and Brian
C. Olsen helped with the figure and manuscript preparation. Dr. W. Peter Kalisvaart
contributed to the data analysis and manuscript revision. Dr. Katherine L. Jungjohann
from the Center for Integrated Nanotechnologies, Sandia National Laboratories
assisted with the in-situ TEM experiments. Prof. David Mitlin wrote the proposal for
the in-situ TEM experiments to help us get the beam time and contributed to the
manuscript writing. Prof. Jillian M. Buriak coordinated the collaborations and
assisted in writing the manuscript.

The work in Chapter 4 also has been written as a manuscript. I proposed the initial
ideas, performed the experiments, analyzed the data, and wrote the manuscript. Dr.
Sayed Youssef Sayed assisted with the design of the experimental plan, sample
preparation of the in-operando neutron reflectometry (NR) experiments, and revision
of the manuscript. Dr. W. Peter Kalisvaart helped with the planning of the in-
operando NR experiments and manuscript writing. Simon Schaper, Tobias Widmann,
Lucas Kreuzer, Dr. Gaetano Mangiapia, Martin Haese, and Prof. Peter Miiller-
Buschbaum assisted with the in-operando NR experiments. Brian C. Olsen and Dr.
Erik J. Luber contributed to discussions of experimental results. Prof. Jillian M.
Buriak was the supervisor; she coordinated the collaborations and assisted in writing

the manuscript.
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Chapter 1°

Introduction

1.1 Why Lithium-ion and Sodium-ion Batteries?

1.1.1 Electrical Energy Storage Demand and Challenges
Today, as the world moves rapidly towards an electrified, low carbon world,
rechargeable batteries play an ever more important role in the sustainable energy
landscape as an energy storage medium for electrical vehicle and grid-level
applications. Many renewable energy sources, such as wind and solar, are
intrinsically intermittent and thus need energy storage mediums to buffer the
mismatch between supply and demand in time and space. Ground transportation,
which mainly relies on petroleum, consumes 29% of global energy and produces 25%
of CO, emissions (according to the International Energy Agency’s 2018 report).'
Therefore, switching from petroleum vehicles to electrical vehicles could reduce the
CO, emission significantly. The global energy storage market that supports renewable
energies and electric vehicles increased dramatically in recent years and is expected
to continue growing.>*

Current technologies of rechargeable batteries do not, however, satisfy the
increasing requirements of electric vehicle and grid-level applications. High-
performance rechargeable batteries with a higher energy density, enhanced cycling

stability, and a lower price still need to be developed.

1.1.2 Advantages of Lithium-ion Batteries and Applications

Lithium-ion batteries (LIBs), first commercialized in 1991 by Sony Corp., have many

advantages, including high energy density, long cycle life, and low self-discharge,

" Some of the contents of this chapter have been reproduced and/or adapted from the
following publications: (1) Xie, H.; Kalisvaart, W. P.; Olsen, B. C.; Luber, E. J.; Mitlin,
D.; Buriak, J. M. Sn—Bi—Sb Alloys as Anode Materials for Sodium Ion Batteries. J.
Mater. Chem. A 2017, 5 (20), 9661-9670. (2) Xie, H.; Tan, X.; Luber, E. J.; Olsen, B.
C.; Kalisvaart, W. P.; Jungjohann, K. L.; Mitlin, D.; Buriak, J. M. B-SnSb for Sodium
Ion Battery Anodes: Phase Transformations Responsible for Enhanced Cycling Stability
Revealed by In Situ TEM. ACS Energy Lett. 2018, 3 (7), 1670-1676.
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compared to other battery family members, such as lead—acid and nickel-metal
hydride batteries.” As shown in Figure 1.1, the specific energy density of LIBs is the
highest among different types of rechargeable batteries, nearly five times that of the
lead—acid battery and twice that of the nickel-metal hydride batteries. Over the last
three decades, LIBs have become the mainstay in commercial markets for portable
electronic devices. In recent years, the applications of LIBs also have been expanded
to electric vehicle and grid-level applications. For instance, Tesla’s electric vehicles
have attracted a lot of interest since 2012. In 2017, Tesla installed the largest grid-
scale LIBs in South Australia, with a storage capacity of 129 MWh and a power of
100 MW

N
o

= a2 NN
o © u ©
© © © ©

1 1 1 1

Energy density (Wh/kg)
o

Figure 1.1. Gravimetric energy density of various rechargeable batteries.’

1.1.3 Interests of Sodium-ion Batteries and Potential Applications
The motivation to work on sodium-ion batteries (SIBs) is due to the abundance of
sodium source in the earth’s crust, which is over 1000 times higher than that of
lithium, as shown in Table 1.1. Unlike lithium whose known reserves are located
mainly in the lithium triangle of South America (Argentina, Bolivia, and Chile, ~44—
64%),7’8 sodium is distributed over the earth’s entire surface. Thus, the cost of sodium
salts is significantly less than their lithium equivalents; for example, Na,COs; is ~0.50

US$/kg and Li,COs is ~6.5 US$/kg. In addition, there are many similarities with



respect to the working principles and design strategies between SIBs and LIBs, which
could enable the rapid development of SIBs as a result of the ample experience
gained in LIBs. Capitalizing on the abundance of sodium to develop sodium ion
batteries (SIBs) will lead to diversification of battery technologies, reduce reliance on
a potentially more limited and costly element, and enable widespread deployment of
grid-scale battery applications.

Table 1.1 Comparison of Sodium and Lithium Elements.” "

Na Li
Abundance in the earth’s crust (mg/kg) | 23600 20
Distribution Everywhere | ~44-64 % in South America
E° vs. SHE (V) -2.71 -3.04
Cost of carbonate ($/kg) 0.50 ~6.5

Note: E° = Standard potential of the electrode; SHE = Standard hydrogen electrode.

1.2 Basic Concept of Batteries and Evaluation Criteria for

Battery Electrode Materials

1.2.1 Working Principles of Lithium-ion and Sodium-ion Batteries
A rechargeable battery is a device that reversibly converts electrical energy to
chemical energy. Typical LIBs consist of four components, including an anode,
cathode, separator, and electrolyte, as shown in Scheme 1.1. A typical anode of LIBs
is graphite coated on a copper current collector; a cathode is composed of lithium
transition metal oxides/lithium iron phosphates coated on aluminum foil. The
electrolyte is a lithium salt dissolved in organic solvents, and the separator is usually
porous polymers to prevent a short-circuit. When the battery is discharging, an
oxidation reaction occurs at the anode to produce electrons and Li ions, and a
reduction reaction occurs at the cathode to accept the electrons and Li ions. An

example of the reaction during discharge is shown below:
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Anode: LiCe > Li' +6 C + ¢

Cathode: Li;«CoO, +x Li" +x & — LiCoO,

The generated electrons at the anode move through the external circuit into the
cathode to power electronic devices, and the Li" transport through the ionic
electrolyte, which is conductive but electrically insulative, into the cathode to
complete the circuit. During charging, the reaction and moving directions of the

-+
electrons and Li" are reversed.

- - Charge
e Operatlr;g Device e
Battery Charger

Electrolyte

Al

Separator Cathode

Scheme 1.1. Illustration of the configuration and working principle of typical lithium-ion batteries.

The structure and working principle of SIBs are basically the same as LIBs, and the
major difference is the use of sodium ions instead of lithium ions as the current
carrier in the internal circuit, as shown Scheme 1.2. In addition, SIBs can use
aluminum as the current collector for both cathode and anode because sodium does

not react with aluminum at low voltages. This could further reduce the cost.
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Scheme 1.2. Illustration of the configuration and working principle of typical sodium-ion batteries.

1.2.2 Evaluation Parameters for Electrode Materials

1.2.2.1 Gravimetric and Volumetric Capacity

The capacity of an electrode material is the quantity of electric charge it can store.
The capacity of electrodes and the working voltage of a battery determine the total
energy the battery it can store. Gravimetric (specific) and volumetric capacity are the

capacity per unit mass and volume, respectively, as expressed below:

3.6M,,

Q xF
Qg=a

Q xF
_— = = *
v 3er Ye*P

Qv =
where Q, is gravimetric (specific) capacity, O, is volumetric capacity, Q is the
capacity of an electrode, m is the mass of the electrode, v is the volume of the
electrode, x is the amount of Li" that can be stored in the electrode materials (Li,A), F
is Faraday’s constant, M,, is the molar mass, V, is the molar volume, and p is the

density of the electrode.



The gravimetric and volumetric capacity of electrodes are important parameters for
evaluating the energy density of a battery. From a theoretical perspective, electrode
materials with a high gravimetric and volumetric capacity are favored to obtain a high

energy density battery.

1.2.2.2 Voltages

As stated above, the voltage of a battery is another important parameter that
determines its energy and energy density. The voltage of a battery is the potential
difference between the anode and cathode. Since the voltage of a battery is
proportional to the energy and energy density of a battery, anode and cathode
materials with lower and higher potential, respectively, are preferred. However, their
potential must be within the potential window of the electrolyte, otherwise, the
electrolyte will decompose dramatically. In addition, the potential of anode materials
for lithium-ion and sodium-ion batteries must be higher than that of lithium (-3.04 V
vs SHE) and sodium (-2.7 vs SHE) metal respectively, otherwise lithium and sodium
dendrites will grow and cause safety issues. In research, the potential of the electrode

material often is measured using Li or Na metal as the reference electrode.

1.2.2.3 Power

The power of a battery is the product of the voltage and current it can output, both of
which are determined mainly by the electrode materials. The maximum power that a
battery can supply is significant, especially for applications requiring high power like
the acceleration of electric vehicles. Electrode materials often are tested in a series of

high current rates to evaluate its power capability.

1.2.2.4 Coulombic Efficiency
Coulombic efficiency (CE) is the percentage ratio of the charges (electrons) output
(Q,) from an electrode during a reduction reaction to the charges (electrons) input (Q;)

into the electrode during an oxidation reaction, as expressed below:

CE = &* 100%

Qi



CE and voltage efficiency determine the energy conversion efficiency of a battery. In
addition, CE is an indicator of the reversibility of the redox reactions of the electrode

material and growth of the solid electrolyte interphase (SEI).

1.2.2.5 Cycle life

The cycle life of a battery is used to evaluate its long term stability during repeated
charge/discharge cycles. The cycle life in industry usually is defined as the number of
full charge/discharge cycles a battery completes when its capacity drops to 80% of its
initial value. In fundamental studies, the cycle life often is described as the capacity

retention vs cycle numbers.

1.3 High Capacity Main Group Alloying Anodes for

Sodium-Ion Batteries

1.3.1 Overview of High Capacity Alloying Anodes

Although Na also reacts with a wide range of transition metal oxides, their average
sodiation/desodiation potentials tend to be significantly lower than for their reactions
with Li.""™" In order to compete with LIB terms of energy density, novel cathode
materials, such as Na3V,(PO,);, exhibiting a long voltage plateau near 3.5 V

vs Na/Na', have been developed.14 On the anode side, graphite, the anode of choice
for commercial LIB, also needs to be replaced as it barely reacts with Na.'> Some so-
called hard carbons have capacities in excess of 300 mAh/g, and the best-performing
materials are equivalent in capacity to Li in graphite at ~350 mAh/g.'®'® However, in
order to make further gains in the energy density of the battery, anode materials with
higher capacities are desirable.

Several main group elements, including Sn, Sb, P, Ge, and Si, that alloy with
sodium are attractive candidates because of their high theoretical capacity and low
redox potential vs Na/N a". Unlike intercalation anode materials, such as TiO», the
atomic framework of alloying materials does not constrain the reaction, so alloying

materials usually have a high theoretical capacity, as shown in Table 1.2. However,
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since the alloying reaction involves the breaking of bonds and rearrangement of host
atoms, alloying anodes also exhibit significant changes in structure and volume upon
sodiation (Table 1.2). Such a dramatic change will lead to fracture and pulverization
of the electrode, unstable SEI, and loss of electrical contact of active materials,
resulting in a poor cycle life. For example, as shown in Figure 1.2, full sodiation of
elemental Sn involves a volume change of 420%, and the galvanostatic
charge/discharge test of elemental Sn film prepared by sputtering shows dramatic

capacity degradation after only ten charge/discharge cycles.'”*’

Table 1.2. Comparison of Sodiation Potential, Theoretical Capacity, and Volume Change of Elemental
Sn, Sb, Ge, Si, P, and TiO,.*"** The theoretical capacity was calculated based on the desodiated state.

Materials Sn Sb Ge Si P Ti0,
Average sodiation | ~0.20 | =0.60 | =0.30 ~0.50 ~0.40 | =1.5
potential (V vs
Na/Na")

Fully sodiated Nai5Sny | NasSb | Na; 5¢Ge | NaSi/Nag75S1 | NasP | NaTiO,
phase
Theoretical 847 660 576 954/715 2596 335
gravimetric
capacity (mAh/g)
Theoretical 6170 | 4420 3063 2223/1668 | 5711 1268
volumetric
capacity
(mAh//cm’)
Volume change 420 293 205 114 300 12
(%0)

Note: Volume change = ((volume in fully sodiated state/volume in fully desodiated state) -1) * 100%
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Figure 1.2. (a) Selected area electron diffraction (SAED) patterns of Sn particles at different sodiation
states obtained in the in-situ TEM study and schematic illustration of its structure and phase evolution,
(b) specific capacity vs cycle number of elemental Sn film. Reproduced and adapted with permission

from reference 20 (Copyright 2012 American Chemical Society) and reference 19 (Copyright 2017
Royal Society of Chemistry).

Several strategies have been developed to address the issues associated with the

25-31

large volume change, including nanostructuring, surface coating,”> > hybrid

26,3641

composite design, and alloying.*>* Among these methods, alloying with active

or inactive elements is a simple, effective, and cost-effective way for improving the
electrochemical performance of alloying anodes. This method has been applied in
commercial rechargeable batteries. For example, in 2005 Sony Corp. developed an
Sn-based amorphous anode mainly composed of Sn, Co, and C,> and Panasonic

announced a new 18650-type lithium ion battery using a Si-based alloy as the anode
in 2009.*



1.3.2 Active-Inactive and All-Active Alloys Anodes

It is worth noting that in this thesis an “alloying anode (for SIBs)” is defined as the

anode material that forms alloys with sodium, such as Sn, while an “alloy anode (for

SIBs)” is the anode material, which itself is an alloy (e.g., intermetallic SnSb).

Generally, alloy anodes for SIBs can be divided into two categories based on the

chemical reactivity of each component to sodium: 1) active—inactive and 2) all-active

alloys.

For active—inactive alloys, the component that does not react with sodium will

serve as a buffering matrix to maintain the structural integrity and electrical contact of

the electrode. Examples include Sn—Co,” Sn—Fe,” Sn—AL>® Sn—Cu,” Cu,Sb,**’

Mo3Sb,* FeSby,*® and Zn,Sbs,* which generally exhibit improved cycling

stability, but at the expense of reducing system capacity, as shown in Figure 1.3.
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Figure 1.3. Cycling performance of (a) CoSn, and FeSn, alloy, (b) Cu,Sb nanoparticles, and (c) FeSb..

Reproduced and adapted with permission from reference 55 (Copyright 2016 The Electrochemical

Society), reference 46 (Copyright 2017 American Chemical Society) and reference 47 (Copyright 2015
Elsevier B.V).
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All-active alloy systems are electrodes where, in principle, all the elements
participate in the sodiation reactions. All-active alloys, such as Sn—Sb*%>!%>* gp_
Bi*’, Sn—Ge”', Sb-Si,°! and Sn—Ge-Sb*’, possess enhanced cycling stability while

maintaining high specific capacity (Figure 1.4). The improved cycling stability was

. . . . 4951 - .
ascribed to the amorphization of the electrode materials,” " improved resistance to
. . 19,60
internal stress, and decreased internal stress.
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Figure 1.4. Cycling performance of (a) SnSb alloy, (b) Bi—Sb alloy, (¢) Sn—Ge alloy, and (d) Sb—Si
alloy. Reproduced and adapted with permission from reference 30 (2016 The Royal Society of
Chemistry), reference 50 (Copyright 2015 American Chemical Society), and reference 51 (Copyright
2014 American Chemical Society), and 61 (Copyright 2019 American Chemical Society).

Among different alloy anodes, Sn-based and Sb-based alloys are probably the most
promising ones and are the most widely studied alloy systems for SIBs. Their

research progress is summarized below.
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1.3.3 Sn-based Alloys

Elemental Sn has a theoretical specific capacity of 847 mAh/g and volumetric
capacity of 6170 mAh/cm’. As shown in Figure 1.5, the galvanostatic voltage profile
of Sn during sodiation typically shows four plateaus at around 0.4, 0.18, 0.06, and
0.02 V vs Na/Na", and four plateaus at around 0.20, 0.26, 0.55, and 0.75 V vs Na/Na',
indicating at least four phase transition regions. According to the equilibrium phase
diagram of Na—Sn, it forms seven phases at room temperature, including NaSng,
NaSny, NaSn;, NaSn,, NagSn,, NazSn, and Na;sSny (Figure 1.6).” However, only the
terminal phase, Na;sSns, has been observed to form in room-temperature SIBs in
most studies.®?° Recently, Stratford et al. investigated the phase transition of Sn
during sodiation by combing density functional theory, pair distribution function
analysis, and solid-state NMR spectroscopy and proposed a sodiation mechanism of
Sn as the following processes:**

Sn — NaSn; — NaSn, — a-Na, ,Sn — Nas_ Sn, — Na,;Sn, — Na,; Sn,

They also reported that the final product can store additional Na', resulting in an off-

stoichiometry compound (Na,s, Sn,).
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Figure 1.5. Galvanostatic voltage profile of Sn thin film electrode tested using Na foil as the counter
and reference electrode. The testing current density is 200 mAh/g.
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Figure 1.6. Phase diagram of Na—Sn. Reproduced with permission from reference 62 (Copyright 2016
ASM International).

