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ABSTRACT OF THE THESIS 

 

Porous Tin for High Energy Density Li-ion Batteries 

 

 

by 

 

Chia-Ying Shen 

Master of Science in Materials Science & Engineering 

University of California, Los Angeles, 2016 

Professor Sarah H. Tolbert, Chair 

 

Lithium ion batteries (LIBs) are considered to be the key technology for further developing 

next-generation portable electronics and electric vehicles. Current LIBs use conventional graphite 

as the anode and this material falls short of meeting high capacities required for next generation 

technologies. For this work, we studied Tin (Sn) as a prospective candidate for use as an anode 

since much higher capacities (991 mAh/g) and conductivities are theoretically achievable. 

However, what limits Sn as a commercial anode is the significant volume expansion (257%) 

experienced under continuous charge-discharge cycles. In order to mitigate the issue of volume 

expansion, the ligament size and porosity of Sn, derived from a chemical dealloying process has 

been controlled and optimized in our work. We successfully synthesized stable porous Sn 

nanoparticles by the chemical dealloying method, which provides a facile path for simultaneously 

controlling the ligament size and porosity. The porous Sn derived in our work exhibited excellent 
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cyclability up to 200 cycles with a corresponding high capacity of 600 mAh/g.  Specifically, our 

studies on Sn provide new insights for tuning the particle size and porosity coupled with a novel 

method for preparing stabilized Sn nanoparticles. 
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Chapter 1 Introduction and Literature Review 

1.1 Working Principles of Lithium Ion Batteries 

Lithium-ion batteries (LIB) are considered to be the key technology for further developing 

high demand technologies such as mobile electronics, electric vehicles and rechargeable 

devices [1].  The battery is composed of a cathode, an anode, a separator and a lithium ion 

conducting electrolyte. The driving force for discharge and charge is attributed to the potential 

difference between the cathode and anode. Figure 1.1 shows the working principle of a LIB 

during the charge/discharge process where the cathode and anode are LiCoO2 and graphite, 

respectively, separated by a porous polypropylene membrane separator soaked in an 

intervening electrolyte composed of LiPF6 in a mixture of organic solvents. Upon charging, 

electrons accumulate on the anode and form a negative field which triggers positively charged 

lithium ions to move through the electrolyte to the anode in order to balance the potential 

difference to maintain charge neutrality. During discharge, the charge process is simply 

reversed and now electrons move through the external circuit to the cathode. In this case, 

lithium ions move back to the cathode to balance the electrochemical potential difference 

between the cathode and the anode. The electrode reactions are as follows: 

Cathode:  LiCoO2  Li1-xCoO2 + Li+ + xe- 

Anode: C + xLi+ + xe- 
 LixC 

Overall reaction: LiCoO2 + C  Li1-xCoO2 + LixC 

Through understanding the working principle, we can ascertain the limitation of LIB. 

Nowadays, LIB’s performance is highly correlated with the nature of the active electrode 

materials. In order to improve LIB performance, research in high efficiency and low price 

energy storage materials have been a significant task in not only industry, but also in academia. 
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1.2 Novel Tin Anode Material for New Generation of LIB 

The theoretical capacity of graphite is 372 mAh/g. Due to the demand for high power 

densities, conventional graphite anodes do not meet the capacity requirement for current 

electronic devices. Group IV (silicon-Si, germanium-Ge, tin-Sn) elements have much higher 

capacities (Si- 3579 mAh/g; Ge-1600 mAh/g; Sn-994 mAh/g), and show great potential to be 

good candidates for replacing graphite. Furthermore, group IV materials go through an 

alloying reaction during charge/discharge, which can accommodate significantly more lithium 

ions compared to graphite. For group IV materials, Sn has been extensively studied as a 

potential negative electrode for LIB[2], and it is one of the most promising candidates due to 

Figure 1.1: Schematic illustration of the working principle for LIB. During discharge, electrons 

move to the cathode side and in order to balance the potential difference between the cathode 

and the anode, lithium ions move through the lithium ion conducting electrolyte back to the 

cathode.  
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its higher operation potential (0.3-0.4 V) compared to graphite (0.05 V) and its high theoretical 

capacity (994 mAh/g).  The reason for using higher operation potentials is because 

conventional graphite anodes have an operating voltage close to lithium (0 V vs. Li/Li+), so it 

risks the chance to form the dendrites on the surface of graphite which can cause an electrical 

short between the anode and the cathode, as shown in (Figure 1.2). This electrical short 

produces excessive heat which leads to a serious safety issue [3]. Therefore, Group IV 

materials can effectively avoid dendrite formation since its operating voltage is farther away 

from the voltage for lithium metal plating (0 V vs. Li/Li+). Compared with Si and Ge, Sn also 

has a slightly smaller volumetric change (Si - 297 %; Ge - 270 %; Sn - 257 %) during lithiation 

and delithiation.  Because Sn has high electrical conductivity (8.7×106 Siemens/m), it does not 

require an extra synthesis step for improving conductivity, such as carbon deposition on the 

surface. Due to the lower volume expansion and high electrical conductivity, Sn has been seen 

as a good candidate to replace graphite.  

