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Lithium-ion batteries are essential energy storage devices for modern-day technology and 

for creating a more sustainable future. One limitation is the energy density. This dissertation 

describes materials to increase the energy density of batteries, design principles to encourage 

reversibility, and examines how the structure changes with lithiation and delithiation. The first 

part focuses on nanoporous tin antimonide (NP-SbSn) as an anode material. NP-SbSn performs 

well with only 1% capacity fade after 100 cycles. To make structure-property relationships, we 

use a combination of transmission x-ray microscopy (TXM), X-ray diffraction (XRD), and 

transmission electron microscopy (TEM).  We compare these results with previous results on 

nanoporous tin to show that the use of an intermetallic stabilizes the structure and discover that 

the mechanism of lithiation involves amorphization, unlike bulk SbSn. Because of the increased 
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stability of SbSn vs Sn, NP-SbSn is cycled with sodium, a harder material to cycle with. There is 

more structural degradation, but we obtain 85% capacity retention of  after 100 cycles, To 

increase structural stability, a surface coating of aluminum oxide was added resulting in less 

structural damage under sodiation when compared to uncoated NP-SbSn.  

 The second part of the dissertation focuses on nanoporous antimony (NP-Sb). NP-Sb is 

used to study the effects of non-crystalline intermediates when cycling because we observed 

amorphization during lithiation of NP-SbSn. Unusually, Sb cycles similarly with sodium as with 

lithium. When cycled against lithium, NP-Sb has crystalline intermediates and amorphous 

intermediates, when cycled against sodium. Through XRD and TXM, we show how crystalline 

changes can have large effects on macro- and meso-scale structure. Also, we reveal synergistic 

effects when amorphous intermediates are combined with mesoporosity.  

 Lastly, we synthesize novel, icosahedral boron clusters as a cathode material through 

solid-state methods, atypical for boron cluster syntheses. These clusters are cross-linked with 

disulfides, resulting in redox active sulfur and clusters. The cluster’s role is two-fold: the cross-

linked nature prevents sulfur dissolution and provide capacity. We observe solid-state redox of 

the cluster, for the first time, and sulfur with reversible cycling. Cluster and sulfur redox are 

confirmed with operando Raman spectroscopy. 
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Chapter 1: Introduction 

Lithium-ion batteries are ubiquitous in our everyday lives from cell phones and laptops to 

vehicles and grid storage. These devices are incredibly important for a sustainable future, one not 

as reliant on fossil fuels. Lithium-ion batteries have two electrodes, an anode and cathode, and 

lithium flows from the anode to the cathode, when discharging, and vice versa, when charging. 

To increase viability of these devices, the energy density must increase. There are two ways to 

accomplish this, increase the voltage of the battery or the amount of lithium that the electrodes 

uptake. This dissertation focuses on the second method on both the anode and cathode. The first 

four chapters focus on stabilization of alloy anodes, and the last chapter examines dodecaborates 

as an alternative cathode material.  

 Alloy anodes are materials that alloy with the alkali metal during discharge. Capacity, or 

charge per gram or volume of material, is used to describe the amount of lithium that a material 

can accommodate. Alloy anodes like Si, Ge, Sb, Sn, and SbSn have much more capacity than 

graphite, the anode used in today’s batteries. However, due to incorporation of so much lithium, 

repeated expansion and contraction fracture the particles and delaminate the slurry electrode 

resulting in irreversible cycling. In our work, nanostructuring the material can increase 

reversibility because, at the nanoscale, stresses induced at the surface dissipate through the whole 

particle so that particle fracture is not an issue.  

 A relatively inexpensive way to nanostructure material is through selective dealloying. In 

this method, an alloy of a noble metal and sacrificial metal are introduced to an etchant that 

selectively etches the sacrificial metal while the noble metal re-arranges itself to minimize 

surface energy. This results in a mesoporous structure with pores on the scale of tens of 

nanometers. This method is highly tunable with time in etchant, concentration, and temperature 
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all having an impact on the final structure. For our materials, we create a hierarchical, porous 

structure by having crystalline domains that are intermetallic and some that are pure sacrificial 

metal. The dealloying of the intermetallic provides mesopores, and the etching of pure sacrificial 

domains provides micron scale pores. The large pores allow for electrolyte diffusion, and the 

small pores are void spaces for the expansion of the material to occur within. This, inward 

expansion, is preferred to outward expansion because outward expansion disrupts the slurry 

connectivity. Dealloying creates the structures in the first four chapters of this dissertation. 

 The first three chapters focus on NP-SbSn. In the first chapter, we use a combination of 

TXM, XRD, and TEM to understand the structure evolution of NP-SbSn when cycled against 

lithium. TXM is a powerful tool to image particles while charging and discharging done at the 

Stanford Synchrotron Radiation Lightsource (SSRL) beamline 6-2c. This operando technique 

provides large fields of views, ~30 µm, with high resolution, ~30 nm. Pouch cells can be used, a 

practical environment for the material, but the mass loading is much lower for cells used for 

TXM than actual application. We compare NP-SbSn with previous results on nanoporous tin 

(NP-Sn). An intermetallic, like SbSn, is beneficial because as one component lithiates, the other 

can act as a buffer for the expansion. It is fitting that when compared to NP-Sn, NP-SbSn’s 

mesostructure is more preserved. In addition to the benefit of an intermetallic, we found that 

SbSn cycles through non-crystalline intermediates which may help stabilize the structure further. 

To test the limits of the structure, we tried cycling NP-SbSn with sodium. 

 Sodium ion batteries are an alternative to lithium ion batteries. Sodium is more abundant 

than lithium, making it better economically. However, sodium is much larger than lithium, 

resulting is more detrimental volume expansion and contraction. Because it is harder to cycle 

with, we tested NP-SbSn with sodium because it showed very good stability with lithium in 
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Chapter 2. Operando XRD reveals that NP-SbSn still has the benefits of using an intermetallic 

because Sb and Sn alloy and dealloy at different potentials. TXM confirms that a mesoporous 

structure is beneficial for sodiation because the bulk SbSn expands more than NP-SbSn. 

However, unlike with lithiation, sodiation starts to fracture the pore walls, as seen with lithiation 

of Sn. Chapter 3 focuses on stabilizing NP-SbSn for sodiation by using a surface coating of 

aluminum oxide. In comparison to bare NP-SbSn, the coated sample does not expand as much 

and returns closer to its original size after delithiation, and the mesostructure is maintained better 

with the coating. This chapter also has operando TXM for the tenth cycle. We observe that by 

the tenth cycle, the structure stabilizes. On the macro-scale, there is minimal expansion and 

contraction on the tenth cycle. On the meso-scale, the pore evolution during cycling is different 

for the tenth and first cycle. In the first cycle, the pore walls break under lithiation. Whereas, 

during the tenth cycle, the pore walls expand into the void space created by the pores. This 

reveals that after initial cycling, the mesostructure also stabilizes. Chapters 1-3 try to understand 

how structural changes affect behavior on the macro and meso-scale. Chapter 4 aims to 

understand how mechanism affects structure. 

 In Chapter 1, we find that NP-SbSn cycles through non-crystalline intermediates which 

may contribute to its stability. To test how amorphous intermediates can impact macro and 

meso-scale structure, we use nanoporous antimony (NP-Sb) in Chapter 4. Sb is unique among 

alloy anodes because it performs as well, if not better, with sodium than with lithium. This is 

unusual because since sodium is larger than lithium, sodiation forces particles to expand more, 

which is detrimental to the battery. Literature suggests that this unusual cycling behavior 

happens because Sb cycles through amorphous intermediates with sodium and crystalline ones 

with lithium. In this chapter, we explore lithiation and sodiation on NP-Sb. We observe, through 



4 
 

operando XRD that lithiation of NP-Sb has lithiated antimony crystallites forming once lithiation 

starts, but, with sodiation, there is a period of amorphization before crystalline sodiated antimony 

appears. With operando TXM, sodiation does expand particles more than lithiation, but, in the 

case of NP-Sb, desodiation results in the particle returning to almost its original size. This is not 

the case for the SbSn in previous chapters. Also, more fracturing occurs with lithiation even 

though there is less expansion. In fact, when porous, cracks that do appear during sodiation heal 

when the material is cycling through its amorphous phases. This suggests that combining 

structure and mechanism can have added benefits than each by itself. Chapters 1-4 focus on 

stabilizing alloy anodes for cycling. We learned that the use of an intermetallic, surface coatings, 

and mechanism all play a role in stabilizing porous structures for cycling.  

 Chapter 5 centers on increasing the capacity of the cathode. In fact, the capacity limits of 

cathodes are even worse than anodes. Unlike anodes, cathodes are much more structurally 

limited. Common lithium iron phosphate, lithium cobalt oxide, nickel manganese cobalt oxide, 

and nickel manganese aluminum oxide are transition metals with anions surrounding them to 

stabilize the crystal structure so that lithium has tunnels or layers to intercalate into. However, 

only the transition metal performs redox, limiting the capacity to ~200 mAh/g. Researchers are 

trying to increase the capacity through oxygen redox at high voltages and use anions with more 

accessible HOMO’s, like sulfur. However, in this chapter, we use icosahedral, dodecaboranes as 

a novel platform for cathode materials. These cage-like boron clusters are very stable to 

temperature and redox. Because of delocalization across the three-dimensional cage, many 

clusters can have four oxidation states: +1, 0, -1, and -2, and the redox potential is determined by 

the substituents on the vertices. By accessing and tuning redox, these boron cluster are powerful 

tools to reimagine cathodes. Here, we react lithium iodo-dodecaborate with hydrogen sulfide to 
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make boron clusters crosslinked with disulfide bridges. We show reversible, solid state redox of 

both the sulfur and, for the first time, boron cluster as a cathode. This opens the door to different 

cathode structures that have been limiting lithium ion battery performance. 
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Chapter 2: Understanding Stabilization in Nanoporous Intermetallic Alloy Anodes for Li Ion 

Batteries Using Operando Transmission X-ray Microscopy 

2.1 Introduction 

 In recent years, alloying anodes have received tremendous attention due to their high 

energy density. Though current Li-ion battery (LIB) technology satisfies the need for consumer 

electronics, it is not ideal for larger applications such as electrical vehicles (EVs) and grid scale 

storage. Today, approximately 7000 LIBs are installed in a Tesla roadster in order to achieve its 

quick acceleration and mileage comparable to traditional vehicles that rely on combustion engines
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1 With the high capacity of alloying anodes (at least 2 times more than graphite), the gravimetric 

and volumetric energy density of LIBs can be significantly increased, leading to smaller, lighter 

weight, and lower cost battery packs.2-4  

 Among all alloying anodes, Si, Sn and Sb are the most attractive due to their high capacities 

(4200 mAh/g or 9786 mAh/cm3, 994 mAh/g or 7246 mAh/cm3, and 660 mAh/g or 4422 mAh/cm3, 

respectively), low market price, and safety.3,5 Though Si’s gravimetric energy density is much 

higher than Sn and Sb, they all have comparable volumetric densities.6 The main advantages of Sn 

and Sb are their metallic properties and high electrical conductivities that are three orders of 

magnitude higher than metalloid Si.6,7 Alloying anodes have high energy densities because they 

go through a multiple electron process as they alloy with Li+ to form Li-rich phases during charge. 

Unfortunately, this results in large volume change and significant structural reconstruction as 

alloying anodes accommodate multiple Li+ in their lattices.8-11 In addition, the slow Li+ diffusion 

in these materials typically gives rise to a Li-poor/Li-rich core/shell structure during lithiation.12,13 

The volume mismatch in such a core/shell structure can lead to substantial interfacial strain within 

a particle and lead to crack propagation and capacity fade over time. This issue has limited the 

potential of alloying anodes in commercial batteries. Recently, small amount of Si (only ~15%) 

have been incorporated into graphite anodes for EVs to improve the energy densities of the LIBs 

without sacrificing the lifetime.14,15 However, commercial devices with high content alloying 

elements have yet to be realized.  

 To overcome these challenges, many different nanostructures of alloying anodes such as 

nanocrystals,16-19 nanorods,20-22 and nanoporous networks23-30 have been made. Nanostructuring is 

known to 1) improve Li+ diffusion as the diffusion path length shortens, therefore facilitating a 

homogeneous lithiation/delithiation process,13,31 and 2) reduce the strain in the active material 
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during volume expansion through stress relaxation effects.32-34 Stress relaxation is observed when 

the stress response decreases in a nanomaterial under the same amount of strain applied to a bulk 

specimen.35,36 In bulk materials, structures typically stay in the strained condition for a finite 

interval of time, which can cause plastic deformation, leading to dislocation and crack formation. 

On the other hand, strain can be readily dissipated in nanomaterials, reducing the overall stress 

response. Among all nanostructures, a nanoporous network composed of a conductive skeleton 

made of interconnected metallic linkages with high porosity has many advantages because it 

mitigates agglomeration and the large contact resistance that occur in nanocrystal based materials. 

