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ABSTRACT 
 
 

USING ELECTROCHEMICAL METHODS TO SYNTHESIZE AND UNDERSTAND ENERGY 

DENSE ANODES FOR LITHIUM-ION AND “BEYOND” BATTERY TECHNOLOGIES 

 

With the increasing occurrence of wildfires during summers and extreme blizzards during 

winters, society must look towards conversion into a renewable and carbon-free future to inhibit 

the growing problems caused by greenhouse emissions.  An increased utilization of renewables 

such as geothermal, wind, and sunlight energy production has occurred in recent years as a 

response to those calls for change. However, the search for a way to store the energy produced 

from these sources for long term use during intermittent conditions is necessary. Due to 

advancements in Li-ion battery research during this past decade in conjunction with the decrease 

in their production cost, the utilization of batteries has evolved from primarily small portable 

devices to a broader range of applications in life. This includes its application as energy storage 

grids to support the expanding utilization of energy producing renewables in powering homes and 

businesses. Furthermore, the automotive industry is considering the permanent replacement of 

gas and combustion engines with battery powered electric motors. Batteries are this generation’s 

catalyst for the next technological revolution towards a carbon free future. Among the parts in a 

battery cell, the battery anode is believed to be the next big step in improving the energy density 

of Li-ion and beyond technologies. 

 Herein, we describe investigations producing and improving the lifetime of potential anode 

materials for lithium-ion batteries and beyond. Specifically, our investigations herein will be 

focused on the electrodeposition of intermetallic alloy SnSb, designed to create higher energy 

dense and longer lifetime electrodeposited anode materials, and new electrochemical corrosion 

techniques to develop coatings for multivalent metals. In order to give clear context about the field 
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of rechargeable battery chemistries, the first chapter of this dissertation is a brief review giving a 

perspective into current rechargeable batteries available in the market, current research, and 

current challenges in improving the current state-of-the-art lithium-ion batteries including work 

heading beyond lithium-ion technologies. 

 Chapter two details the successful electrodeposition of pure phase SnSb, by crystallinity, 

through the use of a deep eutectic ethaline solvent. The pure phase synthesis was developed 

through careful control of the ethaline solvent used, where humidity in the solvent was a factor 

that affected the pure-phase synthesis. This solvent acts as a double-edge sword, however, 

where overheating leads to the segregation of Sn ions from the solvent, resulting in Sb-rich 

products. These observations were collected through investigation of the electrodeposition 

products and through the use of different instrumentation to analyze the solution. The thin film 

performance as a lithium-ion anode was also investigated. 

 Chapter three describes the use of electrodeposited SnSb as thin-film sodium-ion anode. 

The lifetime and rate capability of the anode material in a sodium half-cell were reviewed. We 

herein also report the ex situ x-ray diffraction (XRD) study of the cycled material, showing the 

reformation of crystalline SnSb after continuous sodiation/desodiation process which has not 

been previously seen in a non-nanowire or single particle study. Comparison to the impure Sn 

rich production of this anode resulted in lower lifetime, showing the synergistic effect of SnSb 

reformation and the necessity in forming the pure phase SnSb.  

 Chapter four looks deeper into the SnSb sodiation process and identifies the reasoning 

for the significant capacity decrease with the increase of current rate. Electrochemical analysis 

through different methods such as the utilization of differential capacity plots and electrochemical 

impedance spectroscopy allows us to identify the rate limiting electrochemical event that causes 

less accessible capacity. The formation of a diffusion limiting phase is identified and discussed.  
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 Chapter five discusses the investigation into the aqueous electrodeposition of SnSb. 

Previous reports have utilized aqueous solvents to electrodeposit multi-crystalline Sn-Sb 

products, showing the complexity of the solvent and difficulties in creating 1:1 molar ratio SnSb. 

The effect of the pH of the electrodeposition solution on the resulting Sn-Sb product was 

investigated, revealing a range of compositions and morphology form depending on the solution 

conditions. Narrowing down to an ideal solution condition and further tuning the electrodeposition 

process resulted in a homogenous growth of SnSb throughout Ni foam.    

 Chapter six proposes different 3D architectural designs that can help enhance the stability 

and lifetime of electrodeposited 3D anodes. Specifically, the electropolymerization of porous 

polyaniline, which is needed in these different designs, has been carefully looked into. Different 

factors, such as acid concentration and the presence of light, were found to be important in 

initiating the polymerization of the aniline. 

 Chapter seven looks into the effect of single-walled carbon nanotube (SWCNT) and 

polyacrylonitrile (PAN) additives on enhancing SnSb composite lithium-ion batteries. SWCNT 

increases the mechanical stability of intermetallic alloys while PAN increases surface stability by 

encapsulating the volume changing active material. The cyclization of PAN further increased the 

mechanical effectiveness of the coating, but was identified to be a limiting factor in high current 

rate capabilities. 

