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Abstract

Group IVA alloy elements i.e., Si, Ge, Sn, and Pb, have attracted great attention in SIBs due to
their interesting sodium capability. However, their electrochemical performance, pertaining to
both thermodynamics and kinetics, remains poorly understood. Herein this thesis systematically
investigated sodiation-induced phase transformations in IVA alloy anodes using robust
electrochemical and structural characterization techniques, aimed at shedding light on the
mechanism and kinetics of electrochemically driven phase transformations, as well as important

capacity degradation mechanisms.

The first part examined the sodiation of Si thin film electrodes. Common approaches including
increasing temperature, incorporating other elements, and creating a porous structure are
employed to enable Na insertion into Si, but the reversible capacity of Si is still limited. The
unfavorable sodiation could be associated with poor electrical conductivity, sluggish kinetics,
narrow interstitial space, weak silicon/sodium atomic interactions. Given such multifaceted
challenges, further research in this direction was de-prioritized in favor of exploring other IVA

elements.

The second part studied the mechanisms and kinetics of phase transformations in the initial
sodiation of Ge electrodes. The sodiation of Ge is found to be kinetically limited. The
higher-ordered phases such as Na3Ge can form under kinetically favorable conditions (at higher
temperatures or lower C-rates). Two-phase potentiostatic measurements reveal that the
transformation of Ge to NaGes proceeds by a one-dimension model and is controlled by diffusion
whereas the rate-determining step for the NaGes/Na+.Ge transformation is the reaction speed.
Arrhenius methods are employed to investigate the temperature dependence on both phase
transformations, giving activation energies of ~50 kJ-mol™! and ~70 kJ-mol™!, respectively. Two

schematic models are proposed to elucidate the sodiation mechanism of Ge.

The third part explored the (de-)sodiation kinetics of Sn foil electrodes by in-situ impedance
technique. With the help of distribution of relaxation time (DRT) tools, we found that the cell
impedance is dominated by diffusion and charge transfer resistance at low sodiation depth (i.e.,
DoD), whereas at high sodiation depth, the charge transfer resistance is dominant. Based on the
frequency-dependent impedance imaginary part, the sodium diffusivity in Na,Sn is extracted to be
102~10"® cm?-s’!. Meanwhile, the diffusivity value is much lower at low DoDs than at high
DoDs. These results indicate the transformations between the low-order Na-Sn phases are likely
limited by diffusion and/or charge transfer kinetics, while the rate-determining steps for the

high-order Na-Sn phase transformations are charge transfer.



The final part evaluated the reversibility of phase transformations in Pb foil electrodes
comprehensively. The sodiation of Pb foils undergoes four phase transformations (Pb/NaPbs,
NaPbs/NagPbs, NaoPbs/NaisPbs), which yields a specific capacity of ~460 mAh-g! (~1167
mAh-L"). When pursuing fully reversible capacities, the electrode stops functioning after only 3-4
cycles largely due to electrode physical damage. Further reversibility examination of each phase
transformation indicates that the fastest capacity loss occurs in the NaPb/NagPb4 transformation,
which is consistent with the observed structural damage (i.e., crack, voids). By bypassing this
problematic phase transformation using a partial cycling protocol, the stability of Pb foil anodes is

improved, giving 20 cycles with 85% capacity retention.
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Chapter 1: Literature Review

1. 1 Background

The growing environmental concerns (e.g., release of greenhouse gases and particular matters) and the
exhaustion of fossil fuels drive the development of sustainable energy technologies, such as wind turbines,
hydropower plants, and solar panels, etc '. A recent survey shows that the electricity generated from
renewable sources, notably wind and photovoltaic, will reach up to 8300 TWh in 2021, roughly 30% of the
total energy, which is expected to increase to 57% worldwide by 2030 so as to control the temperature rise
below 2 degrees 2. Although the deployment of these energy technologies greatly mitigates the dependence
on the hydrocarbon energy source and thus reduces their environmental impacts, they face a major
challenge of intermittence: the electricity production from renewable energy strongly depends on natural
conditions (e.g., sunshine or wind). For instance, the electricity generation from solar panels can be kept at
a nominal level only at noon but is inefficient at night; wind turbines produce less electricity in calm
weather 3. This intermittent feature of renewable energy resources can hardly guarantee a stable supply of
electricity for households. As a result, energy storage systems (ESSs) are designed for storing and
converting renewable energy to balance electricity generation and supply for different uses >4,

Since the first introduction of ESSs in the early 19" century, a broad range of energy storage technologies
has been developed, including thermal, mechanical, magnetic, electrical, and electrochemical energy
storage systems °. Thanks to high energy efficiency, electrochemical energy storage and conversion
systems (e.g., capacitor, battery, and fuel cell), which utilize reversible electrochemical reactions to store or
convert chemical energy in the form of electrical energy, have attracted the greatest attention and have
been widely applied in portable electronic, electrical/hybrid vehicle and stationary storage applications °.
The following sub-session aims to briefly introduce the basic characteristics or different properties of the

primary electrochemical energy storage technologies and their application.
1.1.1 Electrochemical Energy Storage Technology

Electrochemical capacitors, batteries, and fuel cells are the predominant electrochemical energy storage
and conversion technologies ¢, which are used in various specific applications relying on their performance
characteristics. Figure 1.1 shows their difference in energy density, power density, and delivery time scale.
Conventional capacitors (at the right-bottom) exhibit extremely high power density, i.e, capacitors can be
fully charged or discharged in an extremely short time (normally the order of seconds), but their energy
density is relatively low (~0.01-0.1 Wh-kg™' ©). This characteristic makes them applicable as electrical
filters to smooth current fluctuation 7. On the contrary, fuel cells (at the left upper) are featured by the high
energy density of 200-1000 Wh-kg™! ¢ and relatively low power density, which can be used as a backup

power source in buildings or power supply for electrical vehicles 8. Batteries and super-capacitors are



located between fuel cells and capacitors, which show comparatively higher power density than fuel cells
and higher energy density than capacitors. Their applications range from portable electronic, and electrical

vehicles, wind/solar powering, fast power regulation (supercapacitors) and stationary storage, etc %°
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Figure 1.1 The comparison of energy and power density, delivery timescale of electrochemical energy

storage and conversion devices .

In terms of batteries, four rechargeable battery chemistries, i.e., Pb-acid batteries (PABs), Ni-Cd batteries
(NiCd), Ni-metal hydride (NiMH), and lithium-ion batteries (LIBs), have already been introduced over the
past two century, with a tendency from the dense, toxic, low-energy batteries to light, green and
higher-energy ones (as shown in Figure 1.2). Because of their low cost and high safety (Table 1.1), PABs
are still the most adopted technology in modern life. For instance, around 70% of the global energy storage
market are occupied by PABs in 2018 !°, with a revenue of 80 billion USD and a total production of 600
GWh. LIBs, which are featured by high energy density and good stability (Table 1.1), have soon become
the most popular rechargeable battery in electrical vehicles and electronics since its first successful
commercialization in 1991. But with the recently growing demand for more sustainable and
high-performance battery technology (e.g., high specific energy, cyclability, high stability, and better safety
1), the academic research appetite tends to move to develop the next-generation LIBs (e.g., Li-S, Li metal
batteries) or other advanced batteries (Na-/Al/Mg-ion batteries, etc) (Figure 1.2) '. To date, while none of
these advanced technologies have entered maturity '2, sodium-ion batteries (SIBs) have been the
fastest-growing one over the past decade, resulting in the foundation of many companies that focus on
developing SIBs products !'!. Herein, the thesis revolves around sodium-ion batteries with the hope to

contribute to the SIBs development.
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Figure 1.2 The timeline of the different battery technologies development '!.

Table 1.1 Comparison of different battery storage technologies '3 14
Characteristics PABs NiCd NiMH LIBs
Gravimetric energy density/Wh-kg! 25-50 30-80 40-110 80-250
Gravimetric power density /W -kg"! 150-400 80-300 200-3000  200-2000
Energy cost/ Euro-kWh'! 40-170 680-1300 170-640 500-2100
Working temperature / °C 18-45 -40-50 -30-70 20-65
cycles life /cycles 250-2000 1000-5000  300-1800  100-10000
Efficiency / % 63-90 60-90 50-80 75-97
Environmentally friendly Low Low Low High

1.1.2 The Development History of Sodium-Ion Batteries (SIBs)

As illustrated in Figure 1.3, the very early studies of the reversible sodium insertion into layered TiS; or
other layered dichalcogenides in liquid electrolytes were reported in the early 1980s 3 13, as inspired by the
successful electrochemical intercalation of lithium in TiS, '°. Unfortunately, due to the low working voltage
of the TiS, cathode (~2.2 V vs. Na/Na*) and the dendrite problem of the Na metal anode, the TiS//Li
battery has little possibility of being used in practical application and thereby largely abandoned. To
revolve the challenge from the cathode side, the research focus was then gradually moved to the layered
transition metal oxides cathodes (NaMO,, M=Co, Ni, Cr, Mn, Fe) > 7> 18 especially after Delmas et al.
discovered the reversible electrochemical intercalation of Na into Na,CoO>, Na,NiO,, and Na,MnO> (x<0.5)
at around 3.0 V vs. Na/Na* '7-1% 20 which are much higher than that of TiS,. But for the anode sides, Li
metal remained the choice until Scrosati et al proposed an intercalation-type anode as an alternative to Li
metal in 1992 3. This pioneering work introduced the concept of the so-called rocket-chair battery. But
different from the successful intercalation reactions of graphite with Li, the Na insertion into layered

graphite or soft carbon was very challenging.
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Figure 1.3 The number of published academic papers over the past 40 years, with the important findings or
events related to SIBs included 2!. The publication number is collected from the Web of Science by
searching the keyword ‘sodium-ion batteries’. It should be noted that the number in 2024 is only
considered the papers published from January to May.

Even worse, the successful commercialization of LIBs by Sony in 1991 had attracted almost all the
researchers’ attention. Consequently, there has been a dramatic decline in interest in SIB chemistry since
then (Figure 1.3). An important turning point is the discovery of hard carbon by Dahn in 2000, which
shows a relatively high capacity of ~300 mAh-g”! via the Na intercalation mechanism and has a low
sodium-intercalating voltage 2> 23. This breakthrough indeed re-attracted some attention to the research of
SIBs, but it did not trigger an explosion in research or rapid commercialization ', probably because SIBs
are not competitive with LIBs in terms of energy density and electrochemical performance, and thus there
is no strong motivation to shift research focus from LIBs to SIBs. As evidenced by Figure 1.3, the number
of publications related to SIBs grew slowly from 2000 to 2010. The true reviving of SIBs, supported by the
sharp increase in the number of published SIB-related publications * 24, might start after the 2010s. It is
generally assumed that the sudden rising interest in SIBs is mainly associated with the concern about the Li
supply as a result of the growing demand for LIBs due to the thriving of electrical vehicles, and uneven Li
source distribution geographically 3.

Since 2010, SIBs have experienced a rapid development in electrode materials, particularly in the cathode.
Besides the previously mentioned layered metal oxides (NMO;), another two families of polyanion
compounds and Prussian blue analogs are also developed as potential cathodes ?*. However, little progress
has been made in the research of SIBs anode: hard carbon has remained the primary anode since its
discovery.

On top of the renaissance of SIBs in academia, the industry also witnesses an advance in the
commercialization of SIBs. In 2011, the first NIB company Faradion (UK) was set up, opening the door to

the formal commercialization of SIBs. Given the environmental impact of organic electrolytes, aqueous
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Na-ion full batteries with Prussian blue analogs as cathode and anode were then manufactured by Natron
Energy in 2013, giving a cycle life of 5000 times but low capacity 2. In 2015, a new NaMO; cathode for
SIBs was produced by Toyota (Japan) 2°. Also, the first 18650-type SIB with polyanion-based compound
NasV2(POs)F3 cathode was launched in French in the same year 2’. By the end of 2015, the potential of
Prussian white-type cathode (NaioFe[Fe(CN)s]) in the large-scale production was proven 26 28,
Subsequently, Navasis Energies, after the optimization of the electrode design, commercialized the Na-ion
full batteries with Na,MnFe(CN)s cathode, which displays an energy density of 100-130 Wh-kg™! . In
2017, a French battery company Tiamat was founded, with a focus on the cylindrical polyanionic-based
SIB production '°. It is reported that over 10000 SIB batteries have been made by Tiamat. In 2019, a
Chinese company HiNa, established in 2017, launched a Na-ion full batteries with 150 Wh-kg™!' and a life
span of 4000 cycles, using NMO cathode and hard carbon anode ?°. Meanwhile, the first 100 kWh SIB
energy storage power station was then launched in April this year 3. More recently, CATL (China), the
biggest battery manufacturing company, also announced that the SIBs with Prussian blue analogs -based
cathode and hard carbon anode deliver an energy density as high as 160 Wh-kg™! 2. Overall, despite some
success achieved over the past decade, the commercialization of SIBs is still in the early stage and requires

more effort in the future.
1.1.3 Working Principle of SIBs

Analogous to lithium-ion batteries, sodium-ion batteries also store or convert energy through ion carrier
insertion or extraction into/from the electrodes during the charge/discharge process, except for the different
carrier ions. As is illustrated in Figure 1.4, each battery configuration consists of a cathode and anode in
the liquid electrolyte which is separated by the polymer porous membranes. In general, the typical cathode
materials are layer transition metal oxides, Prussian blue, and transition metal fluorophosphate, while the
anode material is commonly carbon-based materials (e.g., hard carbon) that possess enough space to allow
carrier ion intercalation. Upon discharge, Na ions will be extracted from the anode, then transported
through the electrolyte, and finally inserted into the cathode, which causes the electric energy to be
converted into chemical energy. Conversely, during the charging process, the storage of electrical energy is
achieved by the migration of Na ions through the electrolyte to the carbonate materials. Hence the
electrode reactions in a Na-ion battery with transition metal oxides cathode and hard carbon anode can be
expressed as  NaMO, +C, <> Na, MO, + Na .C, 31 Following this mechanism, the battery can be cycled

many times.
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Figure 1.4 Schematic illustration of the working principle of sodium-ion batteries 3.

1.1.4 Application Prospects of SIBs

While the energy density of SIB is not comparable to LIB due to the larger size and weight of Na than Li,
the material cost for SIB is cheaper (Table 1.2). On the other hand, in contrast to PAB, SIB performs
superior in cycling stability, low- and high-temperature performance, and rate-capability, despite the
slightly higher cost. These unique economic metrics and performance characteristics offer SIB great
promise in the automotive industry and stationary applications as a complementary source for energy

storage.

Table 1.2 Cost and performance comparison of SIBs, Pb-acid batteries (PABs), and LIBs 32

. SIBs LIBs
Indicators PABS o\ Ni-Mn-O//hard carbon)  (LFP//Gr)
Cost (USD-Wh) 0.04-0.07 0.04-0.08 0.07-0.11
Energy density (Wh-kg™) 30-40 100-150 130-170
Volumetric energy
density(Wh-L-) 40-120 400 700
Cycle life <400 1000-5000 1000-5000
Low-temperature
performance poor good good
High-temperature medium good good
performance
Rate capability 1C 3C-5C 3C

In the field of electrical vehicles (EVs), where the driving range is directly impacted by the volumetric
energy density of batteries 33. Thereby, lower energy density SIBs (volumetric energy density of around
400 Wh-L") cannot meet the high range requirement and are not as appealing as higher-energy density
LIBs (volumetric one: approximately 700 Wh-L") 6. Nevertheless, this does not mean that SIBs cannot
find suitable application scenario. In fact, in low-speed EVs, or electric bicycles, and four-wheeled

microcars '¢ with less demand on battery energy density, SIBs seem to be a good choice due to their cost



advantage. For instance, HINA (China) has pioneered the development of SIBs-powered low-speed EVs
and bikes %, and other companies like Faradion (UK) and Tiamat (France) are also devoted to producing
e-scooters and e-bikes powered by SIBs 6.

In the grid-scale field, PABs have still been the most well-adapted choice for medium to large-scale energy
storage systems at present, while the rapid development of Li-ion batteries in past decades makes them
quite competitive in emerging large-scale energy storage applications 3*. However, both technologies are
facing their bottlenecks with the relatively low energy density of the former and the uneven Li source
distribution of the latter. This situation seems to offer an opportunity for low-cost SIBs with moderate
volumetric energy density, especially in large-scale grid-scale fields, where cost rather than energy is the

critical requirement.
1.2 Review of SIBs Anode Materials

Despite the above-mentioned advantages and application prospects, the development of SIBs also faces big
challenges, one of which comes from the anode side. In this part, we will review the present potential SIB
anode candidates, with an emphasis on their advantages and challenges, to provide an overview of the

research gap for SIB anodes.
1.2.1 Graphite

Graphite carbon, the most successfully commercialized anode material in LIBs, can hardly store sodium,
i.e., only limited Na storage capacity (~20 mAh-g') is obtained. The unfavorable intercalation behavior
was often attributed to the larger size of Na atoms (ca. 0.102 nm), which makes Na atoms challenging to
insert into the limited interlayer spacing of graphite (ca. 0.335 nm). But this explanation is debatable, given
that the K ion or other alkali ions (e.g., Cs*, Rb") with a larger radium (than Na) can be stored in graphite
to form intercalation compounds (e.g., KCs) 3537, Theoretical studies imply that the thermodynamically
unstable sodium-intercalated graphite compounds could be the possible reason for unfavorable Na-storage
behavior of graphite because both NaCs and NaCs have positive enthalpies of formation 3738, The binding
energy between the graphene layers of NaCs is calculated to be the lowest compared to that of LiCs and
KCs, largely explaining the instability of sodiated graphite. The Van der Walls force between graphene
layers may be too low to hold the overall structure of the sodiated graphite 3°. Jache and Adelhelm reported
a breakthrough that the graphite could obtain a reversible capacity of over 100 mAh-g' in ethers
electrolyte through the intercalation of solvated Na ion (‘Co-intercalation’) to form a
t-graphite-intercalation compound (z-GIC) in 2014 %°. Advanced experimental tools confirm the reaction
mechanism  Na(solv), +x-C + e (M) Na(solv), C and that the reversibility of the
co-intercalation reaction was surprisingly high 3%, which reignites the research interests in graphite and

makes it a potential SIB anode.



Advantages: While graphite cannot achieve a capacity comparable to hard carbon, it shows a high
rate-capability because of the fast kinetics of solvated ions intercalation 3%, The weak interaction between
solvated ions and graphite, no need for desolvation during the co-intercalation reaction, combined with the
marginal formation of the SEI layer on the interface are assumed to be responsible for the fast diffusion of
solvated ions in graphite 442, In addition, graphite exhibits superior cycling stability and high coulombic
efficiency. As supported, many literatures reported that the graphite electrode can always survive more
than 1000 cycles ##7. These unique advantages endow graphite with great potential to be used in
high-power energy devices.

Challenges: However, some challenges still need to be resolved. First, the uncompetitive specific capacity
(normally 100-150 mAh-g") and its high average sodium-intercalating voltage (0.6-0.8 V vs. Na/Na®) 445
48 will result in unappealing energy density. Second, the graphite electrode generally suffers from a large
volume expansion of 70-100% during the (dis-)charge *°, which is detrimental to the cycling stability °.
Meanwhile, more electrolytes should be needed in graphite-based SIB since the solvent is also involved in
the co-intercalation reactions, which will increase the material cost. Third, the co-intercalation reaction
seems to occur only in specific solvents (e.g., ether), and its mechanism remains elusive >°. Finally, there
remains debate about the stability and formation mechanism of SEI in graphite/electrolyte interface 38,

Overall, the research on graphite is still in its infancy stage, and many issues need further exploration.
1.2.2 Hard carbon

Hard carbon (HC), a well-known non-graphitizable carbon, is well-adopted as a potential SIB anode owing
to its abundance and environmental benignity. Different from graphite, sodium ions can intercalate into the
graphite layer, fill in the nanopores between randomly stacked layers, and be absorbed in the defect sites of
HC, yielding a high initial specific capacity (ca. 300 mAh-g') 3!. These various behaviors of ion storage
contribute to a typical galvanostatic discharge-charge profile of hard carbon featured by a sloping region
and a large plateau region 3. Over the past years, many efforts have been made to understand the sodium
storage mechanism of hard carbon 2. At present, four prevailing sodium storage mechanisms are proposed:
the ‘intercalation-filling” model 22, the ‘absorption-intercalation’ model 3% 34, the ‘absorption-filling model
35,56 and the ‘3-stage’ model 37. However, there remains controversy regarding whether the sodium storage
behavior in sloping (or plateau) regions is the result of sodium intercalation, absorption, or filling. Hence
further investigations are still required into this issue.

Advantages: Since the ratio between Na and C of the stable sodium-embedded compounds (NaCs) is low
(i.e., 1:8), the volume change is limited during cycling, which enables hard carbon with superior cycling
stability. Moreover, the low average redox potential (~0.1 V vs. Na/Na*) of hard carbon gives a high
working voltage of full cells, which can maximize the energy density. In addition, the disorder structure of

hard carbon, featuring by high content of voids and defects, expanded interlayer space, and high



concentration of heteroatoms, facilitates the Na transport and charge transfer process, which endows hard
carbon with the potential of fast-charging capability. These performance metrics, combined with
sustainability and their cost advantage in raw materials, support hard carbon as the most promising SIB
anode for practical applications.

Challenges: While hard carbon benefits from low volume change, the low stoichiometric ratio of the Na,C
compound also limits its specific capacity. Furthermore, the initial coulombic efficiency (ICE) of hard
carbon is extraordinarily low (~40%), since a large amount of sodium ions are irreversibly inserted into the
defect sites, or consumed due to the electrolyte breakdown 38, This causes hard carbon to normally deliver
a much lower reversible capacity (e.g., ca. 150 mAh-g™!), limiting the energy density > *. Meanwhile, the
cycle life of hard carbon, normally 200-300 cycles %, is also far from satisfactory. Additionally, from a
safety dimension, Na deposition can hardly be prevented due to the low sodiation potential of hard carbon
electrodes, especially under fast charging conditions and/or low temperatures. Further, the industrial
production of hard carbon often requires high-temperature carbonization in an inert atmosphere, which is

complicated and energy-consuming °!.
1.2.3 Alloying Anodes

Alloy elements have recently attracted enormous attention because they are expected to have
thermodynamically stable Na-rich phases. As shown in Figure 1.5, a number of elements, such as Si, Ge, P,
Pb, etc., are known to alloy with sodium based on the Na-M binary phase diagram. The average potential
of alloying reactions for these alloy anodes is relatively moderate, almost below 0.8 V vs. Na/Na™
Moreover, nearly all the alloys except for Ga have a volumetric capacity above 900 mAh-cm?,
approximately double as high as hard carbon. Their utilization therefore could increase the volumetric
capacity of SIB anodes, and further increase the competitiveness of SIB. In this section, we will primarily
introduce several representative alloy materials which have the potential to be used in practical

applications, with a focus on their unique characteristics, sodiation mechanism, and challenges.
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Figure 1.5 (a) The Earth's crust abundance ° and (b) Average sodium-inserting potential of alloy elements
61,63-67 (¢) The theoretical gravimetric and volumetric capacity of potential SIBs alloy anodes. It is noted
that the volumetric capacity is calculated with regard to the Na-M alloy volume rather than the M active

material according to reference .

1.2.3.1 Phosphorus

Phosphorus (P), the group VA element of the periodic table, has attracted enormous attention in SIB over
the past decade owing to its abundance (Figure 1.5a, 11" abundant element in the Earth's crust), high
theoretical capacity, and low cost ®. There are three different allotropes for phosphorus, i.e., white, red,
and black P. Among them, white P is commonly neglected as a SIB anode due to its instability in the
ambient environment and toxicity. Red P is more stable than white P and shows great application potential
in electrochemical applications because of its low cost and easy preparation. Black P, the most stable
allotrope, possesses good electrical conductivity (~10? S-cm™), and is also an attractive anode candidate
for high-energy SIBs, although the synthesis process for black P is complicated 3°. Despite the difference,
the sodium storage of both black and red P is achieved by the alloying reactions between Na and P,

following the below equation. Noteworthy, the intermediate Na-P phase is still unclear to date.
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Na +xP — Na P (0 < x<3)
Na + Na .P — Na,P

Advantages: P (both black and red P) possesses an extremely high theoretical gravimetric or volumetric
capacity (2596 mAh-g"! or ~1455 mAh-cm™, Figure 1.5 ¢) given the Na/P ratio of 3 for the final sodiated
phase NasP. This capacity superiority ensures that a smaller amount of P is required to reach the same
capacity requirement in contrast to a low-capacity anode candidate, which lowers the SIB cost to some
extent 7. On top of this, phosphorus has an appropriate average sodium-inserting potential (~0.4 V vs.
Na/Na*, Figure 1.5b) 7%, and is abundant in Crust (Figure 1.5a) and non-toxic. These characteristics make P
an attractive electrode candidate for high-energy SIB.

Challenges: Although the chemistry of 3Na in 1P ensures the large capacity of P electrodes, it also gives
rise to a significant volume expansion (>300%) 7!, which causes the electrode structural collapse and
induces the loss of electrical contact, thereby resulting in poor cycling stability. Meanwhile, the low
electrical conductivity (especially for red P, ~10'* S-cm™!) significantly hinders the charge transfer, thus
greatly limiting the rate capability of the P electrode. In addition, unstable SEI is another challenge that
could be considered before its commercialization. The large volume change during cycling will cause the
SEI layer to crack, and more SEI will be formed on the exposed electrode surface, which leads to increased

cell impedance and finally low coulombic efficiency ¢.
1.2.3.2 Antimony

Antimony (Sb), which possesses a layer structure with the ideal interlayer space for sodium insertion 72,
has been emerged as a rising star for SIB and widely studied. Like P, Sb also alloys with Na to form Na-Sb
alloys at certain potentials (~0.5 V vs. Na/Na*, Figure 1.5b), converting electrical to chemical energy, and
vice versa. In general, the (de-)alloying reaction proceeds through multiple steps rather than one step 73,

which can be expressed by:
Sb+ xNa™ + xe~ <> Na _Sb

Na Sb+(1-x)Na" +(1-x)e” <> NaSh

NaSbh +2Na™ +2e” <> Na,Sb
Noteworthy, since the intermediate Na-Sb phases formed are mostly amorphous, the stoichiometry of these
phases cannot be determined accurately and thereby remains debated 7*. Generally, the final sodiated phase
NasSb competes between the hexagonal and cubic structure 7.
Advantages: Thanks to the high Na/Sb ratio of 3 for NasP, Sb exhibits a high theoretical specific capacity
of 660 mAh-g™! upon the full sodiation, corresponding to a high volumetric capacity of ~1150 mAh-cm
(Figure 1.5¢). Also, Sb has a moderate sodium-inserting potential, which makes it suitable for SIB anode.
Furthermore, different from P, Sb has an excellent electrical conductivity of ~2.56x10° S-cm', which
facilitates the charge transfer. Therefore, the electrochemical reactions for Sb electrode are more favorable

kinetically than P 76, Additionally, the relatively abundant raw material reserve (Figure 1.5a) and
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non-toxicity make Sb more attractive as a practical SIB anode candidate.

Challenges: Despite the above appealing properties, Sb also faces two major challenges which make it far
from a practical application. The first one is the large volume change (~390%) induced by the
alloying/dealloying reactions 77, which will cause the electrode to collapse, leading to fast capacity
degradation. Another challenge for commercialization is slow reaction kinetics during the (de-)sodiation

process '8, which could result in the capacity fade, and poor cycling stability.
1.2.3.3 Bismuth

Bismuth (Bi), just like Sb, has a layer structure but with a larger interlayer space (~0.395 nm), which
facilitates the sodium insertion, and thereby is also considered as a potential SIB anode candidate *°. The
electrochemical sodiation of Bi proceeds through a two-step alloying reaction, successively forming NaBi

and Na3Bi intermetallic phases at certain potentials 7% 8:
Na+ Bi <> NaBi

2Na+ NaBi <> Na,Bi

The phase transformation agrees well with the Na-Bi equilibrium phase diagram. But it is also worth
mentioning that the crystal structure of the NaszBi phase competes between hexagonal and cubic ones,
depending on the Bi particle size.