As discussed above, the formation of Na;sSny corresponds to a volume change of
420%, resulting in poor cycling stability. Alloying with Cu,” Co,”>® Fe,” and Ge®
has been reported to improve the cycling stability of Sn greatly, but at the cost of
reducing about one third to two thirds of the theoretical capacity. As shown in Figure
1.7, intermetallic SnSb also has been shown to improve cyclability of Sn significantly
while maintaining a high reversible capacity of over 700 mAh/g, although the
experimental capacities are dependent on the testing current rate and electrode
composition.’**'***° Besides these binary alloys, a series of Sn-based ternary alloys
has been studied. Some Sn—rich Sn—Ge—Sb alloys, in the work of Farbod et al.,
exhibit reversible capacities of over 800 mAh/g.* The improved capacity retention
compared to elemental Sn was attributed to the large amount of an amorphous
fraction, which may help to buffer the large volume change and alleviate the fracture
and pulverization of the electrode. The Ge in the ternary alloys also was found to
sodiate beyond the reported 1:1 Na:Ge ratio of elemental Ge. These results suggest
that alloying is an effective method for improving the cycling stability of high

capacity anode materials.
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1.3.4 Sb-based Alloys

The equilibrium phase diagram of Na—Sb shows two phases at room temperature,
including the NaSb and Na;Sb (Figure 1.8). > The formation of Na3;Sb corresponds to
a theoretical specific capacity of 660 mAh/g and volumetric capacity of 4420
mAh/cm’. The galvanostatic voltage profile of Sb exhibits two plateaus at ~0.7 and
~0.6 V (vs Na/Na") during sodiation, and ~0.75 and 0.80 V (vs Na/Na") during

desodiation, as shown in Figure 1.9.
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Figure 1.9. Galvanostatic voltage profile of a Sb thin film electrode tested using Na foil as the counter
and reference electrode. The testing current density is 200 mAh/g.

The sodiation—desodiation mechanism of crystalline Sb (c-Sb) investigated by in-
situ XRD studies is summarized as the following (“c-” denotes crystalline and “a-”
denotes amorphous or nanocrystalline that are not detectable by XRD):®’

Sodiation: ¢c-Sb + x Na" + x ¢ — a-Na,Sb
a-Na,Sb + (3-x) Na" + (3-x) ¢ — c-Na3Sb
Desodiation: ¢c-Na3;Sb — a-Sb+3 Na' +3 ¢
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Upon sodiation, crystalline Sb forms an amorphous Na,Sb intermediate phase, instead
of crystalline NaSb, as predicted by the phase diagram of Na—Sb. Further sodiation
leads to the formation of crystalline Na3Sb, which is consistent with the phase
diagram. During desodiation, the c-Na3Sb converts to amorphous Sb. Allan et al. also
investigated the phase transition of Na—Sb during sodiation—desodiation by ex-situ
solid-state nuclear magnetic resonance (NMR) spectroscopy and operando pair
distribution function analysis, and they identified two intermediate amorphous phases,
including a-Na,; 7Sb and a-Na3.Sb (x = 0.4—0.5).68

Some studies of Sb show a good cycling stability as the anode for SIBs. For
example, Darwiche et al. reported that Sb in SIBs outperforms its cycling
performance in LIBs, despite the significantly larger volume change during sodiation
(293%) than lithiation (135%).°” When tested at a rate of 0.5 C, the Sb in SIBs shows
a reversible capacity of around 575 mAh/g and negligible capacity degradation after
160 charge/discharge cycles, as shown in Figure 1.10 (a ). However, the cycle lives of
Sb powders were not reported to be higher than 100 cycles in all studies, and methods
to further improve the cycling stability are needed.”®**”° A Zn4Sb; thin film anode
shows a reversible capacity of around 450 mAh/g and a good cyclability (>250
cycles).45 A Zn4Sb; nanowire also has been reported to exhibit ultrafast sodiation,
which is ascribed to the observed layer structure of NaZnSb; it is promising for high
rate anode materials for SIBs.®” Bi—Sb alloys also show an excellent rate capability
and significantly improved cycling stability compared to the elemental Sb
baseline.’””’ Specifically, a nanoporous BiySbe alloy shows an ultra-long cycle life
(over 10000 cycles) when tested at a current density of 1 A/g, although the average
reversible capacity exhibited is only ~200 mAh/g.”® The electrochemical performance
of M03Sb7,71 Ale,72 and Cu,Sb* thin films (0.2—-1.1 pm) as anodes for SIBs also has
been investigated and shows excellent rate capability, but their reversible specific
capacity and cycle life are only moderate. Recent work from our group shows that by
alloying with Si, both the reversible capacity and the cycle life of Sb was improved
significantly.®’ With only 7 at % addition of Si, the experimental reversible capacity
increased from 625 mAh/g for elemental Sb to 663 mAh/g, and the Sig ¢7Sbg 93 does

not show obvious capacity degradation after 200 charge/discharge cycles.
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1.3.5 Challenges of Alloying Anodes Towards Practical Applications
Although significant improvement in terms of cycle life has been achieved for
alloying anodes, to date, most of the alloying anodes for SIBs have a cycle life below
500 cycles and when tested at practical conditions in a full cell, their cycle life will be

21,22

even shorter.” >*~ Besides, there is still a lack of understanding or consensus on the
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sodiaiton/desodiation mechanism of most alloy anodes; this holds back their further
improvement. An in-depth understanding of the reaction and degradation mechanisms,
as well as comprehensive design and fabrication strategies of alloying anodes, are
required for developing the alloying anodes further and eventually applying them in

commercial SIBs.

1.4 Silicon-based Anodes for Lithium-ion Batteries

For commercial LIBs, many types of cathode materials, including LiCoO,, LiFePOy,
LiMn,0,, LiNi,Mn,Co;..,O,, and LiNig gyCo0.15Al0.0502, have been developed and
applied.”” One the anode side, graphite, which has only moderate intrinsic gravimetric
and volumetric capacities of 372 mAh/g and 747 mAh/cm’, has been used in
commercial LIBs for decades.” Silicon, on the other hand, has about 10 times higher
theoretical capacity (3579 mAh/g and 8334 mAh/cm? based on Lis 75Si) than graphite.
Even in the lithiated state, the theoretical capacity of lithiated silicon is still
significantly higher than that of lithiated graphite, as shown in Table 1.3. Moreover,
Si has a low discharge potential (0.4 V vs Li/Li") and a large elemental abundance
(second highest in earth’s crust). Replacing graphite with silicon theoretically will

lead to around a 40% increase in gravimetric energy density for LIBs.
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Table 1.3. Comparison of Delithiation Potential, Theoretical Capacity, and Volume Change of
Graphite and Silicon.

Materials Graphite Silicon
Average delithiation potential (V vs Li/Li") 0.05 0.4
Lithiated phase LiCs Li; 7551
Theoretical gravimetric capacity in delithiated
state (mAh/g) 372 3579
Theoretical gravimetric capacity in lithiated
state (mAh/g) 339 1857
Theoretical volumetric capacity in delithiated
state (mAh//cm”) 837 8334
Theoretical volumetric capacity in lithiated
state (mAh//cm”) 747 2193
Volume change (%) 12 280

The research of silicon as an anode started in the 1970s. In 1976, Sharma and
Seefurth reported that Li,Si alloys reversibly formed in a high-temperature cell

operating between 377 °C and 452 °C.”>7°

The intermediate phases of the Li—Si
system at 415 °C was determined as Li;,Si7, Li7Si3, Li;3S14, and Li228i5.77 The
formation of Liy,Sis corresponds to a specific capacity of 4200 mAh/g and is
associated with a large volume change of 320%."%”" However, at room temperature,
the lithiation behavior of Si is very different. At room temperature, crystalline Si is
amorphized during the first lithiation, and the only crystalline phase observed is

Li;sSi4 (Li3 75S1) when the cut-off voltage is below 50 mV. 5082

By using in situ Li
NMR analysis, the phase transitions of Si at room temperature during (de)lithiation
were found to go through amorphous a-Li; (Si, a-Li3 51, and crystalline c-Si3.7SSi.81
The formation of c-Si3 7551 corresponds to a 280% volume change for the Si

78-80
electrode.

The large volume change during repeated charge/discharge cycles
leads to a continuous fracture and pulverization of the Si electrode and loss of
electrical contact, resulting in a poor cycle life (Figure 1.11).%7*¢ Moreover, the large

volume change exacerbates the growth of the solid electrode interphase (SEI) because

19



it will break the previously formed SEI (Figure 1.11).**"* The continuous growth of
SEI will deplete the electrolyte, increase charge transfer resistance, and eventually
result in capacity degradation of the battery.***® To address these problems, many

methods have been developed in recent decades, including constructing nanoscale Si

87,88 89,90 91,92

with various structures (nanoparticles, nanowires, nanotubes, core-shell

93-96 97-105

structures, to name a few), compositing metal or carbonaceous materials,
and integrating effective binders.'® ' Some of the work achieved long term cycling
stability while it maintained the high capacity of Si. However, for widespread
application of Si in commercial LIBs, there are still some challenges, including low

initial Coulombic efficiency, low packing density, and high processing cost, and more

research is required to overcome these challenges.®™
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Figure 1.11. Schematic illustration of the main degradation mechanism of the Si anode. Reproduced
with permission from reference 83 (Copyright 2016 Macmillan Publishers Limited).
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1.5 Scope of the Thesis

The focus of this thesis is to develop and fundamentally understand high capacity
alloying anodes for advanced lithium-ion and sodium-ion batteries. It consists of the

following five chapters, with the scope of each chapter provided.

1.5.1 Chapter 1 Scope

This chapter provides an overview of the motivation, working principles, evaluation
criteria, and development of lithium-ion and sodium-ion batteries. It highlights the
advantages, challenges, and research development of high capacity alloying anodes

for SIBs and silicon-based anodes for LIBs.

1.5.2 Chapter 2 Scope

Chapter 2 reports the microstructure and electrochemical performance of three series
of Sn—Bi-Sb alloys, as well as pure Sn, Bi, and Sb, as anodes for SIBs. Alloying was
utilized as an approach to modify the morphology and active phases in an effort to
improve the cycling stability of elemental anodes of Sn or Sb while maintaining high
capacity. The films were prepared via sputtering, which enabled the study of a broad
swath of compositional space. The cycling performance of the Sb-rich compositions
surpassed that of all other alloys tested as anodes for SIBs. The best performing alloy
had a composition of 10 at% Sn, 10 at% Bi, and 80 at% Sb (called Sn10Bi110Sb80,
here), and maintained 99% of its maximum capacity during cycling (621 mA h g™)
after 100 cycles. The stability of these anodes dropped as the quantity of Sb decreased;
in contrast, Sn20Bi20Sb60, Sn25Bi25Sb50, and Sn33Bi33Sb33 were increasingly
less stable as anodes in SIBs as the molar quantity of Sb in the films dropped to 60%,
50%, and 33%, respectively. The Sn10Bi110Sb80 electrode was found to possess a
single phase as-deposited microstructure of Sn and Bi in substitutional solid solution
with the Sb lattice, and the sodiation sequence was found to be significantly different
from that of pure Sb. Numerous possible mechanisms for the improvement in
capacity retention were discussed, of which the modification and material response to

internal stresses by changes in the Sb chemical potential and solid solution
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strengthening were found to be the most likely. A version of this chapter was

published in the Journal of Materials Chemistry A."

1.5.3 Chapter 3 Scope

Chapter 3 details the sodiation—desodiation mechanism of B-SnSb. It is known to be a
highly stable anode for sodium-ion batteries during cycling, but its sodiation—
desodiation alloying reactions are understood poorly. By combining in situ TEM with
electroanalytical methods, we demonstrated that f-SnSb forms Na;Sb and Na;sSn4 in
sequence upon sodiation and re-forms as 3-SnSb upon desodiation. The negative
enthalpy of mixing for Sn and Sb is sufficient to cause sequentially deposited bilayers
of Sn/Sb to transform into B-SnSb, resulting in comparable cycling stability. The
good cycling stability of B-SnSb results from the complex two-phase
amorphous—nanocrystalline microstructure in the partially charged—discharged states,
as well as the intrinsic mechanical toughness of the § phase. Per the in situ TEM
results, the sequential phase transformation shows minimal fracturing of the -SnSb,
indicating facile buffering of stresses. Extensively cycled specimens eventually show
crystalline Sn phase segregation, which may be the source of the ultimate capacity
fade in the alloy and bilayers. The work of this chapter has been published in ACS

Energy letters.”

1.5.4 Chapter 4 Scope

Chapter 4 discusses the effect of the adhesion layer and surface coating on the
suppression of the c-Lij 75S1 phase and SEI growth in the Si-based anode for LIBs. Ni,
C, and Ti0O, were used as models. The formation of c-Lis 7551 was found to be
detrimental to electrode integrity because of the associated internal stress
accompanied with the amorphous-phase and crystalline-phase transition, leading to
faster capacity degradation. The Ni adhesion layer and C and TiO; surface coatings
were found to suppress the formation of c-Lis 75S1, resulting in improved capacity
retentions and Coulombic efficiency. The carbon and titanium dioxide surface

coatings also were found to influence the growth and composition of SEIL

22



1.5.5 Chapter 5 Scope

Chapter 5 summarizes this thesis and proposes future research directions. Challenges
for practical applications of the high capacity alloying anodes are summarized, and
several strategies are introduced to guide their development toward practical

applications for advanced lithium-ion and sodium-ion batteries.
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Chapter 27

Sn—Bi—Sb Alloys as Anode Materials for Sodium Ion
Batteries

2.1 Introduction

A number of group 14 and 15 elements, including Ge, Sn, Sb, and Bi, are attractive
candidates as anodes for SIBs because of their high theoretical capacity.''* %
Theoretically, Ge should be able to store 3Na/Ge,** corresponding to 1108 mAh/g,
but this stoichiometry has never been reached electrochemically. In practice, the

113,114

capacity of elemental Ge is limited to approximately 370 mAh/g. In theory, Sn

has the highest gravimetric capacity at 847 mAh/g at a stoichiometry of Na;sSng.

118,119,121 although

However, capacity retention of pure Sn is generally very poor,
limiting the upper voltage limit during cycling to below 0.68 V has been shown to
improve capacity retention with cycling greatly.'** Alloying with, for instance, Cu
and Ge has also been shown to improve capacity retention of Sn greatly,'>"'** but at
the cost of reducing the capacity to about half the theoretical capacity in the case of
Cu,'** whereas Ge contributed 1 Na/Ge.'*> On the other hand, for a group of ternary
Sn-rich Sn—Ge—Sb alloys, it has been shown that all constituent elements can
contribute their full theoretical capacity, i.e., 3.75 Na/Sn, 3 Na/Sb, and 3 Na/Ge.'"?!
The substantial improvement in cycling stability with respect to pure Sn was ascribed
to the materials being composites with a high amorphous fraction, which may help to
alleviate material pulverization resulting from the large volume expansion (420% for

Sn going to Na;sSny). Bismuth also has been investigated as a SIB anode,'''*>"'?® but

it also suffers rapid capacity decay when used in its elemental form''"-'*°

asa
consequence of its high volume expansion of ~250% upon alloying to NasBi.
Decreasing the crystallite size from ~130 to ~34 nm resulted in a marked

improvement of the capacity retention from 20 to 80% of the theoretical value after

" The contents of this chapter have been reproduced and/or adapted from the following
publication: Xie, H.; Kalisvaart, W. P.; Olsen, B. C.; Luber, E. J.; Mitlin, D.; Buriak, J.
M. Sn—Bi—Sb Alloys as Anode Materials for Sodium lon Batteries. J. Mater. Chem. A
2017, 5 (20), 9661-9670.

24



100 cycles.'® Cycling stability being improved via grain size refinement is a well-
documented phenomenon for a wide range of SIB and LIB anode materials.'*"'%
Alloying has a large positive impact on the capacity retention of Bi as well,
improving from 20% to 78% after 50 cycles upon alloying Bi with 43 at% Sb."*"
Among the group of Na-alloying materials, Sb may be the most promising. It was
found by Darwiche et al. that its cycling stability as a SIB anode even surpassed its
performance as a LIB anode,'"” retaining >550 mAh/g after 160 cycles, despite the
considerably higher expansion for Na;Sb vs Li3;Sb (293% vs 135%). However, the
performance of pure Sb powder is not found always to be stable over 100 or more

126,128
cycles, ™

and ways to improve its cycling performance further still should be
sought. Alloying with Al, Cu, Zn, and Mo has been found to endow thick Sb films
(0.5—1.5 micron range) and nanowires with extraordinary rate capability."”' ** Sb-Bi
alloys outperform baseline elemental Sb in terms of cycling stability as well.** SbSn
intermetallic can store ~700 mAh/g reversibly,'* close to its theoretical capacity of
754, for over 100 cycles, although the total capacity and capacity retention are
dependent on the particle size."**"?’

A common finding that clearly emerges from previous works is that alloys
outperform pure elements in cycling stability and often rate capability as well.'*’
Given the promising results on some binary alloys in the Sn—Sb and Sb—Bi systems in
particular, extending to ternary compositions is a logical step. In the present chapter,
we report on the structure, electrochemical cycling stability and rate capability of
three series of ternary Sn—Bi—Sb alloys and attempt to elucidate the relationships
between microstructure and electrochemical performance. Compositions varied from
33-100 at% of the majority element, and the ratio of the minority elements was
always 1:1. Sputtered films, rather than powders, were chosen as they allow for
greater ease and flexibility with respect to varying the composition and for rapidly
screening new materials.'2'"**13%13 Although sputter deposition often results in

. . . 121,12
metastable materials, such as supersaturated solid solutions,'*"'*

several techniques
for making bulk materials, such as mechanical milling'*° and melt-spinning'*, also

are capable of producing non-equilibrium alloys. Therefore, our results should serve
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as a useful guide for formulating new anode compositions in bulk form and to better

understand how to optimize materials for SIBs.