 Chapter eight discusses the use of electrochemical corrosion in the search for ionically 

conductive coatings. The electrochemical corrosion of Mg3(PO4)2 coating on Mg metal was 

investigated where careful control of the experimental parameters, including the use of applied 

voltage entry in this process, resulted in more control towards the homogenous growth of the 

coating. 
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 Chapter nine investigates utilizing a Ca-Sn coating to enhance the plating of Ca metal. Ca 

re-plating is only found to be stable in select electrolytes due to unstable interface formed in many 

common electrolytes that inhibit Ca-ion mobility. The preliminary experiments discussed in this 

chapter investigate how the coating may enable more stable plating and stripping in different 

solvents, showing the benefits of this coating.
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CHAPTER 1 – BEFORE, CURRENT, AND BEYOND – LITHIUM-ION BATTERIES – 
CHALLENGES AND PERSPECTIVE1 

 

 

1.1 Introduction 

As advancements in technology continue to revolutionize society and change daily lives, the 

powering and application of these technologies continues to increase the total energy 

consumption required by society. Carbon based sources of energy (coal, oil, and gas) are still the 

dominant source of energy used in powering most homes.1 However, renewables are no longer 

the lowest percentage of energy provided, and in the last 10 years have drastically increased to 

the point where they have now surpassed nuclear and biomass means of energy production. 

Nevertheless, the more environmentally friendly sources of energy are still less than half of the 

next highest source of energy, which is gas. Based on International Energy Agency’s latest report, 

the global total energy supplied by renewables, nuclear, and biomass means in 2019 (2766 Mtoe) 

was still less than the lowest carbon energy source in the form of gas (3340 Mtoe). The main CO2 

emitting sources including gas, coal, and oil, continue to dominate the energy sector, and are 

expected to remain the main sources of energy for years to come.  

Current CO2 emissions are expected to increase in the upcoming years, as energy demands 

are projected to increase. Without any changes in sources of energy, carbon emissions will 

continue to grow and result in detrimental effects to different sectors of the environment in the 

future, including increasing temperature globally. Recent projections depict a drastic change in 

CO2 emissions in the last year, due to the global economic shutdown from the COVID-19 

pandemic, that resulted in the change in the CO2 emission trajectory and a slowdown in the 

increase of CO2 output.2 This demonstrates current society’s ability to reduce carbon emissions 

 
1 This chapter is written by Jeffrey Ma with guidance from Professor Amy L. Prieto. J.M. thanks Leslie 
Kraynak and Lily Moloney (Prieto Group, Colorado State University) for their writing suggestions for this 
chapter. 
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if people choose to limit their carbon emission sources. In recent years, the Paris climate 

agreement and other governmental policies around the world have been focused on reducing the 

climbing carbon emissions, with hopes to reduce emissions in the future.3 With the mixture of new 

governmental policies in the near future and the continued growth of energy and renewable 

infrastructure, the goal is to reduce carbon emissions to zero by 2100 if not earlier.4 The ability to 

reduce emissions will be solely dependent on society’s willingness to adapt to newer renewable 

sources and progressive reform through government policies. The most recent projections for the 

US predicts the retirement of almost all coat plants by 2050, with renewables being the dominant 

source of energy in the U.S. by 2030.5 Without these policies, we will see an increase in the 

buildup of greenhouse gases, the weakening of the ozone and, ultimately, irreparable change 

with increased global temperatures. 

One way to greatly reduce carbon emissions is to increase the production of renewable energy 

production sources. The presence of renewables, such as the rise of wind turbine farms and solar 

fields, have increased globally in the last 15 years. These energy production renewables have 

shown to be successful alternative to carbon sources, reduce reliance on an energy source only 

accessible by specific countries, while reducing overall cost and detrimental effects to the 

environment.5 However, these energy producing renewables have a great setback in which the 

production cannot be predicted to match the demand at different times of the day. Energy 

production by turbines is heavily reliant on the wind, while photovoltaic units are limited by the 

availability of the sun. In order to store the excess energy produced during times of successful 

energy production, all these energy production methods require some source of energy storage 

to provide power during intermittent weather (changes in wind, overcast conditions, and so on). 

Energy storage devices, such as batteries, are crucial for the storage of these energy production 

sources and allow for mobility of the source of energy. While the production of batteries has 
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recently been mainly focused on portable applications, the expansion of the use of batteries to 

other parts of life can help drive the successful conversion to a carbon free future. 

1.1.1 Introduction to batteries and current battery technologies 

The term “battery” was originally coined in the 1700s to describe linked capacitors used to 

transfer electricity but has been used in recent years to describe electrochemical cells used for 

energy storage. Batteries generally consists of two electrodes, the cathode and the anode, and 

an electrolyte that helps transfer ions to complete the balance reaction during the transformation 

of chemical energy into electricity. The cathode and anode are different materials that produce a 

chemical potential difference and are determined during the chemical work to release electricity, 

at which the cathode is chemically reduced, while the anode is chemically oxidized. Batteries are 

of interest in modern society as it allows for a more portable source of energy where the source 

of energy or electricity is no longer limited to the location of the source of energy production.  

Batteries allow for the storage of electricity produced by renewable sources (nuclear, hydro, wind, 

solar, etc.), making renewable energies competitive against coal, fuel, and gas which makes 

reducing carbon emissions viable.  

Typically, key traits of a good battery greatly relate to the size and weight of the battery. 

Depending on the battery desired, the material’s storage and portability are crucial in its success 

for different applications. To analyze the electrical and physical performance of a battery, the 

energy density and power density of a material are crucial metrics. Energy density (in Watt-hour 

per kilogram or liter) is crucial for identifying the energy a battery can store for specific size and 

mass, while power density (in Watts per kilogram) is dependent on how quickly a material can 

deliver the energy. Other important traits for a successful commercial battery includes the cost to 

produce the battery, the lifetime of the battery, and the safety of operating the battery.   
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Batteries come in one-time-use (primary) forms of energy, or rechargeable (secondary) forms 

that allows for multiple use. Secondary batteries specifically, have expanded in recent years and 

are the key catalyst of major technological advancements ranging from laptops to smartphones 

to electric vehicles and more. The main types of batteries in the commercial secondary battery 

industry that build up most of the market’s production and sales in current day technologies 

include lead-acid batteries, Ni-M batteries (where M stands for metal), and lithium-ion batteries. 