Advantages: Despite the moderate gravimetric capacity of 385 mAh-g™! (Na3Bi) !, the alloying reactions
yield an interesting volumetric capacity of ~1088 mAh-cm™ (Figure 1.5¢). Moreover, the fast sodium
diffusion in Na-Bi alloys may endow Bi with good rate capability, i.e., Bi shows the fast-charging potential
82 Additionally, the high electrical and ionic conductivity, together with non-toxicity also make Bi an
appealing anode candidate for SIBs.

Challenges: However, the (de-)alloying reactions between Na and Bi (1.5) induce a significant volume
change (~250%), which causes the loss of electrical contact between the electrode and current collector,

further deteriorated cycle life 3.
1.2.3.4 Other alloys

Besides P, Sb, and Bi, other alloy elements (particularly group IV and IIIA) also attracted much attention
since they can form alloys with Na electrochemically. For instance, Indium can alloy with sodium to form
NayIn, giving a 467 mAh-g' (1016 mAh-cm3). Ge and Si can deliver a theoretical capacity of 1107
mAh-g'! (1304 mAh-cm?) and 954 mAh-g! (~930 mAh-cm™), respectively, upon the formation of Na;Ge
and NaSi (Figure 1.5¢). More information regarding the sodium-storage characteristics and mechanisms of
these alloys can be found in the reference 34. On top of the pure alloys, various intermetallic alloys, such as
SbNi, SnSb, CuSn, Sn3Pa, or SnioBijoSbso #° also exhibit attractive features as SIB anode materials, through
modifying the Na-storage behavior of pure alloy, e.g., the improved cycling stability by effectively

mitigating the pulverization and/or increasing the electrical conductivity 3% 86,

12



Overall, despite the efforts made over the past decades, a stable SIB anode has not been established to date,
especially when application standards are considered. Therefore, further development of new electrode
candidates with reasonable capacity, satisfactory cycle life, and high safety of inexpensive anode is favored

in the SIB field.
1.3 Utilization of Group IVA Alloy Elements
1.3.1 Motivations

Group IVA alloy elements (abbreviated as Miva elements), i.e., Si, Ge, Sn, and Pb, exhibit interesting Na
storage capabilities due to the success of their Li analogy. Theoretically, they are capable of alloying with
sodium at relatively low potentials (almost 0.2-0.5 V vs. Na/Na“, Figure 1.5b), yielding high gravimetric
(or volumetric) capacities. For instance, Si, Ge, Sn, and Pb will deliver a gravimetric (or volumetric)
capacities of 954 mAh-g' (~930 mAh-cm3), 1107 mAh-g! (~1300 mAh-cm>), 847 mAh-g! (~1210
mAh-cm?) and 485 mAh-g! (~1174 mAh-cm?), upon the formation of NaSi, Na3Ge, NaisSns, and
NaisPbs, respectively (Figure 1.5¢). These theoretical capacities are approximately 2.5-3 times higher than
that of hard carbon for the volumetric one and 1.5-3 times for the gravimetric one. On the other hand, the
Na-alloying potential of Miva elements is normally 0.2-0.5 V vs. Na/Na®, higher than the Na deposition
potential, which makes them less safety risk due to the Na dendrite formation during charging.
Furthermore, the utilization of Mrva elements as SIB anodes also possesses other metrics, including the
abundant reverse in Earth’s crust (Figure 1.5a), low cost (except for Ge), as well as good electrical
conductivity (except for Si). Noteworthy, Sn and Pb can be utilized as electrodes in foil architecture, which
not only lowers the material cost and increases the energy density due to the omittance of the Cu current
collector and other inactive additives but also simplifies the manufacturing process. All of these advantages

offer them great opportunities to be high-capacity anode materials for high-energy-density SIBs.
1.3.2 Fundamentals of Group I'VA Alloy Elements
1.3.2.1 Structure and Basic Physio-chemical Properties of Si, Ge, Sn, and Pb

The crystal structures of group IVA alloy (Mrva) elements are schematically illustrated in Figure 1.6. Both
Si and Ge have the face-centered diamond cubic structure, where each Si or Ge atom is bonded to the
neighboring four atoms to form the tetrahedra SiSis or GeGes, but the lattice constant of Ge is slightly
larger. Differently, (B-)Sn has a tetragonal structure with each Sn atom bonded to twelve covalent atoms.
Pb is structured in a face-centered cubic space group but with a different space group than Si and Ge.
Analogous to Sn, each Pb atom is bonded to twelve neighboring atoms to form the PbPbi, cuboctahedra.
Meanwhile, as the atomic number increases, the bond length of M-M increases from 0.236 nm (Si-Si) to
0.353 nm (Pb-Pb), indicating the softening elastic property. This may explain the low melting point for Sn
and Pb, and that Si and Ge are brittle while Sn and Pb are ductile (Table 1.3). Regarding the electrical
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property, the conductivity of Si is very poor, while Ge is a semiconductor, with better electrical

conductivity than Si. In contrast, Sn and Pb are highly conductive metals (Table 1.3). While few solid data

with respect to the diffusion coefficient of Na in Mva elements are reported, it is expected that the larger

lattice parameters of Sn and Pb provide more space to accommodate Na, enabling more favorable

sodiation kinetics.
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Table 1.3 Comparison of the physio-chemical properties of Si, Ge, Sn, and Pb anodes.

) M-M Electrical
Lattice parameters Mechani
Materia  Crystal ~ Space Volume  bond  conductivit
cal
Is structure  group / nm’ length  yat293K
a/mm  b/mm c¢/nm property
/nm /S-em’!
— 0.54 0.54
Si Cubic Fd3m 544 0.161 0.236 4.35x10* Brittle
4 4
_ 0.56 0.56
Ge Cubic ~ Fd3m 0567 0.183  0.246 2.17 Brittle
7 7
Tetragon  [4/m 0.35 046 0.341/
Sn mm 0.350 0.057 ~9.17x10°  Ductile
al 0 8 0.35
Fm3 049 049
Pb Cubic m 0.499 0.124 0.353  ~4.55x10°  Ductile
9 9

It is noted that structural information is obtained from Material Explorer.

1.3.2.2 The Electrochemistry of Na-Mjva

(1) The Na-M Phase Diagram and Electrochemical Sodiation

The solid-state Na-Mma phase diagram (Figure 1.7-10) provides the theoretical basis for the

electrochemical sodiation of Mva alloy. As shown in Figure 1.7, there exists two equilibrium Na-Si phases,

i.e., NasSiz3, and NaSi for the Na-Si systems. The theoretical calculation predicted the most stable Na-Si

phase thermodynamically is Nag76Si *7 or Nag75Si %8. However, no successful sodiation of Si has proven

this claim to date.
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For the Na-Ge system (Figure 1.8), three different equilibrium Na-Ge phases, i.e., NaGes, NaGe, and
NasGe are present. However, it is a bit challenging to determine the sodiated mechanism and phases since
merely amorphous Ge is capable of storing Na electrochemically and these sodiation Ge phases are also
amorphous. Naj ¢Ge is theoretically predicted to be the most stable Na-Ge phase at room temperature %,
However, there remains debate about the final sodiation products from the experimental results: Paul et al.
reported that the sodiation of Ge ended at Na;33Ge phase based on the capacity quantification ¥, while
Xiaoyu Liu et al reported that the final sodiated Ge phase is estimated to be Na;¢Ge according to the
monitored volume change *°.

From the Na-Sn phase diagram (Figure 1.9), many Na-Sn intermetallic phases including NaSns, NaSna,
NaSn3;, NaSny, NaSn, Na¢Sns, NasSnz, Na3Sn, and Na;sSn4 are stable at ambient temperature and no
single-phase region is present °!. However not all these phases are formed during the electrochemical
sodiation, i.e., some phases are generally bypassed. Chevrier et al suggested NaSns, NaSn, NagSns and
NaisSns as the sodiation phases by DFT calculation °2. Experimental results confirmed that the sodiation of
Sn proceeds with a series of phase transformations which are consistent with the Na-Sn phase diagram 3%,
but there remains controversy about the intermediate sodiated phase.

The Na-Pb phase diagram (Figure 1.10) indicates five Na-Pb intermetallic phases, i.e., p phase, NaPb,
NagPb4, NasPbz, and NajsPbs in an ambient environment. There also exist two single-phase regions: The 8
phase shows a relatively broad solid solution region with the Na content ranging from 28 to 33 at%, while
NaisPbs shows a very narrow solid solution region. Electrochemically, the sodiation of Pb was confirmed
by in-situ x-ray diffraction techniques to follow the process: Pb-NaPbs-NaoPbs-Na;sPbs ™ 7, but there

remains debate about the formation of NasPb,, which basically agrees with the phase diagram.
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Figure 1.7 The Na-Si binary phase diagram °%.
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(2) The Crystal Structure of Na-Mva Intermetallic Phases

Table 1.4 gives the structural information of Na-Si, Na-Ge, Na-Sn, and Na-Pb intermetallic phases, with
the schematic illustration of these phases’ structure shown in Table 1.5-1.8. Overall, the lower-order Na.M
alloys (x<I) seem to remain the structure of pure Miva, and the Na-richest equilibrium Na-M phase likely
crystallizes in a cubic structure (Table 1.4). Specifically, in the case of Na-Si system, the NasSi»; phase
maintains the cubic structure, but its lattice constant is expanded to 1.019 nm compared with pure Si. As
the Na/Si atomic ratio rises to 1, the crystal structure of Na-Si is transformed to be monoclinic, with the
lattice parameters of ¢=1.211 nm, »=0.655 nm, and ¢=1.101 nm. For the Na-Ge phases, few structural
details with regard to the equilibrium NaGes phase, indicated by the phase diagram, have been reported.
Like NaSi, NaGe also has a monoclinic structure but crystallizes in a different space group. The richest
Na-Ge phases, Na3Ge, crystallize in cubic structure and the lattice parameters are extended to 0.743 nm.

Among the lower Na-Sn phases, the equilibrium Na,Sn phase (i.e., NaSns, NaSn3, and NaSn) structures in
the tetragonal space groups, whereas the NaSn, phase has a monoclinic structure. For the high-order Na-Sn
phases, while the structure of NasSns and NasSn> becomes orthorhombic and trigonal, the structure of
NaisSns (the Na-richest intermetallic phase) turns into a cubic one. The Na-Pb system shows an analogous
trend in the change of crystal structure with the increasing Na/Pb ratio. Namely, the NaPbs keeps the
original structure of pure Pb, and other phases i.e., NaPb, NaoPbs, and NaisPbs show similar cubic,

tetragonal, orthorhombic, and cubic structure as that of Na-Sn phases with the same stoichiometry.
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Table 1.4 Structure information of Na-Mna (Mva=Si, Ge, Sn, and Pb) phases

X in Crystal Space Lattice parameters Volume
Materials
Na.M structure group a/nm b/mm  c¢/nm / nm®
NasSias 0.17 Cubic Pm3n 1.019 1019 1.019 1.056
Na-Si
NaSi 1 monoclinic C2/e 1211 0.655 1.101  0.763
NaGe 1 monoclinic P2i/c 1.134 0.668 1.168 0.818
Na-Ge _
Na3Ge 3 Cubic Fm3m 0743 0743 0743 0.409
NaSns 0.2 Tetragonal P42im 0.635 0.635 0.891 0.36
NaSn; 0.33 Tetragonal ~ I4/mmm 0466 0466 0967 021
NaSn, 0.5 Monoclinic C2/m 1355  0.693 1.545 1416
Na-Sn  NaSn 1 Tetragonal Idi/acd 1034 1.034 1741  1.892

NaoSns 2.25 Orthorhombic Cmem 0.537 0.934 2.879 1.444

NasSn: 25 Trigonal R3m 0.540  0.540 2.224  0.562
NaisSns  3.75 Cubic 143d 1303 1303 1303 2210
NaPb; 0.33 Cubic Pm3m 0490 0490 0490  0.117
NaPb 1 Tetragonal I4i/acd 1057  1.057 1.783  1.993

Na-Pb
NaoPby 2.25 Orthorhombic Cmem 0.547 0945 3.035 0.606 10

NajsPbs  3.75 Cubic 143d 1315 1315 1315 2274

The information for the structure and lattice parameters is obtained from the Materials Project.

Table 1.5 The unit cell structure of Na-Si alloys

Alloys NaySizs NaSi
&——0 , ,
//,‘) O . O 04‘
T ‘o ¢ 0 ¢
Unit cells €9 © O o © Cé @O © °
P | 00 O 2 @ D Dy
¢ ¥ }
4 O Na
€ O x@si
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Table 1.6 The unit cell structure of Na-Ge alloys

Alloys NaGe
"y 8
©°
Unit cells Q 8 O
x ijl N.1.

Table 1.7 The unit cell structure of Na- Sn alloys
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Table 1.8 The unit cell structure of Na-Pb alloys
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(3) Theoretically Predicted Sodiation Plateaus

Figure 1.11 shows the sodiation voltage curves for Si, Ge, Sn, and Pb, obtained from the density function

19



theory (DFT) calculation according to the known crystal structure of Na-Miva intermetallic alloys. For the
Na-Si system, the formation of NaSi is predicted to occur at a very low potential, around 0.05 V vs.
Na/Na*, while the calculated sodiation potential is in a wide range of 0.02-0.5 V for Na-Ge systems,

0.1-0.65 V for Na-Sn systems, and 0.1-0.45 V for Na-Pb systems.
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Figure 1.11 The DFT predicted voltage curve of Na-Mrva alloys based on their crystal structures, (a) Na-Si,
(b) Na-Ge, (c) Na-Sn, and (d) Na-Pb. Data are obtained from the reference 3% 92 101,

(4) Theoretical Predicted Capacity and Volume Expansion

The theoretical capacities of different NaxM intermetallic phases as a function of x are shown in Figure

O=xF/3.6m , where x is the atomic ratio, F' is

1.12a. The values are estimated by using the equation
Faraday’s constant, and m is the atomic mass of Ma. Notably, the higher the atomic ratio, the higher
sodiation capacities obtained by Na-Mpa alloys. Meanwhile, the larger the mass weight of Mva is, the
lower the capacity of NayM phases at the same ratio x is. For instance, the capacities of NaPb, NaoPba, and
NajisPbs phases are all much lower than that of Na-Sn phases with the same stoichiometry.

Since the Na-M intermetallic phase has different crystal structures with different lattice parameters (Table
1.4), the Na insertion/extraction will induce the volume change. Figure 1.12b shows the calculated volume
change as a function of Na content. It is noted that the V/Vy here is normalized to the per Mrva based on the
Na-Mma structural information. In general, the volume change of NaxM phases shows a linear increase
with the rising atomic ratio. For instance, the transformation of Ge to NaGe is estimated to result in a
~116% volume expansion theoretically while a significantly larger volume change of approximately 350%

could occur upon the formation of Na3Ge. The sodiation to the Na-richest NaisSns phase will cause a

~370% volume change and the formation of Na;sPbs will give a ~360% volume change.
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Figure 1.12 (a) The calculated theoretical capacity of NaxM, and (b) Variation in the volume of Na,M as a

function of Na content (x).
(5) The DFT Simulated Physio-chemical Property of NaxM Alloys

Electrical properties. While pure Sn shows good electrical conductivity (Table 1.3), it was reported that
the sodiation results in dramatic increase in electrical resistivity of Sn electrode, i.e., Na-Sn alloys could be
highly resistive '2. For Na-Pb alloys, no experimental results regarding their electrical properties have
been reported, although an early study showed increased electrical resistivity with increasing Na content at
high temperatures '3, Also, the electrical properties of Na-Si and Na-Ge alloys have rarely been reported.
Diffusion behaviors. Some theoretical calculations predict the diffusivities of Na in Si (or NaSi), Ge (or
NaGe), and Sn (or NaSn) are in the order of 10°~10-'° cm?-s”!, while the sodium diffusivity values in Pb or
NaPb or NajsPbs are in the order of 105 cm?s™! (Table 1.9). However, only limited experimental results
regarding the Na diffusivity in these alloys have been reported. Abel et al estimated the Na diffusivity in
Ge to be ~107'4 cm?-s™! and in sodiated Ge to be ~10"13 cm?s™! (Table 1.9) by electrochemical impedance
spectroscopy (EIS), much lower than the theoretically reported value. In Na-Sn system, the Na diffusivity
in Na,Sn was reported to range between 10°-10""7 cm?-s”! 1%, The Na diffusivity in Pb and NasPbs is
reported to be in an order of 10716 and 10"'7 ¢cm?'s’, respectively. In addition, it is worth mentioning that
while conventional electrochemical methods such as galvanostatic intermittent titration technique (GITT),
potentiostatic intermittent titration technique (PITT) and EIS are commonly employed to interpret the Na
diffusion kinetics in alloy anodes, the reliable sodium diffusivity in Na-Miva is difficult to be extracted
from these electrochemical measurements in two-phase transformation regions since the concentration
gradient is not the only governing factors.

Mechanical properties. Although no experimental results regarding the mechanical property of Na-Miva
alloys have been reported up to now, the DFT calculation predicted that the sodiation of Miva (Si, Ge, Sn,
and Pb) alloys will lead to a significant decrease in their elastic moduli '% (Table 1.9), due to the weaker
interatomic interactions. This implies an increased capability of elastic deformation for Na-Miva alloys
compared to pure Mma alloys. Besides, the mechanical ductility (or brittleness) is also calculated

theoretically, as shown in Table 1.9. Both pure Si (or Ge) and its sodiated phase NaSi (or NaGe) are brittle,
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as supported by the low B/G ratio (Table 1.9). In contrast, pure Sn and Pb, with a high B/G ratio, are highly
ductile. Differently, a small variation is observed in the B/G ratio with the sodiation of Sn. Thereby it is
hard to predict which Na-Sn phases are brittle or ductile. However, as the sodiation of Pb proceeds, the
sodiated Na,Pb alloys (particularly x = 1) seem to become more brittle, as evidenced by the significantly

decreased B/G ratios.

Table 1.9 The chem-mechanical properties of Mva and Na-Mva (Mva=Si, Ge, Sn, Pb) alloys

Bulk modulus Elastic Shear
Predicted Na
Elements (B) modulus (E) modulus (G) B/G
diffusivity / cm?-s!
/GPa /GPa /GPa
Si 99.20? 164.80 67.30 1.47 ~10?101
Na-Si
NaSi 22.99 36.59 14.82 1.55 8.13x10738
Ge 76.80%2 135.00 55.90 1.37  ~9x10718%; ~10°13106
Na-Ge
NaGe 16.15 39.17 18.25 0.88 2.87x108101
Sn 45.00? 51.01 17.93 2.51 ~5x10-10107
NaSns 29.20 42.10 16.71 1.74 N/A
Na-Sn NaSn 17.27 25.63 10.23 1.85 2.1x107 108
NagSn4 18.91 24.11 9.38 2.01 N/A
NaisSn4 13.83 15.01 5.69 2.42 N/A
Pb 38.50¢2 33.70 12.20 3.16 ~10716109
NaPb; 32.94 23.23 8.43 3.90 N/A
Na-Pb NaPb 15.04 24.54 9.99 1.50 ~5x10°1582
NagPbs N/A N/A N/A N/A N/A
NajsPby 13.14 17.14 6.68 1.96 ~1x10°17 82

Note that the mechanical parameters of Na,M (M=Si, Ge, Sn, Pb) are obtained by DFT calculation ',

1.4 Objectives

The primary goal of this thesis is to provide insights into the underlying sodiation mechanism and kinetics
of Si-/Ge-/Sn-/Pb-based alloy anodes, aiming at enabling the utilization of alloy anodes for sodium-based
batteries. While group IVA alloys are expected to increase the volumetric energy density of SIB anodes,
they are poorly understood. Hereby, systematic investigations are conducted on the (de-)sodiation behavior
of these alloys in this thesis to reach the goal, with the detailed aims summarized as below:

a. To enable the electrochemical sodiation of Si electrodes, by increasing temperature, introducing other
active/inactive elements, and creating a porous structure.

b. To elucidate the kinetics and mechanisms of electrochemical sodiation of Ge thin film electrodes, by
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conducting robust potentiostatic analyses.

c. To provide an insight into the limiting factors for poor electrochemical performance of Sn foil electrodes
through a systematical kinetic study using in-situ electrochemical impedance techniques.

d. To understand the origin of capacity degradation of Pb foil electrodes by the exploration of phase
transformation reversibility, coupled with the structural analyses, and provide guidance for the future
development and utilization of Pb foil electrodes.

Accordingly, this thesis primarily focuses on the following: Chapter 1 provides a general overview of
the development and challenges of SIB and presents the research motivation and content. Chapter 2
outlines the experimental procedures for electrode preparation and (coin-/symmetric-/3-electrode) cell
assembly, and introduces the experimental methods and electrochemical techniques used, as well as the
theoretical basis for analysis of these techniques. Chapter 3 examined the electrochemical sodiation of
Si-based anodes, at elevated temperatures or after structural engineering. Chapter 4 offers a thorough
investigation of nature and kinetics of two distinct phase transformations that occur in the initial sodiation
of Ge thin film electrodes. Chapter 5 introduces the in-situ impedance technique for the kinetics study of
Sn foil anodes in the (de-)sodiation. Chapter 6 explored the electrochemical reactions and morphology
change of Pb foil electrodes during the (de-)sodiation, as well as the reversibility of each phase
transformation. Chapter 7 summarizes the findings obtained in this thesis and proposes possible directions

for further investigation into group IVA elements in the future.
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Chapter 2: Research Methodology

2.1 Electrode Preparations

Three kinds of electrode, namely metallic foil, thin film, and slurry-cast composite ones are used here for
our study. For the foil electrode, Pb (30 um-thick) and Sn (30 um-thick) foils are all purchased and directly
used as the precursor for the working electrode. Differently, the Ge (or Si) thin film electrodes were
prepared by sputtering Ge (or Si) on the substrate of Cu foil at room temperature. The sputtering target is a
high-purity Ge (3 inches, 99.9999%, SENTE MATERIALI) or Si target (3 inches, 99.999%, Kurt J. Lesker).
For all the depositions, the base pressure was kept at 8 x 1077 Torr, the working power was maintained at
160 W (radio frequency (RF) mode), and the working pressure during the deposition was kept at 6.6 mTorr.
The thickness of as-sputtered Ge thin film is calculated by the weight difference to be ~850 nm,
corresponding to the theoretical capacity of about 0.041 mAh-cm™ for NaGes, 0.16 mAh-cm™? for NaGe,
and 0.49 mAh-cm 2 for Na3Ge, respectively.

The slurry-based Na3zV2(POs); (NVP) electrode was prepared as follows. First, a certain amount of
polyvinylidene difluoride (PVDF) powder was dissolved in N-Methyl-2-pyrrolidone (NMP) solvent to
make a 5 wt% PVDF solution. Later, the NVP powder, carbon black powders, and PVDF in a mass ratio of
85%, 5%, and 10% were weighed and mixed in a plastic jar at 1500 rpm for 25 min. The obtained slurry
was then coated on the Al current collector and dried in a vacuum oven at 90 °C for 24 h. The dried NVP
sheet was pouched into discs with a diameter of 12 mm for the later assembly. The mass loading for the

NVP electrode is about 1 mg-cm™.
2.2 Cell Assembly

Coin-cells. All the cells are assembled in a 2025-type or 2032-type coin-cell configuration in an Ar-filled
glovebox (<0.5 ppm H2O and O). As for the half-cells, the Sn and Pb foil, or as-sputtered Ge (or Si) thin
film was punched into disks with a diameter of 12 mm for the working electrode, while the pure Na metal
foils were used for the counter electrode for Na-ion half cells. Glass fiber and 1 M NaClO4 in EC: PC = 1:1
vol% are used as the separator and electrolyte for the cells, respectively. Besides, a stainless steel (SS)
wave spring and an SS spacer (1 mm thick) were used to keep the stack tight.

The assembly of the NVP//Pb full cells follows the same procedures as that of half-cells, but the NVP
cathode is used to pair against the Pb foil anode. To effectively avoid any catalytic reaction of Pb with the
electrolyte, a piece of Na metal is pressed onto the Pb foil electrode for approximately 40 min before cell
assembly, such that a new interface between the electrode and electrolyte is formed. The open-circuit
voltage of the full cell with the NVP cathode and presodiated Pb foil anode is measured to be ~2.5 V at
first and drops to ~2.4 V after the 10 h rest.

For the Na//Na and Na,Sn//Na,Sn symmetric cells, the cell design is the same as above, while two identical
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working and counter electrodes (i.e., the same composition and size) are used here. Specifically, in case of
Na//Na cells, two Na metal foils are separated by glass fiber. To make the Na.Sn//Na,Sn symmetric cells,
two Swagelok cells with Sn and Na foil electrodes are disassembled after each cell achieves the desired
capacity or reaches to the desired potential. Subsequently, the obtained Na,Sn electrode was re-assembled
in a coin-cell configuration. Notably, all assembled coin cells were rested for 12 hours before the
measurements to ensure that the electrode was fully wet.

Three-electrode Swagelok Cells. The schematic illustration of the three-electrode Swagelok cells design
is shown in Figure 2.1. Each Swagelok cell is composed of a Sn foil (working electrode), two Na-metal
chips (one for the counter electrode and one for the reference electrode), as well as a glass-fiber separator,
an SS spring, and a spacer. The Sn working and Na counter electrodes have a diameter of 10 mm while the
Na reference electrode and separator are 6 mm and 14 mm in diameter, respectively. It is noted that a thick
Cu foil (thickness: 1mm, diameter 12 mm) is used as the spacer. All the cell components (i.e., spacers,
electrodes, and separators) were centered and packed together after screwing tightly the configuration. A

conventional electrolyte of NaClO4 in EC: PC=1:1 vo0l% is used and the volume is around 200 pl.

REFERENCE
ELECTRODE
(Na)
l ”
/ l \‘\b SPACER AND

SPRING

WORKING COUNTER

SEPARATOR
ELECTRODE (Sn) (4[5 fiber) ELECTRODE(Na)

Figure 2.1 Schematic illustration of three-electrode Swagelok cell set-up.
2.3 Robust Electrochemical Techniques
2.3.1 Potentiostatic Chronoamperometry

The potentiostatic chronoamperometry (CA) is a robust technique to understand the nature and kinetics of
the electrochemical reactions in electrode materials, in which a cathodic or anodic potential step (Figure
2.2a) is applied across the two-phase equilibrium potential and the current responses as a function of time
at the fixed driving force is monitored simultaneously. Figure 2.2b shows an example of the typical
current-time curve during the potentiostatic process, featured by a ‘current hump’ when the
electrochemical reaction is dominated by the nucleation and growth process ''?. At the beginning of

chronoamperometry, the current drops abruptly, which reflects the electrical double-layer behavior in the
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electrode/electrolyte interface. Subsequently, the current response begins to increase at point (a), which
represents the threshold of nucleation of a new phase. As time goes on, the current undergoes a continuous
increase due to the increased number of phase boundaries till the maximum value at point (b). Afterward,
the current response decreases monotonously with time, indicating the merging of smaller nuclei of the
new phase into a larger one. The process will be finalized at point (d) where the current response decreases

to nearly zero.
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Figure 2.2 Schematic illustration of (a) potentiostatic operation, (b) the typical current response for the
electrochemical reaction governed by nucleation and growth as a function of time during the potentiostatic

process.