Furthermore, nanoporous networks are mechanically flexible and should be able to better 

accommodate the volume expansion.32,37,38   

From our previous studies, we have demonstrated the improvement in cycling capabilities 

and lifetimes using nanoporous materials in comparison to micron-sized particles and 

nanocrystals.25,39 Nanoporous tin (NP-Sn) cycled with Li showed cycling stability over 200 cycles 

with 93% capacity retention (650 mAh/g) while bulk tin (micron-sized powder) lost capacity in 

less than 10 cycles.39 This NP-Sn also outperformed tin nanocrystals that showed 80% capacity 

retention after only 70 cycles.40 Operando TXM revealed that NP-Sn showed much less volume 

expansion during cycling than bulk Sn, which also cracked upon lithiation. More interestingly, the 

pores in NP-Sn remained open throughout the entire cycle, allowing for good ion and electrolyte 

diffusion across the active material. Unfortunately, even though the overall structural stability was 

improved in comparison to the bulk, some degree of pore wall degradation was observed.  

To enhance the mechanical stability of NP-Sn, a secondary metal can be incorporated.41,42 

Intermetallics are attractive because the additional metal can act as a conductive buffer while the 

other metal alloys with Li+. Common intermetallics for tin includes SnNi,43-45 SnCu,46,47 SnCo,48,49 
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and SbSn;20,50-57 we note that only SbSn consists of two Li+ active metals. An inactive component 

(no capacity contribution) is not ideal because it can significantly reduce both the gravimetric and 

volumetric energy densities, which are important performance metrics. During lithiation, Sb first 

alloys with Li+ at ~ 0.8 V followed by the alloying reaction of Li+ with Sn (~ 0.7 V).42 This spreads-

out the lithiation process and allows the active material to have a non-reactive component at all 

times to stabilize the overall structural change and maintain good electrical contact.  

Motivated by this previous work, here we report the synthesis of a nanoporous antimony 

tin (NP-SbSn) powder with good cycling stabilities (595 mAh/g after 100 cycles with 93% 

capacity retention). These materials show improved structural integrity, as demonstrated from a 

series of operando transmission X-ray microscopy (TXM) studies aimed at understanding how 

moving from pure Sn to SbSn stabilizes the nanoporous structure. 

 

2.2 Result and Discussion 

2.2.1 Materials and Characterization 

Selective etching, also known as dealloying, is a simple and facile method commonly used 

to synthesize nanoporous metals, where a more chemically active element is selectively removed 

from a dense parent alloy using acidic or basic electrolytes or electrochemical methods. It is an 

easily scalable synthesis that has been incorporated into our experimental design to meet the 

important requirements for commercial battery electrode processing. Nanoporous metal powders 

produced in this manner can be directly integrated into composite electrodes using commercial 

battery electrode processing lines and are viable for large-scale fabrication of nanostructured 

materials.   
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To make NP-SbSn, excess Sn is etched away from the parent alloy Sb20Sn80 at.% with 4M 

HBr. X-ray diffraction (Figure 2.1a) shows that the parent alloy consists of two phases: 

Rhombohedral intermetallic β-SbSn (R-3m space group, JCPDS No. 00-001-0830) and tetragonal 

tin (I41/amd space group, JCPDS No. 01-086-2265), which are in agreement with the phase 

diagram of Sb-Sn.58,59 During dealloying, excess Sn reacts with HBr to form hydrogen gas and 

SnBr2, which is readily soluble in water, leaving only the intermetallic β-SbSn behind and breaking 

the material up into micron scale pieces.60 Sn in the intermetallic β-SbSn phase is also etched, but 

it does not get etched completely because the alloy composition is close to the percolation 

threshold for dealloying, which is the minimum geometric criterion required for the non-noble 

atoms to be connected.61 With this discontinuity, the etchant cannot readily access the non-noble 

atoms. As diffraction (Fig. 1a) shows, the crystal structure of the as dealloyed NP-SbSn well 

matches the β-SbSn phase found in the parent alloy, R-3m space group (JCPDS No. 00-001-0830). 

The reaction scheme for this process is proposed in equation 1.  

 

β-SbSn + Sn + 2HBr → β-SbSn + SnBr2 + H2         (Equation 1) 

 

 During dealloying, metal clusters of β-SbSn and porosity form as the surface rearranges in 

the absence of Sn. The porous structure of NP-SbSn can be seen in the scanning electron 

microscopy (SEM) images shown in Figures 2.1 b-d. These NP-SbSn powder are constructed from 

interconnected micron-sized particles with macropores in between due to their random 

arrangement. At higher magnification, secondary pores can be found on the surfaces of the 
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particles. These secondary pores (20-50 nm) and the nanoporous structure are also illustrated in 

the transmission electron microscopy (TEM) image in Figure 2.1e-g.   

 

Figure 2.1. a) X-ray diffraction pattern of the parent alloy and the as dealloyed NP-SbSn. Stick 

patterns of rhombohedral intermetallic β-SbSn (R-3m space group, JCPDS No. 00-001-0830) and 

tetragonal tin (I41/amd space group, JCPDS No. 01-086-2265) are shown in purple and gray, 

respectively. b-d) SEM images of the NP-SbSn at low and high magnifications. e-g) TEM image of the 

NP-SbSn. h) N2 adsorption/desorption isotherms of the nanoporous SbSn material.  
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 The total surface area of NP-SbSn is calculated with the Brunauer-Emmett-Teller (BET) 

theory from the N2 porosimetry measurement. NP-SbSn, with a surface area of 5.1 m2/g, exhibits 

a type II adsorption-desorption isotherm (Figure 2.1h), representing materials with both 

macropores and mesopores. Interestingly, the H4 hysteresis observed in the isotherm suggests that 

these pores could possibly be slit-like.62 The pore size distribution is also calculated from the 

Barret-Joyner-Halenda (BJH) models. The average pore size of the mesopores is approximately 

30 nm and the calculated fractional porosity from the bulk density and the single point pore volume 

24%. These results are consistent with the porosity observed in the SEM and TEM images. X-ray 

photoelectron spectroscopy (XPS) was carried out to characterize the surface chemical 

composition of the NP-SbSn. The high resolution XPS spectra of Sb 3d/O 1s and Sn 3d signals are 

shown in Figure 2.2a. The Sb 3d trace is composed of two sets of the spin-orbit doublets 

corresponding to Sb 3d3/2 and Sb 3d5/2. The signals are fitted and assigned to two chemical states. 
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The 3d3/2 peaks at 539.6 eV and 537.2 eV correspond to SbO2
63 and Sb64, respectively. Two 

oxidation states corresponding to Sn and SnO2 were also fitted in the Sn 3d spectra. The binding 

energy at 484.7 eV matches metallic Sn65 while 486.6 eV agrees well with SnO2.66 The binding 

energy of 531 eV in the O 1s spectrum, which overlaps with Sb 3d 5/2, corresponds to the oxygen 

in SbO2 and SnO2.64,66 This indicates the presence of a thin oxide layer on NP-SbSn surfaces that 

is likely formed during the DI water washing steps after dealloying. Because zero valent metal can 

 

Figure 2.2. X-ray photoelectron spectroscopy of NP-SbSn a) before  and b) after Ar beam etch. Most 

of the oxide layer was gone after the Ar etch, suggesting that the surface oxide layer is thin.   



14 
 

still be observed, despite the very shallow penetration depth of the XPS experiment, we know that 

the oxide layer is only a nanometer or two thick. To further confirm that the oxide layer is 

extremely thin, another set of XPS data were collected after an Ar etch to remove the surface oxide 

(Figure 2.2b). Similar metallic Sb and Sn peaks were observed before and after etch, but the Sb4+ 

peak at 539.6 eV disappears and the Sn4+ from SnO2 at 486.6 eV dramatically decreases in intensity 

in the etched XPS spectra. 

   

2.2.2 Electrochemistry 

 The electrochemical performances of NP-SbSn are investigated in half cells against lithium 

metal using both cyclic voltammetry (CV) and galvanostatic cycling (GV). The CV curves (Figure 

2.3a) of the first five cycles were obtained at 0.1 mV/s from 0.05 V-1.5 V. Due to the native oxide 

layer (SbO2/SnO2) and the formation of a solid electrolyte interphase (SEI), a slightly different 

redox signature is observed in the first cycle.57,67,68 The reduction peak at 0.75 V corresponds to 

the reduction of SbO2 and SnO2 to Sb and Sn metals. This is followed by a series of alloying 

reactions, first between Li and Sb, and then between Li and Sn at slightly lower voltages to form 

the final alloy phases. The reaction pathway for this process is summarized in Equations 2-4. Note 

that the Li-Sb alloying reaction and electrolyte decomposition both occur around 0.75 V on the 

 

Figure 2.3. a) CV curves for the first five cycles of NP-SbSn at 0.1 mV/s. b) Galvanostatic charge and 

discharge profiles for the 1st, 2nd, 5th, 10th, and 20th cycle of NP-SbSn. c) Long term cycle lifetime study 

of NP-SbSn up to 100 cycles at 0.2C.  
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first cycle, resulting in peak asymmetry and a large current response. In subsequent cycles, a 

doublet at 0.81 V is observed as lithium alloys with Sb to first form the intermediate phase Li2Sb, 

and then the lithiated phase Li3Sb.16 Starting around 0.6 V, metallic Sn then alloys with lithium 

through three major phase transitions that form Li2Sn5, β-LiSn and finally Li4.4Sn.42,69 Upon 

reverse reaction, a similar series of peaks can be observed, corresponding to oxidation of Sn (0.6 

V, 0.73 V, 0.8 V) and Sb (1.1 V). This series of discrete peaks suggests that the nanoporous 

material is following the same sequential alloying process as that observed in the bulk.     

 

(SbO2, SnO2)surface + xLi + xe- → yLi2O + (Sb, Sn)surface        (Equation 2) 

(Sb, Sn)surface + SnSb + 3Li+ + 3e-  ↔ Li3Sb + Sn          (Equation 3) 

Li3Sb + Sn + yLi + ye- ↔ Li3Sb + LiySn (0 ≤ y ≤ 4.4)          (Equation 4) 

 

Figure 2.3b shows the galvanostatic charge and discharge curves of NP-SbSn collected at 

0.2C from 0.05 V to 1.5 V. During the first cycle, NP-SbSn delivered 861 mAh/g on discharge 

and 562 mAh/g on charge. This first cycle irreversibility (65%) can be attributed to the SEI 

formation and the reduction of the surface oxides on the NP-SbSn. After the formation of a stable 

SEI on the first cycle, the charge capacity and the coulombic efficiency of the subsequent cycles 

significantly improved as shown in the GV curves of the 2nd, 5th, 10th and 25th cycle. This stability 

is further demonstrated in the long-term cycling study (Figure 2.3c) where 595 mAh/g of charge 

capacity is attained after 100 cycles at 0.25C with 99% capacity retention.  
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2.2.3 Mechanism of Lithiation 

Ex-situ X-ray diffraction (XRD) and high resolution transmission electron microscopy 

(HR-TEM) with accompanying 2D fast Fourier transforms (FFT) were used to investigate the 

phases present during lithiation and delithiation in dealloyed NP-SbSn. The starting material is 

semi-crystalline SnSb, with a small amount of residual Sb, as shown in the bottom pattern in Figure 

2.4a and the TEM images in Figure 2.4b. The semi-crystalline nature of the starting phase is 

expected for a dealloyed material synthesized at room temperature.70
 When cycled to 0.75 V vs. 

Li/Li+, the crystalline metal peaks disappear and broad peaks corresponding to two lithiated Sb 

phases appear in the diffraction patterns (Figure 2.4a). These peaks can be indexed to a mixture of 

nanoscale Li2Sb and Li3Sb (JCPDS No. 00-032-0037 and No. 00-004-0791) and indicate demixing 

of Sb and Sn to form pure lithiated Sb domains. JCPDS stick patterns for -Sn (JCPDS No. 00-

001-0926) are also included, although no distinct Sn peaks can be discerned in the pattern, 

suggesting that the Sn is mostly amorphous. HR-TEM images (Figure 2.4c) confirm the presence 

of multiple crystalline Li2Sb domains and a few diffuse lattice fringes corresponding to semi-

crystalline Sn. Moreover, the homogeneous dark contrast observed in Figure 2.4b is replaced by 

mottled few-nm sized regions of dark and light contrast, corresponding to delithiated and lithiated 

metal, respectively, as expected in nanosized, phase-separated partly lithiated SbSn. In the fully 

lithiated sample, X-ray diffraction (Figure 2.4a) shows only broad peaks roughly corresponding to 

Li3Sb. The JCPDS stick pattern for Li22Sn5 is also included and may account for some of the broad 

diffraction intensity, but it is clearly poorly crystalline. In agreement with the diffraction, only 

lattice planes corresponding to Li3Sb are observed in TEM images of the fully lithiated sample 

(Figure 2.4d), again indicating that the lithiated Sn is poorly crystalline. It is not unusual for 

nanoscale Group IV elements to be amorphous when lithiated.71,72  In addition, the mottled contrast 
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seen in Figure 2.4c is replaced by more homogeneous density in Figure 2.4d, as expected for a 

fully lithiated sample. 