The history of different rechargeable batteries has been reviewed in other papers and will not be 

discussed here.6-8 However, the common rechargeable batteries found commercially will be 

briefly discussed to highlight the different chemistries that exist and are common at the point of 

this being written. 

1.2 Different types of secondary batteries 

1.2.1 Lead Acid Batteries 

Lead acid batteries are currently the dominant secondary battery manufactured globally, and 

have the largest market share of all the rechargeable battery technologies in the market. Based 

on Grandview Research, lead acid batteries made up about 60% of the market in 2015.9 What 

makes lead acid batteries dominant currently is the reliability of these batteries. Lead acid 

batteries are commonly found in all parts of life, being used as starters for engines and powering 

transportation, ranging from wheelchairs to commuter trains, to being a source of backup power 

for buildings and grids. 

Typically, lead-acid batteries consist of a lead (Pb) anode and a lead dioxide (PbO2) cathode 

with a separator in between. The separator is filled with a concentrated acidic solution of sulfuric 

acid (H2SO4) that acts as the electrolyte that helps balance the chemistry of the battery during 

work. The following reaction occurs when work is being done via a lead acid battery: 

Total reaction in the battery (forward reaction shown is when the battery is being discharged):  

Pb(s) + PbO2 (s) + 2 H2SO4 (aq) ⇌ 2 PbSO4 (s) + 2 H2O (l) 
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Process occurring at the cathode:  

PbO2 (s) + 3 H+
(aq) + HSO4

- (aq) + 2 e- ⇌ 2 H2O (l) + PbSO4 (s) 

Process occurring at the anode:  

Pb(s) + HSO4
-
(aq) ⇌ PbSO4 (s) + H+

(aq) + 2 e- 

The main benefits of lead acid batteries are its low cost and the battery’s resilience to a wide 

range of conditions. Out of the different secondary battery technologies available commercially, 

lead acid batteries remain relatively low in cost, ranging from $75 - $150 per kWh.10 This type of 

battery also operates with a wide temperature range, from as cold as -30˚ C to as warm as 60˚ C. 

However, this battery is limited by its performance as a storage device due to its energy density. 

Lead acid batteries are limited to about 50 Whˑkg-1 of storage, resulting in large and heavy storage 

units of this form of battery. The batteries also have a limited lifetime of about 200 – 500 cycles, 

which is shorter than other available technologies. The Pb electrodes are also toxic to the 

environment and rises health concerns, leading to diligent handling and recycling protocols for 

these batteries.  

1.2.2 Nickel – Metal batteries  

 Nickel metal batteries (Ni-M) are common rechargeable batteries commercially available 

mostly utilized for portable devices prior to the rise of Lithium-ion (Li-ion) technologies. The 

applications that Ni-M batteries are commonly used in range from radios and cameras to medical 

devices. The first generation of Ni-M batteries utilized Cadmium as the metal anode. But due to 

the expense and toxicity of cadmium, this metal was eventually replaced by Ni metal hydride 

(NiMH) technologies. 

In current NiMH technologies, the battery consists of a nickel oxyhydroxide cathode, a 

potassium hydroxide electrolyte, and a metal hydride anode. The metal hydride used is typically 
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made of an intermetallic alloy. The following is the reaction that occurs when work is being done 

via a NiMH: 

The total reaction in the battery (shown as the forward reaction when the battery is being 

discharged):  

NiO(OH)(s) + MH(s) ⇌ Ni(OH)2 (s)  + M(s) 

Process occurring at the cathode:  

NiO(OH)(s) + H2O(l) + e- ⇌ Ni(OH)2 (s) + OH-
(aq)  

Process occurring at the anode:  

MH(s) + OH-
(aq) ⇌ M(s) + H2O(l) + e- 

The main advantage of Ni-M batteries is the higher overall energy density this battery 

technology has compared to lead acid battery, while having similar resilience to a wide range of 

temperatures. Due to the lighter weight, portable technologies became more viable including the 

production of electric vehicles.11 However, these batteries face problems with high discharge rate, 

decreasing capacity if not fully discharged, and high production cost. Due to Li-ion technology 

being better in every metric and the decrease of cost over time, Ni-M technology has been 

replaced by Li-ion in almost every major application. Ni-M batteries will further decrease in market 

share as the prices of Li-ion cells continue to decrease. 

1.2.3 Lithium-ion batteries 

 Lithium-ion batteries are currently the most promising secondary battery technology that 

is driving the change towards green energy and enabling a renewable future. Every year lithium-

ion technologies continue to improve in performance, increase in production, and decrease in 

cost. While lead acid batteries still remain a large part of the industry, Li-ion batteries are expected 



7 

 

to outgrow the pace in production of lead acid batteries, and are expected to overtake lead acid 

batteries to become the majority of secondary batteries produced by 2027.12 

The Li-ion commercial battery typically consists of a lithium metal oxide cathode, a Li-based 

salt in carbonate solvent electrolyte, and a graphite anode. Using LiCoO2 as the cathode, the 

following is an example of what typically occurs in a Li-ion battery: 

The total reaction in the battery (showing the forward reaction when the battery is being 

discharged):  