A detailed analysis of the chronoamperogram can be conducted on the basis of the
Kolmogorov-Johnson-Mehl-Avrami (KJIMA) theory. Conventionally, the KJIMA model is established for
describing the kinetics (e.g., the reaction rate) of solid-state isothermal phase transformation in metals(e.g.,
crystallization). But currently, it is also extended to interpret the kinetic of phase transformations in
electrochemical reactions in the lithium or sodium systems (e.g. Li-Si ', Li-Ge ''?, and Li-LiFePO4 '19),
The KIJMA equation describes the change in the fraction of the new phase with time during the
potentiostatic process, as follows 10113
Jf=1-exp(—kt") (1)

Here, fis the volume fraction of one phase that has been transformed to another phase (e.g., the extent of
transformation of NaGes), which can be approximately calculated by the ratio of the charge to total charge
contributed by the whole reactions). k is the rate constant of the phase reaction, which is determined by the

114 3 denotes the Avrami

nucleation and growth rate, the rate-limiting step and the geometry of new phase
constant, and ¢ is the time during the potentiostatic tests. To readily obtain the rate constant k, Avrami

constant n, the KIMA equation is rewritten as follows:

Inln1/(1- f))=Ink+nint 2)
Therefore, the Avrami constant » and the rate constant k& can be determined from the plots of Inln1/(1-f)
against In ¢, where the slope corresponds to the Avrami constant # and the intercept corresponds to Ink. For
the Avrami constant n that is directly related to nucleation and growth, it is decided by three important

factors:
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n=a+bc )
where a is the nucleation index, b reflects the dimension of growth and c indicates the rate-limiting step of
the phase transformation. The nucleation index «a indicates the nucleation rate as a function of time. For
instance, if a is zero, it means that the nucleation rate during the phase transformation is zero. If @ is more
than zero but less than 1, the phase transformation proceeds with a decreasing nucleation rate as the time
flows. @ =1 means a constant nucleation rate while a>1 implies an increasing nucleation rate. The index b
implies the dimension of growth: /=1, 2, and 3 represent the one-dimensional(1D), two-dimensional (2D),
and three-dimensional (3D) growth, respectively. The growth index c¢ indicates whether the growth process
is limited by diffusion (¢=0.5) or phase boundary movements (c=1). Figure 2.3a shows the typical
chronoamperometry curves described by the KIMA model with the Avrami constant n=1, 1.3, 1.6, and 2 ''°,
For the case of n<1, the chroamperogram is featured by a monotonic current decrease, which suggests that
the phase transformation probably behaves as a non-equilibrium solid solution '°. An example is the
amorphous Si to amorphous Li,Si transformation: the chroamperometry curves show the characteristic of
current monotonically decreasing as time, and the sodiationof Si to Li,Si is found to probably proceeds
through a moving sharp interface (Figure 2.3b) ''!. For the case of n>1, the chroamperogram is
characterized by an initial current density increase followed by a gradual decrease, namely, a ‘current
hump’ feature. This implies that nucleation and growth play a significant role in the electrochemical
reaction kinetic ''°. Figure 2.3¢ and d show the two examples of phase transformation models in a system
with n>1 (e.g., the first-order transformation between two amorphous Li-Si phases with different Li

contents ).

@) (c) (d)

Figure 2.3 (a) The CA curves described by the KIMA model with different Avrami constants n ''°, The
phase transformation models illustrating the cross-section of the Si electrode "', (b) the phase propagation
with a sharp interface, (c) phase transition involving nucleation and growth that initially occurs near the
top surface of the film and then a nucleation front propagates through the film, and (d) nucleation and

growth that occurs uniformly through the film.

2.3.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a simple and powerful technique to investigate the mass
transport or charge transfer kinetic in an electrochemical system since it allows us to separate different

physical and electrochemical processes (e.g., ionic diffusion) based on their time response across the
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applied frequency range. The essential of the impedance measurement is to apply a small amplitude
potential or current stimulus (normally sinusoid) to the cells and simultaneously measure the response
(current or potential) across a wide frequency range ''>. Then the impedimetric data at different frequencies
can be obtained based on the Ohm-like relationship between the applied voltage (or current) and their
response  after a  Fourier transformation of these current and  voltage  data:

Z(iw)=V(iw)/ I(iw)=V,I exp(i®) ''"°. Noteworthy, the EIS measurement is normally conducted under the

steady conditions of the cell system. Further, the applied excitation should be small enough to ensure the
linear system so that reliable impedance can be obtained. To visualize the impedance for better analysis of
the electrochemical behavior, the Bode plot, where the total impedance and phase are plotted as a function
of frequency (i.e., |Z|=lw) and -phase=f{®w)), or Nyquist plot which describes the real part of the
impedance versus the imaginary part at each frequency (i.e. -Zz"=7(Z) ) is generally used as the
representation of the impedance spectra !''. The former provides a clear matching of impedance with the
applied frequency, while the use of the Nyquist plot allows for the preliminary prediction of the elements
in the electrical circuit involved in the system according to the plot shape ', despite the lack of direct
frequency information.

Analysis of impedance data by electrical-circuit model fitting. To understand the specific
electrochemical processes involved in the system deeply, the equivalent circuit model, in which every
element represents one physical characteristic of the system, is employed to simulate the impedance data
and translate these abstract data into concrete physics or electrochemical processes. Figure 2.4 shows the
typical Nyquist plot of simple systems with different electrical circuit models. In theory, the Nyquist plot
will be characterized by a point in the real axis when only a pure resistor (R) is included due to its
independence of frequency (Figure 2.4a). In contrast, for a model only containing an ideal capacitor (C),
the Nyquist plot behaves like a vertical line in the imaginary axis (Figure 2.4b). In a circuit composed of a
resistor and capacitor that are connected in series, the Nyquist plot is the combination of plots of the
former two cases (Figure 2.4¢). Differently, when the circuit contains a resistor and capacitor connected in
parallel (Figure 2.4d), the Nyquist plot is featured by a semicircle. It is worth mentioning that in the
non-ideal system, as the electrode surface is normally not perfectly flat, which gives rise to non-ideal
capacitive behavior, thereby causing a ‘depressed semicircle’ in the Nyquist plot of the system with an R-C

electrical circuit model.

7 R z
(b) (d) .
o A
z z

Figure 2.4 Examples of typical Nyquist and Bode plots of some electrical circuits .
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In a real electrochemical system, the case is more complex. For an electrochemical cell that involves
oxidation/reduction (Faradic) reaction, the total monitored current during the impedance measurement is
the sum of two parts of current contributed by the double-layer charging/discharging (i.) process and the
Faradaic behavior (ir). Generally, the Faradaic process includes the mass transfer, and the diffusion of ions
from the electrolyte to the electrode surface passivation layer and inside the electrode, which is usually
represented by an equivalent circuit called the Randles circuit as shown in Figure 2.5a. Mathematically, the
impedance of the Faradaic process can be expressed as: 7z, =R +Z, , where Re denotes the charge
transfer resistance related to the transfer kinetic, and Z, is the Warburg impedance associated with ions
transport. In the high-frequency region, the Cs and R are significant, and the Z, is negligible, thus the

equivalent circuit of the system can be simplified in Figure 2.5b. Under this circumstance, the relationship

between Z’ and Z” is approximately expressed as: (z'-R —-R,/2)*+(Z") =(R,/2) 115 which explains

ohm
the semicircle shape of the Nyquist plot at a high-frequency region (Figure 2.5d). On the contrary, at low
frequencies, the impedance of double-layer charging (Cu in Figure 2.5¢) is extremely high so that the
current flows through the elements Roum, Re, and Z,. In this case, the relation between the real and
imaginary part of the impedance can be described as below when the frequency is close to zero:

-7'=7Z -R,, —R,+20°C,- Thus, the Nyquist plot at low frequency behaves as a straight line with a slope

ol
of 45 degrees (Figure 2.5¢) ''>. Therefore, for an electrochemical system (i.e., Li-ion batteries) the Nyquist
plot over a wide frequency range normally consists of semicircles (charge transfer is dominant in the
electrochemical process) and straight line (mass transports kinetic is rate-limiting), as shown in Figure
2.51.

However, the ideal semicircle and 45-degree straight line can be observed experimentally only in the
electrode with an extremely flat surface (e.g., liquid Hg) '. In real electrochemical systems, many
components are involved, and the electrochemical processes are relatively complicated, the impedance
contributed by these processes might be overlapped at frequencies. In this regard, one may struggle to
determine the equivalent circuit for interpreting the physical or electrochemical characteristics of the
system. Some studies mentioned that in Li-ion batteries it is a bit difficult to distinguish the resistance of
solid-state interphase and charge transfer in the mid-to-high frequency region '8 unless the batteries are in
the blocking zone (e.g., fully charge/discharge state), where the charge transfer is largely blocked so that
the low-frequency impedance could be viewed as the contribution of the charge transfer process. Despite
the limitation, we cannot deny that the simulation of electrical circuits is useful for the interpretation of

impedance spectra at present.
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Figure 2.5 (a) The typical Randle circuit. (b)(c) The equivalent electrical circuit at low-/high-frequencies

and (d)(e) corresponding Nyquist plots. (f) The common Nyquist plot for the system with a Randle circuit.

Since the electrochemical behavior in the low-frequency region is usually governed by ion transport, one
can extract the ion diffusion coefficient from the Warburg impedance analysis. At low frequencies, the real
(Z’) and imaginary (Z”") part of the impedance can be approximately described as ''°:

Z =00"+R,,

7 =00 425C,

+R,

Where ¢ denotes the coefficient of Warburg impedance, w is frequency, and Roum, R, and Cy represent the
ohmic resistance, charge transfer resistance, and capacitance originating from double-layer charging,
respectively. Both Z’ and Z” are proportional to the inverse of the square root of the frequency in the
low-frequency region and the slope of Z’ (or Z”) versus w3 plots gives the coefficient of Warburg
impedance (o). Assuming that the electrochemical system follows a one-dimension diffusion model, the
chemical diffusion coefficient of ions (D) can be derived from the coefficient of Warburg impedance o by

solving the partial differential equations of Fick’s second law consider semi-infinite diffusion !'°:
RT y
2F%cC

Here R, T, F represent gas constant, temperature, and Faraday constant. ¢ is the Warburg coefficient, and C

D=(

denotes the concentration in the electrolyte.
2.3.3 Distribution of Relaxation Time (DRT) Technique

While the use of the electrical circuit simulation is efficient and useful to interpret the electrochemical
kinetic, it requires solid knowledge regarding the impedance technique and the electrochemical system to
choose a suitable electric circuit for accurate interpretation, especially for the complex impedance spectra.
DRT is a recently developed technique that uses mathematical methods to transform the
frequency-dependent impedance spectra into a relaxation time-based DRT spectrum '?°, aiming to more
accurately distinguish different electrochemical processes. The relation between the impedance and the
relaxation time is written as '20:

Z(o)=R,+ [T s
01+ jor
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Noteworthy, this equation is valid only when the impedance measurements meet the requirement of
linearity, causality '>!. The DRT calculation is not simple since an inverse problem is required to be solved,
which is very sensitive to the error of the experimental data '?>. Namely, accurate DRT analysis demands
high-quality data of the impedance spectra. Many approaches have been developed to overcome this
challenge, such as the Fourier transformation 23, ridged regression '?2, Bayesia approach !4, etc. Figure 2.6
shows an example of the DRT analysis for the impedance data (Nyquist plot) based on the R-C model
using the DRT tools freeware, where three peaks at different relaxation-time indicate three related
electrochemical processes in the system '?°. In recent years some research has been focused on DRT
techniques, but it is still in the early stage and more attention is needed to be paid to developing more

reliable and accessible DRT techniques for deconvolving EIS spectra.

Nyquist N
plot '
o
Ri R> Rs
Simulated

circuits

DRT model

Figure 2.6 An illustration of the DRT calculation '?°.
2.4 Electrochemical Measurements

All the electrochemical measurements, e.g., CA, galvanostatic charge-discharge (GCD), cyclic
voltammetry (CV), and EIS, are conducted using a VMP 300 potentiostat (Biologic Technologies, France)

and LAND battery testing system.
2.4.1 Cyclic Voltammetry

The cyclic voltammetry measurements were performed on the Si//Na (or Li) cells by the Biologic system

at different temperatures. The scanning rate is 0.01 mV s

2.4.2 Galvanostatic Cycling

The cycling of Ge//Na half-cells was done at two C-rates (i.e., 1/100 C and 1/20 C) and the potential
window during the measurement was limited to 0.001-1.5 V (vs Na/Na®). The differential capacity (dQ/dV)

curves were derived from these GCD results.

For the Pb//Na half-cells, an initial large current of 0.5 mA was applied till 0.8 V(vs. Na/Na*) to get rid of
the catalytic reaction that occurs at a relatively high voltage on the surface of the Pb electrode 7. After that,
the cells were discharged and charged at the constant current of 0.1 mA (~C/177, based on the theoretical
capacity of NaisPbg) at five different cut-off voltages: 0.001-0.8 V, 0.4-0.8 V, 0.15-0.45 V, 0.09-0.3 V,
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0.001-0.2 V (vs. Na/Na®). The NVP//Pb full cells were cycled in the voltage window including the
(de-)sodiation plateau voltage of Pb//Na and NVP//Na half cells.

2.4.3 Chronoamperometry Measurements

The potentiostatic CA measurements in this thesis were conducted on Ge vs. Na half-cells to shed light on
the nature of phase transitions that occur in the initial sodiation of Ge. Specifically, regarding the CA
measurement of the first phase transition (plateau 1 in Figure 2.7a or peak 1 in Figure 2.7b), the cells were
initially held at a voltage of 600 mV (Eo in Figure 2.7b) for 4 h to largely isolate irreversible surface
reactions. Subsequently, the cell voltage was adjusted to the E; region (e.g., in the range of 180-280 mV at
room temperature (shaded region in Figure 2.7b)) and the current responses were recorded till the current
value dropped to nearly zero during this process. Similarly, the CA measurements of the second phase
transition in Ge electrodes (plateau 2 in Figure 2.7a or peak 2 in Figure 2.7c¢) were also done by applying a
cathodic potential step (Eo'-E> in Figure 2.7c) across the two-phase equilibrium potential (the shaded
region in Figure 2.7¢). The first potential hold at E¢' = 250 mV is aimed to equilibrate NaGes and the
applied potential E> was fixed in the range of 10-110 mV during the whole CA measurement. The obtained

current-time results were all quantitatively analyzed by KIMA models, which are introduced in detail in

section 2.3.1.
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Figure 2.7 (a) The initial GCD profile of Ge thin film vs Na half-cells operating at 1/100 C at room
temperature. (b) (c) The corresponding dQ/dV curves derived from Figure 2.7a. The potential chosen for
CA measurements of the first phase transition are denoted as Eo (the dashed line) and E; (the shadow zone)
in Figure 2.7b, while the potentials for CA measurements of the second phase transition are denoted as Eo'

and E; in Figure 2.7c.
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2.4.4 Electrochemical Impedance Spectroscopy Measurements

Conventional electrochemical impedance spectroscopy (EIS) measurements of Na//Na and Na,Sn//Na,Sn
symmetric cells were done at the open-circuit voltage in the frequency range of 100 kHz-5 mHz. A small
perturbation amplitude of 5 mV is applied for all the cases to ensure a more accurate impedance
measurement in the linear potential-current region 'S, Differently, in-situ EIS measurements of Sn
electrodes at different depths of discharge (DoD) or state of charge (SoC) were conducted in a Swagelok
three-electrode cell configuration at the end of each relaxation (at least 2 h to ensure the cell reached the
steady state) after the galvanostatic sodiation/desodiation to desired DoD or SoC at C/100 (an example as
shown in Figure 2.8). The frequency range and perturbation amplitude for the in-situ EIS measurements

are 100 kHz-10 mHz and 5 mV, respectively.
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Figure 2.8 An example of the test protocol for the in-situ EIS measurements of the Sn electrode that

experiences 3 h discharge followed by 2 h relaxation.
2.5 Material Characterizations
2.5.1 X-ray Diffraction (XRD)

Ex-situ XRD technique is employed to characterize the phase evolution of the Sn, Pb, Ge, or Si electrode
during the (de-)sodiation process. To minimize the impact of slow sodiation kinetics on the phase
composition, when the desired potential or capacity is reached, all the half-cells were held at least 2 h prior
to their disassembly in an argon-filled glovebox. After the disassembly, the (de-)sodiated Sn, Ge, or Si
electrode samples were then washed with pure Dimethyl carbonate (DMC) solvent and sealed in Kapton
tape in the glovebox to avoid the oxidation of the electrode. Differently, a well-designed airtight holder is
used to seal the (de-)sodiated Pb samples after the washing procedure. All the XRD tests were conducted at
a scan speed of 5°/min in the 26 angle range of 20°-80° at room temperature using Rigaku SmartLab 9 kW

or DaVinci 1 X-ray diffractometer.
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2.5.2 Scanning Electron Microscopy (SEM)

The ex-situ SEM technique was used to observe the surface morphological change of the Pb and Sn foil
electrode during cycling. The electrode sample for SEM tests was obtained by disassembling the Sn//Na or
Pb//Na cells sodiated to different extents and sealing them using the vacuum bag before taking them into
the SEM vacuum chamber. The SEM images of the (de-)sodiated Sn and Pb were taken by using scanning
electron microscopy (Tescan VEGA3) and field-emission scanning electron microscopy (Zeiss-Supra
55VP-FEG-SEM), respectively, operating at an accelerated voltage of 20 keV and working distance of
roughly 10 mm.
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Chapter 3: Sodium Storage Behavior of Si
3.1 Introduction

Due to the emerging success in LIBs and the high theoretical Na-storing capacity, Si is preferentially
examined as the SIB anode candidate among the group IVA. While the Na-Si phases (e.g., NasSi»; and
NaSi) have been reported by metallurgists (Figure 1.7) *® 125, very little Na can alloy with crystalline Si
electrochemically at room temperature perhaps due to its larger atomic size and thus constrained Na
diffusion 7 26, Encouragingly, some theoretical calculations predict that the Na insertion into amorphous
Si is more favorable thermodynamically than into crystalline Si since the larger interstitial sites of
amorphous Si can readily accommodate Na atoms, resulting in a lower activation energy of -0.15 eV for
nucleating the Nao 76Si phase %> 1?7 128, However, experimental results have not been in agreement with the
calculations, showing that even amorphous Si can hardly be sodiated 7°. This inconsistency between the
theoretical and the experimental results is generally believed to be due to the sluggish diffusion of Na in Si
and the low electrical conductivity of Si ¥ 128, Some endeavors have been made to overcome the kinetic
limitation of Si by reducing the particle size to nanoscale, but no solid evidence confirms the Na
incorporation into Si to date. In this work, we are also devoted to enabling Na insertion into Si by
improving its kinetics or overcoming the kinetic barrier through different alternative approaches, such as
increasing temperature, constructing porous structure by dealloying strategy, and introducing other
elements into Si. While these outcomes are not encouraging, some insights into the limiting factors of the

sodiation of Si are elucidated.
3.2 Results
3.2.1 The Na Insertion into Si at Ambient Temperature

The typical voltage profiles of the Si thin film electrode at 0.05 C are shown in Figure 3.1a. No sodiation
plateaus are observed. Moreover, only limited reversible capacity (Ca.~0.012 mAh-cm?) is achieved
during the cycling at room temperature, implying the unfavorable (de-)sodiation behavior of Si. This is
consistent with the absence of characteristic diffraction peaks (Figure 3.1b) corresponding to Na-Si phases

in the XRD diffractogram of the electrode after the full sodiation (to 0.001 V vs.Na/Na®).
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Figure 3.1 (a) GCD curves of Si anodes at 0.05 C. (b) The XRD pattern of Si anode after full sodiation.
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3.2.2 The Na Insertion into Si at Elevated Temperature

As already mentioned, the slow diffusion of Na in Si might be largely responsible for the electrochemical
inactivity. Therefore, higher temperatures for sodiation are expected to mitigate the kinetic issues and
hopefully facilitate the sodiation of Si. Figure 3.2 compares the GCD profiles of the half cells with Si thin
films as the working electrodes at various temperatures. It is found that Si is restrictedly reactive to Na,
regardless of sodiation temperatures. Even at 65 °C (nearly the upper limit for the commercial rechargeable
batteries), neither sodiation plateau nor evident capacity can be observed in these GCD profiles, indicating
a negligible Na insertion into Si. This conclusion is further supported by the similar capacity levels
observed in the dummy cell using just the bare Cu foils in the absence of Si thin films as the anode
(Figs. 3.2 d-f) at the same chosen temperature. The higher capacity obtained at 50 °C and 65 °C is likely a

result of the deteriorated electrolyte breakdown induced by higher temperatures.
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Figure 3.2 GCD profiles of the first three cycles obtained from the Si versus sodium half-cells (the solid
lines) at different temperatures: (a) room temperature (RT), (b) 50 °C, and (c) 65 °C. The corresponding
GCD profiles (the dashed lines) obtained from the dummy cells (bare Cu foil against Na metal) are

provided in (d), (e), and (f), respectively.
3.2.3 The Na Insertion into Al-Si Alloy

Introducing Al into Si is also expected to facilitate Na insertion into Si. For one thing, the inclusion of Al
will lead to an increase in the electrical conductivity of the Si electrode, thus promoting the charge transfer
to some extent. For another thing, the first principal calculation predicts the great potential of NaAlSi as an

SIB electrode, which has high structural stability, and will give a theoretical capacity of 476 mAh-g!
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(equivalent to approximately 1200 mAh-g-!, much higher than hard carbon) '?°. Experimentally, the ternary
NaAlSi phase was also reported as a final product for the electrochemical corrosion of Al-Si alloy with
molten Na 3% 131 although Al and Si are electrochemically inactive to Na at ambient temperature. In
addition, in the analogous LIB chemistry, the ternary LiAlSi phase was proven to be the lithiated product
of the Al-Si electrode at room temperature 32, Therefore, it is anticipated that the NaAlSi phase might be
formed in the electrochemical sodiation of Al-Si electrodes. In this regard, the incorporation of Al into Si
could enable Na insertion into Si.

To validate our hypothesis, systematical experiments are conducted on the sputtered Al-Si thin film
electrodes. Noteworthy, prior to the sodiation, the Al-Si electrode undergoes a pre-lithiation to form the
LiAlSi ternary phase. The idea is to promote the formation of NaAlSi by Na exchanging with Li during the
subsequent sodiation. Figure 3.3 shows the typical current vs. potential curves of the Na-ion half cells with
Al-30 at% Si thin film electrode which is prelithiated to different potentials (0.01-0.3 V vs. Na/Na*). One
may see that all the voltage profiles show a similar shape, with no obvious reduction and oxidation peaks
observed in the sodiation and desodiation process. Meanwhile, the values of sodiation and desodiation
current in all cases are similar and very small, only about 2 pA. This implies that Na can be hardly inserted

into Al-Si. The non-zero current in voltage profiles is assumed to be the result of the electrolyte

decomposition.
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Figure 3.3 The room-temperature CV curves of Al-30at%Si thin film electrodes versus Na, after the
pre-lithiation to different potentials, (a) 0.3 V, (b) 0.2V, (c) 0.15V, (d) 0.1 V, (e) 0.05 V, (f) 0.01 V. The

scanning rate is 0.01 mV-s™! and the voltage window is 0.001-1.5 V.

Other than the prelithiation depth, the composition of Al-Si is also adjusted to examine whether the sodium

can be alloyed with Al-Si electrodes. Figure 3.4 compares the CV curves of Al-Si electrodes with different
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compositions at room temperature. Regardless of the Si content, all Al-Si electrodes display similar CV
curves with small (de-)sodiation current, which indicates unfavorable (de-)sodiation behavior of Al-Si at
room temperature. Even at a higher temperature (50 °C, Figure 3.5), no oxidation/reduction peaks occur
during the cycling of the Al-30 at% and Al-45 at% electrodes. Meanwhile, a negligible increase in the
(de-)sodiation current is obtained. This again suggests that Al-Si is hardly sodiated even at elevated

temperatures. The true reasons why Si or Al-Si alloy is inactive are not clear.
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Figure 3.4 The comparison of CV curves of the Al-Si thin film electrodes with various compositions after
the first prelithiation to 0.15 V at room temperature, (a) pure Al, (b) Al-10 at%Si, (c) Al-30 at%Si, (d)
Al-45 at%Si, (e) pure Si.
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Figure 3.5 The first three CV curves of the half-cells with (a) Al-30 at%Si electrodes, and (b) Al-45 at%Si

electrodes at 50 °C.
3.2.4 The Na Insertion into Chemically Etched Si

Additionally, it is well-recognized that the porous structure is beneficial to the lithiation or sodiation
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process since this configuration could provide more diffusion path and shorten the ion diffusion distance,
thereby promoting sodium insertion. Herein we design porous Si electrodes by chemical etching (7wt%
HCI) of Al-Si thin film to facilitate the alloying of Si with Na. An etching duration of 2 h is adopted to
ensure the full reaction. From Figures 3.6a and c, the etched electrode shows little sodium-storage
capability both at room and elevated temperature (65 °C), as is supported by the absence of
reduction/oxidation peaks and a small current in both cases. Also, it should be pointed out that the
chemical etching process is successful, because the etched electrode functions well versus lithium metal
(Figure 3.6b and d). Meanwhile, their CV curves are analogous to that of pure Si electrodes vs. lithium in
the literature, and the calculated specific capacity of the etched electrode versus Li is close to the

theoretical one of pure Si electrode.
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Figure 3.6 The CV curves of the chemical etched Al-30at%Si thin film electrode vs. Na or Li at 25 °C and
65 °C.

3.3 Discussion about the Sodiation of Si

While four Na-Si phases (i.e., NaSios, NasSi»3, NaSi», NaSi) have been reported by metallurgists %, a
complete Na-Si binary phase diagram has not been established to date '>>. Among these four phases, NaSi
is suggested to be approachable via electrochemical sodiation based on the theoretical calculations,

delivering a capacity of 954 mAh-g"! ?2. However, this capacity value is not observed in our experiments

regardless of whether the sodiation is carried out at room or moderate temperatures. In fact, this 954
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mAh-g'! has never been achieved experimentally in the previous reports. For instance, a study reports that
Si shows very little electrochemical activity to sodium at room temperature '*°. Given the presence of
multiple Na-Si phases, researchers commonly believe that the sluggish diffusion of sodium should be
largely responsible for the unfavorable sodiation of Si '8, Thereby, Obravoc et al. attempted to activate Si
by increasing temperature but found that Si is still inactive to sodium electrochemically at temperatures up
to 60 °C 7°. Consistently, our results also show that Si does not work in functioning as SIB anodes at
elevated temperatures (e.g., 65 °C). Even at 80 °C, only very limited reversible capacity can be obtained
during the electrochemical sodiation/desodiation processes of Si 3. These negative outcomes indicate that
the unfavorable sodiation of Si may be caused by a combination of many factors, in addition to the slow
diffusion of Na in Si. For instance, the limited interstitial spacing and the weaker attractive interaction of
Na-Si than Na-Na at a local Na-rich region *7 could be also responsible. Overall, the electrochemical

sodiation of Si has not been successful to date, despite the presence of the Na-Si phases.
3.4 Conclusion

To summarize, Si is found to be hardly sodiated electrochemically even at 65 °C. The incorporation of Al
into Si doesn’t enable the insertion of Na into Si both at room and elevated temperatures. Besides, the
Al-Si electrode after etching shows little Na storage capability even at 65 °C. The underlying reasons why
Si cannot store sodium remain unclear. Further explorations of the alloying behaviors of Si or Si-based
alloys with Na at higher temperatures or extremely low C-rates are required to understand the critical

factors which limit the sodiation of Si in the future.
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Chapter 4: Sodiation Kinetics of Ge

4.1 Introduction

From the above chapter, the sodiation of Si remains a "black box" at the end of the day, in which multiple
Na-Si phases do exist, but none is observed electrochemically. Alternative ways of exploration are
therefore required to understand why the electrochemical sodiation of Si is not generally observed. Ge, the
neighboring element of Si in group IVA in the periodic table, shares the same crystal structure (i.e.,
face-centered cubic), bonding mechanisms with Na (i.e., monoclinic NaSi and NaGe Zintl phase), and
valence electron configurations (3s?p? for Si vs 4s’p? for Ge) as Si. Furthermore, the lithiation mechanism
of Ge is analogous to that of Si. This analogy may be parallelly supported by swapping Na with Li. As a
result, it is anticipated that the understanding of the electrochemical sodiation of Ge may help shed light on
the limiting factors of the electrochemical sodiation of Si for analogous reasons.