Upon delithiation, similar phases are observed. In the partly delithiated sample, X-ray 

diffraction (Figure 2.4a) is dominated by Li3Sb, with additional broad intensity that may 

correspond to Li2Sn and poorly crystalline Sn, as expected. The TEM image (Figure 2.4e) also 

shows a mixture of Li3Sb and Li2Sb, as well as a small amount of SbSn, suggesting that the 

 

Figure 2.4. a) Ex-situ X-ray diffraction collected on NP-SbSn electrodes in various states of 

charge, ordered bottom to top.  Potentials are the same as those described below for panels 

b-f.  For all samples, stick patterns for relevant phases are shown below each pattern. Phase 

labels are color matched to the stick pattern and are included only near the pattern where 

that pattern is first included. c-f) TEM images and electron diffraction patterns of NP-SbSn 
electrodes in various states of charge: b) pristine/uncycled, c) lithiated to 0.75 V vs. Li/Li+, d) 

lithiated to 0.05 V vs. Li/Li+, e) delithiated to 0.8 V vs. Li/Li+, and f) fully delithiated to 1.45 V 

vs. Li/Li+.  For each image, regions that show clear lattice fringes are shown with open squares 

along with the 2D FFT of that region.  Indexing of spots in the FFT is given in the inset. Good 

consistency is found between XRD and TEM characterization of the samples.  
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intermetallic can reform upon Sn delithiation. In Figure 2.4e, contrast is again mottled, indicating 

a mixture of phase separated lithiated and unlithiated metal.  Finally, after full delithiation, TEM 

(Figure 2.4f) shows a return to a more homogenous dark contrast and diffuse lattice planes 

corresponding mostly to Sb (the most crystalline phase), but  some Sn and SbSn lattice planes are 

also observed.  This suggests that SbSn does not fully reform in the nanoporous network after the 

first cycle, and subsequent lithiation occurs from a nano-phase separated material. This geometry 

may be important for the mechanical stability described below and observed using TXM. 

Interestingly, the material is also much more amorphous than when it started, as indicated by both 

X-ray diffraction and TEM (Figure 2.4a,f). Indeed, no clear peaks can be observed in the 

diffraction pattern. This amorphous, nanoscale structure may help with cycling stability, as 

amorphous phases have been observed to show much better reversibility upon alloying and 

dealloying than crystalline phases.73,74  
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2.2.4 Operando Transmission X-ray Microscopy Study  

To understand the role of Sb in improving stability, operando TXM was performed at the 

Stanford Synchrotron Radiation Lightsource (SSRL) beamline 6-2. Two-dimensional X-ray 

images were collected continuously during electrochemical cycling on multiple particles to ensure 

that changes in the particles and pore sizes are representative of the active material. A time interval 

between images of ten minutes was chosen to provide sufficient data while still preventing beam 

damage. TXM is a very powerful tool and has been used to study many systems to understand their 

morphological and chemical changes during electrochemical cycling.12,75-78. From our previous 

operando TXM study on NP-Sn, some structural change (particle shape change) was observed due 

to pore wall degradation during lithium alloying and dealloying (Figure 2.5a).39 This occurs despite 

the fact that NP-Sn demonstrated good cycling capabilities and lower volume expansion than bulk 

tin (Figure 2.5c). By contrast, particle shape change was not observed in NP-SbSn during cycling, 

as seen in Figure 2.4b. Indeed, even though NP-SbSn shows slightly larger volume expansion than 

NP-Sn (59% and 50%, respectively, Figure 5c), the shape of the NP-SbSn particles stayed nearly 

 

Figure 2.5. Absorption images of a) NP-Sn and b) NP-SbSn at OCV (left), fully lithiated (middle) and 

delithiated (right). c) Areal expansion of bulk and NP-Sn and NP-SbSn throughout the first cycle. Both 

NP-Sn and NP-SbSn expand much less than bulk Sn. 
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invariant throughout the lithiation and delithiation process, despite the formation of a few minor 

cracks. The presence of a non-reacting component at all potentials apparently prevents dramatic 

restructuring of the active material and allows the particle to preserve its shape.   

In addition to the shape retention, the improved structural integrity can also be seen in the 

pore size evolution throughout cycling. Pore size distributions were quantified by thresholding 

images to convert grayscale data to black and white and then creating histograms of the resulting 

pore areas. With NP-Sn, a significant increase in average pore size was measured by the end of 

the cycle due to pore wall degradation and the merging of neighboring pores (Figure 2.6a,b). This 

process is briefly described here, but a detailed analysis can be found in our previous work.39 When 

NP-Sn starts to lithiate, the pore size first decreases slightly as the pore walls expanded into the  
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void spaces. As lithiation continued, the pore walls break, causing neighboring pores to 

 

Figure 2.6. a) Pore size evolution of NP-Sn and NP-SbSn throughout the first cycle. High magnification 

absorption images of b) NP-Sn and c) NP-SbSn at OCV (left), lithiated (middle), and delithiated (right).  
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merge (Figure 2.6a). This fragmentation continued throughout delithiation, resulting in a bimodal 

pores size distribution by the end of the cycle, with a new population of larger pores formed by 

pore merging observed in addition to the original smaller pores that survive the alloying process.39 

Very different pore size evolution was observed for the NP-SbSn in this work (Figure 

2.6a,c). In NP-SbSn, the pores contracted significantly during lithiation due to extensive pore wall 

expansion into the pores as lithium alloys with SbSn to form Li3Sb and Li4.4Sn, but they do so 

predominantly without wall fracture. During delithiation, this allows the pores to grow back to 

their original size without significantly damaging the porous structure (Figure 2.6a). Figures 6c 

shows the absorption TXM images of NP-SbSn at OCV, and in the lithiated and the delithiated 

states. Similar pore size evolution can also be observed for other NP-SbSn particles. In considering 

the details of the pore size histograms, we observe only one population with an average pore area 

< 0.5 μm2 in NP-SbSn at OCV, and as lithiation proceed, the average pore area decreases 

significantly to approx. 0.1 μm2. After delithiation, most of the pores return to their original < 0.5 

μm2 size.  A very small population of slightly larger pores (1-2.25 μm2) was found, suggesting 

some degradation in the pore walls, but nothing on the scale of the large scale pore breakage found 

in the NP-Sn.   

Interestingly, the most dramatic changes in pore size (Figure 2.6a) are associated with 

lithiation of the Sn (below 0.55 V vs. Li/Li+) rather than lithiation of the Sb (0.6V vs. Li/Li+ and 

higher).  By contrast, the largest changes in overall particle area occur at potentials where the Sb 

is lithiated (Figure 2.5c). This suggests that lithiation of the Sb to create crystalline Li3Sb 

mechanically expands the porous grain, similar to many other main group alloy anodes. Once 

formed, however, the crystalline Li3Sb locks the porous network structure in place. The amorphous 

lithiated Sn that is formed in subsequent steps, is then forced to occupy internal pore volume, rather 



23 
 

than further expanding the overall size of the porous grain. Because the Sn is present and 

unreactive while Li3Sb is forming, and Li3Sb is present and unreactive when Sn is lithiating, the 

porous network is never fully in flux. Thus the pore walls do not have an easy opportunity to 

fracture, as they do in the NP-Sn material. We thus hypothesize that it is the combination of a two 

component system, nanosized domains of each component, and the mechanical flexibility of 

amorphous Sn and LixSn combined with the rigidity of crystalline Li2Sb and Li3Sb that allows for 

such good preservation of the nanoscale pore system upon lithiation and delithiation. 

It is important to note that even though the pore size decreased during charge, the pores are 

still opened in the fully lithiated state. This is critical to allow for uniform lithiation and 

delithiation, which mitigates crack propagation induced by interfacial strain. The homogeneous 

lithiation/delithiation process can also be confirmed by the even change in optical density across 

the particle at each potential, as seen in Figures 2.4. A previous study by Chao and et al. showed 

that although bulk SbSn experiences a more gradual volume expansion compared to bulk Sn due 

to the two-step electrochemical process, a core-shell structure was still obtained during cycling 

due to slow lithium diffusion through the bulk solid. This core-shell structure eventually leads to 

crack formation in the shell.12  

 The mechanical stability of our NP-SbSn was also examined after 36 cycles. Note that 

operando TXM of the 1st cycle and the 36th cycle are taken on different particles/electrodes due to 

limited beamtime. Precycling of the 36th cycle cell was done in house prior the operando TXM 
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study at SSRL. The particle remains completely intact (Figures 2.7a) and the degree of expansion 

upon lithiation has decreased to only 25% on the 36th cycle, suggesting that the pore structure in 

NP-SbSn has been stabilized (Figure 2.7b). The reduced grain expansion on the 36th cycle may be 

 

Figure 2.7. a) Low and high magnification absorption images of NP-SbSn during the 36th cycle at OCV, 

at 0.05 V, and at 1.5 V. The change in areal expansion (b) and pore size (c) throughout the 36th cycle.  

After 36 cycles, the NP-SbSn shows less overall grain expansion, but a similar pore size decrease, 

compared to the original NP-SbSn material. 

 



25 
 

related to the fact that the NP-SbSn is almost completely amorphous after the first cycle (Figure 

2.4), and may lithiate more facilely and with less strain from this amorphous state. 

At smaller length scales, the same general trend in pore size evolution is observed in both 

the 1st and the 36th cycle, with the pores first shrinking and then expanding back to their original 

size (Figure 2.7c). One difference is that the pore sizes in the 36th cycle are all shifted to slightly 

larger size than those observed in the first cycle, a result that is likely due to a small amount of 

pore wall degradation occurring over time. In addition, the pore size changes  occur over a broader 

range of potentials, suggesting that after 36 cycles, both lithiated Sb and lithiated Sn can expand 

into the pore space, in agreement with the smaller particle level areal expansion (Figure 2.7b). The 

excellent stability of the pore system after repeated cycling is a testament to the robust nature of 

the nanoporous architecture.  

 

2.3 Conclusion 

 In this study, we have successfully synthesized a nanoporous NP-SbSn powder with good 

cycling stability by taking advantage of the combined structural stability that intermetallic and 

nanoporous structures provide. These intermetallic 3D conductive materials with open pores were 

synthesized via a one-step dealloying method, and showed a reasonable cycle life with only 1% 

capacity fade of 100 cycles. Ex-situ diffraction and TEM indicate phase separation of the Sb and 

Sn upon lithiation into nanosized domains, and  the Sb forming crystalline domains when lithiated 

and the Sn forming amorphous structures in all states.  Operando TXM was used to show that the 

porous structure of these NP-SbSn materials are well retained upon cycling and show significantly 

better structural stability than the pure Sn analogue, NP-Sn, which was studied previously. Very 

little pore wall degradation was observed upon alloying and dealloying with lithium and the 
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lithiated Sn and Sb appear to expand into the pore spaces, decreasing the pore size. More 

importantly, the good structural integrity was still observed after 36 cycles, demonstrating the 

robust nature of the nanoporous network. This work thus provides a direct observation of how 

intermetallics can interact with a nanoscale structure to further stabilize alloy anodes during charge 

and discharge. It appears that by having two elements that lithiate and delithiate at different 

potentials, there is always a non-reactive component stabilizing the nanostructure, and by having 

a plurality of nanoscale pores, the large volume expansion can be effectively be accommodated. 

The work further suggests that having one crystalline component (Li3Sb) and one amorphous 

component (LixSn) can provide an optimal combination of mechanical rigidity and flexibility. This 

nanoporous intermetallic NP-SbSn with good structural stability, electronic conductivity, and 

ion/electrolyte diffusion pathways has what appears to be a very favorable architecture to serve as 

an alloy anode. Given the observed stability with Li+, these materials can potentially be cycled 

with even larger ions such as Na+ and K+ for alternative energy storage systems.  

 

2.4 Experimental Section 

2.4.1 Synthesis 

Nanoporous antimony tin (β-SbSn) was made from a one-step chemical dealloying synthesis. A 

parent alloy of Sb20Sn80 at.% was made by melting the stoichiometric amounts of Sb (Alfa Aesar) 

and Sn (Sigma Aldrich) in a graphite crucible under Ar flow at 700 o C then cooled to room 

temperature. To make a homogeneous alloy, the alloy was then heated and cooled several 

times at 400 o C. The extra Sn in the parent alloy was then etched away with a 4M HBr (Sigma 

Aldrich) electrolyte for 21 hr to make the nanoporous structure. After etching, the nanoporous 
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antimony tin powder is washed with water and ethanol several times. The synthesis of the NP-Sn 

was reported previously.24  

 

2.4.2 Characterization 

Powder X-ray diffraction (XRD) was performed on a D8 (Brucker) and a PANalytical X’PertPro 

diffractometer operating with Cu Kα radiation (λ = 1.5418 Å) with a voltage of 45 kV and a current 

of 40 mA. XRD patterns were recorded in the range of 10° < 2𝜃 < 80° using a 0.03° step size. 

Scanning electron microscopy (SEM) images were obtained using a model JEOL JSM-6700F field 

emission electron microscope with 5 kV accelerating voltage and secondary electron detector 

configuration. Transmission electron microscopy (TEM) was performed using a FEI Technai G2 

TF20 High-Resolution EM, CryoEM and CryoET operating at an accelerating voltage of 200 kV 

with a TIETZ F415MP 16 megapixel 4k×4k CCD detector. Nitrogen porosimetry was carried out 

using a Micromeritics TriStar II 3020. The surface area was calculated from the adsorption branch 

of the isotherm (between 0.04 – 0.30 P/Po) using the BET model. The pore diameter and pore 

volume were also calculated from the adsorption branch of the isotherm using the BJH model. 