LiCoO2 (s) + C6 (s, graphite) ⇌ Li1-xCoO2 (s) + LixC6 (s) 

Process occurring at the cathode:  

LiCoO2(s) ⇌ Li1-xCoO2 (s) + x Li+(aq) + e- 

Process occurring at the anode:  

C6 (s) + x Li+(aq) + e- ⇌ LixC6 (s) 

 Lithium, being the most energy dense element in the periodic table, results in the highest 

energy dense storage material currently available to build batteries. However, due to the 

complexity of the Li-ion cell, every component of the battery contributes to both the advantages 

and the current disadvantages of the overall battery build. Some necessary improvements 

required in the Li-ion technology include increasing performance of the battery, increasing the 

safety of the battery, lowering the cost of the overall battery, and reducing the use of limited-

supply elements. The next section will focus more in-depth on the advantages and disadvantages 

of this technology, with a perspective of specific lithium-ion and “beyond Li-ion” related chemistry 

technologies. As this field has grown immensely – technologically over the last 30 years, through 

research,  production, and economically of commercialization, the discussion on Li-ion battery as 

a topic requires a rich and diverse discussion in itself. 
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1.3 Lithium-ion batteries – Current chemistries 

 Lithium-ion battery (LIB) technologies have revolutionized society in the last 30 years by 

enabling a more mobile society. The successful implementation of smartphones, laptops, and 

other portable devices has been catalyzed by the commercialization of lithium-ion batteries. The 

biggest application that has led to an increased growth and advancement in LIBs in recent years 

is the emergence of electric vehicles (EV).  

Although electric vehicles were first produced in the 1830s, the adaptation of electric 

vehicles was not widely accepted or adopted until this past decade.13 The advancement of LIBs 

from a specific energy of 90 Wh/kg, when it was first commercialized in the 1990s, to 220 Wh/kg 

today has enabled EVs to cover similar distances as internal-combustion engine vehicles 

(ICEV).14 The goal of the current automotive industry is to produce electric vehicles with a range 

of 400 miles, which is believed to be the about the range for ICEVs before the next fuel fill-up.15 

The EV market, while still at its infancy, has overtaken portable devices as the biggest source of 

LIB demands. In the past decade, LIB production has increased about five-fold, from 25 GWh of 

cells produced in 2010 to about 125 GWh of cells produced in 2020.16 Due to this increase in 

production, the cost of LIBs has decreased from over $1000/kWh in 2010 to below $200/kWh 

today.17 Ultimately, the goal is for LIB to fall below $100/kWh, which would make the batteries 

have a price equivalent to the average price of a gallon of gasoline.18 Current projections by BNEF 

believe this will occur by 2023.19  

Over the last 30 years, the LIB chemistry has remained the same but batteries produced 

have shifted from the initial LiCoO2/Graphite batteries to higher energy dense, faster charging, 

and safer materials.20-21 Unlike other material science fields, the improvement of battery storage 

is not linear and is dependent on incremental improvement through better engineering of the 

current technology while we wait for the successful discovery and implementation of future 

chemistries. Nevertheless, the current incremental improvement of the LIB chemistry remains 
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bountiful and the technology still has many opportunities to grow. Current research towards the 

advancements in LIBs has been focused on tackling the following goals:  

• Increasing the energy density of the overall LIB cell: both changes in the active 

and inactive components of the LIB cell can improve the energy density of current 

cells.  

• Increase of power density of LIB cells: LIBs remain limited in their current chemistry 

with the rate electrodes can store and release electricity. Increasing power density 

can enable faster charging needed for EVs. 

• Ways to reduce the cost: the current goal is to decrease the cost of LIBs to below 

the $100/kWh threshold. 

• Increasing safety of cells: if cells are abused current LIB are highly flammable and 

thermal runaway can occur. How can we reduce the dangers of LIB that contains 

a highly oxidizing material packed closely to a highly reducing material under 

pressurized conditions? 

Of these main goals, the majority of lithium-ion battery research has been focused on the 

increase of energy density and how to lower cost without sacrificing lifetime and safety of the 

battery. The Department of Energy funded two different consortiums in the last 5 years to focus 

on such goals: Battery500 and Joint Centre for Energy Storage Research (JCESR). Battery500‘s 

focus was to decrease the battery cost below the $200/kWh threshold. This consortium aims to 

increasing the energy density of the battery by replacing the current graphite technology used in 

current commercial cells, that has an energy density of 220 Wh/kg, with higher energy-dense 

materials and better electrolyte formulations. The goal is to increase the energy density of 

batteries to 500 Wh/kg. The advancement of lithium-metal anode technology and better control 

of lithium plating and stripping through advanced electrolyte systems have been focal points.22-26 

JCESR had similar focus of developing a battery with a “555” promise – 5 times more energy, 5 
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times cheaper, in 5 years.27 This goal aims for the improvement of battery technologies that would 

cost $120/kWh. This consortium focused on the better understanding of new battery chemistries 

from the molecular level up and concentrated on all parts of the battery ranging from anode, 

cathode and electrolyte. JCESR is currently looking at chemistries beyond lithium-ion, and also 

includes non-traditional electrolyte formulations with the focus of safer and less flammable 

technologies. Ultimately, these consortia are looking to lower the price of batteries below 

$100/kWh to enable the advancement of the EV market. 

Even with these promising objectives towards battery advancements, many other factors 

still remain that greatly affect the success of lithium-ion batteries. Despite the successful 

identification of promising LIB materials that would increase the performance and lifetime of the 

overall LIB cell, the process for implementation and incorporation of the LIB technology into 

existing production lines remains a big limitation for the materials’ transition from lab to market. 