2.2 Results and Discussion

The capacities as a function of cycle number for the different alloy series studied in
this work are shown in Figure 2.1a—c. The theoretical capacities for each of the
studied compositions, based on a simple rule of mixtures, are summarized in Table
2.1, together with the maximum measured capacities. It should be noted that the
presence of a thin layer of oxide, as detected by XPS (see Figure 2.2), will lower the
coulombic efficiency in the first cycle but not influence the capacity as the alloying

reaction with sodium still will proceed after decomposition of the oxide.
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Figure 2.1. Specific capacity versus cycling number of (a) Sn-rich compositions (b) Bi-rich
compositions (c¢) Sb-rich compositions. Coulombic efficiencies also are depicted for the Sb-rich
compositions. (d) Rate tests and corresponding coulombic efficiency of Sb-rich compositions.
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Table 2.1. Comparison Between Maximum Measured Capacities and Maximum Theoretical
Capacities Based on a Rule of Mixtures Calculation for Each Composition.

Sample Theoretical specific |[Experimental specific
capacity (mAh/g) capacity (mAh/g)

Sn 847 760
Bi 385 380
Sb 660 635
Sn80Bi10Sb10 754 745
Sn60Bi20Sb20 673 610
Sn50Bi25Sb25 637 630
Sn10Bi80Sb10 431 430
Sn20Bi60Sb20 487 445
Sn25BiS0Sb25 519 460
Sn33Bi33Sb33 633 621
Sn10Bi10Sbh80 609 592
Sn20Bi20Sbh60 603 575
Sn25Bi25Sbh50 581 560
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Figure 2.2. High resolution XPS spectra of Sb3d, Sn3d, and Bi4f of as-deposited thin films for all the
alloy compositions investigated in this work.

As expected, pure Sn and the Sn80Bi10Sb10 alloys have the highest initial
capacities. Both degrade very quickly; this often is observed for pure Sn and very Sn-

rich thin films.'"*"?' Sn80Bi10Sb10 achieves a maximum reversible capacity of 745
27



mAh/g, which is within experimental error of its theoretical maximum of 754 mAh/g
(~1% difference). The alloys with 60 at% Sn and pure Sn show a somewhat larger
negative deviation from their theoretical capacity, whereas Sn50Bi25Sb25 is close to
its theoretical maximum with a measured maximum capacity of 630 mAh/g.

Consistent with general trends from literature,'2''%>1%

the Sn-rich alloys show
improved cycling stability compared to pure Sn, and a higher content of alloying
elements improves the capacity retention past cycle 25. All Sn-rich compositions
degrade to <100 mAh/g after 100 cycles.

Similar to pure Sn, the capacity of pure Bi degrades very rapidly. Here too,
alloying improves the capacity retention. Alloying with Sn and Sb naturally increases
the theoretical capacity of the materials since Bi has the lowest capacity by a wide
margin among Sn (847 mAh/g), Sb (660 mAh/g), and Bi (385 mAh/g). However, the
measured maximum reversible capacity stays approximately constant at 425-450
mAh/g for the alloys with 80, 60, and 50 at% Bi, which is near the theoretical
capacity only in the case of Sn10Bi80Sb10 (431 mAh/g). The Sn33Bi33Sb33 alloy
approaches its theoretical maximum capacity again (see Table 2.1). Capacity
retention remains poor for all Bi-rich compositions, and past cycle 75, the capacity
degrades to nearly zero for the alloys with 80, 60, and 50 at% Bi. Sn33Bi33Sb33 has
a capacity of ~150 mAh/g after 100 cycles but also is rapidly degrading at that point.

Of all the alloys tested, Sb and Sb-rich alloys show the best cycling performance
by far, as is obvious from comparing Figure 2.1a,b with Figure 2.1c. The maximum
reversible capacity for pure Sb reaches 635 mAh/g, which is close to its theoretical
maximum of 660. The Sb-rich alloys all have a small negative deviation from their
theoretical capacity that increases slightly with decreasing Sb content from 12 to 17
and eventually 28 mAh/g for 80, 60, and 50 at% Sb, respectively. Interestingly, all
compositions other than Sn10Bi10Sb80 show a stable capacity for a few tens of
cycles from 35 for pure Sb to 60—-80 cycles for Sn20Bi20Sb60 and Sn25Bi25Sb50,
after which they steadily degrade. In terms of cycling retention, Sn10B110Sb80
shows a stable capacity of ~620 mAh/g for 100 cycles and thus outperforms both pure
Sb and the alloys with higher Sn and Bi contents. Capacity retention after 100 cycles
1s 450, 320, and 225 mAh/g for 60, 50, and 100 at% Sb, respectively.
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Figure 2.3. XRD patterns of as-deposited alloy films (top row) and after 100 electrochemical cycles
(bottom row). Reference diffraction patterns: Sn (PDF no. 04-004-7747), Bi (PDF no. 00-005-0519),
Sb (PDF no. 00-035-0732) and B-SnSb (PDF no. 04-014-6042).

Table 2.2. Phases Present in All As-deposited Films and Corresponding Cycled Films, as Determined

by XRD.

Alloy composition

Phases present
(as-deposited)

Phases present
(cycled)

Sn50Bi25Sb25

Sn80Bi10Sb10, Sn60Bi20Sb20,

(Sn), (Bi), B-SnSb

(Sn), (Bi), B-SnSb

Sn10Bi80Sb10, Sn20Bi60Sb20, Sn25Bi50Sb25

(Bi), B-SnSb

(Bi), B-SnSb

Sn33Bi33Sb33 (Bi), B-SnSb (Bi), B-SnSb
Sn10Bi10Sb80 (Sb) (Sb), (Bi)
Sn20Bi20Sb60 (Sb) (Sb), (Bi), (Sn), p-SnSb
Sn25Bi25Sb50 (Sb), (Bi), B-SnSb | (Sb), (Bi), (Sn), B-SnSb

From the XRD patterns in Figure 2.3, the grain sizes (measured perpendicular to

the film surface) were estimated using the Scherrer equation

instrumental broadening:
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where Kg = 1.07 is the Scherrer constant for spherical particles, A = 0.154 nm is the
wavelength of the X-ray source, 3,4 is the integral breadth of a given peak, and 6 is
the peak position. Scherrer equation relates the size of a crystallite to the peak width
in a diffraction pattern. However, it is worth noting that many other factors, such as
instrumental broadening and strain broadening can also contribute to the peak
broadening. In order to analyze the size of a crystallite, the peak needs to be
deconvoluted and different contributions need to be separated. In addition, the
Scherrer equation assumes that all crystallites have the same size and shape, but in
reality, the crystallites may have a broad size distribution and different

shapes. Moreover, the grain size calculated by Scherrer equation is the grain height
perpendicular to the lattice plane and the grain size of a specimen in different

directions may be very different, such as a monocrystalline thin film material.'*!"'**
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Figure 2.4. Average grain sizes of as-sputtered and cycled films, as determined by the Scherrer
equation applied to the XRD patterns in Figure 2.3.
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Given that most alloy compositions contain multiple phases, the calculated grain

sizes in Figure 2.4 are given as the grain size of the majority phase(s). In general, the

grain sizes of different phases for a given alloy were found to be within 10% of each

other, with only a few exceptions.

A complete list of all of the grain sizes of each phase for each sample is given in

Table 2.3 and 2.4. For the as-deposited films, with the exception of pure Bi, it is

found that the grain size does not change significantly with composition (given that

the same as-deposited phases are present), where Sn-rich, Bi-rich and Sb-rich films

have average grain sizes on the order of 90, 45, and 30 nm respectively. After

electrochemical cycling, it is observed that the grain sizes are refined and are found to

be roughly half to a third of the as-deposited sizes. Investigation of the film

morphologies via SEM reveals similar trends in lateral grain size with alloying,

majority element, and cycling (Figures 2.5 and 2.6).

Table 2.3. Grain Sizes of All Phases in As-deposited Films (As Determined by XRD Using the

Scherrer Equation).

Sample (Sn) (Bi) (Sb) p-SnSb
grain size (nm) grain size (nm) grain size (nm) grain size (nm)

Sn 89
Sn80Bi10Sb10 88 85 99
Sn60Bi20Sb20 90 87 91
Sn50Bi25Sb25 77 85 81
Bi 95
Sn10Bi80Sb10 41 47
Sn20Bi60Sb20 42 47
Sn25Bi50Sb25 42 46
Sn33Bi33Sb33 50 50
Sb 40
Sn10Bi10Sbh80 36
Sn20Bi20Sb60 27
Sn25Bi25Sb50 9.3 22 42
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Table 2.4. Grain Sizes of All Phases after 100 Constant Current Charge/Discharge Cycles.

Sample (Sn) (Bi) (Sb) B-SnSb
grain size (nm) grain size (nm) grain size (nm) grain size (nm)
Sn 95
Sn80Bi10Sb10 54 11 60
Sn60Bi20Sb20 19 21 44
Sn50Bi25Sb25 53
Bi 47
Sn10Bi80Sb10 17
Sn20Bi60Sb20 16 9.2
Sn25Bi50Sb25 11 15
Sn33Bi33Sb33 7.1 19
Sb 16
Sn10Bi10Sbh80 33 8.9
Sn20Bi20Sb60 11 8.2
Sn25Bi25Sb50 10 11
(@) Sn
100 at%
l (b) Sn80Bi10Sb10
80 at%

Figure 2.5. SEMs of as-deposited elemental films and alloys. (a) Sn, (b) Sn80Bi10Sb10, (c)
Sn50Bi25Sb25, (d) Bi, (¢) Sn10Bi80Sb10, (f) Sn25Bi50Sb25; (g) Sb, (h) Sn10Bi10Sb80, (i)
Sn25Bi25Sb50. All scale bars are 200 nm. The numbers following the elements represent the molar
percent of elements in the film.
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80 at%

50 at%

Figure 2.6. SEM micrographs of the cycled elemental films and alloys. (a) Sn (b) Sn80Bi10Sb10, (c)
Sn50Bi25Sb25; (d) Bi, (¢) Sn10Bi80Sb10, (f) Sn25Bi50Sb25; (g) Sb, (h) Sn10Bi10Sb80, (i)
Sn25Bi25Sb50. Pure Sn and Bi were cycled 50 times, and all other electrodes 100 times. All scale bars
are 2 um.

Voltage profiles and dQ/dV plots for all Sn-rich alloy compositions are shown in
Figure 2.7, Bi-rich in Figure 2.8, and Sb-rich in Figure 2.9. As shown in the XRD
patterns in Figure 2.3 and their summary in Table 2.2, Sn and Bi-rich alloys consist of
(Sn), (Bi), and B-SnSb phases in their as-deposited state. One would, therefore, expect
to find characteristic features of these phases in the voltage profiles and dQ/dV plots.
Elemental Sn stores a large amount of Na at potentials below 0.1 V, which shows up
as a long, relatively flat plateau in the sodiation voltage profile and a large peak in
dQ/dV. All Sn-rich alloys display this feature very clearly. A Bi phase also was found
in all Sn-rich compositions, and a sharp peak at ~0.7 V, increasing with increasing Bi
and Sb content, is observed in the sodiation branch. In the region between 0.6 and 0.3
V, there are a large number of overlapping features related to elemental Sn (0.4 V, see
Figure 2.7) and B-SnSb,* in accordance with the XRD results. The Bi-rich alloys
consist of Bi and B-SnSb phases. The dQ/dV plots all show the dual-peak structure of
pure Bi in both the sodiation and desodiation branch with small shifts towards more

negative potentials for sodiation and more positive potentials for desodiation.

33



Compared to elemental Bi, the peaks also are broader and have increasingly large
shoulders at ~0.3 V (sodiation) and ~0.55 V (desodiation), as well as a minor peak
below 0.1 V with increasing Sn and Sb content. This sodiation peak below 0.1 V is
attributed to the p-SnSb phase, which is consistent with previous results.'*> This is
especially clear for Sn33Bi133Sb33 where the feature below 0.1 V is suddenly much
larger compared to all the other Bi-rich alloys and was, together with Sn10Bi80Sb10,
the only Bi-rich alloy to reach its theoretical capacity. These results suggest that the
sodiation behavior of the -SnSb phase is very strongly dependent on the
microstructure and that it does not always sodiate to its maximum extent of 3 Na/Sb
and 3.75 Na/Sn. For example, studies investigating anodes made from colloidal -

136,137

SnSb nanocrystals did not reach full capacity, while anodes made from ball-

milled powders of B-SnSb reached full capacity.'*
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Figure 2.7. Voltage profiles (left) and corresponding dQ/dV plots (right) for (a,b) elemental Sn, (c,d)
Sn80Bi10Sb10, (e,f) Sn60Bi20Sb20 and (g,h) Sn50Bi25Sb25.
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Figure 2.8. Voltage profiles (left) and corresponding dQ/dV plots (right) for (a,b) elemental Bi, (c,d)
Sn10Bi80Sb10, (e,f) Sn20Bi60Sb20, (g,h) Sn25Bi50Sb25 and (i,j) Sn33Bi33Sb33.
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Figure 2.9. Voltage profiles (a)—(c) and corresponding dQ/dV plots for elemental Sb (a and d),
Sn10Bi10Sb80 (b and ¢) and Sn20Bi20Sb60 (c and f).

Figure 2.9 shows the voltage profiles and dQ/dV curves for selected cycles of pure
Sb, Sn10Bi10Sb80, and Sn20Bi20Sb60. The second sodiation profile of pure Sb

shows two flat plateaus at ~0.7 and ~0.5 V and sloping regions in-between. To

understand and quantify the sodiation/desodiation pathways better, the dQ/dV curves

are fit using a series of Voigt functions (see Figure 2.10 and Table 2.5). The first

phase transformation to occur during sodiation of the pure Sb film takes place at 0.71

V, which has a very narrow peak with a width of 9 mV (width is taken as the integral

breadth of the peak). Next, there are two broad peaks at 0.68 and 0.52 V with widths

of 101 and 97 mV, respectively. Last in the sodiation sequence is another sharp peak

at 0.48 V with a width of 4 mV. Given the large differences in peak widths observed,

corresponding to variance in sodiation site energies, the sodiation of these pure Sb

films 1s believed to proceed via the following sequence: a) crystalline Sb to

crystalline NaSb, b) crystalline NaSb to amorphous Na,Sb (1<x<3), and ¢)

amorphous Na,Sb to the terminal NasSb crystalline phase. This is slightly different

from what typically is reported in previous literature, where the peak at 0.71 V is

broader, the small feature at 0.68 V is not resolved, and the final sharp peak often is

found at much lower voltages, around 0.3 V.'">!"®!2° I these cases, the first sodiation
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peak is ascribed to the formation of an amorphous NaSb phase. It is believed that the
crystalline NaSb phase is observed in this work due to the lower kinetic limitations
for the thin films used (100 nm) compared to thicker thin films (1000 nm)'?° or films
prepared from a nanoparticle slurry.''® From the whole pattern fitting of the dQ/dV, it
also is possible to estimate the relative sodiation capacity of each peak/reaction
(Table 2.5). It should be noted that the majority of charge (46%) is stored during the

formation of amorphous Na,Sb.

Figure 2.10. Curve fitting of dQ/dV the sodiation/desodiation profiles of pure Sb. (a—c) sodiation
curves for cycles 2,10, and 35. (d—f) desodiation curves for cycles 2, 10, and 35.
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Table 2.5. Peak Fit Parameters dQ/dV Curves of Pure Sb Films.

Sb - sodiation

Cycle Center (V) Width (mV) Area (%)
2 0.00 165 33
2 0.48 4 23.4
2 0.52 97 46.0
2 0.68 101 12.6
2 0.71 9 14.5
2 0.90 78 0.3
10 0.00 139 2.6
10 0.48 8 13.1
10 0.53 97 54.7
10 0.68 96 10.6
10 0.72 20 18.2
10 0.87 107 0.8
35 0.00 105 2.8
35 0.35 345 24.9
35 0.45 27 2.0
35 0.48 13 6.8
35 0.53 104 34.1
35 0.67 139 13.0
35 0.72 24 12.2
35 0.93 454 4.3

Sb - desodiation

Cycle Center (V) Width (mV) Area (%)
2 0.77 15 59.3
2 0.77 344 12.3
2 0.88 80 15.6
2 1.25 1324 12.9
10 0.73 317 8.1
10 0.77 18 59.4
10 0.87 91 18.2
10 1.41 1485 14.4
35 0.59 111 0.8
35 0.79 17 22.8
35 0.87 82 12.0
35 0.96 288 56.1
35 1.59 1149 8.3

Fitting of the desodiation dQ/dV branch reveals a single sharp peak at 0.77 V
(width = 15 mV), followed by a peak at 0.88 V with a larger width of 80 mV. Lastly,
there is a very broad peak centered at 1.25 V, which accounts for a non-trivial portion
of the desodiation capacity (13%). This desodiation profile is very similar to what has
been observed by Darwiche et al''® where the first peak at 0.77 V is ascribed to the
transformation of crystalline Na3;Sb to amorphous NaSb. The broad feature at 0.88 V

has been assigned occasionally to the partial crystallization of Sb,''° although other
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reports find that the Sb is amorphous after desodiation.''>'** The amorphous Sb
structure has been ascribed to incomplete desodiation of the Sb due to kinetic
limitations of sluggish Na diffusion.'*® On the other hand, we have found our cycled
Sb film to be crystalline. A possible explanation is the reduced kinetic limitation of
the very thin films (100 nm) and higher desodiation cut-off voltage of 2.0 V (previous
works were limited to 1.5 V). The broad feature centered at 1.25 V may thus be
associated with a crystallization event.