 

 

 

During the lithiation and delithiation reactions of the Sn anode, lithium ions move into the 

Sn. Sn can also accommodate more lithium ions than the graphite because Sn goes through 

Figure 1.2: Schematic illustration of the electrical short between the cathode and the anode 

during the charge/discharge. Due to the significant dendrite formation, the dendrites might 

pierce through the separator then touch to the cathode side. 
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several LixSny alloy phases based on the phase diagram of Sn-Li (Table I). However, not only 

does the formation of LixSny accommodate more lithium ions per metal but it also accepts 

greater negative charges, which induces repulsion between atoms [5]. In order to reach 

thermodynamic equilibrium, the LixSn alloys expand to enlarge the distance between the 

negative charges (Figure 1.3). The phenomenon can be seen through the density change. Table 

I shows the density variation upon lithiation. The volume expansion issue results in unstable 

mechanical properties. The stress from the volume expansion causes cracks and defoliation, 

thus further decomposition of the electrolyte occurs and additional solid electrolyte interface 

(SEI) forms whereby reducing the overall capacity [4]. Owing to the beneficial properties of 

Sn, much research has dedicated great effort to overcome the materials nature of Sn and have 

put in great effort to commercialize Sn-based electrodes. 

 

 

 
Figure 1.3: Schematic illustration of the alloying mechanism during the lithiation process.  The 

formation of LixSny accepts greater negative charges, which leads to the repulsion between 

atoms. LixSn expands to enlarge the distance between the negative charges to reach 

thermodynamic equilibrium.  
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In 1997, Fujifilm announced the first tin-based composite oxide anode (TCO) for this 

concept of alloying was utilized to obtain two times more (993 mAh/g) capacity to compete 

with conventional graphite (372 mAh/g). Unfortunately, Fujifilm failed to commercialize tin-

based composite oxide anode (TCO) because of poor cycling performance [6]. However, this 

triggered worldwide interest in devoting more effort to metal oxide candidates for LIB 

applications. Recently, Sony successfully commercialized a new generation LIB, based on 

carbon-tin-transition metal composites (Sn-Co-C), which has been called Nexelion. This great 

success rekindled another wave of enthusiasm in Sn-based materials and made a good 

foundation for developing Sn based anodes [6]. 

 

1.3 Literature Review and Research Highlights of Tin Anode 

Sn material goes through the alloy reaction during lithiation/delitiation, which can provide 

more lithium ion accommodation and higher storage of capacities. However, the more lithium 

ions are accommodated, higher volume expansion occurs, which leads to unstable mechanical 

Table I: Density variation during lithiation. During the lithiation, Sn density decreases, which 

also represents the volume expansion effect [4]. 
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properties. This volume expansion negatively influences electrochemical properties and this 

issue could be addressed by minimizing the particle size and producing a porous structure 

inside the material.  

Minimizing the particle size can effectively relieve the volume expansion. According to 

Liu et al. [7], the size of silicon is highly dependent on fracture formation. There is a critical 

particle diameter of 150 nm, below which the particles neither have cracks nor fractures. 

Particles having diameters larger than 150 nm form surface cracks and then pulverize due to 

lithiation-induced swelling. First, big particles exhibit surface expansion, therefore, the tensile 

hoop stress takes place at a two-phase boundary between the inner core of pristine Si and the 

outer shell of amorphous Li-Si alloy. The tensile hoop will initiate the crack propagation. 

However, small size particles could avert the fracture formation because the stored strain 

energy from electrochemical reactions is insufficient to drive crack propagation [7]. Figure 1.4 

shows the mechanism of crack propagation. Silicon is an ideal example to understand how 

particle size impacts the electrochemical properties of Sn, which has a lower volume expansion 

compared to silicon. Besides, plenty examples show particle size can effectively mitigate the 

volume expansion issue. In 1998, Wang et al. processed nano-Si by ball-milling, which 

successfully demonstrated high capacities [8]. Furthermore, in 1999, Li et al. used a laser-

induced silane gas reaction method to produce nano-scale Si, which showed a high reversibility 

capacity with long cycling performance as compared to micron-sized Si [9]. These cases 

successfully demonstrate that small particle sizes could be a key factor to alleviate detrimental 

volume expansion. 