XPS analysis was performed using a Kratos Axis Ultra DLD with a monochromatic Al K-α 

radiation source. The charge neutralizer filament was used to control charging of the sample, a 20 

eV pass energy was used with a 0.1 eV step size, and scans were calibrated using the C 1s peak 

shifted to 284.8 eV. The integrated area of the peaks was found using the CasaXPS software, and 

atomic ratios were also found using this software. The sample was etched with an Ar beam (raster 

size 1 mm x 1 mm) at 4 kV for 1 minute 
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2.4.3 Electrochemical Testing 

Carbon-based slurries with 70 wt.% NP-SbSn, 15 wt.% vapor grown carbon fibers (Sigma), and 

15 wt.% carboxymethyl cellulose (Mw=250K, Sigma Aldrich) were used for all 

electrochemical testing. All electrochemical cycling were performed in Swagelok cells with 

glass fiber separators (Advantec) and 1M LiPF6 (Oakwood Inc) in ethylene carbonate: 

diethylene carbonate (1:1 vol.%) (Sigma) containing 5% fluorinated ethylene carbonate (TCI 

America). Samples were cycled against lithium. 

 

2.4.4 Sample Preparation for Ex-Situ X-Ray Diffraction and Transmission Electron 

Microscopy  

Electrodes were cycled in Swagelok cells to the voltage of interest: 0.75 V vs. Li/Li+ for partially 

lithiated, 0.05 V vs. Li/Li+ for fully lithiated, 0.8 V vs. Li/Li+ for partially delithiated, and 1.5 V 

vs. Li/Li+ for fully delithiated. The cells were disassembled, and the electrodes were washed, dried, 

and sealed in Kapton tape for diffraction. The TEM samples were prepared by scraping the 

electrode off of the copper current collector into dry acetonitrile in a glovebox. These solutions 

were sonicated for 1 hour before casting onto TEM grids and dried.   

 

2.4.5 Operando Transmission X-ray Microscopy 

A different set of carbon-based slurries and cells were made specifically for imaging purposes. 

These slurries consist of only 25-50 wt.% NP-SbSn, 30-55 wt.% vapor grown carbon fibers, and  

20 wt.% carboxymethyl cellulose. Less active material has to be used for TXM imaging in 

order to reduce the probably of the particles overlapping. Pouch cells were used for the TXM 

measurements and were sandwiched between two aluminum plates with imaging holes. Be 
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windows between the plates and cell ensure uniform pressure across the imaging hole and the rest 

of the cell. Components in the pouch cells include 0.5 mm lithium foil as the counter electrode, 

Celgard (gift from Celgard) soaked in 1 M LiPF6 in a 1:1 ethylene carbonate/dimethylcarbonate 

solvent (Sigma Aldrich) with 5% (v/v) fluorinated ethylene carbonate (TCI America) as the 

electrolyte. For the operando TXM study collected on the 36th cycle, the electrode was precycled 

in a Swagelok cell for 35 cycles, disassembled in an Ar glovebox, and transferred into a pouch cell 

for the TXM experiment with everything else the same as described above.   

Transmission X-ray microscopy of NP-SbSn was performed on beamline 6-2C at the SSRL. 8.95 

KeV X-rays were used to perform investigations of electrode morphology at the nano/meso scale. 

The X-ray energy was chosen to be directly below the Cu K-edge to minimize attenuation from 

the Cu current collector. The spatial resolution of this microscope is ~30 nm, and the field of view 

at 8.95 KeV is 38.3 μm. Details regarding the operando transmission X-ray microscopy 

experiments on NP-Sn can be found in our previous study.39 

During operando imaging, the cell was galvanostatically charged and discharged at 0.25C with a 

VSP potentiostat/galvanostat (Bio-Logic) between 1.4 – 0.05V vs. Li/Li+. A three by three mosaic 

consists of nine TXM images (38.3 μm x 38.3 μm) were collected at 10-12 regions in the cell. The 

mosaics were collected continuously (every ten minutes) during cycling. A camera binning of two 

(four pixels are averaged into one) was used to further improve the image quality. These 

parameters result in a pixel size of ~35 nm. 

 

2.4.6 Data Processing 

X-ray micrographs were processed using an in-house developed software package known as TXM-

Wizard.79 The reference correction was done in TXM-Wizard and the images were further 
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processed using ImageJ. The reference corrected images were first converted to 8-bit images in 

ImageJ in order to linearly scale all pixels within the image to 255 different grey-levels (0 being 

white and 255 being black). A threshold was then applied to the image to differentiate the grey-

level of the particle and the background. Since TXM is an absorption measurement, all features of 

interest are light while background is black. The particle area was then calculated by totaling the 

number of pixels within the particle after the threshold was applied.  

Images used to determine pore size distributions were further processed in ImageJ. The grey scale 

image described above were thresholded again to convert the 255 grey-levels to black and white. 

A black and white representation of the porous network provides sharp edges and makes the pore 

more distinguishable. Black regions (i.e. pores) connected by 4 pixels or more were considered 

individual domains representing individual pores, and the area of each pore was quantified using 

ImageJ. For this analysis, we magnified the pixelated NP-SbSn grain to find a region where pores 

could be easily distinguished, then measured the number of pores present and the area of each 

individual pore at each voltage plateau during lithiation and delithiation. Average pore area and 

the standard deviation of the pore area were also calculated for each voltage plateau. In addition, 

a series of histograms with 0.25 μm2 binning were constructed in an effort to study the change in 

pore size distribution within NP-SbSn upon cycling.  
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Chapter 3: Using Transmission X-Ray Microscopy to Understand Stability in Nanoporous 

Antimony Tin for Application as Sodium Ion Battery Anodes 

3.1 Introduction 

To extend the technology and application of rechargeable batteries beyond personal electronics 

to electrical vehicles and grid-scale storage, which is critical to the growth of renewable energies, 

batteries with lower cost and higher energy density need to be developed. Though lithium-ion 

batteries (LIBs) are currently the system of choice for many portable power applications, sodium-

ion batteries (SIBs) have gained tremendous interest in recent years as an alternative because of 

sodium’s earth abundance and similar alkali chemistry.1,2 SIBs offer a significant cost advantage 

over LIBs due to the possible shortage and associated price increase in lithium.3 Though Li+ and 

Na+ undergo comparable electrochemical processes during cycling, the sodium analogue of many 

materials established for LIBs cannot readily be used in SIBs.4 This incompatibility is due to the 

larger ionic radii of Na+, causing certain reactions to be thermodynamically unfavorable and 

making it difficult to find host lattices with adequate capacity. 1,4,5 In addition, it results in slower 

kinetics, and poor cycling stability as it induces significant structural distortion and 

rearrangements during charge and discharge.4,6-10 

Today, significant progress has been made on SIB cathodes while the anode side falls far behind. 

Graphite, which can readily intercalate Li+, does not intercalate Na+ well because it is not 

energetically favorable and therefore results in Na plating.11-13 However, hard carbon, also known 

as non-graphitized carbon, has recently demonstrated promising potentials as a SIB anode. 14, 15 

With the increased defect sites and layer spacing between the randomly oriented graphene sheets 

in non-graphitized carbon, Na+ are allowed to intercalate/ deintercalate reversibly into the 

system.13, 16, 17 Though hard carbon is attractive because of its low cost, the specific capacity is 
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still low (300 mAh/g). To increase the energy density of SIBs, alloying anodes with high 

theoretical capacities are good candidates.18-21 Similar to alloying anodes used in LIBs, these 

anodes also go through a series of alloying reactions with Na+ to form Na-rich phases during 

cycling. This multi-electron process offers at least two times more energy density than hard carbon. 

Among all, Sn and Sb have been widely studied due to their decent theoretical capacities and high 

electrical conductivities compare to other metals (Bi, Pb), metalloids (Ge, As) and polyatomic 

nonmetal compounds (P).22,23 Sn and Sb have electrical conductivities of 9 ×104 Scm-1 and 2.5 

×104 Scm-1 and theoretical capacities of 847 and 660 mAhg-1, respectively.2,24 Unfortunately, due 

to a larger ionic radius and much slower kinetics compared to Li+, these alloying anodes suffer 

from even more drastic volume changes and shorter lifetime.25,26 

In order for alloying anodes to survive this tremendous volume change and repetitive structural 

rearrangement during Na+ intercalation and deintercalation, mechanically stable architectures 

have to be designed. The architecture should include a robust yet flexible conductive scaffold with 

volume expansion accommodation during cycling. This can be achieved by implementing the 

two of the following strategies: 1) Using an intermetallic (e.g., SbSn) instead of a single metal 

(e.g., Sn or Sb) as the active material. Intermetallics with two active components that alloy with 

Na+ at different potentials are more mechanically stable because at any given voltage there is an 

unreactive component stabilizing the overall structure.27-31 2) Adopting a 3D nanoporous 

architecture with void spaces for materials to expand into without inducing and accumulating  

stress. This can therefore reduce the overall volume expansion and structural 
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damage. 32 -39 In addition, nanoporous structures allow for better electrolyte penetration and 

kinetics, resulting in a more uniform sodiation/desodiation process. 

 

3.2 Synthesis and Characterization 

 

In this work, we have synthesized a nanoporous antimony tin powder (np-SbSn) that resembles 

a dynamic, conductive skeleton made of interconnected metallic networks and high porosities. 

This np-SbSn exhibits long cycle lifetimes (85% capacity retention after 100 cycles), decent 

capacity (434 mAh/g or 1098 mAh/cm3), and a scalable processing route that involves selective 

dealloying. In addition to the electrochemical cycling studies, operando transmission X- ray 

microscopy was performed to correlate the structural changes in micron-sized SbSn (b-SbSn) and 

np-SbSn during volume expansion to their different cycling performance. Together, these 

methods demonstrate the promise of optimizing both composition and nanoporous architecture for 

new sodium ion anodes. 

A common method to make homogeneous nanoporous metals and intermetallics is through 

dealloying. Dealloying occurs when an alloy is immersed in an electrolyte under a driving force 

such that the more reactive component dissolves and the more noble component remains stable in 

the metallic and intermetallic form, resulting in the formation of a 3D bicontinuous network of 

randomly interconnected nanochannels and nanostruts.40,41 The np-SbSn powder used in this study 

was dealloyed from a Sb20Sn80 at.% parent alloy with strong acid HBr. Meanwhile, the micron- 

sized SbSn particles were synthesized through a solid-state synthesis. The stoichiometric amounts 

of Sb and Sn metallic powder were melted to make a β-SbSn alloy, which was later ballmilled in 

liquid nitrogen to break the alloy into powders that consists of micron-sized particles. Figure 3.1a 
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shows the X-ray diffraction pattern of both np-SbSn and b-SbSn synthesized in house. Both 

patterns match the JCPD card No.00-033-0118 for rhombohedral (R-3m) Stistaite β-SbSn phase 

with no impurities. 
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The different morphology of b-SbSn and np-SbSn can be seen from the scanning electron 

microscopy (SEM) images shown in Figures 3.1b-c and 3.1d-e, respectively. Though both b-SbSn 

and np-SbSn powders are made of micron-size particles, the morphology of the particles are very 

different. As expected, dense b-SbSn particles have very smooth surfaces whereas pores ~ 20-50 

nm can be seen on np-SbSn’s texturous surface, resembling porous structures resulted from 

 

dealloying. The distinct ligaments and pores can be seen in the transmission electron microscopy 

images in Figure 3.1f. 

The type II isotherm measured from N2 porosimetry suggests that np-SbSn consists of both 

   

Figure 3.1. Materials Characterization of b- and np-SbSn. a) XRD patterns of b-SbSn in dark gray 

and np-SbSn in blue. b-c) Low and high magnification SEM images of b-SbSn and d-e) np-SbSn. f) 

TEM image of np-SbSn g) CV of the first five cycles of np-SbSn cycled at 0.1 mV/s. h) Galvanostatic 

charge and discharge profiles of 1st, 2nd, 5th, 10th and 20th cycle of NP-SbSn. i) Longterm cycling of 

np- SbSn. 
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mesopores and macropores.42 The mesopores represent the intrinsic porosity/nanochannels in the 

np-SbSn particles while the macropores are originated from the spaces between the randomly 

arranged micron-size np-SbSn particles as seen from the lower magnification SEM images. 

Figure 3.1h shows the galvanostatic charge and discharge profiles of the 1st, 2nd, 5th, 10th and 20th 

cycle of np-SbSn at 0.2C. During the first discharge, a low 67% coulombic efficiency as  well as 

a lower voltage plateau at 0.5 V is observed compared to the subsequent cycles. This is in good 

agreement with the surface oxide reduction and SEI formation observed in the CV curves. During 

the first cycle, the charge capacity is 643 mAh/g and the discharge capacity is 434 mAh/g. After 

the stable SEI forms, these np-SbSn showed great stability in the subsequent cycle with 92% 

coulombic efficiency (Capacitydischarge = 477 mAh/g and Capacitycharge = 442 mAh/g). Even 

after 100 cycles, 85% of charge capacity was retained. The long term cycling study performed at 

a rate of 0.2C can be found in Figure 3.1i. In stark contrast to the performance of np-SbSn, b-

SbSn died after three cycles as a result of crack propagation and poor electrical contact. This is 

one of the few pure SbSn anodes that has demonstrated such stability.43 Most studies still rely on 

carbon for extra mechanical support and electrical conductivity.44-46 This conductive bicontinuous 

scaffold of np-SbSn offers great advantage over other carbon composites as it is flexible to 

accomodate volume change and favorable for the electron and mass transportation during cycling. 

These np- SbSn also cycled much better than the nanoporous tin (np-Sn) demonstrated in our 

previous study, signifying the enhanced structural stability from the intermetallic. 