Current production process of LIBs has been previously described in other papers, ranging from 

the considerations for producing precursors to the active materials for the battery and different 

steps for scaling up.28-29 Considerations must be made for the ease of technological transfer into 

existing production lines. Even prior to designing a scaled-up process for large scale production, 

work must be performed in identifying changes in the chemistry as the production scale of the 

materials increase. Furthermore, the chemistry must be better controlled as the process changes, 

and this optimization of production requires additional time and research. This huge investment 

of time, money, and effort is the main reason that limits the successful implementation of every 

promising LIB technology into the market. 

Another factor that greatly affects the success of LIB in the future relates to the recycling and 

closing the loop of LIB production. As the amount of LIB produced increased drastically only in 

the last decade, questions about recycling of batteries have become a big concern. While LIB 

contain fewer toxic elements than other rechargeable batteries in the market, potential impacts 
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from incorrect disposal can still be a problem. Nevertheless, current LIB contains different 

components throughout the cell that are limited in availability around the world and recycling of 

the components will be necessary as less of the natural materials are available to mine. Recycling 

of LIB will look to recover most of the battery components, ranging in ways to recover and 

separate different metals to solvents.  Current research working towards minimizing the energy 

throughout the recycling process is on the way and has been discussed in other papers.30-31 Even 

prior to the recycling of the different components of the battery cell, some companies have 

recently announced plans of utilizing LIB in second life applications for energy grid storage after 

its end of life as a EV battery.32-33 Utilizing LIB to the fullest and minimizing the energy required to 

recycle and remake batteries will be crucial for the longevity of this technology for decades to 

come. 

As we look for higher voltage LIB technologies to increase the energy density of lithium-ion, 

we push the materials in the battery to operate over their limits at conditions outside their windows 

of stability. This leads to both the performance benefits we desire and also stability issues 

throughout the LIB cell. These stability issues result in cell degradation and uncontrolled reactions 

observed at every interface, which requires further optimization via controlling the surface, 

electrolyte and electrode morphology to stabilize the cell. The focus on mitigating degradation is 

crucial, as better control of the degradation and instability can result in increasing the longevity of 

the cell, indirectly reducing the cost of replacing cells.  The upcoming sections will discuss the 

current advancements and challenges identified for the different components of the lithium-ion 

battery in hopes to give a perspective of the different parts of in the LIB cell.  

1.3.1 Anode – Current Technology and future perspective 

Lithium-ion batteries have an interesting history of development, dating back to research in 

the 1970s by Exxon Mobil as an alternative source of energy during the US oil crisis.21 Initial 

lithium rechargeable batteries were developed and tested with lithium metal as an anode. 
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However, safety was revealed to be a huge challenge with this technology. Successive stripping 

and plating of Li metal resulted in uncontrolled dendritic growth on the anode. These dendrites 

can penetrate the separator resulting in high short-circuiting risks that can begin thermal runaway 

reactions and ultimately start a Li battery fire. This technology did end up in the market with the 

production of Li/MoS2 lithium cells by Moli Energy, which were shortly recalled and its production 

ended due to several fire accidents. The following section describes the different benefits and 

challenges of currently commercial or researched Lithium-ion anodes. 

1.3.1.1 Graphite and other carbonaceous materials 

In order to design a safer lithium rechargeable technology, the concepts of using two 

intercalation hosts to shuttle and store Li ions were conceptualized, replacing the need for lithium 

metal.34 The first reported lithium-ion intercalation candidate was studied in 1974, with a cyclic 

voltammetry study demonstrating that graphite can intercalate a variety of cations, including 

several different alkali ions like Li+.35 However due to continuous co-intercalation of the common 

organic carbonate electrolyte used at the time, propylene carbonate (PC),  into the graphite layers, 

graphite exfoliation was observed from the resulting volume change and stress. Ultimately this 

graphite exfoliation lessens the material’s ability to store lithium and hinders the material’s initial 

ability to reversibly be used. The first successful observation of lithium-ion reversible intercalation 

of graphite was observed using a solid electrolyte consisting of a polyethylene oxide and lithium 

perchlorate in 1983. Graphite remained unusable due to instability with electrolyte solvents of the 

time, resulting in the material’s unavailability for commercial use until years later.36 Before this 

discovery, the use of the carbonaceous material petroleum coke was developed and employed in 

the initial lithium-ion battery technology that was commercially released.20 Petroleum coke is a 

lesser graphitized form of carbon that is able to reversibly store Li+ due to the amorphous regions 

of carbon that secures and brings together the different carbon layers.37 The capacity of petroleum 

coke is limited compared to graphite (believed to be about 186 mAh/g or holding about Li0.5C6). 
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But, due to petroleum coke’s ability to operate in PC, it was the first LIB anode. Successful 

reversible lithium intercalation of graphite in a lithium-ion battery cell did not occur until 1990, 

when liquid electrolyte formulation for LIB was improved with the introduction of ethylene 

carbonate (EC) as a co-solvent. 

 Since this discovery, carbon-based anodes have enabled Li-ion battery technology to grow 

in the commercial market and remains the dominant anode of choice for over 30 years. What 

makes graphite unique is the ability for Li ions to be stored between the layers of graphene planes. 