 For Sn case, Yang et al. illustrated the importance of size by showing the cycling data of 

coarse and fine Sn particles [4]. This report established that crack formation and delamination 
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of active materials is much more apparent for coarse Sn [4]. On the other hand, fine Sn showed 

higher cyclability and higher recovery percentage compared to coarse Sn. The reason for this 

is because small particles can expand uniformly so the electrode will not delaminate due to 

non-uniform stress while expanding. According to these results, nano-scale size was proved to 

efficiently improve long-term stability and capacity of Sn. However, nano-scale Sn will have 

a higher surface area, thus causing irreversible capacity loss due to the formation of SEI which 

is highly dependent on surface area. Moving forward, the particle size and surface area need 

to be optimized to further improve the electrochemical properties of Sn. 

 

 

 

 

 

Apart from controlling the particle size, producing hollow space or porosity in the bulk 

material will also supply extra space for relieving volume expansion. This mechanism could 

be explained by Figure 1.5, which shows that after volume expansion, stress could be released 

by converting this stress into strain energy. Mingyuan et al.reported that porous silicon 

accommodated large volume change during cycling and provided large surface areas for 

Figure 1.4: Schematic illustration of the crack formation of large Si particles. The outside layer 

of silicon expands first and produces the tensile hoop stress between the inside and outside 

layer. The accumulation of strain energy will propagate the crack in order to release the stress. 
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electrolyte accessibility [10]. They doped boron on the surface of silicon particles and then 

etched with silver nitride and hydrogen fluoride to obtain a porous structure. This report 

showed the high capacities for over 200 cycles.  Haag et al. also utilized the Nickel foam as a 

substrate to deposit tin oxide on the surface of the foam to obtain both high capacities and 

excellent cyclability [11].  During the lithiation/delithiation process, the nickel foam offered 

extra space for Sn volume expansion to release stress. The hollow space of the porous structure 

showed the improvement for long-term stability. However, one downside to porous structures 

is that it allows for excessive hollow space in the electrodes and will reduce the amount of 

active materials thus lowering the volumetric capacity. As a result, the ratio of porosity also 

needs to be highly considered for Sn-based systems. 

 

 

 

 

1.4 Dealloying Method for Fabricating the Porous Sn Nanoparticles 

As mentioned earlier, particle size and the porosity plays an integral role for improving 

electrochemical properties for alloying materials such as Sn. In order to simultaneously 

regulate these two factors, chemical dealloying provides an easy path for producing porous 

nanoparticles. Dealloying relies on selective corrosion according to the different activities of 

the solvent, the less noble component will be removed from the alloy precursor and dissolved 

into the solvent; the activity to the solvent is attributed to the standard electrode potential. Due 

Figure 1.5:  Schematic illustration of the hollow space mitigating the stress by converting the 

stress to stain energy.  
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to an intrinsic dynamical pattern formation process of the dealloying procedure, the remaining 

nobler component diffuses and develops into a nanoporous structure. That is, the noble atoms 

will chemically be driven by spinodal decomposition to aggregate into two-dimensional 

clusters at the alloy-solvent interface, and the less noble surface area will continuously be 

etched until depleting all the active materials.  

 

Figure 1.6 shows the mechanism of the chemical dealloying process. In the beginning, the 

first layer of active materials is dissolved by the electrolyte. The noble materials situated on 

the first layer are left as adatoms on the surface after selective etching. In order to reach 

thermodynamic equilibrium, the adatoms aggregate together to reduce the surface area. During 

aggregation, more active materials are exposed to the electrolyte and the etching process 

continuously occurs until all active components are depleted. This procedure will leave the 

porous structure comprised of only the noble material at the end of the etching process. Jonah 

et al. first demonstrated a de-alloyed microstructure of nanoporous gold [14]. Early on, 

scientists only considered porosity as a hidden microstructure revealed by etching, but 

diffraction experiments showed that no pre-existing length scale exists before acid etch on 

single-phase alloys “ [12-13]. Erlebacher et al. proposed a model which is fully consistent with 

experiments and theoretical simulations of alloy dissolution. The nanoporosity of metals 

results from an intrinsic dynamical pattern formation process. Based on the properties of the 

dealloying process, it provides facile fabrication method for producing porous nanoparticles, 

which can be applied for our project on nanoporous Sn. According to the phase diagram, Mg 

and Sn could coalesce to form an alloy, which is the similar to the previous work carried out 

on Ag-Au alloy. In our case of Mg-Sn alloy, the standard electrode potential of Mg and Sn are 
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Figure 1.6: Schematic illustration of the dealloying process producing the porous structure 

inside materials. After the first layer of the selective corrosion, the noble material will be left 

at the surface as adatoms. The adatoms will coalesce to form islands in order to reduce the 

surface area. The etching process will continue until depleting the active materials. 