To understand the electrochemical reactions occurred during sodiation and desodiation of np-

SbSn, cyclic voltammetry (CV) was performed between 0.05V and 2V with a scan rate of 0.1 

mV/s. The first five cycles are shown in Figure 3.1g. During the first cathodic scan, the broad 

peak from 0.5V- 0.05V corresponds to the formation of stable solid electrolyte interphase and the 
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reduction of surface oxides (SbO2 and SnO2) to metallic Sb and Sn follow by the alloying reactions 

of Sb and Sn metals with Na+.47-49 During the anodic scan, two peaks are observed at 0.71V and 

0.9 V and can be attributed to the desodiation process of sodiated Sb and sodiated Sn to metallic 

Sb and Sn. 50 , 51 , 52 The typical reaction pathway can be explain by Equation 1-4.6, 53 In the 

subsequent cycles, only redox pairs related to the sodiation and desodiation of Sb and Sn metals 

can be observed, indicating a stable oxidation/ reduction process with good reversibility. 

 

(SbO2, SnO2)surface + xNa + xe- → yNa2O + (Sb, Sn)surface                                   (Equation 1) 

SnSb + xNa+ + xe- → Sn + NaxSb                                                                                 (Equation 2) 

Sn + NaxSb + (3-x)Na+ + (3-x)e- → Sn + Na3Sb                                                          (Equation 3) 

Na3Sb + Sn + 3.75Na + 3.75e- ↔ Na3Sb + Na3.75Sn                                                  (Equation 4) 

 

3.2 Operando X-Ray Diffraction 

 

However, due to the nanoscale properties of the np-SbSn, operando X-ray diffraction was done 

at Stanford Sychrotron Radiation Lightsource (SSRL) beamline 11-3 to uncover the mechanism 

of sodiation of nanoscale SbSn. Figure 3.2 shows the results of these measurements. In the 

beginning, we observe peaks at ~2.05 and 2.92 A-1 associated with rhombohedral (R-3m) Stistaite 

β-SbSn. As sodiation occurs, this peak disappears and no other peaks appear. This is reasonable  

because Sb sodiates through amorphous intermediates, and it is common for Group IV elements, 

like Sn, to be amorphous.54,55 At the end of sodiation, small crystalline Na3Sb (JCPD No. 00-

004-0724) peaks emerge at ~1.50, 2.40, and 2.35 A-1 indicating that the fully sodiated antimony 

phase separates from sodiated Sn. 6,56 As desodiation begins, the Na3Sb peaks persist. Therefore, 
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Sn desodiates before Sb, and Na3Sb stay separated. These peaks are present for much of the 

desodiation, but eventually they fade because Na3Sb desodiates. This confirms that Sb and 
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Sn alloy at different potentials allowing one component to buffer the expansion of the other, a key 

to intermetallic stabilization of alloy anodes.53,57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Operando X-ray Diffraction of np-SbSn. Galvanostat associated with the 

operando 

cycling with diffraction patterns. The green pattern indicated changing from sodiation to 

desodiation. 
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3.3 Operando Transmission X-Ray Microscopy 

To develop a structural understanding of the origins of np- and b-SbSn’s markedly different 

cycling performance with sodium, operando transmission X-ray microscopy (TXM) was 

performed at SSRL beamline 6-2C to monitor the morphological changes in bulk and 

nanoporous SbSn during cycling. The cells used for TXM have lower mass loadings than typical 

cells so there is more carbon contribution for the galvanostat. Figure 3.3a and 3.3b shows the 2D 

adsorption images of b-SbSn and np-SbSn, respectively, at open circuit voltage (OCV), 0.05V 
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(sodiated state) and 2V (desodiated state). During cycling, severe crack propagation was 

observed in b-SbSn while none were found in np-SbSn. Crack propagation is detrimental to the 

cycling performance as it can cause the particles to lose electrical contact with the slurry matrix 

and current collector.58 Moreover, crack formation introduces unprotected surfaces to the 

electrolyte. If new SEI continues to grow in every cycle, the amount of available active material 

and Li+ will be reduced, leading to capacity loss.59 As expected, b-SbSn expanded more than 

np- SbSn as shown in Figure 3.3c. Over a hundred percent (104 %) of areal expansion was 

calculated for b-SbSn while np-SbSn only expanded 68% with no physical disintegration. The 

outline of 

np-SbSn particle stayed nearly identical throughout charge and discharge. At the fully 

desodiated state, np-SbSn almost contracted back to its original size (only 24% expanded) and 

b-SbSn remained more expanded (54% expanded). Np-SbSn’s good structural stability can be 

attributed to the nanporous structure, where the diffusion of Na+ is largely improved and 

therefore enabling a homogeneous sodiation/desodiation process. This is confirmed from the 

uniform optical density observed across the particle throughout the charge and discharge 

process. 
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In addition to the overall structural change, the evolution of porosity in np-SbSn was also studied. 

Figure 3.4b-d shows the high magnification 2D TXM images of np-SbSn at OCV, sodiated and 

desodiated state. Throughout discharge, the pores had grown larger compare to the pores in 

pristine np-SbSn. Even though the pores slightly contracted by the end of the first cycle, they are 

still larger than at OCV. To quantitatively analyze the change in pore size, a series of histograms 

(number of pores versus individual pore area) were constructed. These histograms were then used 

to calculate the average pore area at each voltage plateau shown in Figure 3.4a. The trend depicted 

in Figure 3.4a is in good agreement with the TXM images and suggests that the pore wall slightly 

degraded during sodiation as the pore wall expands. This evolution is similar to what we had 

previously found in our operando TXM study on np-Sn during lithiation and delithiation but in 

a 

 

 

 

 

 

 

 

Figure 3.3. Adsorption images of b- and np-SbSn collected during operando TXM study. 

a) b- and b) np-SbSn collected at OCV, fully sodiated and desodiated state. c) Percent Areal 

expansion calculation of b- and np-SbSn throughout the whole cycle. 
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less drastic manner.36 The reduced amount of damage suggest that np-SbSn is more mechanically 

stable and can therefore cycle better with Na+. Figure 3.4e-g are the pore size distributions for the 

TXM images, Figure 3.4b-d. Most pores are still 0-1 µm2. Therefore, the average pore area shown 

in Figure 3.4a is the result of a few large pores dominating the distribution. Certain ligaments in 

the porous structure may not be as structurally sound as others resulting in fracture and pore size 

increases. Whereas, the majority of ligaments offer structural stability while cycling and keep the 

pore area increase to a minimum. Despite the degradation in the porous structure, pores remained 

open throughout cycling. This is critical in allowing for good electrolyte penetration and 

 

homogeneous sodiation/desodiation, which avoids the formation of a core shell structure and the 

lattice mismatch between the Na-rich and Na-poor phase that results in interfacial strain and crack 

   

Figure 3.4. The pore wall evolution study of np-SbSn a) Change in pore size 

throughout cycling and adsorption images of the pores at b) OCV, c) 0.05 V and d) 1.5 

V. Pore size distributions at e) OCV, f) 0.05 V and g) 1.5 V 



54 
 

formation. 

 

The good cycling performance of this np-SbSn system compared to the b-SbSn and the np- Sn we 

have previously synthesized,39 is attributed to the spread out sodiation voltage of intermetallic 

SbSn and its nanoporous architecture. Through operando TXM imaging, we have shown that the 

combination of these tools increases the structural stability of anode particles. The unique, 

interconnected, granular morphology accommodates the large volume changes taking place 

during sodiation and preserves the electrical contact with the macroporous carbon fiber electrode 

network even in the sodiated state, allowing for good electrolyte penetration to all active sites, and 

the intermetallic buffering prevents severe damage to the porous structure with most pores staying 

small throughout cycling. With this np-SbSn, we have successfully delivered 430 mAhg-1 with 

85% capacity retention after 100 cycles, which out-performs the NP-Sn we have
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previously synthesized (550mAhg-1 initial capacity, but only 50% capacity retention after 90 

cycles). 
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Chapter 4: Improved Cycling Capabilities of Nanoporous Antimony Tin with Atomic-Layer-

Deposition Aluminum Oxide for Sodium Ion Batteries 

 

4.1 Introduction 

 Rechargeable batteries with high energy densities are critical for the development of 

renewable energies as the intermittent nature of solar and wind resources produce varying amounts 

of energy based on the vagaries of weather. In order to store this energy for the grid, economic 

battery chemistries are required. Sodium-ion batteries with alloying anodes have recently become 

a promising cheaper alternative to lithium-ion batteries due to the low market price of sodium and 

the high specific volumetric energy densities of alloying anodes (3-10 times higher than 

graphite).1-6 

 Though alloying anodes such as Sn and Sb are attractive, the unstable metal/electrolyte 

interface and the materials degradation resulting from the volume change during alloying reactions 

with Na+ still hinder their use in practical devices.1-8 While nanostructuring is an effective method 

for reducing the volume expansion and crack propagation of alloying anodes,9,10 the increased 

surface area leads to increased amounts of electrolyte degradation.11 Typically, a stable solid 

electrolyte interphase (SEI) forms on the surface of an active material during the first few cycles 

as the electrolyte decomposes to form a thin layer of inorganic and organic products.12-16 

Conventional carbonate-based electrolytes with sodium salts (e.g., NaPF6, NaClO4, etc.) readily 

decompose below ~1.5 V vs. Na/Na+ to a series of carbonates, fluorides, chlorides, and oxides 

derivatives. A stable SEI that is electronically insulating and ionically conductive is beneficial 

because it prevents further electrolyte degradation by blocking the electron transport while 

allowing Na+ to pass during cycling.11 However, this can also introduce a high interfacial resistance 
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due to the ionically insulating nature of certain decomposition products and reduce the capacity of 

the device as the formation of SEI consumes the sodium ions in the electrolyte.17,18 Particularly 

with alloying anodes, stable SEIs can be difficult to form due to repetitive volume changes and 

crack propagation that expose new surfaces for SEI formation.17 Certain metals such as Sn, are 

also known to catalyze electrolyte decomposition.7,8,19 In order to enable the use of these high-

energy-density materials, controlling the stability and properties of electrochemical interfaces 

while limiting the volume expansion is crucial. 

The use of oxides and nitrides as artificial SEIs have recently demonstrated promising 

results in improved cycling stability and reversibility.20-25 These thin surface coatings not only 

prevent the formation of a SEI but also improve the structural integrity of the electrode by 

anchoring the active material to the current collector.26-28 Among potential artificial SEI oxides, 

Al2O3 is particularly attractive due to its high ionic conductivity after sodiation (and the formation 

of a Na-Al-O glass) and its robust ceramic nature.29-32 Atomic layer deposition (ALD) can be used 

to deposit a thin coating of materials. Surface coatings deposited through ALD is favorable because 

of the low deposition temperature, conformality, and tunable thickness.20,21,33 More importantly, 

the layer-by-layer atomic scale depositions allow tailoring of the exact stoichiometric composition.  

 In this study, we demonstrate the improved electrochemical performance of nanoporous 

antimony tin (NP-SbSn) with an ALD Al2O3 coating for sodium ion batteries. Intermetallic SbSn 

is chosen because the two active components alloy with Na+ at different potentials, allowing for a 

more gradual volume expansion. This reduces the stress accumulated in the materials and improves 

the mechanically stablility. Moreover, at any given voltage, there is an unreactive component 

stabilizing the overall structure.34-36 NP-SbSn with an Al2O3 coating can be cycled reversibly with 

312 mAh/g after 100 cycles. Operando transmission X-ray microscopy (TXM) was performed to 
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understand the stabilization mechanism of these coatings on nanoporous structures. In the first 

TXM study performed on alloying anodes with ALD coating, NP-SbSn with Al2O3 coating is 

shown to expand less during electrochemical cycling, allowing better retention of the porous 

structure over 10 cycles. These results provide a mechanistic understanding of surface coatings on 

nanostructured materials and indicate the viability of the approach in enabling alloying anodes for 

high energy density applications. 

 

4.2 Results and Discussion 

4.2.1 Materials and Characterization 

 NP-SbSn was synthesized using a facile selective etching synthesis. In brief, NP-SbSn was 

etched from a Sb20Sn80 at.% parent alloy, consisting of tetragonal Sn and rhombohedral β-SbSn, 

using HBr acid. As Sn (the less noble metal) dissolves into the etchant, the remaining intermetallic 

SbSn forms nanoclusters that rearrange into a bicontinuous porous structure. Details regarding this 

synthesis can be found in our previous studies on NP-SbSn’s cycling performances as lithium- and 

sodium-ion anodes. The X-ray diffraction pattern of NP-SbSn is shown in Figure 4.1a. The XRD 

pattern matches well with the JCPD pattern (No. 00-001-0830) of β-SbSn with the R-3m space 

group. 
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The optimal ALD coating thickness is dependent on the pores size of NP-SbSn. According 

to the pore size distribution calculated from the Barrett-Joyner-Halenda (BJH) model, the 

mesopores in NP-SbSn are >20 nm as shown in the inset of Figure 4.1b. Figure 4.1b shows the 

Type-IV isotherm of NP-SbSn measured from N2 porosimetry, indicating that the structure is 

bimodal with both macropores and mesopores. The total surface area is 5 m2/g calculated from the 

Brunauer-Emmett-Teller (BET) model. A 5 nm thickness of Al2O3 was chosen for this study 

because it allows the >20 nm pores in NP-SbSn to remain open after deposition of the oxide and 

 

Figure 4.1. a) Powder X-ray diffraction pattern of NP-SbSn. b) Isotherm of N2 porosimetry. 