Ge production is inherently tied to industrial Si refinement, implicating an intrinsic cost disadvantage

134 Nevertheless, amorphous Ge is observed to exhibit some

compared to other raw materials
electrochemical activities in regard to Na experimentally, i.e., it can be electrochemically sodiated %%
%, and this warrants further understanding regarding its energy storage capability pathways. Aside from
pure amorphous Ge, most SIB-related explorations focus on improving electrochemical performance
through some type of chemical, geometric, or processing modification approach. For instance, some
researchers incorporate other elements (e.g., Te, P, Cu, and Co) into Ge and successfully improved the rate

135138 Chung et al. designed a novel 3D Ge/Si core-shell

capability and cycling performance of Ge
nanorods with TiN/Ti thin film and found the cycling stability is significantly improved by this
3D favorable structure '3°. Wei et al. constructed the highly dispersed Ge quantum dot which can maintain
~80% initial capacity after 5000 cycles even at a 3 C rate '%. Furthermore, pre-alloying tricks are
employed to make Ge more susceptible to sodiation. It is found that the Ge nanowires, which are
amorphized by precycling with Li, have a lower energy barrier for nucleating NaGe phases '%. The
effectiveness of this pre-alloying trick is also proved by an in-situ transmission electron microscopy (TEM)
study, in which the volume expansion of the sodiated Ge (NaisGe) is nearly 300%, and nanopores are
observed after desodiation °°. However, nanowires might not be fully representative due to their size effect,
i.e., single crystalline or bamboo structure. At the end of the day, the sodiation mechanisms and kinetics of
pure Ge as a chemical element can hardly be extracted from these studies, although very promising
performances are achieved from these literature.

Herein, for the first time, we conduct systematic kinetic analyses on the two possible phase transitions that
occur in the initial sodiation of Ge electrodes by using the potentiostatic technique, with the aim of

providing insights into the sodiation mechanisms and diffusion kinetics of Na in (sodiated) Ge. A
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quantitative analysis using the Kolmogorov-Jonson-Mehl-Avrami (KJMA) model reveals that the
irreversible Ge/NaGes phase transition is controlled by the Na diffusion, proceeding through a sharp
interface propagation, whereas for the reversible NaGes/Na+xGe phase transition, the movement of the
reaction front (i.e., phase boundary) is the rate-limiting step, and it proceeds via a nucleation-growth model.
Not only does the collected data fill out the research gap regarding the electrochemical kinetics of Na-Ge
systems, but they may also shed light on important transport and reaction characteristics of any new anode

material that may be found in a future SIB.

4.2 Results
4.2.1 Effect of Rate/Temperature on (De-)Sodiation of Ge

According to the Na-Ge phase diagram %, there exists three intermetallic compounds, namely, NaGeu,
NaGe, and NasGe, delivering theoretical capacities of 92 mAh-g'!, 369 mAh-g!, and 1107 mAh-g"'.
Figures 4.1a and 4.1b present the GCD profiles of Ge thin film electrodes which are cycled against Na
metal at a commonly low-rate of 1/20 C and a further slow rate of 1/100 C at room temperature. One can
see that there is one long and flat plateau centred at ~0.12 V (vs Na/Na") during the initial sodiation at
1/20 C (Figure 4.1a), which is assumed to be responsible for the Na insertion into Ge to form the NaGe
phase 8% °0- 14! incorporating the findings from the dummy cell. For the subsequent cycles, the sodiation
plateau slightly rises to ~0.15 V (vs Na/Na*), indicating the enhanced reaction kinetics after the initial
cycle but with less sodiation capacities. When the direction of the applied current is reverted (i.e.,
desodiation), the Na extraction is observed to happen at around 0.6 V (vs Na/Na") regardless of the cycle
number. These plateaus correspond to the distinct peaks at the same potential in the dQ/dV curves in
Figure 4.1c. Additionally, except for noticeable irreversible capacity loss in cycle 1, less irreversible
capacity is found at 1/20 C in the following cycles, implying certain reversibility for the Na

insertion/extraction into Ge.
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Figure 4.1 Room temperature GCD profiles of the Ge thin film electrodes obtained at (a) 1/20 C and (b)
1/100 C. The corresponding differential capacity (dQ/dV) curves for Ge electrodes obtained at (c) 1/20 C
and (d) 1/100 C.

When the cycling rate slows down to 1/100 C (Figure 4.1b), in addition to the long plateau at ~0.12 V (vs.
Na/Na®), an extra but short plateau appears at ~0.3 V (vs. Na/Na®) at the beginning of the first sodiation,
which corresponds to the small reduction peak in first dQ/dV curves at 1/100 C (arrow in Figure 4.1d).
Noteworthy, this short plateau disappears permanently in the following cycles, suggesting that a phase
transition is perhaps taking place on this plateau and should be irreversible. Similar observation was also
reported by Miao et al. in the initial lithiation of amorphous Si '#2. For the desodiation process, the same
feature with only one plateau at ~0.6 V (vs. Na/Na*) is observed in the GCD profiles at 1/100 C,
corresponding to the oxidation peak in Figure 4.1d. As compared to 1/20 C, larger irreversible capacity
loss is observed in each cycle at 1/100 C, which may be associated with the possible formation of the less
reversible Na3;Ge phase at this extremely low C-rate.

The phase evolution of Ge during the initial sodiation/desodiation was examined by ex-situ XRD. No
distinct diffraction peaks representing crystalline Ge or sodiated Ge are observed from all the X-ray
diffractograms (Figure 4.2), indicating the low crystallinity or the amorphous nature of both pristine and
sodiated Ge electrodes. Given the limitation of the XRD technique, here we attempt to determine what
Na-Ge phases are probably formed during the initial sodiation by quantifying the sodiation capacity of the

Ge electrode based on the electrochemical data. Despite the minor capacity of the dummy cell (only the
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initial cycle; Figure 4.3), we reasonably exclude this amount of capacity that is likely contributed by
electrolyte breakdown to enhance the accuracy of the capacity quantification in Figure 4.4. According to
the Na-Ge phase diagram °, the first short plateau of the initial sodiation occurring at ~0.3 V is suggested
to be: Na + Ge — NaGe , , which is further verified by the perfect match between the capacity obtained
from the electrochemical data and the theoretical capacity calculated by the atomic ratio of the
NaGes phase. Furthermore, the second long plateau at ~0.12 V should correspond to the formation of the
NaGe phase at the expense of NaGes because the NaGe is reported to be thermodynamically stable
101 Unexpectedly, the obtained capacity is found to be noticeably larger than the theoretical capacity of the
NaGe phase, especially since the dummy cell capacity has already been excluded. Based on the
electrochemical data, the final sodiated products of Ge at 1/100 C are calculated to be Nai33Ge, which is
generally consistent with the previous report on the final sodiated phase of Ge, for example, Nai.16Ge ¥,
Nais6Ge %7, and Na;¢Ge °°. From the Na-Ge binary phase diagram, no equilibrium phase exists between
NaGe and NasGe. It is supposed that a part of NaGe may be further transformed into a higher-ordered

Na3Ge phase at local Na-rich regions.
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Figure 4.2 Ex situ XRD patterns of Ge thin electrodes after different discharge/charge depths at, (a) 1/20 C
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Figure 4.4 The capacity quantification of Ge thin film electrode during the first sodiation at 1/100 C

(~2 pA) at room temperature, accounting for the lost, irreversible capacity of a dummy cell in Figure 4.3.

To further explore the end sodiation products of the Ge thin film electrode, the electrochemical tests are
also done at elevated temperatures. Figures 4.5a-d show the first (de-)sodiation profiles and their
corresponding dQ/dV curves of the Ge electrodes cycled at 1/100 C at room and elevated temperatures. In
all cases, the GCD profiles seem to exhibit similar features: Two sodiation plateaus and one desodiation
plateau, corresponding to the peaks in the dQ/dV curves, with the exception of the two desodiation
plateaus observed at 60 °C. Taking a closer look, however, the sodiation plateaus tend to move upward as
the temperature rises, of which the shift of the first one is more pronounced in the chosen temperature
range. Also, the first sodiation plateau is found to become steeper at higher temperatures. These changes
can be observed more easily when looking into the dQ/dV curves (annotated by the arrows), which is
probably related to less energy barrier for nucleation due to the elevated activity of Ge at higher
temperatures to Na 43, Meanwhile, the GCD profiles become smoother at elevated temperatures, which is
likely ascribed to the more favorable kinetics induced by higher temperatures (e.g., faster ion diffusion).
Noteworthy, the anodic peak seems to split into two at around 0.6 V (vs. Na/Na") at a temperature beyond
room temperature, as corroborated by two distinct anodic peaks at 60 °C. This observation is also reported

in the desodiation of gallium electrodes, which is assumed to be associated with the kinetic limitation ¢.
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dQ/dV at various temperatures, (a) room temperature (RT), (b) 40 °C, (c) 50 °C, and (d) 60 °C.

4.2.2 Chronoamperometry of the Ge/NaGe4 Transition

With convenience and adequate sensitivity in detecting the current response, chronoamperometry (CA) can
be a suitable electrochemical technique to study the kinetics of electrochemical phase transition due to the
constant driving force (i.e., a fixed overpotential). In the context here, we start with systematic tests on the
first irreversible phase transition ( Na + Ge — NaGe , ), aimed at shedding light on the nature of initial
nucleation and growth.

Figure 4.6 presents the current-time curves of Ge thin film electrodes under different applied potentials
E: at various temperatures. It is found that regardless of the applied Ei and temperature, all the
current-time curves follow a typical trend: the currents drop abruptly once the overpotentials are applied,
and then the decrease gradually slows down towards the end of sodiation. The two different stages for

current variation in each curve are observed to be separated by a distinct kink (denoted by the arrow in
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Figure 4.6a-d), which is likely a result of the phase propagation reaching the current collector
142 Furthermore, at all chosen temperatures, the bigger the overpotential (Eo-E1) is, the earlier the current
kink appears and the bigger the current is. This trend may be explained by the faster phase transition rates
under the higher overpotentials. Differently, as the temperature is elevated, the current magnitude obtained
at the same E; seems to increase slightly, and the time reaching the kink seems to shorten. In addition, it
should be noted that the kink disappears in the current-time curves in the second sodiation of the Ge that
has undergone a GCD cycle (Figure 4.7), implying that the first phase transition is irreversible, which is in
good agreement with the previously presented GCD analysis. Meanwhile, the current shows a monotonic
decline as time goes by, indicating a single diffusion behavior. This simpler sodiation behavior in the
second cycle (than the first cycle) was also observed in the lithiation of Si '4%. It is assumed that the formed
Na-Ge phase (i.e., NaGes) in the first cycle can function as the new nucleation sites for the subsequent
nucleation and growth processes so that the Na atoms can diffuse more readily into Ge without causing a

significant structure change at the same applied E;.
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Figure 4.6 Current-time curves at different E; after the equilibrium at Eo = 600 mV at various temperatures,

(a) room temperature, (b) 40 °C, (c) 50 °C, and (d) 60 °C. Note that the kink is denoted by a short arrow.
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sodiation process. Note that all the cells undergo a sodiation/desodiation process at a constant current (1/20

C,i.e., 10 pA) prior to CA measurements.
4.2.3 Chronoamperometry of the NaGe4/Na;+Ge Transition

Kinetic analysis of the second phase transition (~0.12 V vs. Na/Na*, Ng + NaGe , — Na,, Ge ) is also
done by using the CA technique. Figure 4.8 presents the current response as a function of time at different
E; ranging from 110 mV to 10 mV (vs. Na/Na") at various temperatures. As can be seen, all current-time
curves exhibit similar trends, of which, however, the shape is very different from the initial irreversible
phase transformation presented before. Specifically, all the curves are characteristic of a single distinct
peak, with the currents initially climbing to their maximum values, followed by gentler drops to nearly
zero (i.e., end of sodiation). These features indicate that the nucleation and growth of new phases
(generalized as Naj+Ge) likely govern the whole reversible phase transition ''°. Furthermore, as the
applied potential E; moves from 110 mV to 10 mV (vs Na/Na®), not only does the peak current increase
evidently, but the duration to reach the peak current also shortens. This trend seems reasonable because a
higher overpotential (i.e., a low potential vs. Na/Na" in this study) would certainly facilitate faster phase
transformations. When the temperature rises from room temperature to 60 °C, one may see that the peak
current seems to become bigger, and less time is required to reach the peak at higher temperatures,

particularly at low Ez (e.g., 10 mV, 30 mV, and 50 mV), indicating faster phase transformations.
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Figure 4.8 Current-time curves for the Ge electrode measured at different potentials E> (110-10 mV) after

the 250 mV (E¢') holding at different temperatures, (a) room temperature, (b) 40 °C, (b) 50 °C, and (d)
60 °C.

4.3 Discussion
4.3.1 The Rate/Temperature-Dependent (De-)Sodiation of Ge

When revisiting the GCD profiles of the initial sodiation of Ge electrodes at 1/20 C and 1/100 C (Figure
4.1a-b), it may be noticed that the electrochemical behavior is clearly affected by the sodiation rate: Two
distinct potential plateaus are observed at 1/100 C, of which the first one is absent at a higher rate of 1/20
C. On the basis of the phase diagram of Na-Ge %, the electrochemical reactions involved in the sodiation
of Ge are expected to be:
Na + Ge = NaGe ,
Na + NaGe , - Na,, Ge

At a relatively faster C-rate (i.e., 1/20 C in this work), due to a slower Na diffusion in the fresh Ge than in
the sodiated NaGes, the propagation of the NaGes phase (at the expense of Ge) front moves slower than
that of the Nai+.Ge (at the expense of NaGes), resulting in simultaneous formation of both NaGes and
Nai+.Ge. Electrochemically, this situation is revealed by single long plateaus during the initial sodiation
process at 1/20 C (Figure 4.1a). In contrast, when the cycle rate slows down to an extremely low level (i.e.,
1/100 C), there is enough time for the formation of NaGes at a relatively higher potential (i.e., the first
plateau at ~0.3 V vs Na/Na*). In other words, the formation of the NaGes and the Na;+.Ge occurs one after

another, which thus gives two potential plateaus appearing in the initial sodiation of Ge electrodes at 1/100
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C (Figure 4.1b). These processes will be schematically elaborated later in this work.

Moreover, it is found that the sodiation behavior of Ge is greatly influenced by temperature, as indicated
by the smoother potential curves of the GCD profiles and lower overpotentials (i.e., higher plateau
potentials) required for electrochemical reactions at elevated temperatures (Figure 4.5). At the temperature
< 50 °C, the GCD profiles exhibit similar features with similar capacities. By eliminating the capacity
contribution from electrolyte breakdown, the obtained capacity of Ge corresponds to a Na insertion
capacity of Naj3sGe at room temperature, Naj41Ge at 40 °C and NaisoGe at 50 °C, respectively. The
Na/Ge atomic ratio is all higher than 1, but far away from 3. From the Na-Ge phase diagram, there is no
other equilibrium phase between NaGe and Na3Ge. Hence it is speculated that by the end of Ge sodiation
at a temperature < 50 °C, the NaGe phase predominates among the final sodiated products, perhaps with
minor Na3Ge existing. Intriguingly, when the temperature goes up to 60 °C, a dramatic capacity increase
(~60%) is observed in the first sodiation of Ge (Figure 4.5d). The final sodiated products can be
generalized as Na3Ge at 60 °C, which is a lot closer to the NasGe stoichiometry. This electrochemical
behavior at 60 °C suggests that a Na-rich phase (i.e., Na3Ge) may be the primary product, agreeing with
the two desodiation peaks (desodiation of both NazGe and NaGe) observed in Figure 4.5d. Formation of
higher-ordered phases is often observed for alloy anodes in Li-based systems at elevated temperatures,
such as Li»Sns %, and Li>«xAl '%°. However, due to the amorphous nature of both phases during sodiation,
the formation of Na3Ge is not detected by XRD, hence, further investigations are required.

For desodiation at 60 °C, a significant capacity loss of ~70% is observed, significantly larger than those
obtained at other temperatures below 60 °C (Figure 4.5d). This abrupt loss in reversible capacity is
assumed to be partly affected by the material properties of NasGe. On one hand, the irreversible capacity is
likely associated with sodiation-induced volume change. Subhajit et al. reported that the amorphous Ge
thin film undergoes ~240% volume change after the full sodiation, which corresponds to roughly Na;.4Ge
146 Also, the amorphous Ge nanowires are observed to suffer from a ~300% volume expansion upon
sodiation, in which the reaction terminates at Na; ¢Ge °°. Hence, it is anticipated that the formation of the
Na3Ge phase would induce a larger volume expansion (more Na is stored), thereby possibly more
susceptible to mechanical failures '¥7. It is known that huge compressive stresses can be generated in alloy
anodes upon lithiation '*® and sodiation due to the volume expansion. Quantitatively, compressive stress of
0.56 GPa is observed when a Ge film is sodiated at room temperature, above which a higher compression
is expected %6, On the other hand, the electrical resistivities of Ge and its sodiated phases should also play
a role. Although no direct evidence can be found on how Na inclusion affects the electrical conductivity of
the sodiated Ge, the sodiated Sn (the element below Ge in the periodic table) is reported to be more
electrically resistive as the Na content increases, not uncommon for intermetallic phases. The increase of

this ohmic resistance can be drastic with values that are several orders of magnitude higher than pristine Sn
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149 The poor electron transfer would slow down or even block the Na migration in the electrode during
(de-)sodiation, thereby leading to large capacity losses (e.g., Na trapping). Back to Ge, it is also expected
that the electrical resistivity of the sodiated NazGe may be larger, which negatively affects the charge
transfer and thus causes larger capacity loss. Additionally, an early study reported that the electrical
resistivity of Ge in liquid Na is found to increase with temperature, but within a significantly higher range
from 200 °C to 450 °C '°, While no solid conclusion can be drawn on whether the electrical resistivity of
our sodiated Ge is also higher at 60 °C than that at lower temperatures, it is not impossible that a slightly
higher temperature may negatively affect the charge transfer of sodiated Ge to some extent, in our case,

giving a poorer initial coulombic efficiency of the Ge electrode at 60 °C.
4.3.2 Nucleation and Growth Kinetics of NaGe,

To quantify the nucleation and growth kinetics of the Ge/NaGes phase transition, the current transients
from the potentiostatic measurements are further analyzed using the KIMA model (details are provided in
the supplementary data). Starting with room temperature, all the In(In1/(1-f)) curves seem to show linear
increases with the rising In 7 with similar slopes (Figure 4.9a). The Avrami constants # at different voltage
E1, i.e., the slopes, are extracted and presented in Figure 4.9b. As shown, Avrami constants » obtained at
room temperature are centered around 0.5, regardless of the applied potential. Based on n=ab+c ,
where a, b, and c represent the nucleation rate, the growth geometry, and the rate-limiting step, respectively,
the obtained Avrami constants of nearly ~0.5 can be interpreted as: a =0, b= 1, and ¢ = 0.5. The c = 0.5 is
one of the two well-characterized values, which is indicative of a diffusion-controlled process (¢ = 1 of the
reaction-controlled process). This analysis implies that the Ge/NaGes phase transformation at room

temperature is characterized by a decreasing nucleation rate and a one-dimensional diffusion-controlled

growth.
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Figure 4.9 (a) Plots of the double logarithmic extent of new phase transformation (f) vs the logarithmic
time for Ge electrodes after the potentiostatic holds at 280-180 mV at room temperature. (b) The Avrami
constant n at different potential E; at room temperature. (¢) The Avrami constant » as a function of the
potentiostatic hold E; at elevated temperatures (i.e., 40 °C, 50 °C, 60 °C). The n values are determined
from the slope of In(In1/(1-f)) vs In t (Figure 4.10c, 4.10f, 4.101) for different potentiostatic tests at a fixed
potential E; range of 300-400 mV based on the KIMA model.
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Since the sodiation temperature does affect the formation of Na-Ge phases (as seen in Figure 4.5), we
decided to repeat the same analyses at elevated temperatures, i.e., 40 °C, 50 °C, and 60 °C (Figure 4.10).
One may see from Figure 4.9c that the Avrami constants at elevated temperatures all become slightly larger
than those obtained at room temperature, laying somewhere between 0.6 and 1. The larger Avrami
constants at higher temperatures likely resulted from higher nucleation rates as well as faster ion diffusion,
while the growth geometry is unlikely affected. Nevertheless, the slow diffusion in Ge for the formation of

the NaGes phase is still the rate-limiting factor, even when the temperature is increased up to 60 °C.

B
(a)« b)=
'E-0.20 ( )? (©),
2 —— 400 mV: 380 mv .2 1001 L. B 400mvV ® 330mv
o 55 360 mY——340 mV = PR - A 360mV v MOmV g
<0 51 320 V300 mY__== E 801 ,{‘,’:,,:;, a 01 & S20mv < 300wl
G S 604 el ool =
£ -0.10 - g 2 = 21
= Y 4 i £
W f/ - 40 / 400mV=— = 380mV| =
E-D'O'OS' ;.-" =] 209 . " — — 360mV— — 340 mV = -41
= = Z - - 20mv= — 300mv
© 0.00 F——————— = D ————sy -6 : ;
0 200 400 600 800 1000 ™ 0 200 400 600 800 1000 0 2 4 6
Time / min i Time / min In#/In min
(d) 020 (e)=
E e)*\, ( 2%
g £ 100 R f
© .0.15; g g0 o
2 % ol
G -0.101 < 601 0
= = LA
< g 409 7
© (.05 = i
o 5 2,0-?:,‘}"
S 00HFE——————— 3 0+ 64 : .
0200 400 600 800 1000 3 0 200 400 600 800 1000 0 2 4 6
Time / min = Time / min In ¢/ In min
e 5 2
(g)- g -0.25 (h)a —— (i)
-0.20+ 2 SEIIT il
% 0.15 é 01 ol
—1-U 10T i =
_g -0.10' § 40_ ﬁ, é
) = p £ 4]
£-0.05 s 204"
5 0.00 ; : 5 o : . -6 : ;
0 200 400 600 X 0 200 400 600 0 2 4 6
Time / min Time / min In ¢/ 1n min

Figure 4.10 Plots of charge density versus time for Ge electrode obtained at different potential E; at (a)
40 °C, (d) 50 °C, and (g) 60 °C. The extent of the transformation to NaGes phase (f) as a function of time at
the same potential E; range of 400-300 mV at (b) 40 °C, (e) 50 °C, and (h) 60 °C. The In(In1/(1-f)) versus
In ¢ plots for Ge electrodes at different E; at (c) 40 °C, (f) 50 °C and (i) 60 °C.

To further explore the temperature dependence, the Arrhenius equation is employed to shed light on the
sodiation rates under different applied potentials. With the well-established Avrami plots, the natural
logarithm of the rate constants (k) under different experimental conditions can be extracted from the
intercept of In(Inl/(1-f)) vs In ¢ plots at the y-axis (Figures 4.10c, 4.10f, 4.101), which are then plotted

against the inverse of the temperatures (Figure 4.11a). Based on the slopes extracted from the linear fittings,
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the activation energy (E.) in all cases is calculated and summarized in Figure 4.11b, in which values of ca.
50 kJ-mol! are obtained (although perhaps due to some unexpected experimental errors, two datasets that
do not show a typical Arrhenius-type temperature dependence (hollow dots in Figure 4.11b), which may or

may not warrant further investigation).
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Figure 4.11 (a) Temperature dependence of the rate constant of Ge electrodes under different potentiostatic
holds (E1). (b) The calculated activation energies of the Ge/NaGe4 phase boundary movement by Arrhenius
equation at different potentiostatic holds (E1). Since plots of In & vs 1000/T obtained at 380 mV and 360
mV are far away from the linearity, these two plots are excluded in Figure 4.11a. Hence the calculated
activation energy under potentiostatic hold at 360 and 380 mV is probably not reliable and denoted as

hollow dot in Figure 4.11b.

While the obtained E, represents the minimum energy required for the Ge to NaGes phase transition to
occur, the Ea for Na diffusion should be larger than this value (i.e., ~50 kJ-mol') since this phase transition
is characterized to be a diffusion-controlled process by the Avrami analysis. Therefore, we first try to
extract the diffusivities using the Cottrell equation (derived from Fick's law of diffusion), which is noted
for analyzing diffusion-limited electrochemical reactions in planar electrodes, just like in other studies of
alloy anodes '*> 15!, Figure 4.12a shows the current densities as a function of the inverse square root of
time measured at different E; (280-180 mV) at room temperature, i.e., following the Cottrell equation. One
may see that the current (post-kink; single phase region) measured under different potential steps exhibits a
strong linear relation with 2, with the diffusivities of Na in NaGes estimated from the slopes at applied
E: range of 280-180 mV (Figure 4.12b). It is found that the values of Dna in NaGes are in an order of
102 cm?s!, which is further examined and supported by calculating the Dna using data of the second
sodiation (Figure 4.13). The seemly gradual increase trend of Dna as a function of overpotentials observed
in Figure 4.12b is assumed to be associated with the reduced diffusion barrier of Na at lower E; '¥>. The
higher overpotentials result in a more pronounced Na concentration difference between the
electrode/electrolyte interface and the electrode/Cu foil interface, which drives more Na atoms into the Ge
matrix. Upon the sodiation, the amorphous Ge matrix is predicted to be softer since more Na insertion into

Ge during the sodiation will induce the formation of weaker ionic bonding (i.e., Na-Ge bond) at the
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expense of rigid covalent bonding (i.e., Ge-Ge bond) '%. Therefore, at lower applied E;, Na atoms could

diffuse more easily by jumping via interstitial sites in the softener amorphous NaGes structure 42,
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Figure 4.12 (a) The plot of current density vs inverse square root of time for Ge electrodes under different
potentiostatic holds (E1) at room temperature. (b) The diffusivity of Na in NaGes4 as a function of E; at
room temperature. Note that the diffusivity values are derived from the slope of current density
vs. £V (Figure 4.12a). (c) The comparison of Na diffusivities in NaGes at elevated temperatures. (d) The

temperature dependence of logarithmic Na diffusivity (In Dxa ) at E1 = 320 mV and 340 mV.
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Figure 4.13 (a) The change of current density as a function of the inverse square root of time for Ge
electrodes measured in a potential E; range of 280-180 mV in the second sodiation at room temperature. (b)
The derived Na diffusivity in NaGes in the second sodiation process. Note that the Ge electrodes undergo a
galvanostatic charge/discharge process at a constant current (1/20 C, i.e., 10 pA) prior to potentiostatic

measurements.
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Given that the Ge/NaGes phase transition is governed by Na diffusion in Ge, the maximum C-rate can be
roughly estimated by the time for Na diffusion through the Ge electrode: 3600 D,, /12 152 where / denotes
the electrode thickness (ca. 850 nm). Herein, although the Na diffusivity in amorphous Ge is not extracted
directly, its value should be less than the obtained Na diffusivity in NaGes: ~10712 cm?-s”!. In this case, the
maximum C-rate for the transition to NaGe4 is approximately less than 0.05 C at room temperature.
Namely, the C-rate that the formation of NaGes and Na;+.Ge occurring one after another should be below
0.05 C. Otherwise, the phases NaGes and Na;+.Ge are forming simultaneously at a charging C-rate larger
than 0.05 C at ambient temperature.