 
 

E (Mg2+/Mg = -2.372 V) and E (Sn2+/Sn = -0.13 V) respectively. Due to the lower electrode 

potential of Mg, Mg will be removed first from the Mg-Sn alloy. Therefore, we can obtain the 

porous Sn nanoparticles by dealloying. 

 

 

 

 

 

1.5 Summary 

 According to the previous research studies, small particle size and the porosity were 

separately discussed for the influences on mitigating the volume expansion issue. For this 

project, we factored in the combination of size and porosity by chemical dealloying the Sn-Mg 

system, which can concurrently produce both a porous structure and nanoparticles. We studied 

the effect of various parameters such as dissolving time, alloy composition and ammonium 

sulfate concentration, to identify the trend of particle size and porosity. By means of Arbin 

cycling tests, the actual correlation between synthesis parameters and electrochemical 

performance could be correlated. Nano-scale particles could eliminate the fracture formation, 

however, smaller particles might lead to continuous SEI formation and reduce the overall 

capacity. Although the porous structure mitigates volume expansion, excessive porosity in the 
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materials results in low volumetric capacities due to reducing the amount of active material. In 

order to stabilize Sn, compromising the particle size and porosity will be highly discussed for 

this project. Our findings provide new insights into the coupling between the particle size and 

the porosity through a novel yet facile dealloying process. 

 

Chapter 2 Experimental Methods 

2.1 Overview 

The synthesis and electrochemical cycling analysis are the most important parts of this 

project. As mentioned before, balancing the ligament size and the porosity plays an important 

role for enhancing the electrochemical performance of Sn. In order to simultaneously regulate 

the ligament size and the porosity, chemical dealloying provides an easy path for producing 

porous nanoparticles. In a dealloying synthesis, the selective corrosion behavior of the alloy is 

the main mechanism behind the preparation of tin nanoparticles. By combining 

characterization techniques such as scanning electron microscope (SEM), transmission 

electron microscope (TEM), X-ray Diffraction (XRD) and nitrogen adsorption/desorption, the 

morphology changes as a result of the different synthetic parameters, such as deallying time, 

alloy compositions, and electrolyte concentrations, can be seen. Comparing this morphological 

characterization with the electrochemical performance, we can ascertain the influences of 

architecture on the cycling performance of Sn nanoparticles.  

 

 

 

 



 
 

12 

2.2 Materials Preparation 

Chemical dealloying synthesis provides an easy path for fabricating porous nanoparticles. 

It relies on selective corrosion, which is based on the different electrode potentials of the 

alloyed metals. By utilizing an appropriate acid or base, the active material will be dissolved 

from the alloy precursor, and the noble material will be left to aggregate into an intrinsic 

dynamical porous structure. The precise porous structure formation mechanism is mentioned 

in the introduction section. In this project, we chose Mg-Sn alloy as our alloy precursor based 

on the phase diagram and the standard electrode potentials. That is, Mg-Sn can coalesce into 

Mg2Sn at 800 ◦C, which is similar to Ag-Au prototype system.  In addition, Mg-Sn alloy can 

be easily applied the selective corrosion due to the standard electrode potentials of Mg E 

(Mg2+/Mg) = -2.372 V and Sn E (Sn2+/Sn) = -0.13 V. We chose ammonium sulfate as an 

electrolyte to etch out Mg and leave Sn nanoparticles due to the lower standard electrode 

potential of Mg.  

 

The standard dealloying process is as following.  Mg-Sn alloy was settled in a beaker with 

an ammonium sulfate solution. Vacuum filtration was used for collecting the undissolved Sn 

nanoparticles. After pouring the solvent through the filter paper, we washed Sn with 200 ml 

deionized water (DI water) three times to stop any further etching process. In order to collect 

most of the particles, filter paper was washed by the DI water sitting on the extra container, 

and then the DI water with the Sn particles was centrifuged to separate Sn and water. To 

remove water from the porous structure, we added ethanol into the Sn particles and centrifuged 

three times. After centrifugation, Sn nanoparticles were poured out on a petri dish to air dry, 
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and heated in a vacuum oven at 70 ˚C overnight to remove residual water. Finally, we can 

obtain Sn nanoparticles. 

 

In order to approach the best combination of the ligament size and the porosity, we applied 

the different parameters to observe the architecture change. The following is the experimental 

sequence that we applied to ascertain the tendency between the ligament size and the porosity 

(Figure 2.1). We set up three sections of experiments, varying dealloy time, alloy compositions, 

and electrolyte concentrations. By combing the SEM, BET, and galvanostactic measurements, 

the correlation between architecture and electrochemical performance can be verified.  