The inset shows the pore size distribution calculated from BJH. c-d) TEM images of pristine 

and e) Al2O3-coated NP-SbSn powder. 
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previous studies have shown that open pores are crucial for suppressing volume expansion in these 

nanoporous metals during electrochemical cycling. The voids improve electrolyte penetration and 

promote a more uniform sodiation/desodiation process without the formation of core shell 

structures that lead to the propagation of cracks. Al2O3 was deposited onto NP-SbSn powder to 

demonstrate the conformality of the coatings through ALD. Figures 4.1c and 4.1d  show the TEM 

images of the pristine powder and Figure 4.1e shows the Al2O3-coated NP-SbSn particle. The 

evenly coated 5 nm artificial SEI on nanoporous particle surface can be observed. While the 

deposition of Al2O3 onto the active material is suitable for imaging, the application of an artificial 

SEI prior to electrode fabrication can result in slower ion diffusion and the obstruction of electron 

transport pathways as the oxide layer prohibits direct particle to particle contact within the 

electrode.37 Therefore, to study the cycling stability of Al2O3-coated NP-SbSn, the ALD coatings 

were deposited directly onto the composite electrode composed of active material, conductive 

additive, and binder. 

 

4.2.2 Electrochemical Cycling 

 Figure 4.2a and 4.2b show the cyclic voltammograms (CV) of the bare and Al2O3-coated 

NP-SbSn, respectively. Na+ first alloys with Sb to form amorphous NaxSb and hexagonal Na3Sb 

then alloys with Sn to Na3.75Sn. The electrochemical processes are described in Equation 1-3. The 

voltammograms of the bare and Al2O3-coated electrodes reveal very similar redox features. On the  

first cycle, NP-SbSn undergoes an activation process in which the native surface oxides reduce to 

Sb and Sn metal (Equation 4).38-40 The required overpotential for this reaction bypasses the 

antimony reduction potential (0.7 V vs. Na/Na+), resulting in the presence of a big broad peak 

starting at 0.6V (alloying/dealloying SbSn to Na3Sb and Na3.75Sn). On the following cycle, redox 
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peaks of the reversible alloy and dealloy reactions can be observed at their expected potentials and 

redox pairs at 0.55/0.9 and 0.2V/0.7 V vs. Na/Na+ represent the conversion of Sb to Na3Sb and Sn 

to Na3.75Sn, respectively.41-43 An additional peak at 0.81 V vs. Na/Na+ is observed in the anodic 

scan of the coated sample. The corresponding cathodic peak is present at 0.48 V vs. Na/Na+. This 

peak corresponds to the intermediate phase, NaxSb, of the Na and Sb alloying reaction.41 With the 

improved ionic conductivity of the coated sample and absence of the SEI, sharper and more refined 

redox peaks are revealed from the CV curve due to the improved reversibility from the ionically 

conductive ALD layer. 

 

SnSb + xNa+ + xe- → Sn + NaxSb                (Equation 1) 

Sn + NaxSb + (3-x)Na+ + (3-x)e- → Sn + Na3Sb          (Equation 2) 

Na3Sb + Sn + 3.75Na + 3.75e- → Na3Sb + Na3.75Sn                    (Equation 3) 
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 (SbO2, SnO2)surface + xNa + xe- → yNa2O + (Sb, Sn)surface        (Equation 4) 

 

Galvanostatic charge and discharge profiles of bare and Al2O3-coated NP-SbSn electrodes 

cycled at 0.1C (based on the theoretical capacity of SbSn 725 mAh/g) are shown in Figure 4.2c. 

This preliminary study was performed in a three-electrode flooded cell before the long-term study 

to demonstrate the improved cycling capability of the coated electrode in comparison to the bare. 

The lack of stack pressure in a flooded cell represents a worse-case scenario for the lifetime SbSn 

electrodes, allowing for the accelerated testing of the coating. The 530 mAh/g capacity of the bare 

 

 

Figure 4.2. Cyclic Voltammogram of the a) bare electrode and the b) Al2O3-coated electrode. 

c) Stability test of the bare and Al2O3-coated SbSn in a three-electrode flooded cell. d) Long 
term cycling of the Al2O3-coated SbSn in a two-electrode cell. 
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SbSn electrode is close to the theoretical specific capacity of 725 mAh/g. As described previously, 

alloying anodes undergo pulverization due to the volume expansion and continuous formation of 

SEI during electrochemical cycling. This results in a capacity of only 275 mAh/g after 30 cycles. 

Though the capacity of the coated sample was initially lower than the bare, it demonstrated better 

capacity retention with 318 mAh/g after 30 cycles. Better columbic efficiency is also found in the 

ALD NP-SbSn due to the lack of SEI formation on the electrode. The efficiency increased steadily 

in the first few cycles as the Al2O3 layer continues to sodiate with increased cycling, resulting in 

higher ionic conductivities. Long-term cycling of the Al2O3-coated samples in a two-electrode 

Swagelok cell is shown in Figure 4.2d. With Al2O3, NP-SbSn delivered 312 mAh/g after 100 

cycles, which is higher than the specific capacity of hard carbon, which is another promising 

alternative anode for Na-ion batteries. 

 

4.2.3 Operando Transmission X-ray Microscopy Study 

To understand the role of surface coatings in stabilizing the nanoporous structure during 

electrochemical cycling, operando TXM was performed at beamline 6-2C at Stanford Synchrotron 

Radiation Lightsource (SSRL). Operando TEM studies have been performed in attempt to 

understand the structural changes of alloying anodes with artificial SEIs,26,44-46 but are not 

compatible with the study of composite electrodes used in actual devices due to the limited field 

of view and the extinction depth of electrons.47 The use of high flux hard X-ray radiation in TXM 

offers a large field of view (15−30 μm) and a penetration depth of 100 nm -100 micron with a 

spatial resolution of 30 nm.48,49 Because of this, TXM is well suited for studying battery electrodes 

at the nanoscale under actual operating conditions.47,50 
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Figure 4.3a and 4.3b show the absorption images of NP-SbSn with and without Al2O3 

coating at OCV, 0.05V (sodiated), and 1.5V (desodiated) vs. Na/Na+. The calculated volume 

change throughout cycling is presented in Figure 4.3c. It is apparent that the coated NP-SbSn 

expands less (49%) than the bare NP-SbSn (68%) during charging and the coated NP-SbSn 

contracts close to its original size (7%) while NP-SbSn does not (25%). This difference in volume 

change suggests that the coating is physically restraining the volume expansion of NP-SbSn during 

the sodiation process due to the high bulk modulus of Al2O3 compared to the intermetallic.51,52 The 

better reversibility of the expansion and contraction of the nanoporous structure can also be 

attributed to the Na-Al-O layer that allows more uniform sodiation/desodiation of NP-SbSn 

compared to the SEI present on the bare NP-SbSn.  

 

Figure 4.3. Absorption images of the a) bare and b) Al2O3-coated SbSn particle. c) Areal 

expansion of the two electrodes throughout cycling. 
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The pore evolution during electrochemical cycling was also analyzed using operando 

TXM. Figure 4.4a shows the pore evolution throughout charge and discharge while Figure 4.4b 

shows the absorption images of the pores at OCV, 0.05 V and 1.5 V vs. Na/Na+. In addition to 

stabilizing the overall particle structure, the conformal Al2O3 coating is shown to also stabilize the 

inner porous structure, particularly the pore walls. High magnification absorption images used to 

calculate the pore size and their corresponding histograms at different voltages can be found in 

Figure 4.4b, 4.4c. A much smaller increase in the pore area due to pore wall degradation is 

observed in the coated NP-SbSn compared to the bare SbSn. Under ideal conditions, a decrease in 

pore area should occur as the particle expands isotropically during sodiation. This small degree of 

pore wall degradation in the coated sample can potentially result from the expansion of the Al2O3 

 

Figure 4.4. a) Pore evolution of bare and coated SbSn throughout cycling b) Absorption 

images of pores of the Al2O3-coated NP-SbSn powder at OCV, 0.05 V (sodiated), and 1.5 V 

(desodiated) vs. Na/Na+. The images converted to black and white are below with black 

indicating porous regions. c) Pore area distributions of each state of charge calculated using the 

black and white images in b. 

 

 

b)

c) OCV 0.05 V 1.5 V
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coating during the initial sodiation process. It has been shown that sodiation occurs at the Al2O3 

layer first before the active material. This causes the Al2O3 coating to expand as it sodiates to Na-

Al-O.26,45    
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To study the change in stabilization mechanism over repeated cycling, operando TXM was 

performed on the 10th charge-discharge cycle. The charge capacity of cycle 1-9 in addition to the 

galvanostatic charge and discharge profile of the operando cell on the 10th cycle can be found in. 

During the 10th cycle, negligible volume change is observed throughout cycling. Furthermore, a 

 

Figure 5. a) Absorption images of the coated NP-SbSn on the 10th cycle. b) High 

magnification of the absorption images of the pores. The black regions resulting from image 

thresholding correspond to domains of the NP-SbSn. c) Areal expansion of the Al2O3-coated 

NP-SbSn powder on first and 10th cycle d) Pore area evolution of the Al2O3-coated NP-SbSn 

powder on the first and 10th cycle. 
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different evolution in the porosity is observed in the coated NP-SbSn. Interestingly, Na-Al-O has 

a lower bulk modulus (more elastic) than Al2O3.30 After the initial surface sodiation process, the 

coating provides a flexible protective layer with good ionic conductivity. This can therefore result 

in different behaviors in the stabilization mechanism in the first and subsequent cycles. Instead of 

an increase in pore area during charge, the pore area decreased as expected for an isotropic 

expansion. This suggests that after the initial pore degradation in the first cycle, the Na-Al-O 

coating allows the material to expand in all directions. With the particle expanding into the voids 

of the porous structure, the overall volume expansion decreases significantly. The presence of this 

elastic artificial SEI is critical in preserving the conduction pathways in the electrode and 

prolonging the lifetime of alloying anodes. A stretchable SEI layer with high ionic conductivity 

that can expand and contract with the material without breaking is beneficial as it creates a robust 

kinetic barrier for electron transfer. This prevents the formation of the traditional SEI with low 

ionic conductivity. Even though pore wall degradation was observed in the first cycle of our ALD 

NP-SbSn when the particle and the Al2O3 layer expand, a stable pore evolution and minimal 

volume expansion were observed in later cycles. This suggests that the small amount of traditional 

SEI introduced during the first cycle is stable with the ALD coating. 

 

4.3 Conclusions 

 In this study we have demonstrated that artificial SEIs are effective in reducing the volume 

expansion, improving the structural integrity of the porous structure and maintaining good 

electrical and ionic conductivity of NP-SbSn electrode. This improves the reversibility of the 

alloying reactions and the longevity of NP-SbSn. These NP-SbSn can be cycled stably over 100 

cycles with a capacity of 312 mAh/g. Operando TXM shows that the nanoporous structure was 
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stabilized in later cycles as the Al2O3 becomes more flexible to accommodate the volume change. 

This highly ionically conductive layer prevents the formation a SEI layer and constrains the 

volume expansion of these alloying anodes. Though this work focuses on the changes in pristine 

and Al2O3-coated NP-SbSn during sodiation/desodiation, this result should be insightful and for 

many other nanostructured materials with different coatings. 
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Chapter 5: Understanding Stability in Nanoporous Antimony as Lithium and Sodium Ion Battery 

Anodes Using Operando Diffraction and Microscopy 

5.1 Introduction 

 Lithium ion batteries have revolutionized energy storage devices. To further this growth 

to electric vehicles and grid-scale storage, increased energy densities is vital. Alloy anodes are 

materials that alloy with the alkali metal leading to very high capacities, charge per gram or 

cubic centimeter of material. Compared to graphite (372 mAh/g or 756 mAh/cm3), alloy anodes 

such as Si (4200 mAh/g or 2190 mAh/cm3), Sn (993 mAh/g or 1991 mAh/cm3), Bi (384 mAh/g 

or 3800 mAh/cm3), Ge (1600 mAh/g or 2180 mAh/cm3), and Sb (660 mAh/g or 1889 mAh/cm3) 

can offer more than double the capacity, which has a linear relationship to energy density.1–4 

However, because these materials alloy with so much lithium, they expand and contract, >200% 

expansion, leading to detrimental cracking of the electrode and material. This fracturing happens 

within the first few cycles resulting in extreme capacity fade. As a result, stabilizing alloy anodes 

for repeated cycling has been of interest for decades.  

 One very powerful tool to stabilize these materials is to nanostructure them. At the 

nanoscale, grains are more ductile so that repeated expansion and contraction will not fracture 

the material. The surface to volume ratios of nanoparticles are high so the stress of lithiation 

dissipates easier across the particle. Secondly, the small volume particles prevent formation of a 

core shell structure during lithiation and delithiation which can lead to fracture.5–7 The 

nanoparticles, in particular, have garnered a lot of interest, and there are many nanoparticle alloy 

anodes that perform very well.8–15 One issue is the repeated outward expansion. Even though 

nanoparticles do not fracture, expansion and contraction can disrupt the slurry made of carbon 

and polymer binder leading to active material that is no longer electronically connected to the 
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rest of the slurry. To prevent this, increasing the carbon content or synthesizing, or embedding, 

the material onto the carbon is most common.8,10,12–14. Other nanoarchitecture designs have been 

proposed to utilize nanoscale features. 