Similar potential-dependent Dn. (in NaGey) are also provided in the plot of Dna vs. E1 at 40 °C, 50 °C and
60 °C (Figure 4.12c), in which the Dx. values are derived from the Cottrell fittings at these temperatures in
Figure 4.14. Despite smaller variations of Dna with potential at elevated temperatures, the Na diffusion in
NaGey is found to be faster due to the improved kinetics at higher temperatures. Specifically, the average
value of Na diffusivity at 60 °C is ~5.9x1071% cm?-s*! while the Dna values at 50 °C and 40 °C are roughly
1.2x1071% and 1.5%10°'° cm?'s”!. To evaluate the activation energy required for the Na diffusion in NaGes,
we tentatively plotted the diffusivity values vs. 1000/T at the potential E; = 340 and 320 mV, as shown in
Figure 4.12d. It is observed that the diffusivity exhibits a linear relation assumed by the Arrhenius
equation p = D, exp( —E / kT ) , from which the activation energy is extracted to be ~110 kJ ‘mol-!. One may
notice that the calculated £, for Na migration in NaGes is higher than the E, for the Ge/NaGs phase
boundary movement. This observation is further consistent with the finding that the Na diffusion is the

rate-limiting step during this phase transformation, as it agrees well with the Avrami analysis presented

above.
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Figure 4.14 Plots of current density versus the square root of time for the Ge electrodes obtained in the

same potential E| range of 400-300 mV at elevated temperatures, (a) 40 °C, (b) 50 °C, (c) 60 °C.
4.3.3 Nucleation and Growth Kinetics of Na;+.Ge

Following the KIMA model, the potentiostatic results were further analyzed to shed light on the nucleation
and growth mechanism of the Na;+«Ge phase. Figure 4.15a shows the relationship between the extent of

transformation (f) and time (f) in a fixed potential range of 110-10 mV, from which the Avrami
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constant 7 is extracted and presented in Figure 4.15b. The obtained Avrami constants are all centred around
1.2 with small variations under different applied potentials. Two possible interpretations are expected: first,
one-dimensional phase growth with a decreasing nucleation rate (0 < a < 1, b = 1, ¢ = 1); second,
two-dimensional diffusion-controlled growth with a decreasing nucleation rate (0 <a<1,b=2,¢=0.5). It
was reported that in the diffusion-controlled phase reaction, the current density decreases with the increase
of time while in the phase boundary movement-controlled phase reaction the current density is
independent of the time '¥2. Given the characteristic of current-time curves in Figure 4.8, the first
interpretation for the Avrami constant n (0 < a < 1, b = 1, ¢ = 1) should be more plausible: the further
sodiation of NaGe4 to Naj+ Ge probably occurs through decreasing nucleation and a one-dimensional (1D)

phase boundary movement-controlled growth model.
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Figure 4.15 (a) Plots of In(In1/(1-f)) vs. In ¢ after different potentiostatic hold (E2) at room temperature. (b)
The Avrami constant # as a function of E> at room temperature. The value of n is obtained from the slope
of the In(In1/(1-f)) vs In ¢ plots (Figure 4.15a) based on the KIMA model. (¢) Comparison of the Avrami

constant 7 obtained in a fixed potential E> range of 110-10 mV at different temperatures.
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Figure 4.16 The time-dependent charge density for Ge electrode obtained at different potential E; at (a)
40 °C, (c), (d) 50 °C and (g) 60 °C. Plots of the transformation to NaGes phase (f) versus time at the
fixed potential E> range of 110-10 mV at (b) 40 °C, (e) 50 °C and (h) 60 °C. The change of In(In1/(1-f)) as
a function of In # for Ge electrodes obtained at different E; at (¢) 40 °C, (f) 50 °C, and (i) 60 °C.

Figure 4.15¢ compares the Avrami constants n in the same voltage range of 11010 mV at different
temperatures. The Avrami constants at 40 °C, 50 °C, and 60 °C are extracted from Figure 4.16. It is found
that the Avrami constants at elevated temperatures all fall into the range of 1.0-1.5, regardless of the
potential E», which are in well consistency with the Avrami constants at room temperature. These results
again suggests the NaGes/Naj+Ge phase transformation occurs with 1D phase boundary
movement-controlled growth and a decreasing nucleation rate within the chosen temperature range.

The rate constant k£ of the NaGes/Naj+.Ge phase boundary movement can be extracted from the intercept of
the In(In1/(1-f)) vs. In ¢ plots for the data obtained at room and elevated temperatures (Figure 4.15a and
Figure 4.16). Figure 4.17a shows the Arrhenius fittings of the phase transition from NaGe4 to Naj+Ge at
the applied voltage E> range of 110-10 mV. As expected, the logarithmic rate constant In k increases as the

temperature rises to 60 °C, following an ideal Arrhenius-type temperature dependence. Also, taking a close
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look at the rate constant at the same temperature, the value of In & tends to go up with the decrease of
potential E», although not obvious. This trend might be the result of the higher overpotential, which
accelerates the phase boundary movements and thereby leads to the increased rate constant. Figure 4.17b
shows the activation energy (£.) for the NaGes/NaiGe phase transformation estimated from the slope of
rate constant against temperature plots (Figure 4.17a) at different potential E>. It should be noted that the
datasets at 110 mV and 10 mV, which do not show a typical Arrhenius-type temperature dependence
(hollow dots in Figure 4.17b), are excluded. One can see that the activation energy of the NaGes/Na;+.Ge
phase boundary movement varies between ~60 and ~80 kJ-mol-! with the decreasing potential Ex, higher

than the activation energy required for the Ge/NaGes phase transition.
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Figure 4.17 (a) Temperature dependence of the rate constant k at different potential E>. Note that
the k values under different conditions are obtained from the intercept of plots of In(In1/(1-f)) vs In ¢ at the
y-axis (Figure 4.15a and Figure 4.16c, 4.16f, 4.161) based on KIMA theory. (b) The calculated activation

energies (£.) for the NaGes/Nai+Ge phase boundary movement as a function of the applied potential Ex.
4.3.4 The Schematic Models for the Sodiation of Ge

Based on the discussion on the nucleation and growth kinetics, we propose two possible schematic models
to illustrate how Ge is sodiated electrochemically (Schematic 4.1) considering the sodiation temperatures
and rates.

Scenario 4.1 illustrates how the Ge electrode is sodiated to Na+.Ge at an extremely low C-rate (i.e., 1/100
C) through two steps. In the case of the Ge/NaGes phase transformation, the presence of the kinks in
current-time curves during the initial sodiation (Figure 4.6) suggests that a significant structural transition
occurs through a sharp phase interface (i.e., Ge/NaGes) propagation (likely the phase boundary hitting the
current collector). After the first potential hold at Eo, the Ge electrode forms a saturated solid solution
without a phase transition at the given potential (Schematic 4.1a) '3 134 while additional Na ions
accumulate at the electrode/electrolyte interface and will start inserting into Ge when the potential jumps to

E1. At this stage, the new phase NaGes nucleates and grows to form a layer on the top of the Ge electrode
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(blue rectangular region at stage (1) in Schematic 4.1a) since it is limited by the slow diffusion (Avrami
analysis). Consequently, there should exist a Na concentration gradient in the NaGes single phase (stage
(2) in Schematic 4.1a) at the exact point when the Ge is completely transformed into NaGey, i.c., the
Ge/NaGey interface hits the current collector, leading to the kink in current-time curves (Figure 4.6).
Afterward, Na continues diffusing from the electrode/electrolyte interface to the electrode/current collector
interface to form a homogeneous NaGes layer after a certain period of time. This process (stage (2) in
Schematic 4.1a) does not involve any phase transitions and is considered a simple diffusion process,
consistent with the Cottrell equation.

As for the phase transformation from NaGes to Naj+Ge, a generalized 1D nucleation-growth model is
proposed here to interpret the continuing sodiation of NaGe4. In Schematic 1b, an initial potential control
at Eo' = 250 mV is used to guarantee a complete formation of NaGes (the blue rectangular region in
Schematic 4.1b). When the potential further drops to E2 (110-10 mV), excess Na atoms accumulated on the
electrolyte/electrode interface will start migrating into NaGes, where the nucleation of Nai+.Ge at the
expense of NaGes is expected. As time goes on, the NajGe phase grows through the NaGes/Na;+.Ge
interface moving across the thickness of thin film towards the current collector (1D growth). Noteworthy,
since this phase transition is a reaction-controlled process (Avrami analysis), i.e., the diffusion of Na in
NaGey is faster than in Ge, the Na incorporation into Ge during this process will result in a more
homogeneous distribution of Na in Naj+Ge layer (dark blue rectangular region in Schematic 4.1b).

At a higher rate (i.e., 1/20 C, Scenario 2), differently, the two processes discussed above likely occur
simultaneously. To be specific, when the current is applied, a great number of Na will accumulate on the
surface of the Ge electrode, with minor Na diffusing into the Ge bulk to form the Na-Ge solid solution.
Once the overpotential is sufficient, NaGes will be nucleated on the electrode surface and subsequently
grow to form a NaGey layer (stage (1) Schematic 4.1c). While an extra slow phase boundary movement is
expected for the Ge/NaGes interface due to the sluggish Na diffusion in Ge, Na can diffuse quite fast in the
newly formed NaGex layer, in which the Na;..Ge phase can be nucleated (stage (2) Schematic 4.1c). As a
result, both the NaGes and the Na;+.Ge are forming simultaneously following a 1D propagation model
until the end of sodiation (stage (3) Schematic 4.1c). In short, the whole sodiation process at the higher

rates seems to be controlled by the phase boundary movement of the Ge/NaGes.
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Scenario 1 (1/100 C)
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Schematic 4.1 Proposed schematics of initial sodiation of Ge at two C-rates. Scenario 1 depicts how Ge is
sodiated at 1/100 C, where (a) shows the interface propagation model for Ge/NaGes phase transition while
(b) shows the nucleation-growth model for NaGes/Nai+.Ge phase transition. Scenario 2 illustrates how Na
is stored in Ge at 1/20 C. Note that the schematic here focuses on the cross-section view of the electrode,

and the white arrows indicate the two-phase interface propagation.
4.4 Conclusion

In this work, the electrochemical sodiation of Ge is investigated by robust electrochemical methods. Ge,
located below Si in group IVA, can readily react with Na electrochemically in its amorphous state,
delivering a reversible capacity of ~400 mAh-g! at 1/20 C. The galvanostatic measurement also shows that
the Ge electrode undergoes an irreversible structural transition in the initial sodiation, but in the subsequent
cycles, the transition is highly reversible. Meanwhile, the generalized sodiation behavior of Ge is found to
be kinetically limited by the sodiation temperatures and C-rates. Furthermore, the mechanisms and kinetics
of the phase transitions that occurred during the initial sodiation of Ge are systematically investigated

using chronoamperometry techniques. A quantitative analysis further shows that both the Ge/NaGes and
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the NaGes/NaiGe phase transitions proceed through 1D growth, but the rate-limiting step for the former
is the diffusion of Na in Ge while the latter is limited by the reaction at NaGes/Nai+.Ge interface. These
nucleation and growth mechanisms are found to be independent of temperature and applied potential steps
within the selected ranges. The diffusivity of Na in NaGes is also determined using the Cottrell equation to
be in the order of 1012 cm?s”! at room temperature, in contrast to a higher Dna value of ~1071° cm?-s™! at
60 °C. By correlating the rate constant with the sodiation temperature, the activation energy required for
the phase transition of Ge/NaGes and NaGes/Na;+,Ge is estimated to be about 50 kJ-mol! and 70 kJ-mol!,
respectively. Lastly, schematic models are proposed and examined to illustrate the sodiation mechanisms
of Ge electrodes under a fast and a slow discharge condition. These findings may lay fundamental
groundwork for the future development of a Ge-based anode for sodium-ion batteries, and more broadly,

such knowledge also offers an implication for the exploration of alloy-type SIB anodes.
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Chapter 5: Sodiation kinetics of Sn

5.1 Introduction

Sn is a competitive anode candidate for sodium-ion batteries since it is abundant, cheap, highly conductive,
and can electrochemically alloy with sodium to form a Nas 75Sn phase, giving a high specific (847 mAh-g™)
and volumetric (~1200 mAh-cm) capacity *. However, Sn electrodes show fast capacity degradation and
low coulombic efficiency, which largely hinders commercialization. In general, the poor cycling
performance is assumed to be due to significant volume change (~420%) of Sn electrodes during the
(de-)sodiation process '3 156 This volume change will induce mechanical damage to the electrode (e.g.,
cracks and pulverization), and cause the loss of electrical contact between the electrode and current
collector. Meanwhile, more SEI layers will grow on the newly bared surface of the electrode during the
cycling, which will cause the increased consumption of active sodium and finally result in battery failure
by depleting the available Na !>, However, it is worth mentioning that the mechanical failure and SEI
continuous growth could not be the only origin of the poor cycling performance of Sn. As the battery's
electrochemical performance is essentially dependent on the capability of charge or ions transported from
one electrode to another one, the charge transfer or diffusion kinetics should play a critical role in
determining the electrochemical performance. Particularly, several recent works have found that the low
coulombic efficiency of Sn composite electrodes is probably associated with the dramatically increased
electrical resistivity of the NaSn intermediate phase compared to the Sn 192 14% 157 and revealed that the
sluggish charge transfer might be the origin of the kinetic loss that partly causes poor electrochemical
performance. Therefore, for Sn electrode a comprehensive understanding of charge transfer or Na diffusion
kinetics in the (de-)sodiation is essential to the improvement of electrochemical performance. But to our
knowledge, there is a lack of research work revealing the charge/ion transport kinetics in Sn electrodes at
present.

Herein, we systematically explore the electrochemical kinetics (e.g., ion diffusion and charge transfer) of
Sn electrodes in the (de-)sodiation. Sn foil is used for this study because foil architecture simplifies the
research system and avoids the influence of binders or additives in the composite electrode. Over the years,
several electrochemical techniques such as galvanostatic intermittent titration technique (GITT),
potentiostatic intermittent titration technique (PITT), and electrochemical impedance spectroscopy (EIS),
based on the assumption of Fick’s laws, have been developed to reveal the ion transport kinetics in
electrode materials. The accurate estimation of ion diffusivity can be obtained in the single-phase region
using these methods, but they have a limitation in the two-phase region involving phase transformations %4,
Zhu et al developed a new method combining the phase transformation theory and conventional

GITT/PITT, which allows us to accurately determine the true diffusivity in individual phases in the
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two-phase region '3, Nevertheless, here it is very difficult to employ the method developed by Zhu et al. to
extract the diffusivity in individual Na,Sn phases (e.g., NaSn, NaoSns, NaisSns) because its calculation
relies on the concentration/composition versus equilibrium potential profiles in each single-phase region,
and the sodium-tin phase diagram indicates no single-phase region in the whole composition range.
Therefore, in this work, we also employ the traditional technique to explore the apparent chemical
diffusivity of sodium in Na,Sn (0<x<3.75). Among these techniques, the EIS technique can reveal both the
charge transfer and ion diffusion kinetics of electrodes and is thus used here for the kinetic study of Sn
electrodes. It should be noted that the obtained diffusivity here is indicative of the apparent Na diffusivity
in mixed phases (i.e, Sn and Na,Sn phases), rather than the actual diffusivity in a single NaSn (or Na¢Sna,

NaisSn4) phase.

5.2 Results
5.2.1 Electrochemical (De-)Sodiation of Sn Foil Electrodes

Figure 5.1a shows the initial sodiation (discharge)-desodiation (charge) curve of Sn foil electrodes cycled
between 0.001-1 V vs. Na/Na* at 0.2 mA (~C/100) at ambient temperature (20 °C). For the sodiation, the
electrode sequentially undergoes three distinctive voltage plateaus at around 0. 13 V, 0.08 V, and 0.02 V vs.
Na/Na* respectively, delivering a capacity of ~685 mAh-g!' (~15.4 mAh-cm?), smaller than the theoretical
capacity 847 mAh-g' (assuming the formation of NaisSns). The kinetic limitation is probably responsible
for the smaller capacity of the Sn electrode even at the extremely low C-rate. A close examination shows
that these sodiation plateaus slightly fluctuate, which is also related to the kinetic limitation. In the
subsequent desodiation, three desodiation plateaus are observed at ~0.2 V, 0.55 V, and 0.62 V, although the
last two plateaus are not evident. Noteworthy, the desodiation profiles become very noisy after the first
desodiation plateau at ~0.2 V. This phenomenon is also observed in the Sn thin film electrode '%°, which is
assumed to be associated with the loss of electrical contact due to the electrode structural damage (e.g.,
pulverization) caused by significant volume change. After the full desodiation to 1 V vs. Na/Na*, a

capacity of ~600 mAh-g!is obtained.
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Figure 5.1 (a) The galvanostatic charge-discharge profiles of the Sn electrode cycled at 0.01 C, and (b)
The X-ray diffractograms of the Sn electrode before cycling (#1) and at different states of sodiation (i.e.,
sodiation to 0.1 V (#2), 0.03 V(#3), and 0.001 V(#4)) in cycle 1, which are marked in Figure 5.1a.

To understand what Na-Sn intermetallic phases are formed in the sodiation, we employ the ex-situ XRD
technique to characterize the phase composition of Sn electrodes at different depths of sodiation (i.e., DoD).
Figure 5.1b shows the XRD diffractograms of the Sn electrode before cycling and after sodiation to 0.1 V,
0.03 V, and 0.001 V (vs. Na/Na*) respectively. The main diffraction peaks in the XRD diffractogram of the
pristine Sn foil (#1 in Figure 5.1b) are found to be well consistent with the characteristic peaks of the
reference tetragonal Sn phase (PDF #99-0003721). Additionally, a small peak at around 64° matches with
the SnO, phase (PDF #98-000-0151). At the sodiation to 0.1 V vs. Na/Na* (~5.5 mAh-cm, the end of the
first sodiation plateau), no significant diffraction peaks are observed in the diffractogram of the electrode,
except for several weak and broad peaks which agree with those of the NaSn phase in PDF card

#01-083-1231 (#2 in Figure 5.1b). This suggests the mostly amorphous or nano-crystalline nature of the
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sodiated phases, or that the phase is not detected due to the limitation of XRD measurement configuration.
For the electrode sodiated to 0.03 V vs. Na/Na* (the end of the second sodiation plateau), new peaks at
around 33.8°, 35°, 42°, 59°, etc that are assigned to the NaoSns phase (PDF #01-071-9878) appears,
accompanied with the emergence of a small diffraction peak at 37.5° corresponding to NasSn4 phase (PDF
#01-071-9879) (#3 in Figure 5.1b). Moreover, some peaks that are in agreement with that of the Sn phase,
e.g., at ~23°, and NaSn phase, e.g., 34° are also observed. After the full sodiation to 0.001 V vs. Na/Na*
(the end of the third sodiation plateau), peak at around 34° and 50° that agree with the Na;sSns phase
appear. Meanwhile, a peak at 33° corresponding to the NaoSns phase disappears (#4 in Figure 5.1b).
Interestingly, the peak related to the Sn phase is still visible and some peaks corresponding to NaSn and
NasSn4 phases are also detected. These XRD results indicate that the sodiation of Sn foil follows the
Process Sn — (amouwrphous)NaSn — Na,Sn, — Na,;Sn, » which is basically consistent with the previously reported
literature °3. But these phase transformations probably occur simultaneously, given the coexistence of these

Na-Sn intermetallic phases.
5.2.2 Morphology Characterization of Sn Foil Electrodes

Macro-scale photography and scanning electron microscopy (SEM) techniques are also employed to
explore the photographic and morphological variation of Sn electrodes during the initial (de-)sodiation
process. Figure 5.2 shows the top-view photographic and SEM image of the Sn foil electrode before
cycling, where the calendaring trace is evident on the electrode surface. Figure 5.3a shows the surface
photographic images of the electrode at different depths of discharge (DoD). Upon the 5% sodiation, the
surface of the electrode is largely covered by a black-gray layer while the disk shape and sizes do not
change. As the sodiation depth increases (particularly after 40% DoD), the electrode surface features
undulations, despite the non-uniform color of the electrode. This is assumed to be likely related to the
inhomogeneous sodiation-induced stress, which causes the mechanical deformation of the electrode.
Besides, some small fragmental debris is also observed on the edge of the electrode after the sodiation
beyond 60%. SEM observation (Figure 5.3b) shows that at DoD < 20% the electrode surface looks dense
and smooth, and maintains the calendaring trace of the pristine Sn foil (Figure 5.2). For the case of DoD
40%, and 60%, the electrode displays a mossy surface morphology, with many small voids on the electrode
surface, and some cracks are also found in the chosen area. As the sodiation depth increases to and beyond
80%, the electrode becomes more catastrophic: larger voids are formed, accompanied by some large cracks
on the electrode surface. The formation of pores in the lithiation or sodiation is seldom reported. But
noteworthy, for the Na-Sn system, a prior work also reported the presence of pores after the sodiation of
the Sn film electrode '*°, which is consistent with our finding, and further pointed out that this

phenomenon might be related to gas generation due to the electrolyte decomposition.
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Figure 5.3 (a)(c)The photographic and (b) (d) SEM images of Sn foil electrodes after different depths of
discharge (DoD) and states of charge (SoC) in cycle 1 at 0.01 C.

In the desodiation, the electrode integrity can hardly be maintained as more Na is extracted from the
electrode (Figure 5.3c). Particularly for the case of desodiation to above 0.5 V, the electrode shows a disk
dark shape disintegrated into many small pieces, indicating severe structural damage. This could account
for the noise in the desodiation profile of the Sn electrode after 0.5 V. Further SEM analysis on the
electrode morphology (Figure 5.3d) shows that the electrode surfaces are all characteristic of cracks and
voids during the desodiation process, although the electrode at deep desodiation depth looks relatively

smooth and dense compared to the one at shallow desodiation.
5.2.3 The Reversibility of Different Phase Transformations

Here the electrochemical performance of half cells with Sn foil electrodes is examined, as shown in Figure
5.4. When pursuing the full capacity of the Sn electrode (i.e., cycling between 0.001-1 V), the electrode
displays a low initial coulombic efficiency (CE) of ~40% (Figure 5.4a). The low CE was also reported by

previous works on Sn composite electrodes, which is presumed to be associated with the SEI formation,

66



and the kinetic issues related to ion/electron transport '> 157, Compared to the initial cycle, three sodiation
plateaus are also observed in the second cycle but they become short and sloping, and the capacity decays
to ~8 mAh-cm? (~377 mAh-g!). Meanwhile, only two short plateaus occur in the second desodiation,
giving a reversible capacity of ~3.5 mAh-cm? (~164 mAh-g?!), corresponding to a low coloumbic
efficiency of ~43%. Even worse, the cell does not work anymore after 3 cycles (Figure 5.4e), which is

likely related to the electrode structural damage caused by huge volume change during full cycling.
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Figure 5.4 The voltage profiles of Sn electrodes at different cutoff voltages, (a) 0.001-1V, (b) 0.1-1 V, (c)

0.03-0.6V, (d) 0.001-0.25 V. (e)The capacity retention of Sn electrodes at the above same voltage windows.

The reversibility of each pair of phase transformation (i.e., Sn/NaSn, NaSn/NaoSn4, NagSnsa/NaisSn4) in the
Sn electrode is then explored by controlling the cut-off voltages (i.e., 0.1-1 V, 0.03-0.6V, 0.001-0.25 V) to
examine the cyclability of partial sodiation. The cell cycled within 0.1-1 V (Figure 5.4b) delivered a
sodiation capacity of 5 mAh-cm™ (~220 mAh-g"), close to the theoretical capacity of NaSn (225 mAh-g™),
but only 43% reversible capacity is obtained in the subsequent desodiation. The incomplete desodiation for
this shallow cycling is supposed to be likely related to the kinetic limitation. A close look at the initial
voltage profile shows that three short desodiation plateaus (at ~0.28 V, ~0.45 V, and ~0.55 V, respectively)
appear, in contrast to one sodiation plateau at ~0.13 V. This implies that three different phase transitions
between Sn and Na.Sn (x<1) occur simultaneously at ~0.13 V in the sodiation process, and the observation
of this multiple-phase sodiation plateau is probably the result of the overlap of three reactions due to the
close reaction potentials and the kinetic limitation in Sn foil electrode '°°. For the case of cycling between
0.03-0.6 V and 0.001-0.25 V (Figure 5.4cd), the electrode delivers a reversible capacity of ~3 mAh-cm™
(~120 mAh-g') and ~5 mAh-cm? (~200 mAh-g"), and the initial coulombic efficiency of around 68% and
83%, respectively. The capacity retention as a function of cycle number at different voltage windows is

plotted in Figure 5.4e. All the cells show poor cycling performance.
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5.2.4 Electrochemical Kinetics of Sn Electrodes

From the previous analysis, in addition to the irreversible structural damage (e.g., cracks, and voids in
Figure 5.3bd), the kinetic limitation in Sn foil electrodes also plays a role in their electrochemical
performance (e.g., coulombic efficiency, cycle life). Here we employ the in-situ EIS to investigate the
electrochemical kinetic of Sn electrodes, aiming at understanding the origin of the kinetic limitation
responsible for the poor electrochemical performance or the limiting factors (charge transfer or ion

diffusion kinetics) for the poor electrochemical performance.
5.2.4.1 Cell Design Optimization

To reliably interpret the electrochemical kinetics of the electrode, we first optimize the appropriate cell
configuration for the impedance measurements. Many literatures generally use half-cell configuration for
electrochemical characterizations because of the convenience. However, the half-cell configuration seems
to be not suitable for our study for several reasons. First, the counter electrode Na metal is prone to react
with the electrolyte to form the non-conductive passive layer (SEI) once contacting with the electrolyte,
causing a high interfacial resistance '°!. As illustrated in Figure 5.5a, the impedance of Na//Na symmetric
cells is much higher than that of Na,Sn//Na,Sn symmetric cells. As a result, in the Na,Sn//Na system, the
cell impedance could be dominated by the impedance of the Na counter electrode. Hence it is difficult to
distinguish the impedance of the working electrode from the combined impedance spectra (i.e., Na,Sn or
Sn). Second, as the counter electrode potential is not stable when the current flows through it, it is hard to
control the potential of the working electrodes during the potentiostatic or galvanostatic measurements
accurately. Third, the impedance of Na//Na symmetric cells change significantly with the charging time
(Figure 5.5b), which also causes difficulty in tracking the impedance variation of the working electrode
from the total impedance change. A possible alternative approach here is to introduce an additional
reference electrode to construct the three-electrode cell configuration, in which the potential of the working
electrode is monitored with respect to the reference electrode and any deviation from the applied potential

will be automatically corrected by adjusting the current between the working and counter electrodes !'°.
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Figure 5.5 (a) Comparison of impedance spectra of Na//Na and Na,Sn//Na,Sn symmetric coin-cells, (b)
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cell configuration at DoD 27.3%. WE: working electrode, CE: counter electrode, RE: reference electrode.