 

2.3 Electrode preparation and Cell Assembles 

Each synthetic iteration of Sn nanoparticles was processed for electrochemical testing in 

the same way. An Electrode slurry was prepared by ball-milling 66 wt% Sn materials, 17 wt% 

carbon fiber, 17 wt% Carboxymethyl cellulose (CMC) binder and an appropriate amount of 

deionizing water for 1 hour. Then the slurry was spread by doctor blade on 9 um thick copper 

Figure 2.1: Schematic illustration of experimental sequence.  
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foil, to achieve a mass loading of around 1.2 mg/cm2. In order to completely dry the slurry on 

copper foil, the slurry was dried under air atmosphere first, and then was heated in a vacuum 

oven at 70 ˚C for 12 hours. The electrodes were cut into circular discs approximately 10 mm 

in diameter. In our system, the electrolyte was 1M LiPF6 in ethylene carbonate/dimethyl 

carbonate (EC/DMC) and with 5% volume ratio Fluoroethylene carbonate (FEC). FEC is a 

good oxidizing agent that can remove highly oxidized carbon compounds (with high binding 

energy) during an oxidation process (delithiation); therefore, FEC promotes high quality SEI 

with thin and low resistance, which improves the cycling stability of Sn nanoparticles [15]. 

The Swagelok cells were assembled in an argon-filled glovebox with lithium foil as the counter 

electrode. Figure 2.2 shows the schematic for a Swagelok component in the cycling test. 

Assembled Swagelok cells were tested under Galvanostatic discharge-charge measurements 

of the cells.  The voltage range is 0.01-3 V with the first cycle recorded at a rate of 1000mAg-

1 (1C), and the rest of the cycles were recorded at a rate of 500mAg-1 (1/2C). The fast charging 

rate of the first cycle can avoid further electrolyte decomposition; hence, it can improve the 

cyclability. 

 

 

Figure 2.2: Schematic illustration of assembled Swagelok half-cell. The steel rods will 

compress Sn anode, glass fiber separator, and lithium cathode in the middle of Swagelok. 
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2.4 Electrochemical Performance Characterizations and Measurements  

X-ray diffraction (XRD) is a non-destructive and versatile technique to identify the 

crystalline phase of a material. In this project, X-ray diffraction (Brucker Discover Powder X-

ray Diffractometer) was used to certify the phase of the Mg-Sn alloy and Sn powder after 

dealloying. The morphology change after dealloying synthesis was investigated by scanning 

electron microscope (JEOL JSM-6700F FE-SEM) and transmission electron micrscopy (Titan 

S/TEM). The porosities were measured by nitrogen adsorption-desorption isotherms at 77K. 

Analyzing the adsorption-desorption isotherms data with the BET equation, we can obtain the 

specific area and the pore size distribution. The electrochemical performance of the dealloyed 

samples was tested with an Arbin (BT-2000) galvanostatic charge-discharge cycle instrument 

after being assembled into the Swagelok cells. Galvanostatic curves are obtained by providing 

the electrode with constant current and measuring the voltage. It is a polarization method which 

allows for controlling polarization of metal surfaces in electrolytes. Therefore, it can directly 

provide observation of cathodic and anodic behaviors. 

 

Chapter 3 Results and Discussion 

3.1 Introduction 

As mentioned before, chemical dealloying synthesis provides a facile path for 

simultaneously controlling both ligament size and porosity to improve the electrochemical 

performance of Sn. The dealloying synthesis shows improvement of Sn; Figure 3.1 compares 

the cycling data of bulk Sn and porous Sn. The cycling performance of bulk Sn shows low 

capacity (120 mAh/g) and short cycle life, yet the dealloyed porous Sn shows improved 

cyclability of up to 100 cycles and much higher capacities (350 mAh/g). Porous Sn’s better 
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performance is due to (1) the size reduction in Sn ligaments and (2) the porous structure, which 

can accommodate the volume changes during lithiation/delithiation. As mentioned earlier in the 

material preparation section, the chemical dealloying process is effective in producing 

nanoscale porous architectures. However, excess pores or small ligaments might produce too 

much surface area, allowing further SEI formation that will reduce the capacities and 

detrimentally influence the cyclability. We see from the comparison between bulk and 

dealloyed Sn that chemical dealloying synthesis improves cycling, however the capacities and 

the cyclability still have to be further enhanced by identifying an ideal combination of ligament 

size and porosity. In order to ascertain this combination, the effect of dealloying time, alloy 

composition and electrolyte concentration were investigated.  
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3.2 Dealloying Time Study 

For the time control study, we used three different dealloying times, 10 min, 20 min and 2 

hours, in 1.0 M ammonium sulfate electrolyte. To verify the completeness of the dealloying 

process, XRD patterns of the dealloyed porous Sn and the precursor alloy were compared. 