As cycling proceeds, the behavior of the Sb film changes. The dQ/dV curve for the
35t cycle, right before the onset of degradation for the Sb film (see Figure 2.1), still
shows the same four sodiation peaks as well as an additional broad feature centered at
0.35 V, which accounts for 25% of the sodiation capacity. The desodiation behavior
also changes, with an additional broad peak appearing at 0.96 V that accounts for the
majority of the desodiation capacity (56%). Although we cannot relate these
additional features in the dQ/dV curves to a specific phase transformation in the
material, their appearance may be related to the grain size refinement that was
observed for the Sb film (see Figure 2.3). Below 20 nm grain size, the sodiation
behavior of Sb has been found to change in a similar way as observed in this work."''
Another contributing factor may be internal fracturing of the film parallel to the
substrate, as observed before, causing parts of the film to react with greater difficulty
than others'** and leading to more negative sodiation and more positive desodiation
potentials, as observed in Figure 2.9.

The Sb alloy films show some strong similarities as well as differences with pure
Sb. Sodiation of Sn10B110Sb80 proceeds through a large number of intermediate
phases, as evidenced by the myriad of overlapping peaks in the dQ/dV curve between
~0.65 and ~0.30 V. A small amount of Na also is stored at lower potentials as the
dQ/dV curve does not go to zero. Curve fitting of the dQ/dV sodiation profile (Figure
2.11 and Table 2.6) reveals the presence of six distinct peaks with widths ranging
from 20 to 60 mV, where the most prominent peak occurs at 0.60 V and accounts for
25% of the sodiation capacity. None of these peaks can be assigned to those found for
pure Sb, Sn, or Bi as they all occur at different voltages. These data imply that the

sodiation sequence of this single phase solid solution alloy is profoundly different
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from pure Sb. Although there are a large number of distinct and sharp peaks observed,
curve fitting shows that a very broad peak centered at 0.49 V with a width of 235 mV
is necessary to fit the profile adequately, accounting for a very large fraction of the
sodiation capacity (49%). This feature is very similar to that of the pure Sb film,
which has a broad peak centered at 0.52 V, suggesting that Sn10Bi10Sb80 also forms
an amorphous sodium-rich phase during sodiation. However, for the Sn10Bi10Sb80
alloy, the width of this peak is over 2.5 times larger and overlaps much more strongly
with the other sodiation peaks compared to the elemental film. This result implies that
the volume expansion of the alloy film is much more gradual and that several distinct
sodiation processes may be occurring simultaneously. This is possible because
instead of two components (Na and Sb), we now have four (Na, Sb, Bi, and Sn),

which increases the maximum number of phases that can coexist in equilibrium.

Figure 2.11. Curve fitting of dQ/dV the sodiation/desodiation profiles of Sn10Bi10Sb80. (a—c)
sodiation curves for cycles 2,10, and 50. (d—f) desodiation curves for cycles 2, 10, and 50.
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Table 2.6. Peak Fit Parameters dQ/dV Curves of Sn10Bi10Sb80 Films.

Sn10Bi10Sb80 - sodiation

Cycle Center (V) Width (mV) Area (%)
2 0.00 201 8.5
2 0.32 50 32
2 0.34 21 2.2
2 0.43 21 2.0
2 0.49 235 49.3
2 0.51 59 6.3
2 0.60 41 25.0
2 0.66 40 34
10 0.00 157 6.1
10 0.31 165 7.8
10 0.33 60 1.4
10 0.44 28 34
10 0.49 212 46.1
10 0.52 35 2.8
10 0.60 59 23.8
10 0.69 59 8.5
50 0.00 152 5.6
50 0.30 126 7.8
50 0.42 45 35
50 0.45 11 0.2
50 0.49 260 50.9
50 0.51 51 5.0
50 0.59 63 15.4
50 0.68 82 5.8
50 0.71 33 5.8

Sn10B110Sb80 - desodiation

Cycle Center (V) Width (mV) Area (%)
2 0.27 292 2.9
2 0.65 318 9.5
2 0.72 53 6.3
2 0.75 33 44.6
2 0.82 64 5.2
2 0.88 137 23.2
2 1.54 1637 8.3
10 0.25 228 1.7
10 0.62 386 12.5
10 0.73 107 17.0
10 0.75 29 335
10 0.81 58 4.3
10 0.88 128 19.9
10 1.62 1938 11.1
50 0.26 265 1.6
50 0.60 309 7.4
50 0.77 23 19.9
50 0.78 114 40.6
50 0.83 71 2.6
50 0.89 124 18.5
50 1.75 127 9.6
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Despite the significant differences in sodiation, the desodiation branch of
Sn10Bi110Sb80 appears to be very similar to that of pure Sb. Specifically, there are
two major peaks at 0.75 and 0.88 V, which still account for the majority of the
desodiation capacity (70%), and two broad peaks centered at 0.72 and 1.5 V, much
like the Sb film. The only differences are the appearance of a small peak at 0.82 V (3%
of the sodiation capacity) and a broad peak at low voltages (0.29 V). These data
strongly suggest that, despite the significant differences in sodiation as evidenced by
the large number of peaks in the dQ/dV curve, the terminal sodiated majority phase of
Sn10Bi110Sb80 is very similar to that of pure Sb.

Contrary to pure Sb, the sodiation/desodiation potentials do not change
significantly over the first 50 cycles. Around the 50™ cycle, a small peak appears at
0.71 V (6% of the sodiation capacity), which likely corresponds to the eventual
segregation of Bi-phase, consistent with the XRD results in Figure 2.3. Only by the
100™ cycle have the desodiation potentials shifted to higher voltages by ~120 mV,
and the sodiation plateaus become less distinct.

The dQ/dV curves of Sn20Bi20Sb60 show a much larger sodiation feature at
around 0.7 V as compared to Sn10Bi110Sb80, in agreement with the difference in the
amount of Bi phase observed in their respective XRD patterns. A broad peak at <0.1
V, most likely related to B-SnSb, also emerges. This trend continues with
Sn25Bi25Sb50, which has even larger, sharper features in its dQ/dV curve related to
Bi and B-SnSb, in accordance with the observations from XRD where the amount of
Bi phase continued to increase with respect to Sb. At the same time, the cycling
stability becomes worse with increasing amounts of segregated Bi. The capacities of
Sn20Bi20Sb60 and Sn25Bi25Sb50 start to decline around cycle 60, with the capacity
of Sn25Bi25Sb50 declining substantially more rapidly (see Figure 2.1).

Of all of the alloy compositions investigated in this work, Sn10Bi10Sb80 stands
out as the most interesting one. Specifically, it has the same capacity as pure Sb while
possessing much better cycling stability (minimal decrease in capacity after 100
cycles). There are a large number of possible reasons for this improvement in cycling

stability, including but not limited to: nanostructuring size effects, stress-induced
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voltage changes, solid solution strengthening, and solid solution modification of the
Sb chemical potential.

A common strategy for improving capacity retention and rate capability is to
nanostructure the electrode rnaterial,145_147 where the nanostructured electrodes have
faster stress relaxation and improved diffusion kinetics compared to microcrystalline
materials. 3% However, for the electrode materials investigated in this work, it
appears that the initial grain size is not the dominant factor affecting capacity
retention. For example, the pure Sb (or Sn) and all of the Sb-rich (or Sn-rich) alloys
have similar grain sizes (see Table 2.3), but the alloys exhibit a much higher degree
of capacity retention.

A recently appreciated effect influencing capacity retention/fade in thin film
batteries is stress-induced voltage changes, where a large compressive stress in the
film during discharging (sodiation/lithiation) can cause voltage depressions up to
~200 mV."" In the case of Si and Si-based alloys, formation and crystallization of the
terminal Li;sSi4 phase (forms at voltages less than 50 mV) is found to be highly
detrimental and can be prevented as a result of stress-induced voltage effects.**!*! It
would appear that a similar effect is observed for the Sn-rich alloys studied in this
work. Specifically, the terminal Na;sSn4 phase also forms at a low sodiation voltage
of ~50 mV, as can been seen by the large peak in the sodiation branch of Figure 2.7.
A very clear shift and broadening of this peak can be seen for the Sn60Bi20Sb20 (30
mV) and Sn50Bi25Sb25 (20 mV) alloys, indicating that the Na;sSns4 phase does not

crystallize, as it is usually found to do."**

The lack of crystallization of Na;sSny,
evidenced by the broader first desodiation peak in the dQ/dV curves of
Sn60Bi20Sb20 and Sn50Bi25Sb25 as compared to elemental Sn and Sn80Bi110Sb10,
is correlated strongly to capacity retention in the Sn-rich alloys, and it is the likely
reason why Sn60Bi20Sb20 and Sn50Bi255Sb25 have markedly better capacity
retention compared to pure Sn and Sn80Bi10Sb10. Stress-induced voltage shifts also
are relevant to sodiation of B-SnSb, which is found to fully sodiate only at potentials
around 20 mV.* As previously discussed, the Sn10Bi80Sb10, Sn20Bi60Sb20 and
Sn25Bi50Sb25 alloys only see a shoulder of this low voltage sodiation peak, resulting

in less-than-theoretical capacity, while Sn33Bi33Sb33 has near-theoretical capacity
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and a complete sodiation peak at ~20 mV. Despite stress-induced shifts being
observed in the majority of samples, it is unlikely to be the reason why
Sn10Bi10Sb80 has improved capacity retention as all of the sodiation peaks are
significantly above 0 V, resulting in complete sodiation of all phases present.

As previously discussed, the sodiation sequence of Sn10Bi10Sb80 is significantly
different from pure Sb, as evidenced by the larger number of peaks in its dQ/dV curve
that the presence of a small amount of free Bi cannot account for, while the
desodiation behaviour is very similar. Given that both electrode materials have the
same crystal structure, these data suggest that the solid solution elements (Sn and Bi)
in the (Sb) phase modify the chemical potential of Sb, resulting in the different
sodiation voltage profile that is observed.'*® Even pure Sb shows clear differences
between sodiation and desodiation profiles from the second cycle onward, and the
sodiation voltage profile for the first cycle is even more different (see Figure 2.9a and
d), although the first and second desodiation profiles are the same. Despite these
differences in the sodiation branch, the terminal phase has been found to be
hexagonal Na3Sb for both the first and second sodiation of pure Sb through in-situ
XRD.'" Here, we observe widely different sodiation profiles but very similar
desodiation profiles for elemental Sb and Sn10Bi10Sb80. In light of the
aforementioned observations on pure Sb, this strongly suggests similar phase
evolution during desodiation, although in-situ TEM or XRD studies should be
conducted to confirm this and also to identify the intermediate sodiation stages. The
high reactivity and small sample mass of the sodiated films with air prevented us
from obtaining this information in ex-situ experiments.

A recent in-situ TEM investigation of nanoscale Sb revealed spatially
heterogeneous sodiation behaviour, causing large stresses that can be relieved in a
catastrophic manner; this is believed to play a major role in the capacity fade of Sb.'**
As such, it is possible that the observed changes in the sodiation sequence of
Sn10Bi110Sb80 could result in a more spatially homogeneous sodiation process, in the
sense that the relative expansion associated with each sodiation step is now smaller,
and changes in the internal stresses and subsequent stress relaxation processes.

Moreover, incorporation of Bi and Sn atoms into the Sb lattice leads to solid solution

45



strengthening, which can allow the electrode material to tolerate larger internal

s‘[resses.138

2.3 Conclusions

The addition of alloying elements into high capacity sodium-ion anode materials can
be an effective approach to improving capacity retention. In this work, the ternary tin-
bismuth-antimony system was investigated, where all the elemental components are
active towards sodium. It was found that the capacity retention of all of the pure
elemental anodes could be improved significantly, with minimal reduction in the
specific capacity (relative to the pure elemental forms). The Sn10Bi10Sb80 alloy was
unique in terms of its outstanding capacity retention (minimal fade at 100 cycles) and
single-phase as-deposited microstructure. It is believed that the excellent performance
of the Sn10Bi110Sb80 alloy is a result of two factors. The first is solid solution
strengthening induced by substitutional dissolution of Bi and Sn in the Sb lattice,
resulting in higher resistance to internal stress. The second, also related to the
dissolution of Bi and Sn, is a change in the Sb chemical potential, resulting in a
higher number of distinct sodiation processes, each with a much smaller material

expansion compared to pure Sb, resulting in lower internal stress.

2.4 Experimental Section

2.4.1 Materials and Equipment
Si wafers (111) orientation, prime grade, p-type, B-doped, resistivity <0.005 Q-cm,
thickness = 500-600 um) were purchased from WRS Materials, Inc. The Sn, Bi, and
Sb sputtering targets were purchased from Plasmaterials, Inc. Fluoroethylene
carbonate (99%) and metallic sodium (99.9%) were purchased from Sigma-Aldrich,
while sodium perchlorate (NaClO4, >98%)), ethylene carbonate (99% purity), diethyl
carbonate (>99%), and acetonitrile (99%) were purchased from Alfa Aesar. Trilayer
polypropylene-polyethylene-polypropylene separators (porosity of 39%) were
purchased from Celgard, and stainless steel spacers, springs, and caps were obtained
from MTTI Corporation. The sputtering system used was an ATC Orion 8, AJA
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International Inc. The argon gas used was 5 N purity and was supplied by Praxair
Canada Inc. The microbalance, a Mettler Toledo, XP6U, had an accuracy of 0.1 pg.
Electrochemical measurements were done using an Arbin BT2000 battery testing

system.

2.4.2 Electrode Preparation and Battery Assembly

Nominally 100 nm-thick films were (co)sputtered on highly conductive p-type silicon
wafers at room temperature. Si wafers were cleaned sequentially for 10 min by
sonication in methylene chloride (CH,Cl,), acetone, and methanol before using for
sputtering. As previously shown, Si does not have any capacity for Na at room
temperature,' > which is verified in Figure 2.12. Capacities are given as both areal
capacity (mAh/cm?), which is nearly zero, and gravimetric capacity, based on the
average weight of an alloy film. The weight for each sample composition is listed in
Table 2.7 and varies between 48 and 83 pg depending on the composition. The
contribution of the Si substrate is never higher than ~2 mAh/g. Bi and Sn were
deposited with DC-magnetron sputtering, while Sb deposition was performed by
radio frequency-magnetron sputtering. Sputtering was carried out with continuous
substrate rotation under argon gas at a pressure of 5 mTorr. The deposition rate of
each element is 0.01-0.1 nm/s, and these rates were adjusted as necessary to achieve
the desired compositions. Throughout the paper, different films are labeled by their
nominal composition in molar percentages; for example, Sn80Bi10Sb10 would have

a nominal molar composition of 80% Sn, 10% Bi, and 10% Sb.
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Figure 2.12. Specific Na storage capacity versus cycle number of the Si substrate used in this study.
(a) Normalized to the average weight of a 100 nm thin film used in this study. (b) Normalized to the
surface area of the substrate.

Table 2.7. Average Weight and Standard Deviation for Each Composition Based on 6 Different
Samples.

Sample Average weight (mg) Standard deviation (mg)

Sn 0.0485 0.0004
Sn80Bi10Sb10 0.0538 0.0014
Sn60Bi20Sb20 0.0590 0.0006
Sn50Bi25Sb25 0.0586 0.0005

Bi 0.0830 0.0012
Sn10Bi80Sb10 0.0742 0.0013
Sn20Bi60Sb20 0.0715 0.0019
Sn25BiS0Sb25 0.0692 0.0009
Sn33Bi33Sb33 0.0621 0.0012

Sb 0.0499 0.0004
Sn10Bi110Sb80 0.0563 0.0008
Sn20Bi20Sb60 0.0559 0.0023
Sn25Bi25Sb50 0.0580 0.0010

Sodium half-cells were assembled using pure sodium foil as the counter electrode,
trilayer polypropylene-polyethylene-polypropylene separators, stainless steel spacers,
springs, and caps. The electrolyte used was 1 M sodium perchlorate dissolved in a
mixture of ethylene carbonate and diethyl carbonate with a volume ratio of 1:1, mixed
with fluoroethylene carbonate (5% by weight). The assembly process was done in an
argon-filled glovebox with an oxygen level below 1 ppm and moisture level below

0.1 ppm.
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2.4.3 Electrochemical Testing
Galvanostatic charge-discharge tests were carried out using a potential range of 0.01—
2 V vs Na/Na'. Cycled batteries were disassembled in the glovebox and soaked in

acetonitrile for 12 h to remove residual electrolyte.

2.4.4 Characterization

Scanning electron microscopy (SEM) analysis was carried out with a Hitachi S-4800
field emission SEM (Hitachi, Clarksburg, MD) at 15 kV and 20 pA. X-ray diffraction
(XRD) analysis was performed on an AXS diffractometer (Discover 8, Bruker,
Madison, WI) with Cu-Ka radiation (A= 1.5406 A). The diffractometer was equipped
with a Histar general-area two-dimensional detection system (GADDs) with a
sample-detector distance of 15 cm. Phases were identified using the database of EVA
software. The as-deposited film compositions were verified using X-ray
photoelectron spectroscopy (XPS). The XPS spectra are shown in Figure 2.2 and the
calculated compositions, listed in Table 2.8, are close to nominal (less than 5 at%
difference). XPS was performed on an ULTRA (Kratos Analytical) spectrometer
under ultrahigh vacuum (107 Torr), using monochromatic Al Ka radiation (hv =
1486.6 eV) and operating at 210 W. The XPS data were analyzed with CasaXPS

software.

Table 2.8. Sample Compositions of As-deposited Alloy Electrodes, Derived from XPS Spectra.