Theoretically, up to 1 Li atom can be stored per 6 Carbons in the graphite structure. This 

intercalation mechanism results in minimal volume change during Li-ion intercalation and 

deintercalation (about 10% volume change), resulting in 2D mechanical stability of the material 

and durability of this material for hundreds of cycles. This material is also electronically conductive 

and relatively low cost due to being made from an abundant source. Additionally, the material has 

higher energy densities compared to other intercalation anodes, with operating potentials 

between 0.05 V to 0.02 V vs Li/Li+. Graphite forms a stable solid electrolyte interface (SEI), a 

decomposition of the electrolyte onto the anode surface, during its initial cycle which remains 

stable after the initial formation. This has a huge effect on the battery’s lifetime, as limited growth 

of the SEI and control of the SEI formation allows for a stable interface on the anode surface that 

allows Li ion mobility. Due to a combination of the material’s low cost, moderate energy and power 

densities, and good cycle life, graphite has yet to be replaced. However, owing to the limited 

theoretical capacity (372 mAh/g) of graphite, the practical capacity of this material has been 

realized. In order to increase the energy density of LIB’s, other materials must be investigated. 

One way the commercial industry has increased the practical capacities of carbonaceous 

anodes is through the introduction of hard carbons. Hard carbons contain a mixture of small 

graphitic grains and are highly disordered, making them less likely to exfoliate when compared to 

graphite. Because of the disordered nature, the material is highly porous and contains voids that 
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allow it to have reduced volume expansions upon lithium intercalation. In addition, these defects 

and voids from the disordered structure allow for excess gravimetric capacities by storage of Li 

ions in these voids and defects, resulting in a slight increase of practical capacity when compared 

to the theoretical capacity of graphite.38-40 However, due to the higher surface area of this material, 

the solid electrolyte interface (SEI) is more drastic when compared to graphite, resulting in a 

reduction of available Li in Li-ion full cells and ultimately a reduction of the capacity in a full cell. 

Current research on carbonaceous anodes has been focused on increasing the energy and 

power density of these materials. Increase in power densities will allow for faster charging of EVs 

and enable LIB to be a competitive option compared to refueling at the gas pump. Graphite 

anodes, while able to handle moderate charging rates, encounter problems with lithium plating 

during fast charging due to the anode’s low operating potentials close to Li plating and slow 

intercalation kinetics.41-43 Research in recent years has investigated multiple different directions 

to increase power densities of carbonaceous anodes. To highlight a few, recent work has 

demonstrated the hybrid anode consisting of a graphite and hard carbon allowed successful 

access to fast charging capabilities.44 Silicon oxide-carbon composites were also investigated for 

fast charging capabilities, where SiOx coated graphite/graphene enabled faster Li diffusion into 

the graphite layers.45-46  

In order to increase the energy density of carbonaceous anodes, research has recently been 

focused on the engineering and selected materials design. The energy density of graphite 

increases by calendaring graphite during electrode formation. Calendaring graphite increases the 

volumetric capacity of the material but may also result in mechanical grinding and the breakdown 

of graphite.47 Another way to increase energy density of graphite is by using graphite-Silicon 

composites. Silicon anodes, which will be discussed in the next section, allow for access to higher 

energy densities and subsequently an increase in storage of the graphite anode composites 
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produced. This type of composite has recently begun being incorporated in commercial use for 

EVs and is viewed to be the next step of LIB cells.28 

1.3.1.2 Silicon and silicon oxide (SiOx) materials 

 Silicon anodes are considered one of the most promising materials due to their high 

energy density and abundance around the world. Silicon is the second most abundant element 

on earth and can be made by processing sand, resulting in a potential low cost for the material. 

Due silicon’s  ability to theoretically store 4.4 Li per silicon atom, silicon has the highest theoretical 

gravimetric capacity (4200 mAh/g based on Li4.4Si) of all available Li-ion anode materials and has 

the highest overall energy density aside from Li metal itself. This promise of a relatively cheap 

material with a 10 times higher density has led to silicon anodes as the anticipated replacement 

for graphite in the next generation of commercial lithium-ion cells. However, silicon anodes face 

a challenge due to large volume changes with the incorporation of Li during battery operation.  

Research on silicon as a lithium-ion anode dates back between 25 to 45. Silicon was found 

to lithiate in experiments dating back to 1976 but has yet to become a successfully 

commercialized anode material due to structural problems during lithium storage.48 Unlike in 

graphite, where pre-formed layers exist to allow lithium ions to be intercalated with minimal 

volume change, lithium ion incorporation into a conversion intermetallic alloy like silicon results in 

excessive volume change and drastic change to the silicon anode structure as the battery charges 

and discharges. This results in a 320% change in size and a continuously pulverizing surface. 

The continuous pulverization of the surface results in continuous irreversible capacity loss from 

newly exposed surface that promotes additional electrolyte decomposition and solid electrolyte 

interface (SEI) formation. Unlike in graphite, where there is control of the SEI formation during the 

initial cycles, the continuous change that exposes new surface results in excessive SEI formation. 

This excessive SEI contributes to a drastic loss of lithium reserves in a full cell and a dense SEI 

layer that inhibits Li ion diffusion into the material. 