Figure 3.2 shows the XRD pattern of the precursor which indicates the coexistence of hexagonal 

Figure 3.1: Cyclability of bulk Sn (up) and porous Sn (down). The porous Sn shows the higher 

specific capacity and longer cycle number. The porous structure does enhance the 

electrochemical performance. 
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Mg and trigonal Mg2Sn before the dealloying process. After dealloying, the XRD pattern 

exhibits  no Mg peaks (Figure 3.3) verifying that Mg in the alloy was completely etched out 

while only tetragonal Sn remained at the end of the reaction. The morphology change is 

observed through SEM (Figure 3.4); images show that the ligament size grew larger from 10 

min to 25 min and that the ligaments became homogeneous after 2 hours. This ligament-

growing phenomenon is due to the aggregation effect: the smaller size ligaments have a 

tendency to spontaneously aggregate to reduce surface area in order to remain at 

thermodynamic equilibrium. This mechanism also explains why after 2 hours the initial smaller 

ligaments congregated to form larger ligaments. Longer dealloying time in ammonium sulfate 

causes the initial small ligaments, which is not visible in the SEM images, to grow 

thermodynamically stable. As a result, the sample obtained coarse ligaments and had larger 

ligaments on the bottom after 2 hours.  

Moreover, our porous Sn nanoparticles show the secondary porous texture. The SEM 

images show clear white particles on the surface of the ligaments. Those white particles were 

the secondary ligaments on the surface, and the features of those secondary ligaments require 

higher resolution imaging using transmission electron microscopy (TEM). Through TEM 

images (Figure 3.5), 10 and 25 min samples show a rough and rigid texture on the surface, 

which is consistent with showing a greater number of secondary ligaments. However, 2 hours 

exhibit the opposite trend where this sample displays a smooth texture on the surface, which 

translates to a diminishing in porosity on the surface. This phenomenon is also ascribed to the 

aggregation effect: in order to stay at thermodynamic equilibrium, smaller ligaments will 

aggregate to decrease the surface area. Thus, we can see that the longer dealloying time not 

only leads to ligament sizes growing but also the growth of secondary ligaments. 
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Figure 3.2:  XRD pattern of alloy precursor before dealloying process. 

 

Figure 3.3: XRD patterns of alloy precursor after dealloying process. Only Sn remains. 
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Figure 3.4:  SEM images of porous Sn with different dealloying time control. Under longer 

dealloying time, the ligament size grows larger to reach thermodynamic equilibrium. 

Specifically, 2 hours shows coarse ligaments, which were coming from previous small 

ligaments. Therefore, we can see the homogeneous ligaments sit on the larger size of ligaments. 
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Figure 3.5:  TEM images of porous Sn with different dealloying time control under higher 

resolution. 
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The electrochemical performance of as-synthesized samples was tested by galvanostatic 

cycling (Figure 3.6). The first cycle was recorded between 0.01 and 3 V at a rate of 1000 mA/g (1 

C), and the rest of the cycles were recorded at a rate of 500 mA/g (1/2 C); the fast charging rate of 

the first cycle is to avoid further electrolyte decomposition. The three different samples showed 

similar capacities of 400–550 mAh/g for the first cycle with associated coulombic efficiencies 

ranging from 40–70% for the first 15 cycles. The fluctuation in capacities and low coulombic 

efficiencies from the first 15 cycles correspond to electrolyte accessibility to the active material. 

The electrolyte required several cycles to soak into the electrode in order to access the charge 

storage sites of the active material. After the first 15 cycles, the three samples showed similar 

capacities and coulombic efficiencies. However, the cycling performance of the 2 hours sample 

only survived 50 cycles. In contrast, 10 and 25 min samples have capacities of 500 mAh/g for 

more than 120 cycles. This drastic difference in performance could be a result of the small 

ligaments in 10 and 25 min samples that can effectively accommodate the volume expansion 

during charging and discharging. 
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Barrett-Joyner-Halenda (BJH) analysis data verified the changes in pore size distribution 

under different dealloying times. Figure 3.7 shows the porosity change between 25 min and 2 

hours. The pore size under 25 min dealloying time has a broader size distribution, and the 2 

hours dealloying time has a narrower size distribution. These pores comprise both the space 

between the ligaments and the pores inside the materials.  The size distribution for the 25 min 

sample has a higher ratio of mesopores (2–50 nm) compared with the 2 hours sample, which 

had few small pores.  According to previous research, the formation of the mesopores could 