Sample Sn (at%) Bi (at%) Sb (at%)
Sn80Bil10Sb10 76 13 11
Sn60Bi20Sb20 62 20 18
Sn50Bi25Sb25 57 22 21
Sn10Bi80Sb10 33 36 31
Sn20Bi60Sb20 12 75 13
Sn25Bi50Sb25 23 55 22
Sn33Bi33Sb33 26 50 24
Sn10Bi10Sbh80 11 8 81
Sn20Bi20Sb60 17 25 58
Sn25Bi25Sb50 26 27 47
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Chapter 3*

B-SnSb for Sodium Ion Battery Anodes: Phase
Transformations Responsible for Enhanced Cycling
Stability Revealed by In-situ TEM

3.1 Introduction

Alloyed materials possessing a nanoscale microstructure may exhibit improved
resistance toward the severe problem of mechanical fracture and pulverization
induced by internal stress buildup during repeated volume expansion and
contraction.”>*"*® Nanostructured alloyed materials are expected also to possess much
better kinetics compared to their coarser counterparts due to shorter diffusion

159-1 . 164 . S
397163 and, in some cases, metastable phases. % In this work, we use in situ

distances
TEM to probe the sodiation and desodiation of the promising 3-SnSb alloy, which is
composed of two elements that are highly active for sodiation. The B-phase SnSb
intermetallic is one of the most interesting binary systems in terms of structural
stability and facile sodiation kinetics.”>'®'°® To date, however, the underlying
reasons for the promising cycling stability of the B-SnSb have not been identified, and
there is incomplete understanding of the sodiation—desodiation sequence. Per the
room-temperature binary equilibrium phase diagram of Sb—Sn in the range of 46—48
atom %, there is a cubic rock salt ordered solid solution intermetallic (B- SnSb) with
an enthalpy of formation of about —3 kJ/mol.'®"'"® Reports based on combined XRD
and Mossbauer studies highlight the presence of the Nas;Sb phase at terminal
sodiation and an amorphous NaSb phase at lower Na content.'®® For the p-SnSb alloy,
however, XRD alone is difficult to interpret due to the highly broadened peaks of the

7! In situ TEM has been shown to be a

nanocrystalline/ amorphous phases that form.
highly powerful technique for site-specific analysis of sodiation-induced phase

. 172,1
transformations, even when the phases are truly nanostructured.'’>'”* Here we

' The contents of this chapter have been reproduced and/or adapted from the following
publication: Xie, H.; Tan, X.; Luber, E. J.; Olsen, B. C.; Kalisvaart, W. P.; Jungjohann, K. L.;
Mitlin, D.; Buriak, J. M. B-SnSb for Sodium Ion Battery Anodes: Phase Transformations
Responsible for Enhanced Cycling Stability Revealed by In Situ TEM. ACS Energy Lett.
2018, 3 (7), 1670-1676.
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analyze the reversible sodiation—desodiation reactions of 3-SnSb by this technique
and connect these results to the electrochemical performance of B-SnSb films as

anodes for SIBs.

3.2 Results and Discussions

To investigate the SnSb system, the following films were prepared via sputtering:
cosputtered SnSb (1:1 mole fraction), bilayers of Sn(top)/Sb(bottom) and
Sb(top)/Sn(bottom), and the corresponding pure elemental films. The indexed XRD
patterns of the as-deposited 100 nm B-SnSb alloy film and of the 50 nm/50 nm Sn/Sb
and Sb/Sn bilayers are shown in Figure 3.1. The combination of the thermodynamic
driving force and short diffusion distances in the Sn/Sb and Sb/Sn bilayer films
causes partial formation of a f-SnSb intermetallic even in the as-deposited state. The
co-sputtered film is converted fully to the B-SnSb phase, with no evidence of
elemental Sn or Sb. As will be demonstrated by TEM and XRD (vide infra), the Sn
and Sb bilayers react during desodiation cycles to form f-SnSb in the desodiated
state. Figure 3.2 compares the electrochemical performance of the co-sputtered SnSb
film, the Sn/Sb and Sb/Sn bilayers, and the elemental Sn and Sb films. We also
examined a trilayer system containing a very thin silicon interdiffusion barrier
sandwiched between the tin and antimony, Sb(49 nm)/Si(2 nm)/Sn(49 nm). Figure
3.2a—c shows the galvanostatic charge—discharge curves of the cosputtered SnSb film
and of the bilayers at cycles 2, 10, and 50. Galvanostatic data for baseline elemental
Sn, Sb, and the trilayer Sn/Si/Sb films are shown in Figure 3.3. It is evident that the
galvanostatic voltage versus capacity plateaus for the bilayers are very similar to that
of the co-sputtered SnSb alloy film, especially in later cycles, all the while being
distinct from both the elemental Sn and Sb films. The shapes and positions of the
plateaus for the co-sputtered SnSb versus Sn/Sb bilayers show only minor differences

in the region of the reaction overpotentials.
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Figure 3.1. (a) Simulated diffraction patterns of B-SnSb alloy, indicating that B-SnSb has a cubic

rocksalt crystal structure. (b) Indexed X-ray diffraction patterns of the as-deposited 100 nm B-SnSb
alloy film and the Sn/Sb and Sb/Sn bilayer films.
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Figure 3.2. Galvanostatic charge—discharge curves of co-sputtered SnSb and bilayer Sn/Sb and Sb/Sn
at cycles (a) 2, (b) 10, and (c) 50. (d) Associated cycling performance and CEs, which also include
baseline elemental films of Sn and Sb as well as a trilayer Sn/Si(2 nm)/Sb film. All batteries were
tested at 200 mA/g.
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Figure 3.3. Galvanostatic sodiation-desodiation voltage profiles of (a) Sn, (b) Sb, and (c) Sn/Si(2
nm)/Sb films at cycles 2, 10, and 50.

Figure 3.2d shows the cycling performance and the associated Coulombic
efficiency (CE) of all of the films tested. It should be noted that the elemental Sn and
Sb films degrade rapidly— the Sn immediately and the Sb after ~40 cycles. The co-
sputtered SnSb and Sn/Sb bilayer films exhibit much better capacity retention, with
similar cycling stability with 70% capacity retention after 150 cycles. In fact, they
demonstrate analogous initial reversible capacity near 700 mAh/g, increasing to 740
mAh/g over the first 20 cycles and slowly decaying afterward. The Sn/Sb bilayer with
a sandwiched 2 nm Si interdiffusion barrier does not show the same level of extended
stability, fading rapidly after fewer than 10 cycles. This result with the trilayer
sandwich suggests that the B-SnSb alloy reaction sequence is an essential
microstructural feature necessary for the material to withstand repeated cycling.

XRD analysis of the films after extended cycling reveals which phases are formed
preferentially, as shown in Figure 3.4. After 45 cycles, the only phase detected for the
co-sputtered SnSb film in the desodiated state was the -SnSb intermetallic (Figure
3.4a). After 150 cycles, the SnSb, Sn/Sb, and Sb/Sn bilayer films all show the
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presence of the B-SnSb intermetallic, although crystalline Sn also is observed;
crystalline Sb, however, was not seen even after 150 cycles. Two possible scenarios
could explain these observations: (i) upon extended cycling, the composition of -
SnSb may become more Sb-rich, resulting in precipitation of Sn as a second phase, or
(i1) cycling may induce precipitation of Sb, which could remain amorphous in the
desodiated state and hence remain invisible to XRD. The presence of a secondary Sn
phase may be the explanation for the observed onset of capacity decay at around 150
cycles; as per the cycling results of elemental Sn, the crystalline Sn phase is highly
unstable during cycling. The presence of Sn as a separate phase could be the initiation
point for electrode failure, which is manifested as fracture and largescale separation
of the film from the current collector in pure Sn films.*'>® It appears that the key to
cycling stability is the presence of B-SnSb in the desodiated state because near room
temperature elemental Sn creeps at much higher rates than its solid solution alloy

174
counterparts.
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Figure 3.4. (a) Indexed XRD pattern of the SnSb film after 45 cycles in the desodiated state showing
the presence of only B-SnSb, without either Sn or Sb peaks being present. (b) Indexed XRD patterns of
SnSb, Sn/Sb, and Sb/Sn after 150 cycles, indicating the even after extensive cycling B-SnSb is still
present in the desodiated state, although the crystalline Sn phase is also present. The broad peak at 20 =
57¢ is from the (311) reflection of the Si substrate. This peak is broadened because the sample is close
but slightly out of the Bragg condition, which is due to the in-plane rotation of the single-crystal
substrate.

To provide detailed insights into the nature of the sodiation—desodiation of SnSb
films, in situ TEM analysis was carried out on a co-sputtered SnSb film and both

Sn/Sb bilayer films. Figure 3.5 shows the image of a co-sputtered SnSb film analyzed
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at the first cycle of sodiation—desodiation. To sodiate and desodiate the film, a voltage
of —0.5 and +5 V vs Na was applied, respectively. The bright-field TEM (BF-TEM)
micrographs of the pristine SnSb film deposited on Ge/TiN nanowires revealed three
distinct layers, from external to internal: the SnSb film, the TiN barrier layer, and the
supporting Ge nanowire. The SnSb was not expected to be reactive with the stable
TiN underlayer (vide infra). By comparing experimental selected area diffraction
(SAED) patterns of pristine SnSb with the simulated pattern shown (Figure 3.5), it
was confirmed that the as-deposited SnSb film is a polycrystalline single-phase 3-

SnSb intermetallic with a rocksalt cubic crystal structure (Fm3m [225]).

SnSb - sodiation

(a)

SnSb - desodiation

Figure 3.5. In situ TEM analysis of the sodiation—desodiation of a co-sputtered SnSb film during the
first cycle. (a) Bright-field micrographs and (b) associated measured electron diffraction patterns as
well simulations during sodiation. (c,d) Same analyses during desodiation.

As expected, inspection of the BF-TEMs (Figure 3.5) shows that the diameter of

the nanowire increases during sodiation due to Na uptake in the SnSb film. The

55



volume expansion is measured as a function of (de)sodiation time and is shown in
Figure 3.6a (see the experimental section and Figure 3.6b,c for details on how volume
expansion was measured). We see that there is a very rapid initial volume expansion
of 85% (2 min), followed by a gradual increase to 135% (40 min), and then a final
more rapid increase to 210% (60 min). This data suggests that the Sb sodiates first (as
is expected from the equilibrium sodiation potentials), while the Sn begins to sodiate
much more slowly and is likely a mixture of amorphous-Na,Sn,, and crystalline-
Na,sSny phases by the end of 60 min of in situ sodiation. This hypothesis is validated
by analyzing the TEM micrographs for the sodiation of Sn/Sb bilayers (Figure 3.7),
where the Sn particles on the free surface experience only a volume increase of
~100% after 65 min of in situ sodiation, which is much less than the 420% of fully
sodiated Sn. Therefore, if we assume that the Sb is fully sodiated (290%) after 60 min
and the Sn has experienced a 100% volume increase, the estimated volume expansion
would be ~190% (see the experimental section for calculations details), which agrees

well with the measured value of 210%.
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Figure 3.6. (a) Volume changes of SnSb film during in-situ (de)sodiation as a function of time.
Sodiation is done potentiostatically at -0.5 V and desodiation at +5 V. (b) BF-TEM micrograph of an
in-situ sodiated SnSb film, with the image rotated so that the wire axis is parallel to the vertical axis.
Overlaid on the image is the average image intensity along the vertical direction. (¢) Schematic of
geometry assumed for volume calculations of the SnSb film.
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Figure 3.7. (a) BF-TEM of Sn/Sb multilayer (25 nm/25 nm) in the as-deposited state, with a single Sn
particle marked in red. (b) The same particle marked in red after 65 min of in-situ sodiation.

After 2 min of sodiation, the B-SnSb pattern disappeared. New peaks centered at
around 2.4 and 3.6 nm ™' were observed, corresponding to the (1011) and
(1120)/(1013) reflections of Na3;Sb (P63/mmc [194]). The sharp peaks centered at 4.0
and 4.7 nm™' correspond to the (111) and (002) reflections of the TiN barrier (Fm3m
[225]). These remain invariant during sodiation—desodiation cycling, confirming that
TiN is indeed nonreactive toward Na and thus serving as a useful in situ calibration
marker. The single-crystal Ge nanowire is purposely off its zone axis. After 5 min of
sodiation, three peaks at 2.5, 3.6, and 5.0 nm ' appear in the SAED. These features
correspond to (310), (332), and (541) reflections of the cubic Na;sSny phase (143d
[220]). The (541) peak at 5.0 nm ', in particular, cannot be ascribed to any other
phase besides Na;sSny. Its position is isolated from any Na3;Sb peaks, making it the
most clearly visible feature. The relative intensity of these peaks increases after 5—60
min of sodiation. At longer times, the relative intensity remains approximately
constant, indicating that the sodium content of the material has reached its maximum.

During desodiation, the (541) reflection of Na;sSng, the last to appear in the SAED
pattern, disappeared first after 10 min, as shown in Figure 3.8, further supporting the
attribution of this feature to the (541) reflection of Na;sSns. The overlapping peaks
between 2.0 and 3.0 nm " significantly diminished after 30 min, and two main peaks

and a small peak of Sn at 3.4, 3.6, and 7.7 nm_l, corresponding to the (200), (101),

57



and (420) reflections, respectively, of tetragonal Sn, were observed. The observed
segregation of a small amount of Na;sSns during sodiation, converting to elemental

Sn upon desodiation, is in agreement with the XRD results (Figure 3.4).

(2) [SnSb - sodiation — psnsh (b) ['snsb - desodiation
(200) (202) 0 min (541) 0 min 7:\\::%?)”‘
(222) 402 T
— (4';0) (‘L ) L Lo | g4, 1 M
(10-11) 49500 — Na,Sb TN
2 min TN /\/\J 10 min
—_— ]
—_ (332) 5
(310) (541) H e i
E ‘ ‘ 5min [ Na _sn, E (511) 20min | NaoH
> L. . > H | e
2 ‘ : = (101) .
@ ) c (200 30 min
42 20 min _2 | \ (301) (420) |—Sn

: : } (200)
; | 80 min 60 min| — Sb
—Mmﬂ:ﬁm / —B-SnSb

15 25 35 45 55 65 75 85 15 25 35 45 55 65 75 85
1/d[nm7"] 1/d[nm7]

Figure 3.8. Azimuthally averaged in situ electron diffraction patterns (Figure 3.5) of the SnSb during
(a) sodiation and (b) desodiation.

Two peaks at 4.2 and 6.0 nm ™' also appeared after 20 min of desodiation and
became more distinct as the desodiation time increased. We ascribe these peaks to the
(111) and (511) reflections of orthorhombic NaOH (Cmcm [63]), which may form
when the Na metal is transferred to the TEM column and may migrate quickly on the

156.175-178 The neak at 6.0 nm™" also

surface, along the length of the nanowire.
coincides with the (301) reflection of elemental Sn. From 30 to 60 min, the
overlapping peaks centered at 2.5 nm ' further decreased, and the (200) peak of
rocksalt B-SnSb and/or the (012) peak of rhombohedral Sb (R3m [166]) near 3.2 nm '
was observed. As the peak obviously is broadened, this observation suggests that
nanocrystalline -SnSb and/or Sb forms. The assignment of this nanocrystalline
feature is supported further by HRTEM micrographs of the desodiated SnSb film,
shown in Figure 3.9. The interplanar distance of 0.31 nm matches the d-spacing of the
{200} planes of the cubic SnSb phase. As desodiation progresses, the BF-TEM
micrographs show that the sodiated SnSb film gradually shrinks as a result of

extraction of Na.
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Figure 3.9. HRTEM analysis of the SnSb film after four in situ sodiation—desodiation cycles. (a) BF-
TEM of the film and (b) corresponding HRTEM showing nanocrystallites, which are attributed to j3-
SnSb.

To study the reaction mechanism of B-SnSb further, multicycle in situ TEM
analyses were performed, which are shown in Figure 3.10. As previously discussed,
during the first cycle, the sodiation process induces segregation of the B-SnSb alloy
by forming nanocrystalline Na;Sb and Na;sSn4 in sequence. During the first
desodiation, a small amount of crystalline Sn and nanocrystalline B-SnSb is formed in
sequence. From the second cycle onward, the phase transformations are basically
consistent and reversible. Figures 3.11—3.14 show the in situ TEM characterization of
Sb/Sn and Sn/Sb films during one full discharge—charge cycle. Unlike the cosputtered
SnSb film, bilayer films are composed of relatively larger particles, especially for
Sb/Sn, which shows the largest particle size among the three. This observation is
consistent with the calculated grain size based on XRD, shown in Table 3.1. The
SAED patterns show that pristine Sb/Sn and Sn/Sb films are composed of Sn, Sb, and
B-SnSb phases. During sodiation, the same broad features observed for the SnSb film
appear first after 2 min, and crystalline Na;Sb and Na,;sSn4 are observed in sequence
with the SAED peaks, becoming sharper over time as sodiation progresses. During

desodiation, Na;sSns decomposes first and the (200), (101), (211), and (420) peaks of
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elemental Sn are visible after 30 min. Subsequently, Sb or -SnSb was observed,
although they are difficult to distinguish from each other. As shown in Figure 3.12,
the simulated peak position of B-SnSb is closer to the observed center of the peak at

3.3 nm ', and therefore, the formed phase is likely B-SnSb.

Figure 3.10. In situ TEM analysis of a co-sputtered SnSb film during multicycle sodation—desodiation.
Each sodiation micrograph is acquired after 60 min at -0.5 V and desodiation micrographs after 60 min
at +5.0 V. Corresponding SAED patterns and relevant simulations are shown below each micrograph.
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Figure 3.11. In situ TEM analysis of the sodiating—desodiating Sb(top)/Sn(bottom) bilayer film.
Figures (a) and (b) show bright field micrographs and associated experimental and simulated SAED
patterns during sodiation done potentiostatically at -0.5 V. Figures (c¢) and (d) show these results during
desodiation, done potentiostatically at +5.0 V.
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Figure 3.12. Azimuthally averaged in situ electron diffraction patterns (Figure 3.11) of the
Sb(top)/Sn(bottom) film during first (a) sodiation and (b) desodiation. Each profile is independently
normalized.
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(a)

(b)

(d)

Figure 3.13. In situ TEM analysis of the sodiating—desodiating Sn(top)/Sb(bottom) bilayer film.
Figures (a) and (b) shows bright field micrographs and associated experimental and simulated SAED
patterns during sodiation done potentiostatically at -0.5 V. Figures (c) and (d) show these results during

Sn/Sb - sodiation

desodiation, done potentiostatically at +5.0 V.
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Figure 3.14. Azimuthally averaged in-situ electron diffraction patterns (Figure 3.13) of the bilayer
Sn(top)/Sb(bottom) during first (a) sodiation and (b) desodiation. Each profile is independently

normalized.
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Table 3.1. Grain Sizes Measured by XRD via the Scherrer Equation for As-deposited Films and the

Same Films After 150 Cycles of Electrochemical Battery Testing.