 To prevent disruption of the slurry, architectures with void space have proven to be 

valuable. In this way, the void space is space for expansion to occur into. Hollow structures like 

hollow nanoparticles and wires have been successfully used to stabilize cycling.16–19 However, 

these structures, even though can perform better than dense nanoparticles still have issues with 

electronic connectivity. Similar to nanoparticles, these hollow particles are often embedded in 

the carbon additive to maintain conductivity. 18 Hard surface coatings that limit the volume 

expansion of the particle have also been successful. These coatings prevent the alloy anode 

material from disrupting the slurry because they are electronically connected to the slurry and 

confine the material.11,20 These coatings undergo a lot of stress confining the anode material and 

can prevent full lithiation. Alternatively, yolk-shell structures are an impressive nanostructure 

that can mitigate issues related to a surface coating.21–23 The yolk is the active anode material 

that is inside a shell that is connected to the slurry. This is different than a surface coating 

because there is void space between the yolk and the shell. In this way, expansion can freely 

occur if the shell is maintained, and the core stays connected to the shell. Even though this 

strategy is very effective, one limitation is the economic viability of creating such structures. A 

structure that expands internally would not disrupt the slurry and inexpensive to synthesize 

would be ideal for alloy anodes. 

Selective dealloying is a relatively inexpensive way to create mesoporous networks.24 

The particles can be microns big, but the porosity and pore walls are tens of nanometers.  These 

networks preserve the nanoscale nature of the grains, and the pores can act as space for the small 
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grains to expand into. This process involves an alloy of a sacrificial metal and a more noble 

metal. When exposed to acid or base, the sacrificial component etches out, and the more noble 

component re-arranges on the surface creating a mesoporous network. A schematic of this is 

shown in Figure 5.1a. This method has been used to create alloy anode architectures extensively. 

3,25–29 Our group has observed stabilization in Sn and SbSn.28,30  In the case of lithiation of 

mesoporous SbSn, we have observed that the pore walls are more structurally sound than in 

mesoporous Sn. Secondly, in trying to understand the mechanism of lithiation we observed 

amorphization of the material. We hypothesize that this amorphization is key to stabilizing 

structure because it allows for easier re-arrangement of atoms and does not involve rigid domain 

walls between crystallites. Interestingly, amorphization has been seen in other alloy anode 

systems like Si and Ge.1,2,31 Here we aim to study the role of nanoscale architecture and 

amorphization in alloy anodes. 

 Sb, in particular, has very interesting behavior when cycled with lithium vs sodium. 

Sodium ion batteries are an attractive alternative to lithium ion batteries because sodium is more 

abundant and cheaper than lithium. However, because of its size, the volume expansion and 

contraction due to incorporation of the alkali is often more severe for sodium than lithium. 

Consequently, many alloy anode systems that work with lithium are worse with sodium. Sb is an 

exception, where Sb with sodium performs as well if not better than lithium. Literature suggests 

that this is the case because Sb cycles through crystalline intermediates when against lithium and 

amorphous intermediates when against sodium. Commonly referenced mechanisms are seen 

below in equations 1 and 2: 

Sb + 3Li+ + 3e- → Li2Sbcrystalline + 1Li+ + 1e- → Li3Sbcrystalline   (Equation 1) 

Sb + 3Na+ + 3e- → NaxSbamorphous + (3-x) Na+ + (3-x)e- → Na3Sbcrystalline   (Equation 2) 
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 Here, we synthesize mesoporous Sb using selective dealloying and study how mechanism 

on the atomic scale affects macroscale features. To accomplish this, we use operando 

transmission X-ray microscopy (TXM) at BL 6-2c at the Stanford Synchrotron Radiation 

Lightsource (SSRL). This is a powerful technique that allows imaging of large fields of view, 

~30 µm, with high resolution, ~30 nm. We observe porosity changes as well as full particle 

changes. Secondly, this technique can be used on pouch cells, in a real-world environment. 

However, the electrodes have lower mass loadings, ~25%, compared to normal electrodes.28,30,32 

With this technique, we aim to learn how nanostructure and amorphous intermediates play a role 

in stabilizing alloy anodes for repeated cycling.  

 In this work, we synthesized nanoporous Sb (NP-Sb) via selective dealloying as an alloy 

anode for both lithium and sodium ion batteries. We obtain good capacity retention. We, then, 

use operando X-ray diffraction to observe the atomic-scale, crystalline changes of the NP-Sb. 

We correlate these results with results from operando TXM on both the bulk and porous material 

to identify how these atomic-scale changes affect the mesoscale structure and the overall 

macroscale particle. These results can help conclude how nanoscale architecture and mechanism 

synergistically work together to preserve capacity in alloy anodes.  

5.2 Results 

5.2.1 Synthesis and Electrochemistry 

 We synthesized NP-Sb using selective dealloying. We started with a Sn and Sb alloy (8:2 

Sn:Sb at. ratio). The alloy was etched in heated conc. HBr for 20 minutes. A schematic for 

selective dealloying is in Figure 5.1a. Figure 5.1b is the corresponding isotherm from N2 
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porosimetry with a surface area of 7.964 m2/g. SEM images in Figure 5.1c and 5.1d confirm 

porosity along with the TEM image in Figure 5.1e. 

 

 This resulting material was cycled in coin cells with a slurry of active material (66% wt), 

carbon fiber (16% wt), and carboxymethyl cellulose (18% wt). The cyclic voltammograms 

cycled at 0.1mV/s from 0.05 to 1.5 V are seen in Figure 5.2a and 5.2b for the NP-Sb vs lithium 

and sodium, respectively. For lithium, there is a reduction peak at 0.85 V consistent with the 

lithiation potential of Sb with its corresponding oxidation at 1.1 V. Against sodium, there is a 

reduction peak at 0.5 V consistent with sodiation of Sb and its corresponding oxidation at 0.8 V. 

The peaks are a broader for the sodium case suggesting that the sodiation mechanism is less 

Figure 5.1.a. Cartoon explaining selective dealloying, where a sacrificial component of 

an alloy is etched out using acid b.  Nitrogen porosimetry isotherm with adsportion and 

desorption curves shown. c. SEM image of mesoporous antimony synthesized using 

dealloying with scale bar of 1 micron d. SEM image of mesoporous antimony 

synthesized using dealloying with scale bar of 100 nanometers e. TEM image of 

mesoporous antimony synthesized using dealloying, where the nonuniform contrast 

indicated porosity. 
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crystalline than the lithiation mechanism which suggests more complex intermediate behavior. 

Figure 5.2c shows long term cycling of the NP-Sb with lithium and sodium. We see that after an 

initial drop in capacity both curves stabilize and cycle well with a capacity retention of 440 

mAh/g for lithium and 350 mAh/g for sodium after 50 cycles.  

 

5.2.2 Operando X-Ray Diffraction 

 It is commonly understood that bulk Sb has crystalline intermediates with lithiation and 

amorphous intermediates with sodiation. However, it has been shown that nanostructured 

materials can incorporate the alkali differently than bulk. To verify the mechanism, we 

performed operando X-ray diffraction at SSRL BL 11-3. Figure 5.3 shows the galvanostat along 

with the diffraction patterns associated with the states of charge. In the beginning, crystalline 

antimony is present at around 2.02 Å-1. Although, the peak is broad suggesting that it is 

nanoscale and poorly crystalline, this is common for dealloyed materials. As lithiation occurs, 

 

Figure 5.2. Electrochemical data for NP Sb cycled with both sodium and lithium. a) CV 

for NP Sb cycled with lithium. b) CV for NP Sb cycled with sodium. c) Graph showing 

capacity retention for NP Sb when cycled with lithium and sodium, and the corresponding 
coulombic efficiency values. 
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the peak corresponding to Sb decreases while peaks grow at around 1.55 Å -1 corresponding to 

Li2Sb. Similarly, as lithiation continues, peaks of Li2Sb disappear while peaks for Li3Sb appear 

at around 1.67 and 1.92 Å-1. One observation of note is that the peaks do not fully disappear 

before the next peaks appear resulting in two phase co-existence. Upon delithiation, crystalline 

Sb grows larger than when fully lithiated. However, it is much broader than the start suggesting 

that it is even less crystalline than when it started. There is also remnant Li3Sb which implies that 

not all of the material is fully delithiated. 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                   

 

Figure 5.3. Galvanostat on the left with the corresponding diffraction pattern at that 

state of charge on the right. The key shows various crystal structures that are possibly 

present. Peaks that are starred are indicative of peaks associated with the pouch cell that 

are always present 
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 Figure 5.4 is the galvanostat with corresponding diffraction patterns for the sodiation and 

desodiation of NP-Sb. As with the lithium case, crystalline Sb peaks at around 2.02 Å -1 are at the 

beginning. These peaks fade with sodiation, and no peaks associated with the active material 

occur for several scans. Na3Sb peaks emerge at around 1.32, 1.35, 1.55, 2.38, and 2.01 Å-1 with 

continued sodiation. Unlike with lithium, no new crystalline phases form while another 

crystalline phase fades with sodium. This corroborates literature suggesting that Sb forms 

amorphous intermediates during sodiation. Upon desodiation, there are no discernible diffraction 

peaks. Crystalline Sb does not return, unlike with lithium. Another difference between the two 

mechanisms seen from diffraction is that we observe that lithiation of NP-Sb goes through a 

crystalline intermediates and that crystalline phases grow from another crystalline phase. Under 

sodiation, NP-Sb loses crystallinity before forming crystalline Na3Sb. There are no crystalline 

intermediates when sodiated.  
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5.2.3 Macroscale Operando TXM  

 TXM from beamline 6-2c at SSRL is a powerful tool in understanding how particles 

change when cycled. Figure 5.5 shows images of bulk particles at different states of charge under 

sodiation and lithiation. It is important to understand how the bulk behaves in comparison to the 

nanoporous system to examine how nanostructure affects cycling. Figure 5.5a-c is bulk Sb under 

lithiation. We observe areal expansion of 65% and fracturing of the particle in the first cycle. 

 

Figure 5.4. Galvanostat on the left with the corresponding diffraction pattern at that state 

of charge on the right. The key shows various crystal structures expected.  
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Figure 5.5d has a graph of the areal expansion throughout cycling for both lithiation and 

sodiation. In both graphs, there is burst of expansion during certain states of charge which is 

consistent with the alloying reactions at specific voltages. For sodiation, the bulk particle 

expands more than lithium (120%), seen in Figure 5.5e-g. This is expected because sodium is 

larger than lithium so incorporating a larger ion would result in increased volume expansion. 

Interestingly, fewer fractures are observed with sodiation than with lithiation suggesting that the 

particles accommodate sodium better than lithium even though the volume expansion is greater 

with sodium.  

 

 

 

Figure 5.5. a. Bulk Sb particle at OCV b. Bulk Sb particle at 0.05 V (vs Li/Li+), or fully 

lithiated c. Bulk Sb particle fully delithiated at 1.5 V (vs Li/Li+) d. Graph of areal 

expansion versus state of charge where the peak of the expansion is full lithiation e. Bulk 

Sb particle at OCV f. Bulk Sb particle when fully sodiated at 0.05 V (vs. Na/Na+) g. Bulk 

Sb particle when fully desodiated at 1.2 V (vs Na/Na+) h. Graph of the areal expansion 

versus the state of charge where the peak is full sodiation. 
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 NP-Sb behaves differently than bulk Sb. Figure 5.6 is images of NP-Sb under different 

states of charge for lithium and sodium. Figure 5.6d graphs the areal expansion of the NP-Sb 

against the voltage for lithiation. The overall shape of the graph is similar to Figure 5.5d which is 

expected because the alloying and dealloying reaction is at the same voltage for NP-Sb and bulk 

Sb. In both cases, the spike in volume expansion occurs around 1.0 V (vs. Li/Li+)  for lithiation 

and 0.8 V (vs. Na/Na+) for sodiation. Even though the shape is the same, the nanoporous sample 

had much less volume expansion than the bulk counterpart: 50% and 100% for lithiation and 

sodiation, respectively. This shows that nanostructure can mitigate outward volume expansion. 

The void space created by dealloying allows for inward volume expansion, resulting in less 

outward expansion. This would result in less disruption of the slurry. A second observation is 

 

 

Figure 5.6. a. NP Sb particle at OCV b. NP Sb particle at 0.05 V (vs Li/Li+), or fully 

lithiated c. NP Sb particle fully delithiated at 1.5 V (vs Li/Li+) d. Graph of areal 

expansion versus state of charge where the peak of the expansion is full lithiation e. NP 

Sb particle at OCV f. NP Sb particle when fully sodiated at 0.05 V (vs. Na/Na+) g. NP 

Sb particle when fully desodiated at 1.2 V (vs Na/Na+) h. Graph of the areal expansion 

versus the state of charge where the peak is full sodiation. 
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that during delithiation and desodiation, the nanoporous system shrinks in size whereas the bulk 

has minimal shrinking. This corroborates that our particles have nanocrystalline domains that 

expand and shrink similar to nanoparticles. In the case of sodium, the particle almost returns 

exactly to its original size even though it expands more than lithium. This suggests that the 

structural changes under sodiation allow for increased reversibility and structural rearrangement.  