16 

 

Current research on the advancement of Silicon to commercialization varies greatly, with 

research focus ranging from better production of the material to enhancement of the material’s 

cycle life through better control of its mechanical stability. In terms of production, silicon anode 

require careful handling under air free conditions, as oxidation of silicon occurs when exposed to 

air.49 Harsh treatment, such as the use of HF, is required to remove the oxide layer if pure silicon 

is desired.50 In terms of performance, silicon performance can be improved by limiting the 

material’s expansion. Limiting operating potentials at which the Si lithiates minimizes volume 

expansion, resulting in less change on the surface SEI and a more stable passivating surface.51 

Microstructuring of Si anodes, resulting in a more 3D morphology, helps alleviate the drastic 

volume change, although the higher surface area results in greater SEI growth.52-53 In recent 

years, the studies on controlled growth of SiOx shell outside of silicon reveals that oxide shell to 

be beneficial to the lifetime of silicon anodes. While SiOx has been shown to cause significant first 

cycle irreversible capacity loss due to the formation of an SEI containing Li2O and Li4SiO4, this 

SEI was found to be beneficial to the anode overall, as it provides a more passivated surface.54 

The SEI formed on top of the thin SiOx layer still allows for Li ion diffusion, while also restricting 

drastic volume expansion and the protection of Si within from further SEI growth.55-56 Solvent 

manipulation to alter the interface formed can further increase the capacity of silicon anodes.57 

Even so, the survivability of silicon anodes remains low and requires modest increase in lifetime 

for successful use in commercial applications.  

In order to access the higher capacity of Si, small contents of Si have begun being 

incorporated to commercial graphite cells.28 Amounts of about 2-10% silicon and SiOx have been 

introduced into different silicon-graphite composite anodes for EV applications and have resulted 

in a modest increase in the overall capacity of the batteries. Based on the direction the battery 

industry is headed, silicon will continue to grow in its role of improving the capacity of current 



17 

 

commercial anodes. The extent of silicon’s role will highly depend on the control of its structural 

and surface stability that ultimately correlates to the lifetime and safety of the cells produced. 

1.3.2 Cathode – Current Technology and future prospective 

 Cathode materials have been a driving force for the successful application and 

advancements related to Lithium-ion batteries. The discovery of high voltage cathode materials 

catapulted the commercialization of LIBs and resulted in the dominance of this technology for 

portable applications. The LIB cathode consists of a metal oxide structure that allows for lithium 

intercalation. The history of cathode materials has been well documented previously by experts 

in the field.21, 58 The following sections will highlight important cathode structures and specific 

cathode materials that have an impact on modern and near future LIB technologies. 

1.3.2.1 Layered oxides 

 Layered oxide cathodes have remained the main structure type of cathode material 

powering most commercial LIB cells since the technology’s commercialization.  The most notable 

discovery is the identification of LiCoO2 by the Goodenough group. This in turn, resulted in the 

first intercalating layered cathode that was able to create a 4 V rechargeable battery.59 This 

cathode material eventually became the cathode used by Sony in the first commercialized LIB 

and remains widely used in portable electronics today.60 LiCoO2 consists of alternating layers of 

octahedrally coordinated Li and Co with an array of cubic close packed oxide ions. The structure 

is the common O3 structure ordering that is commonly found in many layered-oxide cathodes. 

The naming of the layered oxide structures is discussed in an article by Delmas.61 What made 

LiCoO2 (LCO) a very attractive material is its high theoretical capacity (274 mAh/g), high rate 

performance, and stable cycling. However, due to the overlapping of Co3+/Co4+ and O2- 2p bands, 

oxygen evolution from the structure is favorable below Li0.5CoO2 during delithiation, resulting in 

only about 135 mAh/g of accessible reversible capacity before an irreversible structural change 
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occurs.62 LCO also requires the use of cobalt, an element with relatively low abundance, which 

results in the increase in cost relative to the increase in scarcity as production of cathodes goes 

up. In order to look for more thermally stable and relatively lower cost material with higher 

capacity, researchers have been investigating mixed metal oxide layered materials that have 

decreased amounts of cobalt. 

 In search of a lower Co content layered metal oxide cathode, incorporation of Ni and Mn 

as substitutes for Co has led to the successful discovery of LiNi1–y–zMnyCozO2 (NMC).63-64 NMC 

cathodes have become the most produced cathode due to the rise of EVs. The mixture of Ni, Mn, 

and Co results in a mixture of properties that allow for better chemical and structural stability, 

while increasing the energy and power density of the material. Cobalt in the layered structure has 

strong structural stability, but weak thermal and chemical stability.  On the other hand, Mn has 

high chemical stability resulting in the full access of lithium without facing oxygen evolution, but 

faces structural instability, resulting in Mn migration into the Li layer and an eventual structural 

change.65 Due to Ni’s general middle ground relating to structural and chemical stability, 

advancements in NMC generally relates to the increase of Ni content. Common higher Ni content 

NMC (NMC higher than 111, where the Ni:Mn:Co ratio is 1:1:1) currently being researched 

includes 622 and 811 variants.66 It is also worth mentioning that incorporation of Al is also 

observed to improve the thermal stability and electrochemical performance of the layered oxide.67 

LiNi0.8Co0.15Al0.05O2 (NCA), the resulting layered oxide, is commonly found in Tesla EV batteries.28 

These different Ni-rich layered oxides are promising as Ni allows for access to not only the 

redox state of Ni2+/Ni3+, but the material theoretically can access higher energy densities by 

accessing Ni4+. However, Ni4+ has been observed to cause a myriad of problems for high Ni 

content NMC at highly oxidizing potentials relating to cycling stability, thermal stability, and 

chemical reactivity.68-69 Specifically, at these higher potentials, oxygen evolution and the formation 

of rocksalt layer on the outer shell of Ni-rich NMC is noted. The rocksalt layer is found to cause a 
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higher impedance on the surface of the cathode and enables the rapid electrolyte oxidation on 

the cathode surface.70-73 This cathode electrolyte interface (CEI) formation, similar to SEI, 

increases impedance and resists Li-ion diffusion into the material.  