Composition Phase As-deposited film grain size .Desodiated film grain
[nm] size [nm] after 150 cycles
SnSb B-SnSb 18+7 1.9+0.2
Sn N/A 54+04
Sb N/A N/A
Sn/Sb B-SnSb 41+7 153+1.0
Sn 32+4 16.0+1.7
Sb 19+6 N/A
Sb/Sn B-SnSb 53+£9 10.3+1.0
Sn 49 + 4 73+£0.8
Sb 18£5 N/A

From the in situ TEM diffraction data, it appears that both Sn/Sb and Sb/Sn bilayer

films followed a very similar sodiation—desodiation reaction sequence as co-sputtered
SnSb. The B-SnSb pattern is much sharper in the desodiated Sb/Sn film compared to
that for the co-sputtered SnSb, showing that it is re-formed upon desodiation.
Elemental Sn is recognizable in the SAED patterns of both SnSb and Sb/Sn.
Elemental Sb, on the other hand, is very hard to discern as the strongest peak in the
pristine bilayer overlaps with a broadened B-SnSb peak, as well as that of NaOH.
These results suggest that Sn/Sb bilayers mix and form B-SnSb during the

sodiation—desodiation cycle, and do so every cycle.

3.3 Conclusions

To summarize, the in situ TEM analysis results are in accordance with the XRD and
the electrochemical results. On the basis of the observations and analyses above, the
following overall reaction mechanism is proposed, which is illustrated in Scheme 3.1.
The label “c-” denotes a crystalline phase with a distinctly identifiable diffraction
pattern. The label “a-” denotes amorphous or sufficiently nanocrystalline as not to

yield indexable TEM SAED or XRD reflections.
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Scheme 3.1. Schematic illustration of the proposed phase transition of -SnSb during the sodiation—
desodication cycle.

Sodiation (B decomposes):
B-SnSb — c¢-Na3Sb + a-Na,Sn,

more Na + a-Na,Sn,, + c-Na3Sb — c-Na;sSn, + c-Na3Sb

Desodiation (B re-forms):
c-Na;sSns + ¢-Na3Sb — ¢-Sn + a-Na,Sn, + c-Na3Sb + Na

c-Sn + a-Na,Sn, + c-Na3Sb — c¢-Sn + B-SnSb + more Na

As written above, the sodiation process induces decomposition of the B-SnSb phase
by forming Na3Sb and Na;sSn4 in sequence. Desodiation occurs in the Na;sSnys phase
first. Then, as the Na3Sb desodiates, the Sb reversibly alloys with the already
desodiated Sn and re-forms nanocrystalline -SnSb. There is a possibility of
intermediate Na,Sb, amorphous phases as well, akin to the reaction in pure Sb ﬁlms,36
but these phases are very difficult to detect by TEM or XRD in a composite electrode
such as the one examined here. With increased cycling number, the Sn element does

not alloy fully with Sb and rather precipitates out as a distinct crystalline phase. This
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process drives the composition of the remaining - phase to be richer in Sb, which is
thermodynamically allowable because at room temperature the B-phase spans 46—48
atom % Sb. Moreover, beyond these compositions, the -phase may become
supersaturated or precipitate out as minority Sb. To conclude, by connecting the phase
diagram of SbSn intermetallics with detailed in situ TEM, electrochemistry, and ex
situ XRD, a fundamental understanding of the behavior of this interesting compound

as an anode for SIBs was realized, enabling optimization in future iterations.

3.4 Experimental Details

3.4.1 Materials and Equipment

In this study, we employed thin films prepared by sputtering as a model system. Thin
films are particularly useful to address the questions analyzed in this paper since there
are no binders or additives employed. High-purity Sn and Sb sputtering targets were
supplied by Plasmaterials, Inc., and the sputtering system used was an ATC Orion 8,
AJA International Inc. Argon gas (purity of 99.999%) was supplied by Praxair
Canada Inc. Highly conductive p-type Si wafers with a resistivity of <0.005 Q-cm
(prime grade, thickness = 500—-600 um) were purchased from WRS Materials.
Ethylene carbonate (EC, 99%), diethyl carbonate (DEC, >99%) and sodium
perchlorate (NaClO4, >98%), were purchased from Alfa Aesar, while fluoroethylene
carbonate (FEC, 99%) and metallic sodium (99.9%) were purchased from Sigma-
Aldrich. Stainless steel spacers, caps, springs and trilayer polypropylene-
polyethylene-polypropylene separators with a porosity of 39% (Celgard 2325) were
obtained from MTI Corporation. The microbalance, a XP6U, Mettler Toledo, had a

manufacturer quoted readability of 0.1 pg.

3.4.2 Electrode Preparation and Electrochemical Testing

Nominally 100 nm-thick SnSb films were deposited on silicon chips with an area of 1
x 1 cm? via DC-magnetron co-sputtering at room temperature. Bilayers were
sputtered sequentially with nominal thicknesses of 50 nm for both the Sb and Sn

layers. The materials are referred to as SnSb, Sb/Sn and Sn/Sb to denote the co-
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sputtered alloy, the bilayer with Sb on top and Sn on top, respectively. Sputtering was
carried out with deposition rates of 0.20 (5 watts) and 0.22 nm/s (5 watts) for Sn and
Sb, respectively, under argon gas at a pressure of 5 mTorr. The Si substrate was
shown not to have any appreciable capacity for Na at room temperature.'*® Prior to
deposition, Si wafers were sonicated in methylene chloride (CH,Cl,), acetone, and
methanol for 10 min in sequence, then dried under a stream of N,. Coin cells
(CR2032-type) were assembled within an argon-filled glovebox with a moisture level
below 0.1 ppm and an oxygen level below 1 ppm. Pure sodium foil was used as the
counter electrode. The electrolyte used was 1 M NaClO,4 in EC/DEC, with a volume
ratio of 1:1, mixed with FEC (5% by weight). Galvanostatic charge—discharge tests
were performed at 200 mA/g for cycle life testing within a potential range of 0.01-2
V vs Na/Na'. Cycled coin cells were disassembled in a glovebox and soaked in DEC
for approximately 12 h to remove residual electrolyte and salts before doing ex situ
characterization. Galvanostatic charge—discharge tests were carried out using an Arbin

BT2000 battery testing system.

3.4.3 Microstructural Characterization

Conventional bright field, dark field, and selected-area diffraction (SAED) analysis
were conducted on an FEI Tecnai G2 F30 TEM (FEI, Hillsboro, OR) operating at 300
keV. X-ray diffraction (XRD) analysis was carried out using a Bruker AXS
diffractometer (Discover 8) equipped with a Histar general-area two-dimensional
detection system (GADDs) and using Cu-Ko radiation (A= 1.5406 A) and an incident
angle of 15 degrees. The Crystallography Open Database, EVA software and
simulated diffraction patterns were used for phase identification. The commercial
software program Crystal Maker' ™ was used to simulate the crystal structures of the
materials that are concerned in this work. Crystal Diffract™ and Diffraction-Ring-
Profiler’' were used to simulate the X-ray and electron diffraction patterns,
respectively. Specifically, the following materials have been simulated: -SnSb with a
rocksalt cubic structure (Fm-3m, space group 225, a = 0.613 nm); SnSb with
rhombohedral structure (R3m, space group 166, a =c = 0.3065 nm); Sb with a
rhombohedral structure (R3m, space group 166, a =0.4307 nm, ¢ = 1.1273 nm); Sn
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with a tetragonal structure (I41/amd, space group 141, a=0.5819 nm, ¢ =0.3175
nm); NazSb with a hexagonal structure (P63/mmc, space group 194, a=0.5355 nm, ¢
=0.9496 nm); Na,;sSny4 with a cubic structure (143d, space group 220, a = 1.314 nm);
NaSb with a monoclinic structure (P21/c, space group 14, a = 0.6802 nm, b = 0.6342
nm, ¢ = 1.2484 nm, = 117.62°); NaSns with a tetragonal structure (P421m, space
group 113, a=0.6285 nm, ¢ = 0.8794 nm); Na;Sn;, with a monoclinic structure (P2/c,
space group 13, a=1.3375 nm, b =10.9329 nm, ¢ = 1.7976 nm, B = 90.15°); NaSn
with a tetragonal structure (I41/acd, space group 142, a=1.046 nm, ¢ = 1.739 nm);
NagSny with a orthorhombic structure (cmem, space group 63, a=0.542 nm, b =
0.939 nm, ¢ = 2.962 nm); TiN with a cubic structure (Fm-3m, space group, 225, a =
0.4235 nm); Na,O with a cubic structure (Fm-3m, space group 225, a = 0.555 nm);
NaOH with a orthorhombic structure (cmem, space group 63, a = 0.3401 nm, b =
1.138 nm, ¢ = 0.3398 nm); and Ge with a cubic structure (Fd-3m, space group 227, a
=0.5758 nm)."”

3.4.4 In-situ TEM

A general platform was developed previously for in-situ TEM electrochemical testing
to investigate electrode materials in thin film form.'” An array of Ge nanowires
coated with a conformal layer of titanium nitride serves as an electrically conductive,
but Na-inactive, substrate to electrode materials that are subsequently deposited. SnSb
films with a nominal planar thickness of 50 nm are co-sputtered onto the support
surface using magnetron sputtering, as described above. Since sputtering is a highly
directional physical vapor deposition process that results in shadowing, there was
some local variation in film thicknesses. For labeling simplicity, the SnSb-on-TiN-on-
Ge nanowire material is hereafter referred to as SnSb. This label is compared to
bilayer Sn(top)/Sb(bottom) and Sb(top)/Sn(bottom) films that were studied in
parallel, being labeled as Sn/Sb and Sb/Sn.

The prepared electrode was mounted onto a commercial scanning tunneling
microscopy (STM) TEM holder (Nanofactory Instruments) as the working electrode.
Bulk Na metal was mounted on the other side of the holder as a counter electrode.

The assembly procedure was conducted in a helium-filled glovebox with moisture
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and oxygen content less than 3 ppm. Next, the STM holder was then sealed in a
helium-filled plastic bag and quickly transferred and loaded into the TEM column. A
thin layer of Na,O and NaOH was formed during the loading procedure that serves as
the solid electrolyte in the in-situ experiments. Inside the TEM, the working electrode
was controlled by a piezo-positioner to contact with the counter electrode. Sodiation
and desodiation was achieved by applying a bias of -0.5 V vs. Na and +5 V vs. Na to
the working electrode. To minimize the electron-beam damage to the microstructure
during in-situ TEM analysis, the electron beam was blanked except for when images
were taken. For the magnification (i.e. 35k) we used for imaging, the typical electron

dose rate was about 7.74 ¢/ A’s.

3.4.5 Calculations
3.4.5.1 SnSb Film Volume

The following method was used to estimate the volume changes of the SnSb film
during in-situ (de)sodiation. First the BF-TEM images were rotated such that the
nanowire is parallel to the vertical axis of the image (Figure 3.6b). Next, the image is
integrated (or summed) along the vertical axis, producing a line profile of the average
intensity along the vertical directions, which is overlaid on top of Figure 3.6b). Given
the different contrast between the Ge-NW, TiN, and SnSb, the maxima/minima of the
line profiles could be used to identify all of the relevant layer thicknesses. The
volume, V;, of the SnSb film at time t is calculated by assuming a geometry of
embedded cylinders as shown in Figure 3.6c, where the volume is given by
_m(d3, —di)h
£ 4

If it is assumed that the film only expands radially outwards from the nanowire axis,

the percentage volume change, AV, with respect to the initial volume, V%, is given by

Vi d% t— d% t
AV = (— - 1) (100%) = (———— — 1)(100%)
VO dz,o - d1,0

3.4.5.2 Sn Volume Changes
Using the BF-TEM micrographs of the in-situ sodiated bilayer Sn/Sb films, it was

68



possible to obtain a rough estimate of the volume expansion of the Sn particles on the
free surface of the film. Due to the irregular and non-planar nature of the Sn films it
was difficult to estimate the Sn volumes accurately, however, specific particles were
found to have shapes and orientations that could be used to estimate the volumes
effectively. Shown in Figure 3.7a is a BF-TEM micrograph of a Sn/Sn bilayer in the
as-deposited state, where a hemi-ellipsoid Sn particle is marked in red. The diameter
of the base, b, and the height of particle, /4, also are measured and marked. The

volume of the particle, V, is assumed to be a hemi-ellipsoid given by

V—1 b%h
_gn'

This same process is applied to the same particle after it has been sodiated in-situ for
65 min (Figure 3.7b). From these two images, the volume change is found to be

~100%.

3.4.5.3 Estimating Volume Change of SnSb Film During Sodiation

Given that SnSb phase separates into Na;sSns and Na;Sb, the theoretical volume of

expansion of SnSb during sodiation is estimated well for a simple weighted average

(or rule of mixtures) of the respective expansions of Sn and Sb. If the composition is
given by Sn,Sby., then the expected percentage volume expansion, AV, of both

phases being fully sodiated is given by

XV 1- V3"
AV = | —g——— | AV + SS Wi < | AVSP
XV + (1 - x)yan XV + (1 - x)y3n

Where V,5? and V3™ are the molar volumes of Sb and Sn, and AVSP and AVS™ are the

percentage volume changes of Sb and Sn with respect to the initial volume upon
terminal sodiation. Therefore, in our case of x = 0.5, the theoretical maximum volume

expansion of SnSb will be

18.19 .
18.19 + 16.29 18.19 + 16.29

In the scenario of partially sodiated Sn to 100% volume increase and fully sodiated

AV = < > (420%) + ( ) (290%) = 358.6%

Sb, the predicted volume expansion is

18.19
18.19 + 16.29

16.29
18.19 + 16.29

AV = < ) (100%) + ( ) (290%) = 189.8%
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Chapter 4

Adhesion and Surface Layers on Silicon Anodes
Suppress Formation of Both c-Li;z 75Si and the Solid
Electrolyte Interphase

4.1 Introduction

Si forms crystalline c-Li; 75Si at room temperature when it is fully lithiated.®' The
formation of c-Li3 7551 has been found to be detrimental to the electrode integrity
because of the internal stress accompanied with the amorphous—crystalline phase

transition, leading to faster capacity degradation.'”'®'

To suppress the formation of
the c-Li; 75Si phase, Obrovac et al. studied a series of alloys of Si with transition
metals, including Ti, Ni, and Cu. They found that the c-Li3 75Si can be suppressed
initially due to stress-voltage coupling, which results in a better capacity retention of

the Si electrode. > 1%

By inducing stress in the Si electrode, the lithiation voltage
curve of Si can be lowered by ~100-120 mV/GPA.'® Since the c-Li; 75Si forms
below 50 mV vs Li/Li", a voltage of 100—120 mV will be enough to suppress its
formation.® In addition, Obrovac et al. reported that the compressive stress from a
substrate also can suppress the formation of the c-Lij3 7551 phase ‘[ernporarily.2 To
further minimize the formation of the c-Li;75Si phase, we recently designed a series
of alternating Si and C multilayer structures and found that the multilayer structure
can minimize the formation of c-Lis 75S1 phase to a degree that is proportional to the
thickness ratio of Si to C layers.™

Han et al. also found that the metastable c-Lis 7551 is particularly reactive towards
the electrolyte, suggesting that the formation of the c-Lis 75S1 phase may exacerbate

180 .
The continuous

the growth of solid electrolyte interphase (SEI) on the Si electrode.
growth of SEI will deplete the electrolyte and increase the resistance of the electrode,
leading to capacity loss. Capping a Si electrode with a different material, such as
ALO,, 87188 ¢ 189 Ti02,190’]9] and TiN,]90 has been shown to be effective in
alleviating the continuous growth of SEI and improving the Coulombic efficiency

(CE) of the Si electrode. However, further understanding, detailed examination, and
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comparison of different surface coatings on the formation of SEI are required to
understand the origin of this effect.

In this work, we study the effect of both an adhesion layer and a surface coating on
the suppression of the c-Li3 7551 phase and cycling stability. A proper adhesion layer
or a surface coating should induce compressive stress and suppress the formation of
the c-Lis 7551 phase. Sandwich structures of silicon and an 85:15 silicon-titanium alloy
were prepared on a copper foil by sputtering, as shown in Scheme 4.1; the influence
of a nickel adhesion layer on the copper and an optional surface layer of carbon or
titania were examined. In addition, the effect of carbon and titania surface coatings on

the growth and composition of SEI were investigated.

4.2 Results and Discussions

To study the effect of the adhesion layer and surface coatings, six different electrodes
were prepared by magnetron sputtering on copper substrates, as shown in Scheme 4.1.
X-ray diffraction (XRD) analysis of the as-deposited films shows that with the
exception of the 20-nm Ni layer, the other components of the as-deposited films are

amorphous (Figure 4.1).

S50or10 nmTiO, ¢

100 nm Si
100 nm Si

r L Ni
—— S

Scheme 4.1. Schematic illustration of the electrodes prepared via magnetron sputtering.
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Figure 4.1. XRD patterns of as-deposited films on (a) Cu substrate and (b) Si substrate.