Moreover, the three-electrode configuration allows measuring the impedance of individual electrodes ',
As shown in Figure 5.5¢d, the impedance spectra of the Na,Sn//Na cell are approximately equal to the sum
of the spectra of Na,Sn and metallic Na electrode as working electrode in the three-electrode measurement
systems, and the impedance of Na metal dominates the total impedance of the Sn//Na cells both in
low-frequency and high-frequency regions. In addition, the impedance of Na (and Na.Sn) electrodes in
three-electrode and Na//Na (Na.Sn//Na.Sn) symmetric cell systems are close, which further verifies our
previous hypothesis. Thereby, the three-electrode cell configuration is used here to accurately track the

impedance variation of the Sn electrode during the (de-)sodiation.
5.2.4.2 Analysis of SoC-dependent Charge Transfer and Diffusion Resistance

Figure 5.6 shows the impedance spectra of pristine Sn foil electrodes before the sodiation. The impedance
of the Sn electrode displays capacitive behavior, with a very small semicircle observed in very high
frequencies, like many metals (e.g., Cu). Figure 5.7b and c¢ shows the impedance change of Sn foil
electrodes sodiated to different states in the initial cycle, which are highlighted by bold dots in Figure 5.7a.
As the electrode is sodiated, the impedance spectra show three major features: first, an intercept at the

x-axis at high frequencies, which is usually regarded as the sum of the electrolyte resistance between the
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working and reference electrode, the contact resistance between the electrode and electrolyte, the
resistance of the system connecting line at three-electrode set-up '9%; second, two capacitance semicircles
at mid-to-high frequency region, normally originating from the resistance of the surface passivation film
(i.e., solid electrolyte interface (SEI)) and charge transfer; third, a straight line at low-frequency region
associated with the mass transport process, known as the Warburg region. A careful examination shows
that two semicircles are both stretched, probably due to the imperfect electrode surface and/or the overlap
of the electrochemical processes. Moreover, with the increasing depth of sodiation (or DoD), the Warburg
region becomes less and less obvious. Particularly for the case of DoD >50%, the Warburg region at low
frequencies overlaps with the region dominated by the charge transfer at mid-frequencies, resulting in a
significant deviation of the ideal straight line. As a result, the impedance spectra are characteristic of two
or three semicircles at DoD >50%.

Since the frequency region dominated by SEI and the charge transfer usually overlap under non-blocking
conditions (i.e., the Faradic reaction process), and the Warburg region also overlaps with the region of
charge transfer, it is difficult to distinguish each of them from the cell impedance . DRT tools are
therefore used to help separate the physical and electrochemical processes that occurred in the Sn electrode,
with the analysis results (using the Matlab hardware) shown in Figure 5.7de. Detailed information on the
DRT technique is given in the Experimental section. Several peaks are observed, indicating the physical
and electrochemical processes that occur in the sodiation of Sn electrodes. The nature of these peaks will
be analyzed in detail afterward.
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Figure 5.6 The impedance spectra of fresh Sn foil electrodes measured using a 3-electrode setup.
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Figure 5.7 The impedance analysis of Sn foil electrodes during the initial sodiation process. (a) The Na
content (x)-voltage profile. (b) (¢) The Nyquist plots at different DoDs, which are marked in Figure 5.7a.
The DRT analysis of the impedance spectra at DoD (d) below 32%, (e) above 32%, corresponding to
Figure 5.7b and c, respectively. The measurements are all conducted using a 3-electrode setup with Sn foil,

and two Na metal foil as working, counter, and reference electrodes, respectively.

The impedance change of the electrode during the initial desodiation process is also examined. Figure 5.8b
and c shows the impedance spectra of the electrode at different SoCs, which is marked by the bold dots in
Figure 5.8a. All the spectra feature by capacitive semicircle followed by a straight line. Differently, at low
SoC (<46%), two semicircles are observed but only one semicircle at the high-frequency region is visible,
especially at SoC larger than 46%. Moreover, as the SoC goes up, the capacitive semicircle becomes less
significant, and the cell impedance spectra are characteristic of the straight line (particularly at SoC >70%).
DRT technique is also used to distribute the electrochemical process in the initial desodiation of Sn
electrodes. Figure 5.8de shows the DRT analysis of the impedance spectra at different SoCs. When
combined with the DRT interpretation in Figure 5.7de, one may generally divide the whole relaxation time
range into three relaxation time regimes: 10°-5x10* s, 5x10#-10 s, and 10-10? s, which display the
different electrochemical processes. The DRT peaks located between 10-3-5x10, undergo irreversible
evolution in the sodiation and deosidation process. Meanwhile, these peaks tend to become stable after the
SoC >52%. These features indicate that the peaks at 103-5x10* are probably the result of the dominant

contribution of the ion transport through the surface passivation layer (i.e., SEI). The relaxation process at
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the range of 5x104-10 s is basically reversible in the (de-)sodiation, which could be dominated by the
charge transfer. It is also worth mentioning that since the electrode during the sodiation is composed of
multiple Na-Sn phases due to the inhomogeneous sodiation and kinetic limitation (XRD results in Figure
5.1b), several DRT peaks at the relaxation time range of 5x104-10 s might be associated with different
charge transfer processes occurred in Sn or Na,Sn (x<1) phase. Additionally, the peak at 10-10? s decreases
with the increasing DoD and reversibly increases with the rising SoC, which could be associated with the
ion diffusion process. A close examination shows that DRT peaks dominated by the charge transfers tend to

overlap with the ones dominated by ion diffusion at high SoCs (e.g., 100% SoC).
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Figure 5.8 The impedance analysis of Sn foil electrodes during the initial de-sodiation process. (a) The
sodium content (x)-voltage profile. (b) (c) Nyquist plots at different SoCs. The DRT analysis of the
impedance spectra, (d) at SoC below 60%, and (e) beyond 60%.

To quantify the impedance contributed by different electrochemical processes in Sn electrodes, we
approximately regarded the real part of the impedance in the frequency range of 100-2 kHz, 2 kHz-0.1 Hz,
and below 0.1 Hz as the SEI (Rsgi), charge transfer (Re) and diffusion (Raifr) resistance based on the DRT
analysis, which is shown in Figure 5.9a. The resistance contributed by SEI, charge transfer, and ion
diffusion at different DoDs and SoCs is all extracted from the EIS spectra and plotted in Figure 5.9b and c,
respectively. Overall, in the sodiation, the cell impedance is largely dominated by the diffusion and charge
transfer resistance at low DoD <30% while the charge transfer resistance tends to dominate the cell

impedance.with the DoD going up. In contrast, for the desodiation process, the cell impedance is
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dominated by the charge transfer resistance at S0oC<40%. As the SoC increases from 40% to 90%, both the
charge transfer and the diffusion resistance dominate the cell impedance, but at the SoC >90% the

diffusion resistance alone dominates the cell impedance.

Specifically, the high-frequency resistance (Rur) of the cells, exacted from the x-intercept at high
frequencies, basically stays stable at the level of ~2 ohms, independent of DoD and SoC. SEI resistance
shows a slight decrease with the increasing DoD and does not change obviously in the desodiation. As for
diffusion resistance, it shows an obvious decline as the sodiation proceeds, but increases significantly with
the increasing SoC, particularly at SoC >60%, indicating the reversible process of diffusion in the
(de-)sodiation. In addition, the value of R does not change significantly in the sodiation process.
Differently, the charge transfer resistance begins to increase evidently upon the desodiation depth larger

than 5%, while maintaining relatively stable after the SoC > 19.5%.
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Figure 5.9 (a) An example of resistance contributed by different processes. Comparisons of the
high-frequency resistance (Rur), the SEI (Rsgr), charge transfer (Re), and diffusion (Ruaitr) resistance at, (b)
different DoDs and (c) different SoCs in cycle 1.

5.2.4.3 Sodium Diffusion Coefficient in Na,Sn

The ion diffusion coefficient is an important indicator for mass transport kinetic in electrodes, which can
be extracted from the Warburg impedance in the low-frequency region according to equation 2.6 (Chapter
2), assuming the semi-infinite diffusion model '%. In this case, the real part (Zr.) and imaginary part (Zim)
of the impedance behave as 5 o and —g o (o: the Warburg coefficient), which accounts for a
45-degree straight line in low-frequencies in the Nyquist plot. Theoretically, the accurate determination of
the Warburg coefficient o can be obtained from both the frequency-dependent Z.. and Zin at the

low-frequency region. But since the real part is the accumulation of the impedance contributed by different
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processes while the imaginary part will reach the minimum (normally close to zero) at the transition from
charge transfer to ion diffusion region, the latter seems to reflect a better Warburg behavior '®°. More
importantly, in real electrochemical systems, the frequency range dominated by the charge transfer and ion
transport are often overlapped particularly when the electrode particle is nanosized (i.e., the diffusion
kinetic is relatively fast and the system is limited by the charge transfer). This makes the Warburg behavior
very difficult to observe in the real part, thereby resulting in a deviation of impedance spectra from the
ideal 45-degree straight line at low-frequencies '°. In this regard, it seems better to accurately determine
the Warburg coefficient by analyzing the frequency-dependent imaginary part. Here inspired by Anne’s
work 10, we also attempt to extract the Warburg impedance coefficient 6 based on the imaginary part Zim.

Theoretically, when the — 7 .5 reaches the minimum value at low frequencies, the system reaches
semi-infinite diffusion conditions. Thus, the Warburg impedance coefficient ¢ can be extracted from the
minimum value. For the convenience of determining the diffusion coefficient by Equation 2.6, we establish
the relation between (1/2°7 «*%)* and frequency o, with an example shown in Figures 5.10c and d for the
initial sodiation and desodiation process, which are derived from the EIS results in Figures 5.10a and b,
respectively. The frequency range reaching the semi-infinite diffusion conditions is clearly observed and
marked by a gray-shaded square when the (1/2°57 »°)* reach the maximum. Therefore, the value of
(1/2°°5)* can be directly obtained from the maximum value of (1/2° Z,0") - Similarly, the plot of
(1/2°5Z, "%)* versus o at different DoDs and SoCs is presented in Figures 5.10e and f. From these plots,
one can clearly see the maximum value (1/2%57 ") for all cases, which determines the accurate value of
(1/2°%¢)* at different potentials. These obtained Warburg coefficient values are all summarized in Figure
5.10g and h. It is observed that the change in (1/2°°¢)? as a function of DoD and SoC are approximately
reversible: the value tends to gradually increase with the climbing DoD, while it undergoes a decrease with

the increasing SoC.
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Figure 5.10 The impedance analysis of the Sn//Na//Na three-electrode cells in the sodiation (a, c, e, g) and
desodiation (b, d, f, h) process. (a) The impedance spectra measured at 27.3% DoD (the equilibrium
potential of the cells is around 0.2863 V vs. Na/Na"). (b) The impedance spectra of the Sn//Na//Na
three-electrode cells measured at 80% SoC (the equilibrium potential of the cells is around 0.3813 V vs.
Na/Na"). (c) The (1/2° Z, "*)* versus o plot of the same cell at the same DoD in Figure 5.10a. The
shaded region presents the frequency zone in which the semi-infinite conditions approximately approach.
(d) The (1/2°°z, »°%)*> versus o plot of the same cell at the same SoC in Figure 5.10b. The shaded region
presents the frequency zone in which the semi-infinite conditions approximately approach. (e)
Frequency-dependent  (1/2°57, »°%)> of the cells at different DoDs. (f) Frequency-dependent
(1/2%° 7, »"%)*of the cells at different SoCs. (g) The DoD-dependent (1/2°°)* derived from Figure 5.10e.
(h) The SoC-dependent (1/2° ) derived from Figure 5.10f.
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The apparent chemical diffusivity of sodium in Na.Sn at room temperature derived from the above
Warburg coefficient values (Figure 5.10 g and h) are plotted as a function of DoD and SoC, as shown in
Figure 5.11. The chemical sodium diffusivity is found to vary between 10'2~10'® cm?:s”! in the initial
cycle. Moreover, the sodium diffusivity tends to be higher at the beginning of the desodiation (or the high
sodiation depth), compared to the deep desodiation (or the low sodiation depth). This indicated the faster
diffusion kinetics in the high-order Na-Sn phases than low-order Na-Sn phases. In addition, it is observed
that the sodium diffusivity in the sodiation seems to be one order of magnitude higher than that in the
desodiation, which might be associated with the mossy electrode structure during the sodiation. Many
voids are formed in the sodiation and will be filled with liquid electrolytes. This could result in increased
active surface area and shortened diffusion distance, thus improving the sodium diffusion kinetics

significantly ',
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Figure 5.11 Apparent chemical diffusivity of sodium in Na,Sn during the initial sodiation and desodiation

process.
5. 3 Discussion
5.3.1 The Implication of the Impedance Analysis

From our previous impedance result (section 5.2.4.2), the dominance of charge transfer and diffusion
resistance in the cell impedance at low DoDs <30% suggests that the phase transformation of Sn and
low-order Na-Sn phases is governed by both the charge transfer and diffusion process. As the sodiation
depth goes up to and beyond 30% (i.e., DoD >30%), the predominant contribution of charge transfer
resistance to the cell impedance implies the sluggish charge transfer kinetic as the origin of the kinetic
limitation that is partly responsible for the poor cycling stability for the transformations between
high-order Na-Sn phases. The important role of charge transfer in the sodiation of Sn electrodes is in
agreement with the previous works, which reported the high resistivity of the NaSn phase as the primary

origin of the high coulombic efficiency loss in Sn electrodes 10> 14,
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For the desodiation, the role that the charge transfer or diffusion kinetics plays in the phase transformations
of Sn foil electrodes is slightly different. The dominant role of the charge transfer resistance at low SoC
(<40%) indicates that the charge transfer is largely the rate-limiting step for the phase transformations
between the high-order Na-Sn phases (e.g., NasSn4, NaisPbs). At the SoC of 40-90%, the dominance of
charge transfer and diffusion in the cell impedance reveals that the transformation between medium-order
Na-Sn phases is probably controlled by the mixed diffusion/charge transfer kinetics. Additionally, the
dominant contribution of the diffusion resistance at high SoCs >90% provides an implication that the
electrochemical desodiation of Sn electrodes at the end is largely limited by the diffusion kinetic. This is
also supported by the low sodium chemical diffusivity (~10'7 ¢m?'s!) in low-order Na,Sn (x<I)

calculated from the Warburg coefficient (section 5.2.4.3).
5.3.2 Comparison of Sodium Diffusivity with Other Literature

Figure 5.12 shows comparisons of the apparent chemical diffusivity in this work with the previously
reported data on the Sn composite electrode during the initial desodiation process. It is observed that the
sodium diffusivity estimated by EIS in this work is roughly 2-3 orders of magnitude lower than the
reported results derived by GITT in Sarkar et al’s work ', This minor discrepancy in the diffusivity is
considered to be related to their difference in electrode design (Sn foil in this work vs. micro-sized Sn
particle in literature), the electrolyte, and applied methods. Noteworthy, since in this work the estimation of
the chemical diffusivity, based on the single-phase EIS technique, does not consider the impact of phase
transformation or mechanical stress during the desodiation, the obtained sodium diffusivity reflects the
apparent diffusivity of sodium in the Na,Sn phase rather than the true sodium diffusivity value in

individual NaSn, NaoSn4, NaisSns phase.
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Figure 5.12 The composition-dependent chemical sodium diffusivity in Na.Sn in this work compared with
the previously reported diffusivity data in tin composite electrodes (microsized Sn particles) during the

initial desodiation (charge) process.

Additionally, in contrast to other electrodes, the sodium diffusivity in Na,Sn is relatively low. For instance,
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the chemical diffusivity of sodium in Na,Sb is estimated by GITT to be in the order of ~10 cm?-s™!' 1, For
the P composite electrode and Ge thin film electrode, the sodium diffusivity is calculated to be
approximately ~10'* and ~10"13 c¢cm?'s”! respectively 3% 197, Also, Wang et al reported the sodium
diffusivity in bismuth composite electrodes varies between ~10'2-10"'4 ¢cm?-s”!' during the sodiation '63.
These values are all significantly higher than those in Na,Sn. Therefore, the low sodium diffusion in Na,Sn

might be one possible reason for the poor electrochemical performance of Sn foil electrodes.

5. 4 Conclusion

In this work, Sn foil as the SIB electrode is examined using electrochemical techniques and structural
analysis. Three distinctive sodiation plateaus are observed in the initial sodiation, giving a specific capacity
of ~695 mAh-g! at 0.01 C. XRD result confirms the simultaneous formation of Na-Sn intermetallic phases
(i.e., NaSn, NaoSns, NaisSns), which is ascribed to the kinetic limitation in foil electrode. Cycling tests
show the Sn electrode has a short cycle life (i.e., 2-3 cycles) when the full capacity is pursued, which is
largely related to the electrode's mechanical damage (e.g., cracks and voids). Also, for partly cycling, the
electrode capacity decays quickly to zero in less than 12 cycles. Meanwhile, the initial coulombic
efficiency for shallow cycling between 0.1-1V is as low as 40%, implying the kinetic loss related to the
charge transfer and/or ion diffusion. To further understand the limiting factors for the electrochemical
behavior of Sn electrodes, the in-situ EIS technique is employed to investigate the charge transfer and
diffusion kinetics comprehensively. A three-electrode cell configuration rather than a coin cell
configuration is used for EIS measurements, which allows accurate tracking of the working electrode
impedance. With the help of DRT tools, we separated different electrochemical processes across the whole
frequency range and found that the high-frequency resistance (Rur) does not change evidently in all cases.
However, the charge transfer resistance undergoes an increase at the very early stage of desodiation. The
resistance of ion diffusing through the electrodes tends to be much larger at low DoDs (or high SoCs) than
at high DoDs (or low SoCs). By quantifying their contribution to the cell impedance, it is found that both
the diffusion resistance and the charge transfer resistance dominated the cell impedance at low DoDs
(<30%), implying the sluggish diffusion and charge transfer kinetic may be the origin of the kinetic
limitation, while at high DoDs >30%, the cell impedance is dominated by the charge transfer resistance,
suggesting the charge transfer is likely the rate-limiting step for the transformation between high-order

Na-Sn phases.
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Chapter 6: Sodium Insertion into Pb

6. 1. Introduction

Amongst the alloy anode candidates for SIBs, Pb is known to form a highly-sodiated phase of NaisPba,
yielding a specific capacity of 485 mAh-g™! or 1175 mAh-cm (with respect to the volume of Na;sPbs alloy)
100,169 However, Pb or Pb-based materials are often neglected by the community because of their toxicity
and environmental impacts, having been subject to notable industrial restrictions in the past, such as RoHS
and REACH. With such scrutiny, it is only natural that supply chain tightening has coincided with a
recycling rate of Pb that is currently more than 99%, marking one of the highest recycling rates worldwide
of elements 7. As noted in a recently published paper '7°, all Pb-containing components are reported to be
readily recycled from the Pb-acid batteries. For Na-ion batteries, besides the attractive volumetric capacity,
the Pb electrode also possesses the metrics of cost-effectiveness ($2 per kg), high abundance, and
acceptable conductivity '°% 19, In addition, the large atomic size of Pb can offer more interstitial space to
accommodate sodium, likely resulting in more favorable sodiation kinetics '%. Still, common to all alloy
anodes, Pb also suffers from volume change-induced structural failure, and therefore a poor cycle life 7!,
For example, an early study showed that the electrochemical sodiation of the Pb composite electrode ends
at the NajsPb4 phase with a theoretical capacity of 485 mAh-g!, giving a volume expansion up to ~365%
172 This significant volume expansion and contraction makes the cycle life of pure Pb film electrodes less
than 20 cycles 7°, far from the industrially acceptable level, which renders its practical utilization.

It is well-recognized that the volume change is directly linked to the phase transformations that occur
during the electrochemical (de-)sodiation. The sodiation mechanisms of Pb anodes remain poorly
understood with only a few works being published over the years. Jow, et al. (1987), for the first time,
reported that the alloying of Pb with Na occurs in four steps, leading to the formation of four distinct
Na-Pb phases, i.e., NaPbs, NaPb, NasPb, and NaisPbs '°. The final sodiation product of Pb is also
confirmed by Komaba, et al. that the initial sodiation capacity of 480 mAh-g!' matches ideally with the one
calculated based on the atomic ratio of Nas7sPb 26, However, a recent study, which comprehensively
explored the Na-storage mechanisms of Pb thin film electrodes using in-situ X-ray diffraction (XRD)
technique, reveals that the electrochemical sodiation of Pb does not completely follow the Na-Pb phase
diagram: a-NaoPbs, with a similar structure to NaoSngs, is formed during the sodiation but rather than the
earlier suggested NasPb, phase °. A similar outcome was also reported later by Ali Darwiche et al. °7,
whose operando XRD measurements verified the presence of NaPbs, NaPb, NagPbs, and NaisPbs phases
during the (de-)sodiation process of the electrode with microsized Pb particles as active material. Again, no
NasPb; phase was detected. Regardless of whether NasPb, or NagPby is a thermodynamically stable phase

at room temperature, there is almost no doubt that the electrochemical sodiation of Pb forms different
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successive intermetallic phases. Given that these Na-Pb phases (e.g., NaPbs, NaPb, NaoPbs/NasPbo,
NajisPbs) have different crystal structures and mechanical properties (e.g., elastic modulus, shear modulus),
the reversibility of each phase transformation should also vary. Therefore, identifying which phase
transformation plays a greater impact on the electrochemical performance is essential to assess whether or
not solid, non-composite, Pb can be a reliable SIB anode in the future.

Here we use metallic Pb foil electrodes as the model system, because of its simple electrode design'”® and
reduced cost '7*. Additionally, the foil presents alternative constraints compared to a composite electrode,
whereby expansion and contraction are expected to be buffered to a varying degree by ductile, unreacted
Pb. The Na-storage behavior of the Pb electrode in a foil architecture is systematically evaluated thereafter,
building fundamental insights into the phase transformations, and discussing their role in causing electrode
failure. By deliberately mitigating or circumventing the problematic phase transitions, the prolonged cycle

life of Pb electrodes in SIBs can be realized.

6.2 Results
6.2.1 Initial (De-)Sodiation of Pb Foil Electrodes

Figure 6.1a shows the typical sodiation-desodiation (or discharge-charge) profile of the Pb foil electrode
cycled at 0.1 mA (~C/177 considering the formation of NaisPbs). As soon as the sodiation current is
applied, the surface potential of the electrode rapidly drops to ~0.25 V (vs. Na/Na") and then rises to ~0.3
V. This potential difference of ~50 mV was defined by Wang et al. as the nucleation potential '’>, which are
regularly observed in alloy anodes for LIBs/SIBs '“8. Three distinct potential plateaus at around 0.3 V, 0.12
V, and 0.08 V vs. Na/Na" are observed one after another, delivering a specific capacity of ~480 mAh-g!
(~1170 mAh-cm™) after a sodiation until 1 mV vs. Na/Na®, evidencing good consistency with previous
reports 7 97, By extracting the capacities contributed by each potential plateau, it is found that these
capacities match the ones upon the formation of NaPbs, NagPbs/NasPb,, and Na;sPbs based on calculations.
When the current direction is inverted, the potential curve exhibits four potential plateaus at ~0.15 V, ~0.28
V, ~0.38 V, and ~0.5 V (vs. Na/Na*), implying four Na-Pb two-phase equilibrium regions. Different from
the relatively smooth sodiation curve, the desodiation one is relatively noisy, especially for the second and
fourth plateaus. The noisy desodiation curve was also reported in the Sn electrode '%°, which might be
associated with the loss of electrical contact caused by mechanical damage. After the desodiation to 0.8 V

vs. Na/Na*, a specific capacity of ~450 mAh-g! is obtained, corresponding to ~93% of the initial sodiation

capacity.
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Figure 6.1 (a) The initial galvanostatic profile of a Pb//Na half-cell at a C-rate of 0.1 mA (12 mm electrode
disk). (b) The XRD diffractograms of the Pb electrodes at different sodiation or desodiation states, which
are highlighted by the colored dots in Figure 6.1a. (c) The enlarged XRD diffractogram in 20 = 30°-34° for
Figure 6.1b.

To examine whether the Na-Pb phases mentioned above are formed and assess their reversibility, a series
of XRD tests were performed on the initial sodiation and desodiation of the Pb foil electrode. As shown in
Figure 6.1b, prior to the sodiation (dot #1 in Figure 6.1a), the X-ray diffractogram of the pristine Pb foil
(#1 in Figure 6.1b) is fitted to be the crystalline Pb phase (PDF #01-072-22773), and the PbO (PDF
#00-035-1482), indicating that the surface of the Pb foil has been oxidized. As the sodiation capacity
proceeds to ~1.42 mAh-cm? (dot #3 in Figure 6.1a), the diffractogram generally remains the same except
for some additional minor peaks that likely correspond to the Na-Pb oxides (#3 in Figure 6.1b). Besides,
no obvious peaks related to Na-Pb phases (i.e., NaPbs) are detected. With further sodiation to a capacity of
~4.43 mAh-cm? (dot #4 in Figure 6.1a), diffraction peaks corresponding to the NaPbs; phase appear,
although the peaks of crystalline Pb remain the most prominent (#4 in Figure 6.1b). No diffraction peaks

referring to higher-ordered crystalline Na-Pb phases (e.g., NaPb, NaoPby) are observed at this point. After
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the sodiation capacity reaches ~10.4 mAh-cm? (dot #5 in Figure 6.1a), the diffraction peaks
corresponding to the higher-ordered phases of NaPb and NaoPbs finally appear (#5 in Figure 6.1b), in
addition to the remaining NaPbs; and Pb diffraction peaks. Even after the full sodiation to 0.001 V vs.
Na/Na* (dot #7 in Figure 6.1a) at this small current, the typical diffraction peaks corresponding to Pb
remain (#7 in Figure 6.1b). Taking a closer look at the two strong peaks at around 31° (Figure 6.1c), which
agree with the standard ones of the Pb phase, one may see that they seem to shift slightly towards a higher
26 angle with the increasing sodiation depth (highlighted by the gray dashed line in Figure 6.1c). One
explanation for this peak shift is related to mechanical strain. The localized volume expansion caused by
inhomogeneous sodiation compresses the neighboring unsodiated Pb grains, resulting in a decreased plane
distance and thereby shifting the diffraction peak rightward (Bragg's law). Another possibility may have
something to do with the thick Pb foil samples. As the phase boundary moves into the electrode, the
diffraction from the Pb phase moves deeper into the electrode along the z-axis (i.e., a longer pathway for
the X-ray). In this way, when the detector gets the diffracted X-ray from the sample, it may have already
rotated to a slightly higher angle degree (given the scanning speed of 5°/min), thereby resulting in a larger
measured 260, i.e., a rightward shifting peak. In either case, future studies are warranted.

Moreover, no strong evidence proves the presence of NasPba, i.e., only one typical diffraction peak at 26 =
~38° may be contributed by the NajsPbs phase (PDF #03-065-3168) while others can hardly be
distinguished due to the peak overlapping. It is noted that the diffractogram of the fully sodiated Pb foil (to
0.001 V) also exhibits the features of a mixture of crystalline NaPbs, NaPb, and NagPbs4. The XRD results
suggest that some of the phase transformations during sodiation are probably occurring simultaneously
rather than sequentially, otherwise, peaks corresponding to the three Na-Pb phases (i.e., NaPbs, NaPb,
NagPbs) should not have been concurrently observed to such an extent.

When the electrode is desodiated to ~0.2 V vs. Na/Na* (dot #8 in Figure 6.1a), a typical diffraction peak at
~38.2° that is likely corresponding to Na;sPbs diminishes, and more peaks appear simultaneously, which
agrees with the typical diffraction peaks of NagPbs reported by Ellis et al " (#8 in Figure 6.1b). The
desodiation of the Pb foil anode to 0.35 V vs. Na/Na* (dot #9 in Figure 6.1a) results in the absence of some
typical diffraction peaks that may originate from NaoPbs (e.g., at around 23.5°, 35°, 49°), and the presence
of new peaks that may be contributed by NaPb (e.g., at 38°, 56°, 66.5°) and NaPbs (e.g., at 42° and 45°)
(#9 in Figure 6.1b). For the electrode desodiated to 0.45 V vs. Na/Na* (dot #10 in Figure 6.1a), the
prominent features of the diffractogram are consistent with those of NaPbs and Pb from the PDF cards
#01-072-22773 and #03-065-3283, while some small peaks that are in line with standard peaks of NagPbs
and NaPb phases are also visible (#10 in Figure 6.1b). When the electrode is desodiated to 0.8 V vs.
Na/Na* (dot #11 in Figure 6.1a), the main diffraction peaks of the diffractogram are in line with those of

the metallic Pb phase, with minor peaks that may originate from NaPbs, NaPb, or NagPbs phases (#11 in
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Figure 6.1b).