Figure 3.6:  Cycling behavior of the Sn materials with different dealloying time. Left y-axis is 

specific capacity. Right y-axis is coulombic efficiency. 10 min shows the longer cyclability. 
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effectively provide the less-resistive diffusion paths for lithium ions and greater electrode–

electrolyte contact during the lithiation[16]. We speculate that the improved electrochemical 

performance of the samples with shorter dealloying time and higher mesoporosity might also 

be a result of facile ion diffusion and additional space for volume expansion. This agrees with 

our cycling measurements of nanoporous Sn materials, which achieved a capacity of 500 mAh/g 

over 100 cycles without severe degradation. We also show that ligament size is highly related 

to the dealloying time and that both ligament size and mesoporosity have a significant impact 

on the cycling performance. 
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Figure 3.7:  Pore size distribution of the Sn samples. The dealloying process was under 1.0-M 

ammonium sulfate for 25 minutes (up) and 2 hours (down). 2 hours shows narrower pore size 

distribution and lower ration of mesopores. In contrast, 25 min shows broader size distribution 

and higher ration of mesopres.   
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3.3 Alloy Composition Study 

Alloy composition plays another critical parameter for controlling the morphology change. 

We expect that a higher composition of Sn would result in larger ligaments, and a lower 

composition of smaller ligaments. This phenomenon could be explained by the schematic 

shown in Figure 3.8. As the Sn-poor alloy has a higher Mg ratio, after etching out Mg, thinner 

pore walls would remain. On the other hand, as the Sn-rich alloy has a lower Mg ratio, the 

remaining material would have thicker pore walls after the etching process.  For this study, we 

compared three alloy compositions, which were 25, 20 and 15 at%, under 25 min dealloying 

time and 1.0 M ammonium sulfate. The dealloying time was prolonged to 25 min because 

higher Sn compositions cannot be fully dealloyed under 10 min. XRD data of precursors and 

dealloyed powder were compared to certify the completeness of the dealloying process. 

Ligament size change was observed using SEM, as shown in Figure 3.9. From the higher to 

lower composition of Sn alloy, the ligament size was reduced, which confirmed our hypothesis. 

 

 

 

 

Figure 3.8:  Schematic image of the ligament size under different alloy compositions.  When 

the alloy has higher ration of Sn, it will have the thicker pore wall after dealloying process. In 

contrast, lower ration of Sn alloy will have the thinner pore wall after dealloying process.  
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Figure 3.9:  SEM images of porous Sn coming from different alloy compositions, which were 

25, 20 and 15 at%. 
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The SEM images of different compositions of alloys clearly demonstrate ligament size 

change after dealloying. Through galvanostatic charge/discharge measurements, the 20 at% Sn 

alloy demonstrated the best cyclability and longest lifetime (Figure 3.10).  A capacity of 600 

mAh/g was retained for more than 80 cycles. This optimal performance is likely the result of 

an optimal ligament size. As mentioned earlier, excess amounts of small ligaments result in 

higher surface areas thus promoting the formation of SEI and thus capacity loss. That is, even 

though the 15 at% sample had smaller ligaments, their benefits might be offset by the SEI 

formation due to larger surface areas. 

 

 

In order to understand the influence of the pore size distribution, Sn particles were further 

investigated by nitrogen adsorption measurement as indicated in Figure 3.11. The exact pore 

Figure 3.10:  Cycling behavior of the Sn materials with different alloy compositions under same 

dealloying time and 1.0 M ammonium sulfate. Left y-axis is specific capacity. Right y-axis is 

coulombic efficiency. 
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volume cannot be determined by BET due to the difficulty of completely evaporating moisture 

from the pores, but the mesopore fraction can still be obtained. The mesopore fractions of the 

25, 20 and 15 at% samples are 57, 37 and 29, respectively. Good electrochemical performance 

of the 20 at% sample may be attributed to both a relatively high pore fraction and an appropriate 

ligament size.  Although the 25 at% sample obtained the highest mesopore ratio, the larger 

ligaments might diminish the benefits of high mesoporosity. The results from this study show 

that compromise between ligament size and pore fraction appears to stabilize the cycling 

performance of 20 at% Sn where a specific capacity of 600 mAh/g is retained for over 100 

cycles.  
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Figure 3.11: Pore size distribution of the Sn samples. All samples were operated under the same 

dealloying time and concentration of ammonium sulfate (1M ammonium sulfate). 
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3.4 Electrolyte Concentration Study 

We speculate that different concentrations of ammonium sulfate might further improve the 

cycling lifetime. Following previous optimization studies, the dealloying process was 

conducted under 25 min dealloying time with 20 at% Sn composition, which had showed 

optimal improvements in electrochemical performance. For this section, we tested varying 

ammonium sulfate concentrations (1.0 M and 0.5 M) to see whether electrolyte concentration 

will affect the pore sizes of Sn nanoparticles and further influence its electrochemical 

performance. SEM images of the respective samples with different concentrations of 

ammonium sulfate (Figure 3.12) did not demonstrate a clear change on sample morphology. 