The morphologies of the as-deposited samples investigated via scanning electron
microscopy (SEM) are not obviously different (Figure 4.2). However, after only 10
lithiation—delithiation cycles, the silicon film directly deposited on a Cu substrate
undergoes a high degree of delamination (and an accompanying loss of electrical
contact), as shown in Figure 4.3a. The Ni/Si electrode, however, shows much better
integrity compared with the Si electrode, although cracks still occurred (Figure 4.3b).
Compared to the Ni/Si electrode, the Ni/SigsT1;s electrode exhibits fewer cracks and
better overall integrity of the film (Figure 4.3¢). The Ni/SigsTi;5/C,
Ni/SigsTi;5/10Ti0,, and Ni/SigsTi;s/5TiO, electrodes show even less fragmentation
(Figure 4.3d-f). The trend, even though it is only the tenth cycle, is consistent with the

capacity retention of the electrodes, which will be discussed.
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Figure 4.2. SEM images of as-deposited (a) Si, (b) Ni/Si, (c) Ni/SigsT1i;s, (d) Ni/SigsTi;5/C, (e)
Ni/SigsTi;5/10Ti0,, and (d) Ni/SigsTi;5/5TiO, electrodes.

Figure 4.3. SEM micrographs of delithiated (a) Si, (b) Ni/Si, (c) Ni/SigsTi;s, (d) Ni/SigsTi;s/C, (e)
Ni/SigsTi;5/10Ti0,, and (f) Ni/SigsTi;5/5TiO, electrodes after 10 cycles.

Figure 4.4 shows the specific capacity, Coulombic efficiency (CE), and capacity
retention of all six electrodes prepared. The results in Figure 4.4a-c were obtained
under a constant-current constant-voltage (CCCV) protocol with a cut-off voltage of
5mV and 1.0 V vs Li/Li" for lithiation and delithiation, respectively. The CCCV
protocol is used for charging the commercial lithium-ion batteries.'** A constant-

voltage (CV) step also is used when performing thorough fundamental analyses to
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Figure 4.4. Specific capacity (a,d), associated Coulombic efficiency (b,e), and capacity retention (c,f)
vs cycle number. The inset in (b,e) shows the CE for the first five cycles. (a—c) were tested first at a
constant current step with a rate of 0.4 C, followed by a constant voltage step of 5 mV and 1.0 V for
lithiation and delithiation, respectively. The current limit for constant voltage steps is 0.01 C. (d-f)
were tested with only a CC step under the same rate.

investigate the inherent polarization for both charging and discharging for different
compositions of Si-based electrodes.'”>™ As shown in Figure 4.4a-c, both Si and

Ni/Si electrodes show similar specific capacities of ~3500 mAh/g for the first cycle,
which is close to the theoretical capacity of Si at room temperature (3579 mAh/g

based on Lis 75S1). However, elemental Si directly deposited on a Cu substrate shows
rapid capacity degradation during the first 25 cycles. In the presence of an interfacial
layer of 20 nm Ni between the Cu substrate and the Si, the Ni/Si electrode exhibits a
significant improvement in capacity retention, from ~38% (without a Ni layer) to ~80%
of the initial capacity after 200 cycles. A similar improvement in capacity retention

17 Ni and Si form a

also was observed by laboni et al. using Ni foil as a substrate.
large number of intermetallics with stoichiometries ranging from NiSi, to Ni3Si, so
strong bonding is expected between the Ni layer and the freshly deposited Si.®* It is
worth mentioning that we have not seen any signals for nickel silicides in the XRD
plots, which might be due to subnanometer thicknesses of these phases or its
amorphous nature if any 1s formed. The Ni/SigsTi;s electrode shows relatively better

capacity retention than the Ni/Si electrode; this is expected because alloying with > 15
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at% Ti can suppress the formation of c-Lis 75S1 effectively, resulting in better
cyclability, as reported by Wang et al.'® Compared to the Ni/SigsTi;s electrode, the
electrode with a 10-nm carbon capping layer, Ni/SigsTi;s/C, exhibits further
improvement in capacity retention as well as CE. The improvement in CE might
indicate less SEI formation. In addition, upon cycling, the samples with 5- and 10-nm
coatings of TiO, both show better capacity retention and higher CE compared to the
Ni/SigsTis electrode. The anode with the nickel adhesion layer and titania capping
layer, Ni/SigsTi;5/10TiO,, shows the highest average CE and capacity retention
among all the electrodes prepared.

To compare the battery performance using a constant current (CC) protocol, all the
electrodes were tested and compared, as shown in Figure 4.4d-f. Compared to the
CCCYV results, the results carried out at CC show slightly lower gravimetric capacity,
but the trends in terms of capacity retention and CE between different samples are
almost the same. The addition of the nickel adhesion layer still shows a significantly
better capacity retention compared to its absence. The Ni/SigsTi;s/C electrode also
shows improved capacity retention and CE compared to the Ni/SigsTi;s electrode.
Moreover, the Ni/SigsTi;s/10T10; and Ni/SigsTi;5/5T10; electrodes exhibit higher
capacity retention compared with the other electrodes. In addition, it is worth
mentioning that without applying CV steps (Figure 4.4d), an increase in the initial
capacities is observed during the first 20 cycles for the TiO, coated samples; this
might be due to the degree of diffusion of Li ions in the coating layer that improves
upon cycling, presumably due to the creation of more percolation sites for Li ions in
the coating layer. Applying a constant voltage step (Figure 4.4a), however, resulted in
the absence of any initial uprise in the initial capacities for the TiO, coated samples.
The prolonged cycling tests of the best performing electrode, i.e., Ni/SigsTi;5/10TiO,,
also were carried out at higher rates of 2 and 4 C under both the CCCV and CC
protocols (Figure 4.5), and they show about 80% capacity retention after 600 cycles,
with a CE close to 100%. The improvements in capacity retention and CE observed in
charge—discharge cycling tests at 0.4 C indicate that the Ni adhesion layer and C/TiO;

surface coatings play important roles in cycling stability and SEI growth.
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Figure 4.5. Specific capacity and associated Coulombic efficiency vs cycle number for the
Ni/SigsTi;5/10Ti0, electrode tested at 2 or 4 under both CC and CCCV protocol. The samples were
tested first at 0.1 C for three cycles, then the testing rate was increased to 2 or 4 C. For the CV step, the
limit current is one-tenth of the rate of the CC step, (e.g., 0.2 C for 2 C at the CC step).

Figure 4.6 shows the differential capacity plots (dQ/dV vs voltage) associated with
the results in Figure 4.4a-c (their corresponding galvanostatic charge—discharge
curves can be found in Figure 4.7). All electrodes exhibit two broad peaks during
lithiation and delithiation at the second cycle, which is a typical behavior of
amorphous silicon."”*'> After 18 cycles, Si shows a sharp peak at around 0.42 V vs
Li/Li", which is attributed to the formation of c-Lis 75Si, a phase that is believed to be
detrimental to the film integrity.*>'""'"** By adding the 20 nm-thick Ni adhesion layer,
the onset of this c-Lij3 7551 peak occurs after ~35 cycles, as shown in Figure 4.6 b. The
suppression of the c-Li; 7551 phase likely is due to the compressive stress induced by
the strong bonding between Ni and Si. 179 The Ni/Sig5T1;5 electrode starts to show the
c-Li3 7551 peak after around 42 cycles, while the Ni/SigsT1;5/C, Ni/SigsTi;5/10T10,,
and Ni/SigsTi;5/5TiO; electrodes show onsets for this peak after around 65, 62, and
65 cycles, respectively. It has been proven that the capacity retention is correlated to

1.,1718282 which might explain our improved

the formation of c-Lis 75S1 by Wang et a
capacity retention from Si to Ni/Si as well as the further improvement by the

inclusion of Ti and top coatings of carbon and TiO,.
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The corresponding galvanostatic charge—discharge curves are shown in Figure 4.7.
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Figure 4.7. Galvanostatic charge—discharge curves of (a) Si, (b) Ni/Si, (¢) Ni/SigsTi;s, (d)
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results are tested at CCCV protocol and associated with the results presented in Figure 4.6.

To investigate the correlation between capacity degradation and the appearance of

the c-Li3 7551 peak further, the area of this peak at different cycles was fitted (see

Figure 4.8 for details) and plotted with the capacity retention, as shown in Figure 4.9.

71



(@) (b)
350001 . Experimental result Cycle 30 35000 4 Cycle 35
— Fit
30000 - Envelope 30000 -
S 25000 S 25000
L= k=2
L g
o =
< 20000 < 20000 -]
E E
3 15000 5 15000
<] g
T 10000 T 10000
5000 | f Szé 5000 - i :g i
0 0+
T T T T T T T T
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V) vs Li/Li’ Voltage (V) vs Li/Li"
(c) (d)
35000 - Cycle 40 35000 Cycle 90
30000 - 30000 -
S 25000 S 25000
2 2
F— F+
< 20000 < 20000
E E
3 15000 3 15000
g & <]
T 10000 | : T 10000
5000 | i : :f@ 5000 -
0 0
T T T T T T T T
0.0 0.2 0.4 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V) vs Li/Li* Voltage (V) vs Li/Li*

Figure 4.8. Curve fitting of the delithiation branch in the dQ/dV plots of the Ni/Si electrode for cycle
30, 35, 40, and 90.

The area of the c-Lij3 7551 peak was normalized to the weight of Si in the film as

expressed below:
Fitted area of the c- Li; ;5Si peak
Weight fraction of Si in the electrode

Normalized Area of the c- Li; ;5Si peak =

As shown in Figure 4.9a, the capacity retention of the Si degrades dramatically
before the onset of the c-Lis 75S1 peak; this degradation is due to the delamination of
the Si film, as observed in Figure 4.3a. For the other electrodes, the c-Li; 7551 peak
starts to appear before the inflection point in the capacity retention curve, suggesting
that the formation of the c-Li; 7551 peak is not correlated linearly to the capacity
degradation. This observation may be due to the fact that when the c-Lis 75S1 phase
begins to appear, the expanded Si still does not lose its electrical contact right away.

Moreover, the Ni/Si electrode shows a larger area of the c-Lij3 75S1 peak compared to
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Si but better capacity retention, as shown in Figure 4.9a. Similarly, the Ni/SigsTi;s
electrode also shows a relatively larger area of the c-Lis 7551 peak compared to the
Ni/Si electrode but has better capacity retention (Figure 4.9). In contrast, the
Ni/SigsT1;5/C, Ni/SigsT1;5/10T10,, and Ni/SigsT1;5/5T10, electrodes exhibit a less
maximum amount of c-Li; 7551 and better capacity retention than that of the
Ni/SigsTi;s electrode. This result indicates that the area of the c-Lis 75S1 peak is not

proportional to the capacity retention.
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Figure 4.9. The normalized area of the Lis 75Si peak and capacity retention vs cycle number of Si,
Nl/sl, Nl/slg5T115, N1/8185T115/C, Nl/slg5T115/10T102, and N1/8135T115/5T102 electrodes.
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According to the study by Iaboni et al., c-Li3 7551 will form in parts of the film that
have delaminated and are thus no longer under the compressive stress exerted by the
substrate but that have retained electrical contact with the rest of the film.'” Both the
substrate and the coating can induce a clamping effect, inhibiting c-Lis 75S1 formation.
According to the SEM pictures in Figure 4.3, the coating layers also lessen
fragmentation of the film in the xy-plane. The trend in the maximum amount of c-

Li; 75Si and capacity retention can now be understood as follows: The Si film on the
Cu substrate has both poor adhesion and a high degree of fragmentation. The parts of
the film that form c-Li; 75S1 in any given cycle are also highly likely to completely
disconnect from the rest of the film, keeping the total amount of c-Lij; 7551 relatively
low, at a maximum of ~800 mAh/g. The Ni adhesion layer increases clamping by the
substrate as well as adhesion and thus delays the onset of Li; 75Si formation as well as
improving the capacity retention. This allows more c-Li3 7551 to be formed in total, up
to 1000 mAh/g. The SigsTi;s electrode starts to form c-Li3 7551 at approximately the
same cycle as the Ni/Si electrode, indicating an equally large effect of clamping but
showing less disintegration (see Figure 4.3). This further increases the maximum
amount of c-Li3 7551 to ~1200 mAh/g. Compressive stress induced by the coatings
further delays the onset of c-Lis 75Si formation relative to that of the Ni/SigsTi;s
electrode for the C and TiO, coated electrodes. Moreover, the relatively less
maximum amount of c-Liz 75S1 for the C and Ti10; coated films indicates that the
coating material remains attached to parts of the film and keeps suppressing the
formation of c-Lij; 75Si during cycling, which leads to better integrity of the electrode,
consistent with the SEM results.

To study the effect of the C and TiO, coating on SEI formation, the cumulative
relative irreversible capacity attributed to the formation of SEI (RICsg;) of all the
samples was calculated using the same method described in previous work.*>'*® The
cumulative RICgg; is calculated as expressed below:

Lith __ Dellth

Qny1 —
ZRICSEI Z - Dellth
Lith :

where QL™ is the lithiation capacity at cycle n+1, and Q2™ is the delithiation

capacity at cycle n. The calculated results are shown in Figure 4.10a. The Ni/SigsTi;s
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electrode shows the highest RICgg;, even higher than Si and Ni/Si electrodes, which
may be because the addition of Ti increases the surface area of the electrode or the Ti
catalyzes the decomposition of the electrolyte. The Ni/SigsTi;s/C, Ni/SigsTi;s/10TiO,,
and Ni/SigsTi;5/5TiO; electrodes show relatively smaller RICgg; than the Ni/SigsTi;s
electrode, indicating that the SEI grow slower on these samples.

The relative composition of SEI was analyzed by XPS and is shown in Figure
4.10b and Figure 4.11. The fitting model is self-consistent for all the samples

. . . . 197-201
examined, and the peak assignment is similar to some previous work."””

Si Ni/Si
B Ni/Sig;Tiss * NilSigsTiys/C
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Figure 4.10. (a) Cumulative relative irreversible capacity due to the formation of SEI vs cycle number.
(b) Relative composition of SEI in the outer 10 nm after 10 cycles of lithiation—delithiation. The results
were calculated based on the XPS spectra of F 1s, C 1s, and Li 1s. All samples were tested under
CCCYV protocol.
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The identified organic functionalities include aliphatic carbon (labelled as “C SP*),
alkoxy groups (“RCO”, contained in ethers and alkoxides), carboxyl groups and/or
oxalates (“ROCQO”, contained in carboxylates, esters, or oxalates), carbonates
(“RCO3”, contained in carbonic esters and ionic carbonate salts), and organofluorines
(“RCF”). Inorganic components include LiC, compounds (“LiC,”), lithium fluoride
(“LiF”), and phosphoro-fluoride compounds (“PF,”, contained in Li,PF, and
Li,PO,F.). The other components that cannot be distinguished in Li 1s, such as alkyl
lithium, LiO, and Li,O, were labeled as “LiX”. As shown in Figures 4.10b and 4.11,
only the Ni/SigsT1;5/C electrode shows a Li—C bond in C 1s, which is ascribed to the
LiC, formed via lithiating amorphous carbon.”*? Besides, the Ni/SigsT115/C electrode
shows a relatively higher concentration of LiF compared to the other three samples. A
higher concentration LiF has been reported to promote rapid Li transport and may
indicate more stable SEL'*** The Ni/ SigsTi;5/10T10; electrode shows a relatively
higher composition of aliphatic carbon, RCO, and ROCO, but lower RCO3; compared
with the other samples. Also, both the Ni/SigsT1;5/10Ti0, and Ni/SigsTi;5/C electrodes
show higher relative concentration of PF,, which suggests that LiPF¢ may prefer to
decompose on the C and TiO; coated surface. The Ni/Si and Ni/SigsTi;s electrodes,
on the other hand, show a more similar composition to each other except for the
difference in aliphatic carbon and LiX. These results indicate that surface coatings
influence the composition of SEI, possibly by making some components of the

electrolyte decompose preferably.
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Figure 4.11. XPS spectra and Voigt function fits of the SEI composition, in the C 1S, F 1s, P 2p, Li 1s,
and O 1s regions.

To further investigate the growth of SEI on different samples, in-operando neutron
reflectometry (NR) analysis also was carried out. Neutrons are highly penetrating and
non-destructive, which makes in-operando diagnostics of undisturbed SEI layers
possible.””* To conduct the in-operando NR experiment, an electrochemical cell was
designed as shown in Figure 4.12. However, due to the unexpected large resistance of

the cell, the prepared electrodes did not complete the lithiation—delithiation process
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properly and the collected reflectivity profiles do not show an obvious difference at

different times of the charge—discharge cycling test, as shown in Figure 4.13 and 4.14.
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Figure 4.12. (a) Schematic sketch and (b) optical image of the in operando neutron reflectometry
experimental setup.
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Figure 4.13. Voltage profiles of (a) Ni/SigsTi;5 electrode tested at 0.4 C, and (b) Ni/SigsTi;5/10Ti0,
electrode tested at 0.1 C for the first three cycles. The samples were tested using the customized
electrochemical cell, as shown in Figure 4.12.
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Figure 4.14. Neutron reflectivity vs Q for sample Ni/SigsTi;s and Ni/SigsTi;5/10Ti0, electrodes at
different times of cycling tests.

4.3 Conclusions

In this work, the adhesion layer and surface coatings were found to suppress the
formation of c-Lij; 7551, resulting in improved capacity retentions and Coulombic
efficiency. In addition, surface coatings were found to influence the growth rate and
composition of SEI. Further research on different materials for the adhesion layers
and surface coatings are interesting directions. Our results provide a further
understanding of surfacing coating and adhesion layer on stabilization of Si-based

anodes and can help guide the design of electrodes for advanced lithium-ion batteries.