To summarize, multiple Na-Pb intermetallic phases are involved in the sodiation of the Pb foil electrode.
These phases are suggested to be likely NaPbs; NaPb, NaoPbs/NasPb,, and NaisPbs based on the

electrochemical data and the previous reports on Pb micro-sized particles®” and thin films 7.
6.2.2 Surface Morphology Evolution of Pb Foil Electrodes

The surface morphology changes of the Pb foil anodes during the initial cycle are characterized by taking
photographic and scanning electron microscopy (SEM) images. Figure 6.2 shows the photographic images
and the corresponding SEM images taken at different states of (dis-)charge. Upon a 5% DoD (~0.85 mAh),
the electrode is mostly covered by a sodiated layer and maintains its disk geometry (Figure 6.2a). With a
deeper sodiation, i.e., 20% DoD, the electrode surface and shape do not change significantly by eye
observation. The electrodes with > 40% DoD, on the contrary, can hardly maintain their integrity and may
break into parts after disassembly. Since the electrode with 80% DoD seems to hold its overall structure, it
is suggested that the external force coming from the disassembly of the coin cell may partly be responsible
for the structure collapse of the electrodes with 40%, 60%, and 100% DoD. Low- and high-magnification
SEM images of the electrode at the same DoD are provided in Figure 6.2b. At 5% DoD, the sodiated layer
grown on the electrode surface exhibits a shape of emerging spherical protrusions while the un-sodiated
portion retains the same appearance as its pristine state with the rolling trace (Figure 6.3). When the DoD
is higher, the features of the electrode surface do not seem to change significantly, and no obvious cracks
are found in the chosen observation region. However, when the DoD reaches 80%, some small cracks on
top of the protrusions (high-magnification SEM) can be observed. The electrode with 100% DoD becomes
more catastrophic since the structure of protrusions opens up, leading to severe cracking.

From photographic images (Figure 6.2¢), the electrode with 20% SoC completely loses its disk shape.
With a higher SoC, the electrode seems to follow a trend that the higher the SoC, the lower the electrode
integrity is. Especially when the SoC is beyond 60%, the electrode breaks into parts after disassembly. This
structural damage may partly explain the noisy potential profile in Figure 6.1a. The SEM observations
(Figure 6.2d) show that with the increasing SoC, the cracked protrusions on the electrode surface do not
seem to be as evident as those in 0% SoC (i.e., 100% DoD). For instance, only some smaller cracks can be
identified in the electrode surface at 100% SoC (green arrow in Figure 6.2d). Meanwhile, the surfaces of
the electrodes with > 40% SoC appear to be flatter, evidenced by the island-like protrusions that are not as
compact, and the surface of the fully desodiated electrode seems to become mossy (highlighted by circles
in Figure 6.2d). In addition, it should be noted that some glass fibers (marked in the red arrow in
Figure 6.2b and 2d) are still observed on the electrode surface, although the electrode samples were rinsed

using pure DMC solvents three times after the disassembly. This might be related to the stack pressure,
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which causes some glass fibers tightly attached to the rough surface of the electrode.

(a)

(b)|§

DoD 5% DoD 20% DoD 40% DoD 60% DoD 80% DoD 100%

SoC 80% SoC 60% SoC 40% SoC 20% SoC 0%

(c)

(d)

Figure 6.2 (a) (c) The photographic images and (b) (d) the corresponding SEM images (bottom) of the Pb
foil electrode surface at different sodiation (or desodiation) states during the initial cycle. It is noted that
the photographs were taken on the rinsed electrode sample at different DoD or SoC in the glovebox. The
cracks and voids are highlighted in green arrows and circles, while the residue glass fiber on the electrode

surface is marked in red arrows.

Figure 6.3 The photographic (left) and SEM images (right) of pristine Pb foil.
6.2.3 Reversibility of Different Phase Transformations

Theoretically, the full sodiation of Pb upon the formation of NaisPbs will give rise to a volume expansion
of ~ 365%, which could induce huge internal strain in the electrode, therefore leading to mechanical

damage like cracking (as shown in Figure 6.2b and d) and pulverization 7. As anticipated, the
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galvanostatic charge-discharge (GCD) results (Figures 6.4a and b) show that the Pb foil electrode cycled
within 0.001-0.8 V stops functioning after only 3 cycles, and the failure mechanisms have not been
reported yet. Taking a close look at the GCD curves, one can see that there are four potential plateaus
during the second sodiation, in contrast to three ones in the initial sodiation. The second desodiation

becomes even more catastrophic with a significantly noisier potential profile.

(a) os (b) 20
=
000108V 5161 m
= 0.6 (Pb/Na,.Ph,) e, B
z | 2,10
Eﬁ E 12 v
| L )
4 049, 2
> % ¥4 =
> s cycle do. & ‘.
m 024 \ =
s = e
e 5 & ) fail
| < o u{ uuuuuuuuuuuuuuu
0.0 T T T T T T T
0 4 8 12 16 0 4 8 12 16 20
Areal capacity / mAh-cm™? Cycle number

Figure 6.4 (a) The galvanostatic profiles of the Pb foil electrode during the 1%, 2" and 5" cycles at 0.1 mA
(12 mm electrode disk) with a potential range of 0.001-0.8 V. (b) The cycling performance of the Pb foil

electrodes under the same charge-discharge conditions.

Identifying which phase transformations are largely responsible for the electrode failure and strategically
eliminating their negative impact from the electrochemical cycling is essential to prolong the cycle life of
Pb foil electrodes. Here we systematically explore the reversibility of each pair of phase transformations
(both directions) by controlling the cutoff voltages during GCD cycling. Figure 6.5a-d shows the voltage
profiles of Pb foil electrodes cycled within 0.4-0.8V, 0.15-0.45V, 0.09-0.35 V, and 0.001-0.2 V vs. Na / Na®,
aiming to examine Pb/NaPbs;, NaPbs/NaPb, NaPb/NaoPbs, NagPbs/Na;sPbs, respectively, in isolation. The
electrodes after the initial cycle deliver the areal capacities of ~1.1 mAh-cm? (~33.6 mAh-g?), ~2.4
mAh-cm? (73.3 mAh-g'), ~4.8 mAh-cm? (146.6 mAh-g"), and ~7 mAh-cm? (213.8 mAh-g™) for these
four pairs of phase transformations, respectively, which are in line with their theoretical capacities. In
general, cycling stability should be reversely correlated to the depth of sodiation because a deeper
sodiation induces higher volume change considering the initial geometry of the Pb foil. As anticipated, the
cycling data of the first three phase transformations (i.e., Pb/NaPbs/NaPb) agree with the trend described
just before (Figure 6.5¢). For instance, the electrode cycled within 0.4-0.8 V (largely Pb//NaPbs) gives the
best cycling performance, maintaining ~86% of its initial capacity after 130 cycles. Specifical attention
should be paid to the last two pairs of phase transformations where the trend no longer stands. Cycling
within 0.09-0.35 V (i.e., largely NaPb//NaoPbs) shows the fastest capacity degradation: It can merely
survive 3 cycles (same as full sodiation cycling in Figure 6.4) before its failure (i.e., 10% capacity
retention). On the contrary, the electrode cycled between 0.001 and 0.2 V shows a better lifetime of
approximately 12 cycles. These cycling tests of the electrode at the two cutoff voltages which were

repeated a couple of times (Figures 6.6 and 6.7), can well support the unexpected trends. The poorer
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reversibility of 0.09-0.35 V cycling indicates that other factors in addition to the volume change also play a

critical role in the phase transformations.
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Figure 6.5 The galvanostatic profiles of the Pb foi

1 electrode during the 1%, 2" and 5 cycles, obtained

from cycling at 0.1 mA with different voltage windows: (a) 0.4—0.8 V, (b) 0.15-0.45V, (¢) 0.09-0.35 V, (d)

0.001-0.2 V. (e) The capacity retention for the cycling within the same cutoff voltages.
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Figure 6.6 The full voltage profiles of Pb foil electrodes cycled between 0.09-0.35 V. The cells do not

work after 2-4 cycles.
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Figure 6.7 The full voltage profiles of Pb foil electrodes cycled between 0.001-0.2 V.

6.2.4 Microstructural Change during Different Transformations

SEM images (Figure 6.8) of the electrode after different cycles within the above-mentioned voltage
windows may provide implications on why these phase transformations perform differently. In the case of
0.4-0.8 V, and 0.15-0.45 V, both electrode surfaces are relatively flat, and retain some trace of calendaring
after 1% cycle (Figure 6.8a and 6.8b). Moreover, no evident electrode destruction is observed after 15
cycles in the above-mentioned two cases: No obvious cracks, voids, or pulverization. This structural
stability can largely explain the better cycling stability of these two pairs of phase transformations.
Differently, some signs of mechanical damage for the electrode are observed in the other two cycling
scenarios with deeper sodiation, i.e., between 0.09-0.35 V and 0.001-0.2 V (Figure 6.c-6d). Particularly for
the former case, many voids and small cracks seem to appear on the electrode surface after the 5™ cycle

(Figure 6.8c¢).
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Figure 6.8 The surface SEM images of the Pb electrode after the 1% and 15% cycles at voltage windows of
(2) 0.4-0.8V and (b) 0.15-0.45 V. The SEM images of the Pb electrode after the 1%t and 5" cycles at voltage
windows of (c) 0.09-0.35 V, (d) 0.001-0.2 V.

To further understand the poor reversibility of the NaPb/NagPbs phase transformation, the morphological
change of the electrode in 1% and 2" cycling between 0.09-0.35 V vs. Na/Na® are characterized (Figure
6.9). The first sodiation to 0.09 V (Figure 6.9a) gives rise to some cracks on the protrusions, although the
overall electrode integrity is maintained. After the subsequent desodiation to 0.35 V, the electrode surface
exhibits porous and mossy features (circles in Figure 6.9b). Despite no study reporting the formation of the
voids in the desodiated Pb, it seems not surprising since many alloy electrodes, e.g., Sn(-Li), Si(-Li), and
Al(-Li), are reported to be porous after selective dealloying processes 4% 176 177 Ag the electrode is
sodiated to 0.09 V for the second time, most voids remain (Figure 6.9c), which appear to become larger
when desodiating to 0.35 V (Figure 6.9d). These physical damages could partly explain the poorest
cyclability of the Pb foil electrode in the voltage range of 0.09-0.35 V.
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Figure 6.9 SEM images of the Pb foil electrodes at different states when limited to the problematic phase
transformations: (a) 1% sodiation to 0.09 V, (b) 1% desodiated to 0.35 V, (c) 2™ sodiation to 0.09 V and (d)
2" desodiation to 0.35 V. Cracks are denoted by yellow arrows while voids are denoted by yellow circles.

The glass fibers remaining on the electrode surface are also marked by red arrows.
6.2.5 Cycling Performance Evaluation of Full Cells

Given the problematic transformations, the Pb electrode is suggested to be utilized by largely cycling
Pb/NaPbs or Pb/NaPb, depending on the capacity contributed by the cathode. Stable long-term cycling is a
prerequisite to the practical application of rechargeable batteries. Here we evaluate the cycling stability of
the Pb foil electrode in a full cell configuration with NaszV2(POs)s (NVP) as the cathode. Noteworthy, to
minimize the catalytic effect of Pb, a small amount of sodium is pre-stored in the Pb electrode surface
layer (i.e., chemical presodiation), causing an open circuit voltage of ~2.4 V for the NVP//Pb full cells (vs
~ 0.6 V for the cell with the NVP cathode and a fresh Pb anode). The galvanostatic profiles of NVP//Pb,
Pb//Na, and NVP//Pb, are provided in Figure 6.10a, of which the NVP//Pb full cell is characterized to have
two flat and long plateaus at ~3.2 and ~2.9 V for charge and discharge, respectively. Figure 6.10b shows
the 1%, 5%, 50, 100", 200% and 300" GCD curves of the NVP//Pb full cell within the voltage range of
2.2-3.6 V vs. Na/Na" at 0.15 A-gxw! (~0.15 mA-cm?). Furthermore, the cycling performance of the
NVP//Pb full cell (Figure 6.10c) displays that at 0.15 A-gv! the reversible capacity of the cells gradually

goes down to ~65 mAh-g.»! after 300 cycles, corresponding to approximately 60% of the initial capacity.
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Figure 6.10 (a) The initial GCD curves of a Pb//Na half-cell, an NVP//Na half-cell, and a NVP//Pb full cell

cycled at 0.1 mA (0.15 A-gve ). (b) The 1%, 5%, 50%, 100™, 200" and 300" galvanostatic profiles and (c)
the long-term cycling performance of NVP//Pb full cells at 0.15 A-gnve .

6.3 Discussion

6.3.1 Situation of Pb (Sn) Electrode

While Pb is generally not considered to be a competitor in the search for suitable SIB anodes due to its
toxicity and only limited research has been reported regarding Pb-based materials since the first
exploration in 1987, there remains questionable whether Pb electrodes should be abandoned. Till now,
though Pb is toxic, Pb-acid batteries (PABs) are the most commonly reported battery system and still
dominate the global energy storage markets (e.g., ~70% market occupied by PABs in 2018 '9). For the
grid-scale field, the rapid development of LIBs in past decades makes them quite competitive in emerging
large-scale energy storage applications®*, while PABs have still been the most well-adapted choice for
medium to large-scale energy storage systems. However, both technologies are facing their bottlenecks
with the relatively low energy density of the former and the uneven Li source distribution of the latter. This
situation seems to offer an opportunity for low-cost SIBs, particularly with cheap and abundant materials
as electrodes (such as Pb) for large-scale energy storage practices. In addition to the application promise,
the previously reported encouraging electrochemical results of Pb composite electrodes %7, e.g., high
capacity retention of ~83% after hundreds of cycles '7? and a lifespan of >1000 cycles at ~1 mA 7!, seems
to further demonstrate the feasibility of Pb as SIB electrodes. Overall, Pb, with appropriate recycling,

might be a practical SIB electrode and worthy of further investigation. Nevertheless, even though the cycle
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stability of Pb electrodes was partly improved by using micro-sized Pb particles and suitable electrolytes to
some extent over the past years ° 17!, the cycle life and coulombic efficiency are not sufficient for the
commercialization application. Additionally, there is a lack of understanding of the critical factors
determining the cycling stability of Pb electrodes.

Differently, Sn, the upper neighbor of Pb, has been widely investigated as an SIB electrode over the past
decades. It is anticipated that the knowledge accumulated by Sn could partly shed light on the
electrochemical sodiation of Pb. On the one hand, both Sn and Pb are low-melting point metals with
similar electrical resistivity (115 nQ-cm? for Sn vs. 208 nQ-cm? for Pb), mechanical hardness (Mohs
hardness: 1.5 for Sn and Pb) '7®. On the other hand, the sodiation of Pb is analogous to that of Sn, by
successively forming NaSn3(NaPbs), NaSn(NaPb), NaoSns(NaoPbs), and Na;sSna(NaisPbs) > 1%, Further,
the sodiated Na;Pb and Na,Sn phases with the same stoichiometry also have the same crystal structure and
show analogous trends in the change of electrical resistivity and mechanical property with the increasing
Na content. Namely, the Na inclusion is predicted to result in a significant elastic softening for the Na-Sn
(or Na-Pb) electrode ', and the Na-richer Na-Pb intermetallic phases are more resistive than the Na-poor
ones at elevated temperatures, in line with the reported higher resistivity of NaSn than Sn '7°. Given these
physio-chemical similarities, it is therefore hoped that the dominant factor determining the capacity fade
for different phase transformations of Pb electrodes in this study could benefit from the established

understanding of the Sn electrode through analogous reasoning.
6.3.2 Clarification of Na-Pb Phases during Sodiation

Here our electrochemical results are integrated with the published Na-Pb phase diagram to clarify the
intermetallic phases during the sodiation. From Figure 6.11, in general, the intermetallic Na-Pb phases
detected by XRD largely agree with the binary phase diagram 7° but the simultaneous formation is
suggested instead of sequential, explaining why the single-phase region (i.e., #7) does not solely exhibit
the diffraction peaks that correspond to the specific phase.

Upon the initial sodiation (the shaded region near the origin in Figure 6.11), the Pb electrode is probably
saturated with Na to form a solid solution with the maximum Na content of ~2 at% at room temperature
while maintaining the original crystal structure, although the electrolyte breakdown and sodiation of the
thick surface Pb oxides should not be neglected. However, the Pb(Na) solid solution should be limited to a
very thin layer on the electrode surface considering that Na diffusion is extra slow in pristine Pb foil
(including Pb oxides), i.e., ~1073 cm?'s7! 19 As the sodiation continues, Na atoms keep accumulating on
the electrode surface until the nucleation of the new NaPbs phase (the potential dip highlighted by an arrow
in Figure 6.11).

Although the endpoint of the first potential plateau (#3 in Figure 6.11) is located around the NaPb; region,

the XRD results do not seem consistent (#3 in Figure 6.1b). This mismatch is acknowledged by the
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inhomogeneous nucleation of Na-Pb phases, which is often observed in alloy electrodes in Li- and

Na-based systems !80-182

. It is reported that subsequent phase transformations tend to occur along certain
crystal planes or orientations in alloy electrodes #3136, Furthermore, the sluggish kinetics (i.e., the slow Na
diffusion in Pb) are suggested to be responsible, such that over-sodiation may occur at the positions (e.g.,
phase boundaries, dislocations, etc.) that are accidentally not hit by the X-ray. It should be noted that the
phase (i.e., 28 at% to 35 at% Na) indicated by the phase diagram published in 1968 37 is not observed
electrochemically, nor in the previous reports 7?7, thereby is intentionally excluded from Figure 6.11.

On the first half of the second sodiation plateau (#4 of Figure 6.11) where a coexistence of NaPbs; and
NaPb is expected, the diffraction peaks corresponding to NaPbs are detected. The lattice parameters of the
NaPb; phase are refined from the XRD results to be a=b=c=0.488 nm, consistent with the reported ones *7,
further supporting that NaPbs is the first sodiation phase other than the B phase presented in the phase
diagram 7°. This long potential plateau terminates with the stoichiometry of NaoPbs (#5 in Figure 6.11),
where all the diffraction peaks referring to NaPbs/NaPb/NaoPbs are observed. The simultaneous phase
formation may be caused by the different kinetical behaviors of each phase, akin to the sodiation of Ge %8,
but specific investigations are required to further quantify to what extent this is happening. As indicated by
the phase diagram, the presence of NasPb, remains debatable. An early study claimed that NasPb: is
formed by melting Na and Pb with identical atomic ratios but without the support of XRD results !”2. On
the contrary, Ellis et al. and Derwiche et al. confirmed the presence of NaoPbs, instead of NasPb,, after
sodiating a Pb electrode by in situ XRD technique 7 ?7. Given that the literature of Pb anode remains
largely limited, we try to shed light on the formation of NasPb, by discussing the analogical NasSnz, which
is reported to be metastable, and its formation seems to be suppressed electrochemically 4.

The last potential plateau ends at a point where the atomic ratio of Na/Pb calculated from electrochemical
data nicely agrees with that presented in the phase diagram. However, some stubborn Pb regions are not
fully sodiated to reach the Na;sPb4 phase, as indicated by the X-ray diffractogram (#7 in Figure 6.1b). The
incomplete sodiation of these regions may be restricted by the huge mechanical strain caused by the
volume expansion that compresses the neighboring grains, subsequently shifting the sodiation potential
towards a lower level, even below 0 V 1%, This explanation can be evidenced by the minor peak shift of the
Pb phase toward a higher 20 degree in the diffractogram (gray dashed line in Figure 6.1c), which is
characteristic of significant mechanical strain. Similar observations were also reported in other alloy
electrodes, such as Al and Sn, in Li-based systems '>°.

To summarize, from our XRD results of the simultaneous formation of multiple phases, the
electrochemistry on Pb foil electrodes suggests that the overall electrode equilibrium during the initial
cycle should be described as:

Pb «*— NaPb (NaPb, Na ,Pb,, Na ;Pb,)
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Figure 6.11 The initial discharge curve of Pb foil electrodes integrated with the Na-Pb phase diagram. It is

noted that the highlighted dots here are consistent with those in Figure 6.1a.
6.3.3. Impact of Crystal Structures on Electrode Reversibility

The sodiation of Pb induces a significant crystal rearrangement by forming multiple Na-Pb intermetallic
phases, i.e., cubic NaPbs, tetragonal NaPb, orthorhombic NagPbs, and cubic NaisPbs. The different lattice
parameters, which are summarized in Table 6.1, can give rise to a change in unit cell volume and atomic
interactions, thereby affecting the reversibility of these phase transformations.

The unit cell volumes of these phases are distinctively different due to Na incorporation. It is common that
the shallower the sodiation/lithiation (i.e., less volume expansion), the better the reversibility is, which
seems to hold true for the Na-Pb system as well. However, we have already noted that the NaPb/NaoPb4
and the NagPbs/Na;sPby4 transformation do not follow the trend. The former undergoes a lattice volume
expansion of ~115.3%, smaller than that of the latter (~142.1%) but exhibits worse reversibility (Figure
6.5). This observation suggests that other factors either caused by or independent from the volume change
are also governing the reversibility of the phase transformations. For instance, it is known that significant
mechanical stresses can accumulate near the phase boundaries where the lattice mismatch is more
pronounced !, This interpretation is consistent with the observation of the stubborn unsodiated regions
discussed previously. As soon as the stress is too large to be accommodated, mechanical failures are

expected at the phase interface, leading to electrode degradation.
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Table 6.1 The structural information of multiple Na-Pb intermetallic phases

Lattice parameters Calculated Rellatrere Pb-Pb
Na-Pb Crystal 3(;‘111;: e)\(ll())a?lsi(e)n bond Na-Pb bond
Phase structure sam)  b(um) c(am) cxpansion from the l?r?r%lt)h length (nm)
prior phase
Pb Cubic 0.4950 0.4950  0.4950 / / 0.3130 /
NaPb; 7 Cubic 0.4873 0.4873 0.4873 ~26.0 % ~26.0 % 0.3100 0.3469
NaPb ¥ Te:;g" 10580  1.0580 1.7740 ~100.6%  ~73.4% 0.3148 0.3550
NaoPbs 7 Orthqrh 0.5471 0.945 3.0356 ~2159% ~115.3 % 0.3141 or 0.3000
ombic 0.2428
Na;sPbs ¥’ Cubic 1.3316 1.3316 1.3316 ~358.0 % 142.1 % / 0.3265

Note: The volume expansion and bond length are calculated based on the lattice parameters of the Na-Pb

phases.

Different atomic interactions are expected in each Na-Pb intermetallic phase due to the differences in the
Pb-Pb (~0.313 nm in Pb) and the Na-Na (~0.364 nm in Na) bonds. The Pb-Pb bonds in pristine Pb exhibit
weakly covalent characteristics: Four valence electrons of the Pb atom are shared with those of the
neighboring ones to form the chemical bonds. The electronic structure and the smaller length make the
Pb-Pb bonds quite strong. As Na is incorporated into Pb, the Pb atoms will be gradually surrounded by Na
atoms, and thereby the Pb-Pb bonds will be replaced by the newly formed Na-Pb bonds. As we can see
from Table 6.1, the substitution of shorter Pb-Pb bonds by Na-Pb bonds with larger bond lengths (i.e.,
roughly 0.3469 nm in NaPbs and 0.3550 nm for NaPb) could induce an elastic softening in Na-Pb upon the
transformation from Pb to NaPb, indicating lower stiffness for both NaPbs and NaPb than Pb. However,
further Na inclusion can cause stronger interatomic interaction, indicated by shorter Na-Pb bond lengths of
NagPbs (0.3000 nm) and NaisPbs (0.3265 nm). Consequently, the stiffness of both phases should be higher
than that of NaPbs, which can partly explain why the reversibility of NaPb/NagPbs and NagPbs/Na;sPbys is
worse than that of Pb/NaPbs; and NaPbs/NaPb.

6.3.4 Impact of Mechanical Properties on Electrode Reversibility

It is well-adopted that mechanical properties (e.g., ductility or brittleness) should also play critical roles in
the reversibility of the transformations of Pb electrodes, especially since the stiffness has been briefly
discussed above.

The mechanical properties of each Na-Pb phase vary, evidenced by the DFT-calculated elastic, bulk, and

105

shear moduli ', which are also summarized in Table 6.2. The ductility of each phase can be estimated by
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the ratio of bulk to shear modulus (B/G). It is found that Pb and NaPbs are relatively ductile, as indicated
by higher B/G ratios of 3.19 and 3.90 respectively, whereas the higher-ordered Na-Pb phases (e.g., NaPb,
NajisPbs) tend to become more brittle, supported by the low B/G ratios (<2). Noteworthy, these mechanical
moduli of the NaygPbs4 phase are absent, it is proposed that the Na-Sn system (e.g., NagoSns4) may be used to
shed light on the NagPb4 phase considering the similarity and the analogous nature of Na-Pb with Na-Sn
alloys in physio-mechanical properties '%. Also, the B/G ratio of the NaoPbs phase should not be
distinctively different from that of NaPb or NaisPbs, although requiring further confirmation. As a result,
for the Pb/NaPbs and NaPbs/NaPb transformations, the ductile Pb and NaPb; can act as a buffer to
accommodate the (de-)sodiation-induced mechanical stress by plastically deforming Pb or NaPbs, thereby
preventing the possible crack formation and enabling a long cycle life. In contrast, the
NaPb/NagPbs/NaisPbs4 transformations may be more susceptible to cracking due to the higher brittleness of
these phases, let alone their volume changes are more pronounced than those of Pb/NaPbs/NaPb. This
interpretation is evidenced by the SEM observation of the electrode surface with no obvious crack or other
mechanical damage (e.g., pulverization, loss of electrical contact, etc.) after 15 cycles when the electrode is
limited to the Pb/NaPbs/NaPb transformations (Figure 6.8a-b). On the contrary, obvious cracks and voids
on the electrode surface are observed in (Figure 6.9, and Figure 6.8c-d) during the cycling among
NaPb/NagPbs/NaisPbs. The crack and void formation on the electrode surface exposes the fresh Pb
underneath to the electrolyte, facilitating secondary SEI formation and causing cyclic irreversible Na

consumption, and thereby giving poor electrode reversibility.

Table 6.2 The mechanical, electrical, and electrochemical properties of Na-Pb phases

Elastic Bulk Shear Electrical Na idnlgf/l[lsolzlty
Metal modulus Modulus ~ Modulus B/G % resistivity at 723K ,
(E) 105 (B) 15 (G) 105 / (Ohm-m) 103179 Na-M/gcm 'S
Pb 35.45 41.68 13.06 3.19 ~1.00 ~10°16109
NaPbs 23.23 32.94 8.43 3.90 ~1.50 /
NaPb 24.54 15.04 9.99 1.50 ~2.20 ~5x10-17191
NagPbs N/A N/A N/A N/A ~3.30 /
NaisPbs 17.14 13.14 6.68 1.96 ~4.00 ~1x10-17191

6.3.5 Impact of Electrical Resistivity on Electrode Reversibility

In electrochemical systems like SIBs, electrical conductivity directly affects electron migration. The
different electrical resistivities of each Na-Pb phase may also partly explain their different reversibility.