However, the electrochemical testing showed an obvious cycling difference between the two 

samples. The 1.0 M sample obtained only 100 cycles with a capacity of 500 mAh/g. On the 

other hand, the 0.5 M sample demonstrated around 200 cycles with an attainable capacity of 

more than 500 mAh/g (Figure 3.13). This improved cycling might be a contribution from the 

higher ratio of mesopores in the materials. From BET data (Figure 3.14), the 0.5 M and the 1.0 

M samples exhibited 50% and 37% mesopores, respectively. The formation of mesopores could 

provide less-resistive diffusion pathways for lithium ions and more intimate contact between 

the electrolyte and active materials during lithiation/delithiation. By changing the electrolyte 

concentration, we were able to improve the capacity to 600 mAh/g with stable cycling up to 

200 cycles. This result also suggested the beneficial effect of the mesopores during the Li 

alloying/de-alloying process. 
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Figure 3.12:  SEM images of porous Sn coming resulting from different concentration of 

ammonium sulfate under 20 at% Sn alloy and 25 min dealloying time.  
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Figure 3.13:  Cycling behavior of the Sn materials under different concentrations of ammonium 

sulfate with the same 20at% Sn alloy and dealloying time. Left Y axis is specific capacity. 

Right Y axis is coulombic efficiency. 0.5 M shows higher capacities and longer cycling life. 

 

 



 
 

34 

 

Figure 3.14: Pore size distribution of the Sn samples. All samples were operated under the same 

dealloying time and composition of alloy. 
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3.5 Summary 

For synthesis control, capacity was successfully improved from the initial 350 mAh/g over 

100 cycles to 600 mAh/g capacity with stable cycling over 200 cycles. By controlling the 

parameters of dealloying time, compositions of alloy, and the concentration of the electrolyte, 

we ascertained that the appropriate ligament size and the high ratio of mesopores are necessary 

for good electrochemical performance. The small ligaments can mitigate volume expansion, 

but they also produce larger surface areas, which promote more SEI formation which results in 

a loss of capacity. Therefore, balancing the ligament size and the surface area is essential for 

improving electrochemical performance. In addition, mesopores significantly improved the 

electrochemical performance by providing for an easier lithium ion pathway and larger contact 

area between the electrode and the electrolyte. Our findings provide new insights into the 

coupling between particle size and porosity by controlling dealloying parameters, and by 

examining each parameter, we optimized the stability, capacity, and cyclability of our Sn 

material. 

 

Chapter 4 Conclusions and Outlook 

As mentioned before, ligament size and the porosity significantly impacted the 

electrochemical performance of Sn. Small ligament size can effectively mitigate volume 

expansion, but the excess surface area might diminish the stability and capacity. In addition, 

porosity provides extra space for volume expansion and also improves the electrode/electrolyte 

contact; however, excess pores might reduce volumetric capacity and promote continuous SEI 

formation. Therefore, ascertaining the optimal combination of size and porosity was the main 

focus for this project.  
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Chemical dealloying method provides an easy path for simultaneously producing a porous 

structure with small ligament sizes for porous Sn nanoparticles. We used a Sn-Mg alloy as the 

precursor, and ammonium sulfate as our electrolyte for the dealloying process (based on the 

standard electrode potential). We studied the effect of various parameters such as dissolving 

time, alloy composition and ammonium sulfate concentration, to identify the trend of particle 

size and porosity. By means of Arbin cycling tests, the actual correlation between synthesis 

parameters and electrochemical performance was correlated. In our synthesis control, we 

successfully improved the capacity from 350 mAh/g over 100 cycles to 600 mAh/g over 200 

cycles. By controlling the different parameters, we verified that the appropriate ligament size 

and the high ratio of mesopores could translate to good electrochemical performance.  In 

particular, mesopores significantly enhanced both cyclability and capacity by providing easier 

lithium ion transportation pathways and intimate contact between the electrode and the 

electrolyte. In this project, our finding provided new insights for coupling particle size and 

porosity and a new method for stabilizing Sn materials.   

 

For the future, after stabilizing the electrochemical performance of Sn, we will further 

optimize the electrode formulation and increase the mass loading per area to approach practical 

applications. With an appropriate electrode formulation, the cycling performance can even be 

further improved in terms of cyclability and capacity due to the improved conductivity and 

contact between particles and current collector. In addition, increased mass loadings can 

provide higher areal energy densities, which is a significant factor for realistic LIB applications. 

By confirming the best formulation of Sn electrodes and reaching maximum mass loadings, 
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new technology industries can adopt nanoporous Sn as a prospective anode material in the 

future. 
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