 

 Figure 5.6a-c and 5.6e-g are the images of NP-Sb particles at different states of charge 

against lithium and sodium, respectively. Against sodium in Figure 5.6e-g, the particle expands 

and returns to a similar size and shape to when it started. This is highly unique even compared 

against other porous systems. When incorporating lithium in Figure 5.6a-c, there is some 

contraction, but the particle does not return to its original size or shape. In addition, fracturing 

and cracking appear in particles that are lithiated. This suggests that the pore walls are under 

more stress in lithiation than sodiation, even though sodium is larger than lithium. Interestingly, 

when matched to the diffraction, the fractures begin to appear around the same time as the 

crystalline Li2Sb appears. We believe the stresses by having two phase co-existence and domain 
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walls between crystalline regions force the particle to fracture. This is not the case for sodiation 

because NP-Sb has non-crystalline intermediates allowing for structural adjustment. 

 

 For some bigger particles, we observe intriguing behavior. Figure 5.7 is images of a 

larger NP-Sb particle at different states of charge when sodiated. Similar to Figure 5.6 and 5.5 

the particle expands. However, at a certain state of charge the particle cracks in the middle, seen 

in Figure 5.7b. It is odd that the particle begins fracturing in the middle because most fractures 

and stress start at the outer surface of the particle. After continued sodiation, the cracks 

disappear, seemingly healing in Figure 5.7c. When correlated to the diffraction results show 

previously, the cracks begin to appear when crystallinity starts decreasing around the 22nd scan 

 

Figure 5.7. a. NP Sb particle at OCV b. NP Sb particle partially sodiated, showing 

interior cracking c. NP Sb particle fully sodiated at 0.05 V (vs Na/Na+) d. NP Sb 

particle fully desodiated at 1.5 V (vs Na/Na+) 
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from the bottom. The stresses forming from domains walls between crystalline and non-

crystalline domains fracture the particle. However, during the region where no crystalline Sb or 

sodiated Sb appear is where the apparent healing occurs which suggests that amorphization can 

lead to self-healing behavior.  We hypothesize the amorphization allows for increased structural 

rearrangement. We only observe this behavior in NP-Sb and not bulk Sb. Thus, it is a 

combination of nanostructure and amorphous intermediates that cause this effect which is more 

than any one of them alone. When combined, the effect is not additive, but synergistic. 

5.3 Conclusion 

In this study, we synthesize mesoporous antimony through selective dealloying of antimony tin 

with hydrobromic acid. Interestingly, when cycled against sodium and lithium, the porous 

antimony performs better with sodium. Through X-ray diffraction at SSRL, we observe 

crystalline intermediates when cycled against lithium. In fact, as one phase shrinks, another one 

grows, suggesting two phase co-existence. With sodium, there are non-crystalline intermediate 

phases between the starting and ending crystalline phases. To understand how these crystallinity 

changes affect structure, we used TXM. With bulk samples, fracturing occurs. However, there is 

more fracturing with lithium even though the volume expansion is smaller. For porous samples, 

the particles do not expand as much as the bulk because the void volume can help accommodate 

particle expansion. In terms of fracturing, lithiation still cracks the particles. When mapped onto 

the diffraction, we notice the cracking starts to occur when the first lithiated phase appears, 

suggesting that shifting from one crystalline phase to another induces stresses to crack the 

particle. Sodium is much different. For one, when cycled, the particles expand and return to their 

original size. This is unusual, even for porous systems. Secondly, cracks that appear seemingly 

heal with further cycling. This healing occurs when no crystalline phases appear in diffraction. 
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We hypothesize that the non-crystalline phases allow for structural rearrangement so that 

fractures are healed. This is only observed in the nanostructured antimony. Thus, when 

amorphous intermediates and nanostructure are combined in one system, the effect is synergistic. 

We obtain new behavior that is not additive to each one individually: the system is highly 

reversible and self-healing. This is important in designing materials for anodes in rechargeable 

batteries because it provides design rules and phenomenon to achieve long lasting and high 

capacity materials. By using these design principles, we help propel rechargeable batteries to 

industries not yet capable of using these devices. 
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Chapter 6: Redox Active Dodecaborates as a Cathode Material for Li-ion Batteries 

6.1 Introduction 

Lithium ion batteries are incredibly prevalent today. Because of their relatively large 

energy density and lifetime, they power electronic devices: cellphones, laptops, and cars. To 

increase adoption to grid scale storage or heavier duty vehicles, the energy density must increase. 

Often, the cathode  material limits the energy density of the battery because its gravimetric 

capacity, charge stored per gram of material, is less than conventional anodes. For example, 

common cathodes like lithium cobalt oxide, lithium manganese oxide, lithium nickel cobalt 

aluminum oxide, and nickel manganese cobalt oxide all have capacities lower than graphite at 

372 mAh/g.1–4 Secondly, cathodes contribute significantly to the cost of the battery because they 

contain rare earth metals. As a result, researchers have studied lithium sulfur batteries, where 

sulfur is the cathode. 

Sulfur is very cheap in comparison to rare earth metals, and it offers a very high capacity, 

going from elemental sulfur (S8) to lithium sulfide (Li2S).5–7 Many lithium polysulfides are 

intermediates: Li2S2, Li2S4, Li2S6. These polysulfides are soluble in the electrolyte, leading to 

rapid capacity decay due to active material leaving the electrode. Because of this shuttling, 

lithium sulfur batteries  have not been widely adopted. Many researchers have tried to mitigate 

the effects of this effect. Some methods have included physically trapping the sulfur through 

core-shell networks or using electronic structure to anchor polysulfides.8–10 Others have tried to 

use catalysis to speed up the reaction so that the polysulfides are not long-lasting.11,12 Wudl et al. 

crosslinked benzene rings with disulfide bridges at three vertices.13,14 If full capacity is not 

realized, each sulfur stays bonded to a network and cannot dissolve into the electrolyte. 

However, the theoretical capacity is much lower than elemental sulfur due to only one disulfide 
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bridge breaking, half of the elemental sulfur capacity, and the excess mass of the benzene ring. 

Here, we use this idea as a model, but instead of benzene rings, we use red-ox active 

dodecaborates. 

Dodecaborates are icosahedral cages made of twelve boron atoms.14 Electron density is 

delocalized across the entire cage, leading to incredible stability. They have been used for gas 

separation, biological therapies, polymer doping, and flow batteries, to name a few 

applications.15–18 Using solution synthetic methods, these clusters can be functionalized in a 

variety of ways. This can include functionalization on all twelve vertices, some vertices, or 

heterofunctionalization. When functionalized, the clusters are redox active. The functional 

groups on the vertices dictate the voltage window of redox, which can range several volts.19 

Depending on the functional group, the cage can have up to four states: -2, -1, 0, +1.20 

 In this study, we crosslink dodecaboranes with disulfide bridges and obtain redox from 

two redox centers: the sulfur and the dodecaborate cage. A target reaction pathway is in Figure 

6.1a. To accomplish this, we take advantage of the cluster stability and perform a heterogeneous, 

solid-state reaction at 800° C. This is uncommon for boron clusters, as most syntheses are done 

using solution-phase methods. Additionally, this is also one of the first times boron cluster redox 

has been observed in the solid state, whereas most measurements were done in solution.  
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6.2 Synthesis and Characterization 

 To convert these clusters to crosslinked sulfurized clusters, precursor clusters are heated 

in a tube furnace with flowing hydrogen sulfide at various temperatures. The precursor clusters 

are cesium iodododoecaborate (Cs2B12I12) and lithium iodododecaborate (Li2B12I12)  which are 

synthesized using previously published solution phase methods.14 Figure 6.1b shows a FTIR 

spectrum comparison. The starting material is observed to contain boron iodide bonds at around 

2900 cm-1.21 After the hydrogen sulfide treatment, the boron iodide bonds are no longer in the 

material and boron hydrogen bonds appear at around 2500 cm-1. 22,23 

 

Figure 6.1. a. General target reaction pathway where the disulfide bonds lithate. b. 

FTIR spectra of the precursor and reacted cluster showing the disappearance of the 
boron iodide bond 
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To further understand the structure and bonding motifs of the resulting compound, x-ray 

photoelectron spectroscopy (XPS) was performed. Figure 6.2 shows the results. Generally, as the 

temperature increased, the degree of sulfurization increases, but the cluster degrades after 800°C. 

So 800°C was chosen as the temperature for synthesis. The sulfur spectrum provides insight to 

the bonding motifs of the sulfur. Figure 6.2a is a sulfur spectrum of a compound with one sulfur 

bonded to one vertex of the boron cage (Cs2B12H11SH). There are three distinct peaks. The first 

peak at lowest binding energy, around 159 eV, is the thiol peak. It is also the peak with the 

largest area which is reasonable because the compound mainly has a thiol. The next peak, at 

around 162 eV, indicates the disulfide. The model compound surface degrades to have disulfides. 

Similar to other systems, the disulfide is a couple to a few eV’s shifted to higher energy 

compared to the thiol.12,24,25 The last peak is surface oxidation indicating sulfate, around 169 eV, 

which is in line with other sulfate compounds.  

To obtain the most sulfur and prevent degradation, the precursor clusters were heated at 

800° C. Figure 6.2b indicates that the boron from the cluster is intact revealing a peak at 188.5 

eV which is consistent with boron in a dodecaborate. Figure 6.2c is the sulfur spectrum of the 

synthesized compound revealing that the main peak is consistent with the disulfide observed 

with the model compound. This, in conjunction with FTIR spectrum suggests that the structure is 

a boron cluster crosslinked to other clusters through disulfide bridges seen in Figure 6.2d where 
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the blue atoms are boron. When not bonded to sulfur, the boron is terminated by a hydrogen 

atom.   

6.3 Electrochemistry 

 Figure 6.3 shows the electrochemistry of the clusters. Electrodes were made in a 

70:15:5:10 ratio of active material: carbon fiber: carbon nanotubes: PVDF. There were cycled 

in1 M lithium fluorophosphate (LiPF6) in 50:50 ethylene carbonate (EC): diethyl carbonate 

(DEC).  Figure 6.3a is the cyclic voltammetry of the cluster cycled at 0.1 mV/s. The highlighted 

region is the first cycle which begins by cycling to higher voltage, taking out lithium from the 

structure. The large peak, at around 4.2 V (vs. Li/Li+) is lithium coming out of the structure that 

 

 

Figure 6.2. a. Sulfur XPS spectrum of a model cluster to indicate where to expect thiol, 

disulfide, and sulfate peaks b. Boron XPS spectrum of the reacted cluster showing that the 

boron cage is intact c. Sulfur XPS spectrum of the reacted cluster indicating that disulfide 

linkages are the major bonding motif for the sulfur in the compound d. ChemDraw model 

of the expected crosslinked boron cluster stoichiometry 
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balances the boron cluster, indicating cluster oxidation. As the voltage goes down, there are two 

peaks. One associated with sulfur reduction and another associated with cluster reduction. As the 

second cycle progresses, there are two peaks during oxidation: sulfur and cluster. This is 

different than the first cycle where there is only one main peak. This is reasonable because in the 

first cycle, the sulfur is not in its reduced form so there are no lithium ions to extract. Whereas, in 

the second cycle, both the cluster and the sulfur are reduced and can provide lithium to cycle. 

This system is unique in that the sulfur and the cluster are electron transfer centers. In this system 

the reversibility is poor and the peak separation is large. For further studies, optimization with 

different electrolyte systems can reveal better electrochemistry.  
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 To mimic a more realistic scenario, galvanostatic cycling was performed on this material 

at a rate of C/15 with a theoretical capacity of 600 mAh/g.  Figure 6.3b shows the results. The 

first two cycles are highlighted. In both reduction and oxidation, there are two plateaus that 

indicate two electron transfer events. This is in line with reduction and oxidation occurring at the 

sulfur as well as the boron cluster. Each plateau is roughly where the peaks are in the cyclic 

voltammetry. Degradation occurs quickly and the material only survives several cycles. 

However, there is clear evidence showing two electron transfer events. The obtained capacity is 

 

Figure 6.3. a. Cyclic voltammograms of the sulfurized cluster at 0.1 mV/s in 1 

M LiPF6 in EC:DEC b. Galvanostatic cycling of the sulfurized cluster at rate of 

C/15 in1 M LiPF6 in EC;DEC 

a

b
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also lower than the theoretical. There are a number of reasons to explain why the material 

performs poorly including degradation and lack of electrolyte access to the entire material. 

However, the material still provides more than 100 mAh/g and has both anionic and cationic 

reduction and oxidation in the same material. 

6.4 Conclusion 

 In this study, we synthesized a novel dodecaborate crosslinked by disulfide bridges 

polymer using a heterogeneous solid state synthesis. When cycled, this material uniquely had 

both the cluster and the sulfur participating in electron transfer. Even though there was poor 

reversibility, the material obtained over 100 mAh/g in capacity. This proof of concept can be 

improved several ways. The oxidation of the cluster is relatively high, so using different 

electrolytes to prevent degradation will improve reversibility. In addition, the peak separation is 

large and the obtained capacity is much lower than theoretical. One way to increase electrolyte 

access and kinetics would be to nanostructure the material which may increase the capacity and 

help with reversibility. This study one of the few times boron cluster electron transfer has been 

observed in the solid state, and it also exhibits how boron clusters can be transformational in 

cathode materials due to their high oxidation potential and low molecular weight which opens 

doors to fundamentally new types of cathode materials that can improve our current battery 

technology.  
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