To date, while no experimental data can be found regarding how the Na incorporation influences the
electrical conductivity of the sodiated Pb at ambient temperature, one theoretical study recently predicts an

increased resistivity of NaPb Zintl phase in contrast to the unsodiated Pb, which may negatively affect the
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electrochemical performance of the Pb@PbO-C composite electrode '®°. Moreover, an early study reported
that the electrical resistivity of Na-Pb alloy goes up apparently with the increased Na content till ~80 at.%
Na content at 723 K (Table 6.2) '7°. Like Pb, the Sn electrode is found to be more resistive during sodiation
at room temperature: a remarkable increase in the electrical resistivity by 6-8 orders of magnitude is
observed by the transformation of pristine Sn to the NaSn phase. The higher overall impedance hinders the

Na insertion(extraction) into(out from) the Na-Sn electrode, resulting in capacity loss '’

, which may hold
true for the analogous Na-Pb system.

On top of the intrinsic electrical conductivity, the lattice volume change and mechanical stress/damage
discussed above could aggravate the negative impact of electrical conductivity on the electrode
reversibility. It was reported that the stressed NaSn exhibits an electrical resistivity that is 2-3 orders of

149 Back to Pb, the mechanical stress induced by the volume

magnitude higher than the stress-free one
change of the NaPb/NaoPba/Na;sPbs transformations is larger than that of Pb/NaPbs/NaPb ones. As a result,
the increase in resistivity due to stress for the former case is likely larger than the latter one. On the other
hand, the mechanical damage, e.g., cracks and voids (Figure 6.8c-d) is accompanied by the local electric

disconnections, giving a higher electrical resistivity. The growth of secondary SEI, which is

non-conductive, will also lead to a deterioration in electrical conductivity.
6.3.6 The Impact of Diffusion Kinetics on Electrode Reversibility

The Na diffusion kinetics seem to play an important role in the cycling stability of Pb electrodes since the
XRD results suggest that a small amount of Na is trapped in the Na-Pb electrode that is desodiated to 0.8 V
vs. Na/Na® (#11 in Figure 6.1b). While the Na trapping behaviors are rarely reported for Pb anode, rich
literature can be found on the well-established Li-based chemistries where Li trapping is commonly
ascribed to sluggish diffusion kinetics '°2. The diffusion-controlled Li trapping would give rise to the loss
of active Li, thus leading to capacity degradation over cycling '3, In the case of Pb electrodes, the trapped
Na may also be associated with the different kinetic behaviors of different Na-Pb intermetallic phases. It
should be noted that the kinetic limitations might be more pronounced in the metallic Pb foils than in their

composite counterparts 7.

The kinetic behaviors of the Na-Pb intermetallic phases remain poorly understood, with only three Na
diffusivity values being calculated (Table 6.2). The SEM images (Figure 6.9) may be used to shed light on
the sodium diffusivity in Na-rich Na-Pb phases. Considerable voids in the electrode (Figure 6.9) after the
desodiation when limited to the NaPb/NaoPbs transformations, in contrast to no obvious voids for the
NaoPbs/NajsPbs (Figure 6.8d). The void formation is a well-known phenomenon in the interdiffusion
process of metal alloy compounds since the dealloying strategy has been widely used to produce
nanoporous alloy materials '**. Meanwhile, many studies also reported the formation of pores in alloy

electrodes in the desodiation or delithiation process, including Sn 76, Al 8 Si 1% and Ge '°°. It is
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generally considered that the voids and/or pores formation is a result of fast delithiation or desodiation
kinetics !%°. The discussion seems contradictory to the theoretically calculated Na diffusivity of ~10-1¢
cm?-s™! in NajsPbs, around 1 order of magnitude slower than that in pristine Pb. In any case, systematic
investigations using robust techniques,or advanced instruments are needed to extract reliable Na

diffusivities in these Na-Pb phases.
6.3.7 Strategic Utilization of Pb Foil Electrodes

Given the poorest reversibility of NaPb/NaoPbs, it is reasonable to strategically eliminate this problematic
phase transformation by controlling the cutoff voltage from the electrochemical reactions of Pb anodes to
prolong the cycle life and enable its utilization. This idea is further verified by the improved cycling
performance of the Pb foil anode cycling within 0.15-0.8 V vs. Na/Na* (Figure 6.12) compared to the case
of full sodiation-desodiation. To be specific, the Pb foil electrode delivers a reversible capacity of ~2.9

mAh-cm after 20 cycles, corresponding to ~85% of the initial desodiation capacity.
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Figure 6.12 Cycling performance of Pb//Na half cells strategically cycled within 0.15-0.8 V at 0.1 mA.

The suitability of Pb foil as an SIB anode is evaluated by considering practical application in terms of
energy density. Figure 6.13a shows the Ragone plot of Na-ion cells with the Pb foil anode and other typical
anodes (i.e., HC 197-19°, Sn 198 200 Sh@TiO, 2!, Sb@CNT 2%, and graphite 2°%). It is noted that the
gravimetric energy density here is all normalized to the weight of the cell stack, including the cathode,
anode, separator, electrolyte, and current collector. The detailed parameters for the energy density
calculation of the cells with NaMng 440> cathode and 30 um Pb foil anode (abbreviated as NMO//30Pb) are
shown in Table 6.3. From Figure 6.13a, one can see that the reported gravimetric energy data of the Na-ion
cells ranges between 2-70 Wh-kg'!, most of which are higher than that of PABs (green zone, 30-40
Wh-kg! 2%), highlighting the competitiveness of SIBs over Pb-acid batteries in energy density. The
NMO//30Pb cell stands between these reported results, delivering a gravimetric energy density of
approximately 35 Wh-kg' (red star in Figure 6.13a), slightly higher than PABs though lower than the
present SIBs level (e.g., ~90-140 Wh-kg™! (cell-level energy) 2%). This superiority of the Pb foil electrode
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in energy density is more pronounced when looking at the much higher volumetric energy density of the
NMO//30Pb from Figure 6.14, ~170 Wh-L", than that of PABs. Notably, the NMO areal capacity is 0.9
mAh-cm2, much lower than the areal capacity requirement for the commercial battery (~2-3 mAh-cm per
side) 2%. To better evaluate the future potential of Pb foil, the typical O3 and P2 type cathodes with an
areal capacity of around 3 mAh-cm? are used for the energy density recalculation. Figures 6.13b and ¢
present the extrapolated gravimetric and volumetric energy density at stack level for different Na-ion cells
with Pb foil anode and other typical anodes (i.e., hard carbon (HC), Sn/C, Sb/C, P/C, and Na>Ti307 (NTO)).
The simplified stack structures of the cells are shown in Figure 6.13d and the detailed parameters of the
cell components for the energy density calculation are given in Table 6.4 2°7. While the cells with 30
um-thick Pb foil anodes in this work exhibit a higher gravimetric energy density than the one with NTO
anodes, the value is found to be roughly 20-30% lower than the other cells with hard carbon or alloy
anodes (Figure 6.13b). Intriguingly, the Pb foil anodes are more competitive in terms of volumetric energy
density. As illustrated in Figure 6.13c, the cells with Pb foil electrodes display the highest volumetric
energy density (roughly 700 Wh-L-") among all the cells including those with Sn or Sb alloys anodes,
which are regarded as the promising high-volumetric capacity anodes for SIBs. However, it is worth
mentioning that the ratio of Pb foil (30 um-thick) anode to cathode capacity is ~5.22, much higher than the
normal level of N/P ratio (1.1-1.2) in commercial batteries 2. For a better comparison, a 6 um-thick Pb
foil, which gives a more realistic N-to-P ratio (~1.09) is used to recalculate the energy density. By doing so,
the superiority of the Pb foil anode becomes evident: Both the gravimetric (~180 Wh-Kg') and the
volumetric energy density (850 Wh-L") are the highest among all the cells presented in Figures 6.13b and
c. In this regard, Pb seems to be a feasible SIB electrode candidate and worth our further investigation,

especially taking the low cost and abundance of Pb into account.
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Figure 6.13 (a) The gravimetric Ragone plot of the Na-ion full cells with 30 pm-thick Pb foil anode in
comparison with the recently reported Na-ion cells. It is noted that the PABs energy density given here
(green region) is based on the whole cell weight while other data are all based on the weight of the stack
(including cathode, anode, current collector, separator, and electrolyte). (b) The calculated gravimetric and
(¢) volumetric energy density comparison for different Na-ion full cells with Pb foil and other typical
anodes. Detailed information for the cell components is given in Table 6.4. (d) The stack configurations for

the energy density calculations.
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Figure 6.14 Volumetric Ragone plots of Pb foil compared to other typical anodes in Na-ion batteries.
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Table 6.3 Parameters for the stack-level energy density calculation of NMO//30Pb full cells

NMO// 30Pb full cell
Positive Areal capacity 0.9 mAh-cm™
electrode Cathode thickness/weight 72 um/9.72 mg
(NaMny .4402) Al foil thickness /weight 16 um / 4.88 mg
Separator (Celgard) 25 um/ 3.8 mg
Electrolyte ~23.53 mg
Negative Areal capacity ~15.7 mAh-cm™
electrode(Pb) Anode thickness/weight 30 pm /38 mg
Total stack thickness 143  um
Total stack weight 79.93 mg
Average voltage ~2.7V
Cell areal capacity 0.9 mAh-cm™
Volumetric energy density ~170 Wh-L-!
Gravimetric energy density ~35 Wh-kg!
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Table 6.4 Detailed parameters of the full Na-ion cells for the stack-level gravimetric and volumetric energy density calculations. Two kinds of cathodes with 65

um-thick active material, namely O3-NaNio45Zno.0sMno4Tio.102 (O3) and P2-Nag.¢7Cuo.14Fe02MnossO2 (P2) are used, with the areal capacity of approximately 3

mAh-cm2. These data are referred to literature 207.

Cathode Anode Sepgrator Electrol Areal . . . Volumetri
Thick weight . Current Average capacity/ Stack weight Gravimetric ¢ ener
. Thickness Active ICKNESS (mg) / v Voltage p ty_ (mg) / thickness | energy density rey
Active | (um) /weight | . weight collector v mAh-cm Whke'! density
materials (m) / materia (mg), diameter thickness (mg) V) 2 (hm) ( &) (Wh-L)
weight (mg) Is T (um)
12 pm disks
3.07
03 65/20.13mg Hard 75.6/10.77 24l (16 ~3.2 67.99/197.6 163.33 497.16
carbon um/4.88 mg)
3.07
03 65/20.13mg | Pb foil 30/38 LAL(16 ~3.1 90.34/136 119.08 699.78
um/4.88 mg)
. 1Al (16 3.07
03 65/20.13mg | Pb foil 6/7.6 um/4.88 mg) ~3.1 59.86/112 179.66 849.7
03 65/20.13mg Sn/C 23.8/5.5 ~2.6 3.07 62.72/145.80 143.86 547.5
03 65/20.13mg Sb/C 30.7/8.08 ~2.6 3.07 65.30/152.70 138.17 522.7
2A1(16
03 65/20.13mg | P/C 20.4/3.32 ~3.8/25 | ~2353 | pm/4.88 mg) ~2.5 3.07 60.54/142.40 143.31 539
03 65/20.13mg NTO 83.1/20.66 ~2.3 3.07 77.88/205.10 102.5 344.3
3.21
P2 65/18.8mg Hard 79.3/10.77 2 Al (16 ~2.6 66.66/201.30 141.53 414.6
carbon um/4.88 mg)
P2 65/18.8mg | Pb foil 3038 LAL(16 25 321 89.01/136 102 590.01
um/4.88 mg)
. 1AL(16
P2 65/18.8mg Pb foil 6/7.6 um/4.88 mg) ~2.5 3.21 58.61/112 154.78 716.5
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Calculations for the gravimetric (£) and volumetric (£v) energy density at stack level:

o x A )
E,(Whkg™") = Capacity x Average potential

Weight of stack (cathode + anode + electrolyt e + separator + current co llector)

%A _
E,(WhL")= Capacity x Average potential

Volume of stack (cathode + anode + electrolyt e + separator + current co llector)
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6.4 Conclusion

The Pb foil electrode exhibits an initial specific capacity of ~480 mAh-g! (areal capacity of ~16 mAh-cm2)
at 0.1 mA but stop functioning after only 3-4 cycles. The XRD tests support the formation of the four
Na-Pb intermetallic phases during sodiation, namely NaPbs, NaPb, NagPbs, and NaisPba. It is found that
some stubborn Pb regions are not sodiated even after the deep sodiation to 0.001 V vs. Na/Na*, while Na
trapping is observed in the Na-Pb electrode after desodiating to 0.8 V vs. Na/Na*, perhaps due to the
sluggish kinetics and/or complex microstructures. The SEM observations show that electrode morphology
changes dramatically during electrochemical cycling. The surface morphology of the Pb foil is found to be
more catastrophically evolving with a higher Na content during the initial sodiation while Na extraction
seems to result in the formation of cracks, voids, and mossy structure, largely explaining the fast capacity
fading. To understand which phase transformation makes a greater contribution to capacity fade, the
reversibility of each pair of phase transformations is explored in isolation. Generally and reasonably,
poorer reversibility of the phase transformations is expected at a higher sodiation depth (i.e., a higher
volume change as compared to pristine Pb). Unexpectedly, we identified that the reversibility between
NaPb and Nao¢Pbs is noticeably poorer than that between NaoPbs and NaisPbs, though both phase
transformation pairs cause comparable volume changes. Not only can the poorest reversibility of the
problematic phase transformations be well supported by the SEM analysis, but it is also well-aligned with
the literature regarding the lattice volumes, mechanical properties, electrical resistivity, and kinetic
behaviors of these Na-Pb phases. Lastly, we proposed that the Pb electrode should be cycled within a
narrower voltage range to largely exclude the problematic phase transformations. It is anticipated that this

study can provide guidance for better utilization and development of Pb foil electrodes in SIBs.
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Chapter 7: Summary and Future Recommendations

7.1 Thesis Summary
7.1.1 General Summary

This thesis explores different fundamental aspects (e.g., mechanism, kinetics, reversibility) of phase
transformations in group IVA alloy anodes, relying on robust electrochemical and structural
characterization techniques. The investigation of the Na-Si system (Chapter 3) sheds light on the possible
factors limiting the sodiation of Si, e.g., sluggish ion transport kinetic, narrow interstitial atomic space,
poor electrical conductivity, and weak atomic interaction, etc.

In the deep dive into the sodiation kinetics of the Na-Ge system (Chapter 4), the potentiostatic technique
reveals the sodiation mechanism (i.e., the interface propagation vs. nucleation-growth mechanism) of the
irreversible Ge/NaGes and reversible NaGes/Naj+Ge phase transformations by analyzing their
current-time response characteristics. With the detailed interpretation of important kinetic parameters based
on the KIMA model, we further determine the role of sodium diffusion or phase boundary movement on
phase transformations, providing an insight into the nature of the Na insertion into Ge. Additionally, two
new sodiation models are proposed, illustrating how Na is stored in Ge at low and high C-rates.

In Chapter 5, the cell configuration is optimized for the in-situ EIS measurements, which allows us to
track the impedance evolution of Sn foil electrodes reliably. The impedance analysis shows how the
impedance spectra change with increasing (de-)sodiation depths. With the help of the DRT tool, the
contribution of the charge transfer or diffusion resistance to the cell impedance is further quantified at
different states, providing an insight into the limiting factors for the phase transformation between
low-order Na-Sn phases or high-order Na-Sn phases. Moreover, the frequency-dependent impedance
imaginary part is used to more accurately determine the Na diffusivity in Na.Sn (in the order of
~10712-10°18), given that the frequency ranges dominated by diffusion and charge transfer overlaps.

The fundamental investigation of the Na-Pb system (Chapter 6) reveals the sodiation mechanism of Pb
foil electrodes, proceeding by the simultaneous formation of Na-Pb intermediate phases (i.e., NaPbs, NaPb,
NagPbs, NajsPbs) due to the kinetic limitation. Also, an examination of the reversibility of phase
transformations shows the fastest capacity decay in Pb foil electrodes occurs in the transformation between
NaPb and NagPb4, giving new insight into the origin of the poor cycle life of Pb foil anode. In addition, the
identification of this problematic transformation offers Pb foil a simple pathway to improve cycling

stability, possibly enabling the utilization of the Pb electrode in the future.
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Table 7.1 A summary of the electrochemical properties of Na-Sn, Na-Ge, Na-Pb (this thesis), compared to hard carbon and Li-Al alloy electrodes (our group results)

Apparent sodium

Gravimetric capacity Average' Electrpde—level . Calculated diffusivity at
. . Average voltage voltage in Gravimetric/Volumetric Cycle
Phase transformations (areal capacity) / . . Volume 4 room
mAh-g! (mAh-cm?) (vs.Na/Na*)/V Full cells / Energy density / change / % life temperature/
\Y (Wh-g'//Wh-cm™) om?-sl
Ha“z};:;:ﬁﬁgacg ~350 ~0.1V ~3.20 1.12/1.63 ~7.4.208 2-300 ~1010208
Na.G Ge/NaGes ~90 ~0.3 ~3.00 0.25/1.10 ~31.8 NA ~1015-1012
a-Ge
NaGeas/Naj 33Ge ~350 ~0.12 ~3.18 0.82/2.53 ~181 20 ~1012-10-10
Sn/NaisSn4 ~720 (16) ~0.1 ~3.2 2.74/3.92 ~381.6 3-4 10-12-10-1%
NaS Sn/NaSn ~225(5) ~0.2 3.10 0.59/2.50 ~106.2 10-20 10-15-10°"7
a-Sn
NaSn/NaoSny4 ~230(5.1) ~0.12 3.18 0.51/1.72 ~108.4 <10 10-13-10°1
NagSns/Nai5Sn4 ~339 (6) ~0.06 3.24 0.51/1.35 ~167.0 <10 10-12-10-13
Pb/NaisPbg ~467 (15.7) ~0.1 ~3.2 1.56/3.78 ~358 3-4 NA
Pb/NaPbs ~34 (1.15) ~0.45 2.85 0.09/0.87 ~26 150 NA
Na-Pb NaPbs/NaPb ~73.3 (2.5) ~0.3 3.00 0.20/1.21 ~74.6 20-30 NA
NaPb/NaoPby ~146.6 (5) ~0.13 3.17 0.38/1.64 ~115.3 3-5 NA
NagPb4/NajsPb4 ~213.8(7.2) ~0.08 3.22 0.49/1.69 ~142.1 10-20 NA
AV/LiAl ~1007.1(8.16) ~0.35 3.0 2.40/4.18 ~95 4-5 ~10°1
Ll'pfi‘ji/llgz;rICh 212(1.7) 0.3 3.05 0.51/0.88 ~1.4 200 ~107
Li-Al 100
o
LiAl/LizAl 145 994 (8.05) ~0.12 3.28 2.15/2.96 ~101 (60% <109
retentio
n) 145

The energy density of the full cell is calculated, assuming a 3.3 V NVP cathode or 3.4 V LFP. The volumetric capacity of hard carbon is calculated based on the
density of 1.5 g-cm™. For the Na-Ge system, the Ge thin film is used while 30 um-thick Sn, Pb, and Al foil are used for the Na-Sn, Na-Pb, and Li-Al systems.
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7.1.2 Summary of the Electrochemical Properties of Miva Electrodes

While Si, Ge, Sn, and Pb are from the same groups, they behave slightly differently when alloying with Na
electrochemically. Table 7.1 summarizes the electrochemical properties of group IVA alloy anodes in this
thesis, in contrast to the most potentially commercialized SIB anode, hard carbon, from the literature and

Al foil anodes in LIBs from our group’s past research.
(a) The sodiation mechanism

Both crystalline and amorphous Si electrodes show little sodiation capacity even at elevated temperatures
experimentally, despite the presence of Na-Si phases theoretically (Chapter 3). For the Na-Ge system, Na
can only reversibly insert into amorphous Ge, but not crystalline one. The electrochemical sodiation of Ge,
occurring through the formation of amorphous NaGes followed by the simultaneous formation of NaGe
and NaGes, is found to be kinetically limited, which accounts for a final sodiated phase Nai+.Ge with
different stoichiometry at different C-rates or temperatures (Chapter 4). Differently, the neighboring Sn
and Pb, are both active to Na electrochemically at room temperature, regardless of their crystalline states.
Also, the sodiation of Sn and Pb foils undergoes the Na-Sn or Na-Pb intermediate phases with the same
stoichiometry and follows similar mechanisms, proceeding by the simultaneous formation of these Na-Sn
or Na-Pb phases due to kinetic limitation (Chapters 5 and 6). Overall, Ge seems to be the turning point
among group IVA elements from unfavorable sodiation to favorable one, and Sn shares more similarity to

Pb in the sodium storage mechanism.
(b) Energy density, volume change, diffusivity, and cycle life

The calculated volume expansion of group I'VA alloy anodes induced by the sodiation is linearly increased
with the increasing Na content (Figure 7.1a). Figure 7.1b summarizes the volumetric energy density of Ge,
Sn, and Pb electrodes as a function of volume change. All the electrodes show a similar trend in the
volumetric energy density: the larger the volume change is, the higher the energy density is, but the
increase rate is decreasing. Intriguingly, the volumetric energy density of these alloy electrodes is close if
the same volume change is induced during the (de-)sodiation. For instance, for Sn and Pb foil electrodes, a
volumetric energy density of around 3.7 Wh-cm™ will be achieved when the electrodes are fully sodiated to
NaisSns or NajsSng phase (i.e., a volume expansion of around 360% is induced). For Ge, the volumetric
energy density is close to 3 Wh-cm? if the sodiation terminates at Na; 3sGe. These energy density values
for Group IVA alloy electrodes are 2-3 times higher than that of hard carbon.

Taking a look at each pair of phase transformations in Ge, Sn, and Pb electrodes (Table 7.1), the energy
density contributed by the transformation between low-order Na-Ma (Mmva=Ge, Sn, Pb) phases is
normally lower than that of hard carbon, and the corresponding volume change is larger than hard carbon.

In contrast, for the transformations between low-order Na-Mmva (Mna=Ge, Sn, Pb) phases, the obtained
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energy density is higher than hard carbon, but the sodiation-induced volume expansion is significantly

larger.
(a) 190 (b) s
5
— 2 o
S 80 = 4 A
z = "
[#]
)
f 60 % 34 © Ge
= & A Sn
= "f‘ @ b
= 40 a 55 24
é & Ge o
- A Sn 8
= 204 ‘£ 14
> @ Pb %
2
U T T T T T T T T >o 0 T T T T T T T T T
0.0 05 1.0 15 2.0 25 3.0 35 4.0 0 50 100 150 200 250 300 350 400 450

x (moles Li / mole metal M) Volume change / %

Figure 7.1 (a) Theoretical molar volumes as a function of Na content (x) (b) The calculated volumetric
energy density of Na,M as a function of volume change. It is noted that the hollow dots in Figure 7.1b
denote the energy density calculated based on the experimental results in this thesis while the solid line

denotes the estimated energy density of group IVA alloy anodes obtained from the literature °2.

Regarding the apparent Na diffusivities, the values in the Na-Ge and Na-Sn phases obtained
experimentally are lower than that of (sodiated) hard carbon, particularly for the Na-Sn system (Table 7.1).
Meanwhile, when compared to the Li-Al systems, their diffusivity values show less competitiveness.
Specifically, for the Na-Ge system, sodium seems to diffuse more slowly in the Ge and Na-poorer Na-Ge
phases than in the Na-richer Na-Ge phases (Chapter 4). This trend is also observed in the Na-Sn system,
namely, the faster diffusion kinetic in Na-richer Na-Sn phases than in Na-poorer Na-Sn phases (Chapter

5). These diffusion results provide a theoretical basis for the prediction of their rate capability.
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Figure 7.2 Plots of (a) cycle life versus volume change, (b) cycle life versus sodium/lithiation diffusivity,
and (c) cycle life versus average sodiation/lithiaion potential (vs. Na/Na* or Li/Li") of Ge, Sn foil, and Pb
foil electrodes (this work) compared to hard carbon (HC) °° and Al foil electrodes 4> 2% (our group

results).

For the cycling performance, the Pb foil electrode can be cycled around 150 times when partly utilized (i.e.,
limited between Pb/NaPbs transformation, Chapter 6), while the Sn foil stops functioning less than 12

cycles, regardless of full or partial utilization (Chapter 5) and Ge electrode can survive about 20 cycles.
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Further, the correlation of the cycle life with the volume change, diffusivity, and the sodiation potential of
different phase transformations in Ge, Sn, and Pb electrodes is established, as shown in Figure 7.2. Overall,
the faster diffusion and the smaller volume change, the better the cycle life. Also, the electrode cycle life
shows less dependence on the sodiation or lithiation potential, compared to the volume change and ion

diffusivity.
7.2 Future Recommendations

Several possible directions for future work on group IVA alloy anodes, inspired by the research in this
thesis, remain to be explored.

The first direction is to thoroughly elucidate the sodiation mechanism and kinetics of these alloy anodes
across a broad range of temperatures. The kinetics of Ge electrodes at higher temperatures have been
conducted in this thesis, but the temperature influence on the phase transformations of Sn/Pb is not
unknown. It is worth systematically investigating the temperature-dependent sodiation kinetics and
mechanism of Sn/Pb anodes, particularly considering that some metastable Na-Sn phases (e.g., NaSns,
NasSny) and Na-Pb phase (i.e., NasPbz) might be formed at higher temperatures.

The second direction is to understand the origin of capacity loss on these electrodes with different
thicknesses or at different C-rates and temperatures. Pursuing the goal of high energy density batteries
necessitates the use of high-loading mass and thicker electrodes (e.g., Ge), which results in sluggish
diffusion kinetics. Further, different from the conventional composite electrodes, the dense metallic foil
electrodes (e.g., Pb) with no additives have a larger transport kinetic barrier, which limits the electrode
performance. Therefore, an understanding of kinetic loss related to the charge transfer or ion diffusion is
crucial, since it guides the design and utilization of these alloy foil electrodes to achieve good
electrochemical performance. The framework developed in this work is also suitable for these kinetic
studies.

The third direction should focus on the performance optimization of these alloy electrodes, particularly
Sn/Pb foil electrodes. Sn and Pb are the most promising anodes to be commercialized among the group
IVA, given their low cost, abundance, and high gravimetric/volumetric capacity. However, our previous
studies show that when partial capacity (2 mAh-cm?) is pursued, the Sn/Pb foil electrode displays a
lifetime of below 20 and 60, respectively, which are far below the industrial requirements. One promising
strategy for minimizing the capacity loss could be rational design (e.g., nanostructure or surface coating)
and composition optimization of Sn-alloy or Pb-alloy foil electrodes. Recently Arumugam Manthiram’s
group has introduced a new approach to develop nano-structural alloy foils for lithium batteries, which is

reported to perform more stable than pure metal foil electrodes 210212

. This strategy is also expected to be
extended to sodium batteries and improve the cycling stability of Sn/Pb alloy foils. In addition, electrolyte

optimization may be another possible strategy to enhance electrode stability by forming a stable and
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uniform SEI layer on the electrode/electrolyte interface.

The final direction is to further explore the sodiation of Si, understanding the true factors limiting sodium
inclusion. Although no success has been made on the sodiation of Si at present, Si is also worthy of future
attention given its great promise as a SIB anode due to the economic and theoretical capacity metric. As
this thesis suggests the narrow interstitial space is one possible factor limiting the Na insertion,
strategically introducing the tensile stress into Si to enlarge the interstitial space of Si, e.g., through
adjusting the sputtering conditions (for Si thin film) or annealing or mechanical stretching, might be a
feasible way to enable the sodiation of Si. In addition, defective engineering (e.g., mechanically rolling or
incorporating the conductive elements) could be also possible to facilitate the sodium incorporation into Si

by lowering the nucleation barrier.
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