4.4 Experimental Details
4.4.1 Materials and Equipment

Copper foil was obtained from McMaster Carr. CR2032 caps, stainless steel spacers,
and springs were purchased from MTI Corporation. A 1.0 M lithium
hexafluorophosphate (LiPF¢) solution in ethylene carbonate and diethyl carbonate
(EC/DEC=50/50 v/v%, battery-grade), fluoroethylene carbonate (FEC) (99%), diethyl
carbonate (anhydrous, >99%), and metallic Li foil (99.9%) were purchased from
Sigma-Aldrich. Trilayer polypropylene—polyethylene—polypropylene separators
(2325) with a porosity of 39% were obtained from Celgard. Sputtering targets were
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obtained from Plasmaterials, Inc., and the sputtering system used was an ATC Orion
8, AJA International Inc. The argon gas used for the sputtering system was of 5-N
purity and was supplied by Praxair Canada Inc. A microbalance(XP6U) with an
accuracy of 0.1 ug, purchased from Mettler Toledo, was used to determine the weight
of our samples. Electrochemical measurements were carried out with an Arbin

BT2000 battery testing system.

4.4.2 Electrode Preparation and Battery Assembly

Copper foils with a diameter of 15 mm were cleaned by sequential sonication in
acetone and isopropanol for 10 min prior to using for sputtering. Six samples with
different composition and nominal thicknesses, as shown in Scheme 4.1, were
deposited on the Cu foils via sputtering at room temperature. The prepared electrodes
are referred to as Si, N1/Si, Ni/SigsTi;s, N1/SigsTi;5/C, N1/SigsT1;5/10T10,,
Ni/SigsTi;5/5T10,. The SigsTi;s denotes the film that has a nominal molar ratio of 85%
silicon and 15% titanium and the10TiO; and 5Ti0O, refer to coating thicknesses of 10
and 5 nm, respectively. For carbon coating, a thickness of 10 nm is used in this study.
Nickel and carbon were deposited with radio-frequency magnetron sputtering, while
silicon (n-type) and titanium deposition were performed via DC-magnetron sputtering.
The sputtering was carried out under argon gas at 5 mTorr with continuous substrate
rotation. SigsTi;s was prepared by co-sputtering silicon and titanium, while titanium
dioxide deposition was performed by reactive sputtering of titanium and oxygen
under a mixture of argon and oxygen (9:1 v/v%).>> %" The sputtering rates for Ni, Si,
Ti, and C are 0.0172, 0.0410, 0.0064, and 0.0069 nm/s respectively. The sputtered
films were weighed with a microbalance and then transferred to an argon-filled glove
box. The CR2032-type coin cells were assembled using lithium foils as the counter
electrode within the argon-filled glove box with moisture and oxygen levels < 0.2
ppm. The electrolyte used is 1.0 M LiPFg solution in EC/DEC (50:50 v/v%), mixed
with FEC (10% by volume).
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4.4.3 Electrochemical Testing

Galvanostatic charge—discharge tests were performed at a C rate of 0.4 C and in the
voltage range of S mV—1. 0 V vs Li/Li". The c-rate is calculated based on the
theoretical specific capacity of each sample prepared in this work, as shown in Table
4.1. The further two constant voltage (CV) steps were carried out at the end of the
constant current (CC) steps for lithiation and delithiation( i.e., at 5 mV/1.0 V vs
Li/Li") with a current limit of 0.01 C. All coin cells were tested in a temperature
controlled chamber at 25.0+0.1 °C. Gravimetric capacity was calculated using the
total weight of each film except the Ni layer. Capacity retention was calculated with

respect to the highest delithiation capacity exhibited in each sample.

Table 4.1. Theoretical Specific Capacity of Each Sample Prepared in This Work.

Sample Theoretical specific capacity (mAh/g) *®
Si and Ni/Si 3579
Ni/SigsTis 2751
Ni/SigsTi;s/C 2691
Ni/SigsTi;5/10TiO, 2431
Ni/SigsTi;5/5TiO, 2580

a. The mass of the Ni layer was not taken into account.
b. The theoretical capacity of sputtered carbon and TiO, used for calculation are 1116 mAh/g
(assuming each C atom can consume 0.5 Li atom)'®?% and 335 mAh/g,”” respectively.

4.4.4 Characterization

X-ray diffraction (XRD) analysis was carried out using an AXS diffractometer
(Discover 8, Bruker, Madison, WI) equipped with a Histar general-area two-
dimensional detection system (GADDs) and using Cu-Ka radiation (= 1.5406 A°) at
an incident angle of 15 degrees. X-ray photoelectron spectroscopy (XPS) analysis
was carried out with an ULTRA (Kratos Analytical) spectrometer with
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monochromatic Al Ka radiation (Av = 1486.6 e¢V) and under ultrahigh vacuum (10-9
Torr). The samples for XPS analysis were tested for 10 charge—discharge cycles first
and immediately disassembled in the argon-filled glove box. The disassembled
electrodes were rinsed with DEC five times to remove the residual electrolyte and
dried in the glove box. An airtight container designed for transporting air-sensitive
samples was used to transfer the electrodes from the glove box to the ultrahigh
vacuum chamber for XPS measurements. The XPS results were analyzed using
CasaXPS software. Scanning electron microscopy (SEM) analysis was performed

with a Hitachi S-4800 field emission SEM at 15 kV and 20 pA.

4.4.5 In-operando Neutron Reflectometry Experiment

To conduct the in-operando NR experiment, a compatible electrochemical cell was
designed, as shown in Figure 4.12. Two SigsTis alloy electrodes with 10-nm surface
coatings of carbon and TiO, and one without a surface coating were prepared via dc-
magnetron sputtering on 8-mm thick Si substrates and used as the working electrode
(WE). Li foil was used as the counter and reference electrode. The electrolyte used is
a mixture of 1.0 M LiPFy in ethylene carbonate/diethyl carbonate (1:1 v/v) and a
fluoroethylene carbonate additive (9:1 v/v). NR measurements were carried out while
the cell is operating (in operando). The NR measurements were done at the
REFSANS instrument using a sample-detector distance of 10370 mm, a neutron
wavelength band of 0.3 to 2 nm, and a wavelength resolution of 4%, to enable a time

resolution of 300 s in the in-operando measurements.
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Chapter 5

Thesis Summary and Outlook

5.1 Summary

This thesis sought to develop high capacity alloying anodes, including Sn, Sb, and Si
based materials, and to understand their reaction and/or degradation mechanisms for
advanced lithium-ion and sodium-ion batteries. High capacity alloying anodes are of
great interest to enable the next leap of energy storage technologies. In this final
chapter, summaries of each preceding chapter and future research directions are

provided in the following sections.

5.1.1 Chapter 1

In Chapter 1, the background of lithium-ion and sodium-ion batteries were introduced,
and the research development of several high capacity alloying anodes related to the
work in this thesis were reviewed. Advanced lithium-ion and sodium-ion batteries
with high energy density and long-term stability are required for both stationary and
mobile applications, including electric vehicles and microgrid and grid-level energy
storage. The development of high-performance lithium-ion and sodium-ion batteries
significantly relies on improving the electrode materials. To evaluate the electrode
materials, several important criteria, including capacity, voltage, power, Coulombic
efficiency, and cycle life, were introduced. Next, the advantages, challenges, and
research development of high capacity alloying anodes, with emphasis on Sn and Sb
based materials for sodium-ion batteries, were reviewed. In addition, the pro and cons
and research history of Si based anode materials, which is the most promising anode

material for next-generation lithium-ion batteries, were discussed.

5.1.2 Chapter 2

Chapter 2 presented a study of the ternary Sn—Bi—Sb system, in which all components
are active towards Na. It was found that the addition of the alloying elements

effectively enhanced the cycling stability of the pure elemental anodes, while
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maintaining high specific capacities. The best performing alloy, Sn10Bi10Sb80
(composed of 10 at% Sn,10 at% Bi, and 80 at% Sb), is especially interesting because
of its outstanding cycling stability as well as its single-phase as-deposited
microstructure. By alloying with only 10% Sn and Bi, the cycling stability of
elemental Sb improved significantly. The excellent cycling stability of the
Sn10Bi10Sb80 electrode was attributed to two reasons. Firstly, the dissolution of tin
and bismuth atoms in the antimony lattice led to improved resistance toward the
internal stress accompanied by the sodiation/desodiaton. Secondly, alloying with Sn
and Bi modified the chemical potential of Sb, leading to multiple sodiation processes.
Each process has a relatively smaller volume expansion than that of elemental Sb,
resulting in smaller internal stress for the electrode. The results in this study could
guide the design and formulation of high capacity anode materials for sodium-ion

batteries in bulk form.

5.1.3 Chapter 3

Chapter 3 investigated the sodiation—desodiation mechanism of a promising anode
material, intermetallic B-SnSb, for sodium-ion batteries. Per in-situ TEM, ex-situ
XRD, and electrochemical analysis, the reaction mechanism of f-SnSb with Na was
revealed as below:

Sodiation (B-SnSb decomposes):

B-SnSb — c¢-Na3Sb + a-Na,Sn, — c-Na;5Sny + c-Na3Sb

Desodiation (B-SnSb re-forms):

c-Na;5Sns + ¢-Na3Sb — ¢-Sn + a-Na,Sn,, + c-Na3Sb — ¢-Sn + 3-SnSb

where the label “c-” represents a crystalline phase, while “a-" denotes an amorphous
phase. Upon sodiation, B-SnSb decomposes and forms a crystalline c-Na3Sb and
amorphous a-Na,Sn,. Further sodiation results in the formation of ¢c-Na;sSn4. During
desodiation, crystalline Sn was observed first, followed by the re-formation of -
SnSb. Moreover, a portion of Sn was found to segregate in extensively cycled

specimens, which may account for the ultimate capacity degradation of B-SnSb.
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5.1.4 Chapter 4

Chapter 4 describes a study of the Ni adhesion layer and C/TiO, surface coating on
suppression of both the formation of the c-Li; 75S1 phase and solid electrolyte
interphase in the Si-based anode for lithium-ion batteries. By incorporating the Ni
adhesion layer and C/TiO, surface coating, the formation of c-Lis 75Si in the Si-based
electrode was suppressed significantly and less fragmentation of the electrode was
observed, resulting in improved cycling stability and Coulombic efficiency.
Moreover, the C/TiO; surface coating was found to slow down the growth of the solid
electrolyte interphase and influence its composition. These results provide a
fundamental understanding of adhesion layers and surface coatings on the formation
of the solid electrolyte interphase and stabilization of Si-based anodes for lithium-ion

batteries.

5.2 Proposed Research Directions

5.2.1 In-situ TEM Study of the Sn10Bi10Sb80 Alloy Electrode

As discussed in in Chapter 2, by substitutional dissolution of only 10 at% Sn and Bi
in Sb, the Sn10Bi110Sb80 alloy electrode shows a significant improvement in terms of
cycling stability and Coulombic efficiency compared to the pure Sb electrode. An in-
situ TEM study of the pure Sb electrode shows that the sodiation process of Sb is
spatially nonuniform, leading to high internal stress that can result in buckling and
localized disconnection of the Sb film from its support, as shown in Figure 5.1.'7
This phenomenon is believed to be the main cause of the capacity degradation of the
Sb electrode. As such, the increased number of sodiation processes observed in the
Sn10Bi10Sb80 alloy electrode may lead to more a homogeneous sodiation process
and improved structural integrity of the electrode. Investigating the
sodiation/desodiation process and microstructural change of the Sn10B110Sb80 alloy
electrode via in situ TEM analysis will help to elucidate the underlying mechanism of
its improvement in electrochemical performance and guide the design of alloy anodes

for rechargeable batteries.
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200 nm 100 nm

Figure 5.1. In situ TEM analysis of a 100-nm Sb film deposited on the TiN coated Ge nanowires. (a)
BF-TEM micrograph of the film in the fully sodiated state after around 10 h and (b) in the desodiated
state. Corresponding high-angle annular dark-field (HAADF) micrographs (c) and energy-dispersive
X-ray spectroscopy (EDX) mapping of Sb (d) in the desodiated state. Reproduced with permission
from reference 175 (Copyright 2015 American Chemical Society).

Moreover, a platform for conducting the in situ TEM experiment for alloys has
been developed, as shown in Scheme 5.1, and successfully applied in our previous
work.®*!'"® The platform consists of three parts: the TiN coated Ge nanowires that
grew on the Si wedge serve as an electrical conductive but Na inactive support; an
alloy thin film that is deposited on the support via magnetron sputtering; and a small
piece of pure Na that is used as the counter electrode. It is worth mentioning that the
alloy film should not be too thick, otherwise the electrons cannot get through to
obtain a clear TEM micrograph. A recommended thickness of the alloy is around 50

nm.
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Scheme 5.1. Scheme illustration of the configuration of the platform for in-situ TEM experiments.

In addition, it would be meaningful to study the electrochemical performance of
the Sn20Sb80 and Bi20Sb80 binary alloy electrodes; this will help to determine the
roles of Bi and Sn in the improvement of the Sn10B110Sb80 alloy electrode.

5.2.2 Exploration of Ternary and Quaternary Alloys for Sodium-ion

Batteries

Alloying is an effective approach to improve the cycling stability of high capacity
anode materials for sodium-ion batteries. As demonstrated in Chapter 2, ternary
alloys show promising electrochemical performance as anodes for sodium-ion
batteries. However, ternary alloys have been investigated less than binary alloys as
anodes for sodium-ion batteries. Compared to binary systems, the ternary or
quaternary systems offer more possibilities for optimization of the electrodes; a
judicious choice of each component of these systems may lead to a synergistic effect
on the electrochemical performance of the electrodes. Further investigation of high
capacity element-based (e.g., Sn) ternary and quaternary alloys as anodes for sodium-

ion batteries are of great interest.
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5.2.3 The Maximum Length Scale of the Separation Between Sn and

Sb to Enable the Formation of -SnSb

In Chapter 2, the Sn/Sb bilayers electrodes, regardless of the sequence of the layer,
also exhibited the same degree of improvement in term of cycling stability and
Coulombic efficiency as the B-SnSb electrode, compared to the pure Sn and Sb
electrodes. The XRD analysis and voltage profiles of the bilayers and -SnSb
electrodes suggest that Sn and Sb progressively form -SnSb during
sodiation/desodiation, which was believed to account for their improvement.
Building on these results, our recent work further investigated the mechanism of the
improved cycling performance in Sn—Sb composites.?'® The results of this work
clearly show a strong correlation between the amount of the B-SnSb formed and the
capacity retention of the electrode, as shown in Figure 5.2. Moreover, this study
indicates that Sn and Sb in the Sn—Sb composite need to be contacted intimately
before the charge/discharge cycling test to form the B-SnSb phase; this is necessary
for achieving good cycling stability. On the basis of these results, an interesting
direction for future work is to study the maximum length scale of separation between

Sn and Sb to enable the formation of intermetallic 3-SnSb.

(@) | y:psosn - _ w=1  (B) s00
e:Sn &8¢ § sc 700 -
188 $ 8% = o ——
v:ise toT ¥ 358 2600 4 o, —
< 500 .. % Sn/Si(0.5 nm)/Sb
/\.A_L E Sn/Si(1 nm)/Sb
SniSi(0.5 nm)isb | -":_:‘ 400 % Sn/Si(10 nm)/Sb
A JU;g\ ; 8 300 {-5- =
SniSi!1 nm)/Sb .‘I § 200 T Sn/Si(6 nm)/Sb SniSi(2 nm)/Sb
S_HTS.i(E nm )'Sb i A T 100 ;'IU nm Sb
£ ~ 0
SniSi(5 nm)/Sb T 5 43 : . 1) : g 3
e £2 28 0 20 40 60 80 100
Y 1y vy ycle

Sn/Si(10 nm)/Sb

20 30 40
20 [degrees]

W Sb(65 nm)/Sn(35 nm|
M Sb(50 nm)/Sn(50 nm]
™ Sb(35 nm)/Sn(65 nm|
W Sb(25 nm)/Sn(75 nm|
W Sb(15 nm)/Sn(85 nm|

Sb(5 nm)/Sn(95 nm)
¥ Sn(100 nm)

B-SnSb (200)
—_—

0 50 100 150 200
20 25 30 35 Cycle #
26 [degrees]

Figure 5.2. (a) Indexed XRD pattern of as-desosited Sn/Si/Sb trilayer films. Specific capacity vs cycle
number of (b) Sn/Si/Sb trilayer films and (c) Sb/Sn bilayer films. Reproduced and adapted with
permission from reference 210 (Copyright 2019 American Chemical Society).
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5.2.4 Investigation of the Formation of Solid Electrolyte Interphase

via In-operando Neutron Reflectometry

It has been recognized widely that the solid electrolyte interphase (SEI), which is a
passivation layer on the interface between electrode and electrolyte, plays an
important role in battery performance, including cycle life, irreversible charge “loss”,
and rate capability. Therefore, understanding the actual nature and formation process
of the SEI is essential. However, due to its complicated composition and formation
process, quantitative analysis of the formation process of SEI is still a difficult task.
Neutron reflectometry (NR) is ideal for studying the SEI formation as it is sensitive to
light elements, which are components of the SEI, with Angstrém resolution.
Moreover, neutrons are non-destructive and highly penetrating, enabling in-operando
diagnostics of undisturbed SEI formed on electrodes. In Chapter 4, in-operando NR
analysis of the SEI formation on a series of Si-based electrodes was conducted in an
effort to investigate the effect of different surface coatings on the SEI formation.
However, due to the high internal resistance of the cell, the electrodes were not
lithiated fully during the in-operando NR experiment. Further development of the
operando cell is required. Recently, Arne et al. reported an improved design for an
electrochemical cell for conducting in-operando NR experiment that enables
quantitative analysis of the SEI layer, as shown in Scheme 5.2.%"" A similar design of
the cell can be used for and in-operando study of the roles of different surface
coatings on an electrode and additives in the electrolyte on the formation of SEI. It is
worth mentioning that a simulation of the theoretical neutron reflectivity profile prior
to the in-operando NR analysis is essential to guiding the design of the working

electrode and the experiment plan.
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SEl-Layer

Electrolyte

Scheme 5.2. Scheme illustration of the (a) configuration of the operando cell and (b) working electrode
during neutron measurement. Reproduced and adapted with permission from reference 211 (Copyright
2018 Elsevier B.V.).
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