Current research on these Ni-rich cathodes focuses on better understanding the process of 

failure at these higher potentials and how to mitigate the occurrence of the failure mechanism as 

well as CEI formation. Further clarity in identifying the mode of the rocksalt formation and oxygen 

evolution may help build a framework as to how these parameters react to cause the formation of 

the CEI. Recent work has identified the presence of singlet oxygen during the oxygen evolution.74-

75 By tracking intermediate phases, like the singlet oxygen, the mechanism may become clearer 

and questions may be answered on whether the decomposition occurs on the surface of the 

electrode or in the electrolyte prior to appearing on the surface of cathodes. Other works have 

focused on resisting rocksalt formation and oxygen evolution by incorporating different gradient 

and core shell designs during the syntheses of the cathode.76-78 These design strategies will be 

crucial as we push to more oxidative potentials to increase the energy density of the battery. Even 

with the rise of Ni-rich cathodes, the rise in price and the limited availability of Co to specific 

regions of the world remain concerns.79 The following section will discuss other works focused on 

Co-free cathodes. 

1.3.3.1 Co-free cathodes 

1.3.3.1.1 Spinel 

 LiMn2O4 (LMO) spinel cathodes are one of the earlier works focusing on replacing the 

LCO based cathodes.80 The interest in LMO is due to the abundancy of manganese and the 

environmentally safe production of this manganese-based cathode. The LMO spinel structure 

consists of octahedral Mn and tetrahedrally coordinated Li in an array of cubic close pack oxygen. 

This results in a 4 V vs Li/Li+ cathode that allows for isotropic diffusion of Li ions in and out of the 
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material.81 However, similar to how Mn was discussed for NMC, LMO results in structural 

instability leading to low cyclability stemming from Mn dissolution into the electrolyte. The LMO 

instability results in an irreversible change of the structure to a tetragonal Li2Mn2O4 rock salt 

phase.82 Mn dissolution is highly detrimental, as it not only permanently changes the structure of 

the cathode, but also affects the anode by forming an SEI that raises the anode impedance and 

resists Li diffusion into the anode.83-85 Nevertheless, LMO remains limited in its application due to 

the multiple levels of instability. 

1.3.3.1.2 Cobalt-free layered oxide 

 Research on the different Li(MnxNi1-x)O2 (NMO) cathodes can revolutionize the industry, 

as NMO can theoretically result in similar energy densities as LCO, but at a reduced cost. 

Advancements on NMO has improved the gravimetric capacity of the material to about 300 

mAh/g, but slow rate capabilities are encountered for these materials.86-87 Similar to previous Mn 

containing cathodes, lifetime of the material remains a huge problem, as Mn dissolution and 

structural change continues to be a limiting factor to NMO cathode’s capacity retention. Recently, 

LiNi1−x−yMnxAlyO2 (NMA) cathodes have been reported, where the incorporation of Al is believed 

to suppress the Mn dissolution.88 The successful Co-free layered oxide may appear in the future 

but requires better control of Mn stability for this to come true. 

1.3.3.1.3 Phosphates 

 Phosphate based cathodes containing the olivine structure have been the most successful 

Co-free LIB cathode in the market. Since its discovery by the Goodenough group, the olivine 

LiFePO4 (LFP) has been utilized in many portable applications ranging from home energy storage 

to e-cigarettes.89 LFP is relatively low in cost, has good energy retention, low self-discharge, and 

fast rate capabilities.90 Due to the lower operating potential of 3.4 V vs Li/Li+, LFP has a lower 

energy density when compared LCO, making it a questionable replacement. LFP intrinsically is 
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also a poor electronic conductor but this can be solved by the incorporation of a conductive 

coating to help promote Li ion diffusion.91-93 Nevertheless, LFP is currently used as the general 

battery for Tesla model 3 produced in China.94 Researchers have been looking into raising the 

energy density of phosphate olivine cathodes by investigating other transition metal and mixed 

transition metal phosphates. This type of research has led to promising materials such as 

LiCoPO4, LiFe0.65Mn0.35PO4, and Li3V2(PO4)3 to name a few.89, 95-97 

1.3.4 Electrolyte - Current Technology and future prospective 

 Electrolytes are the medium that allows for the movement of ions in an electrochemical 

system. However, as the anode and the cathode of a rechargeable battery begin to operate near 

the edges of the electrolyte stability window, the chemistry related to the electrolyte and its 

degradation can dictate the survivability of the cell. The electrolyte degradation at the surface of 

the electrode (depending on the electrode surface is called the SEI or CEI) dictates the diffusion 

of ions into the electrode and whether the growth of this layer continues. The ideal passivation of 

SEI or CEI on the electrode should be ionically conducting but electronically insulating. The 

electrolyte used in the LIB commercial industry typically consists of a lithium salt, either LiPF6, 

LiBF4, or LiClO4, in an organic solvent that may contain ethylene carbonate (EC), dimethyl 

carbonate (DMC), diethyl carbonate (DEC), and/or ethyl methyl carbonate (EMC). These solvent 

and salts are utilized due to their conductive properties and their ability to form favorable 

electrode-electrolyte interfaces with the current generation of LIB. 

The electrolyte used in the first commercial LIB battery consisted of a propylene carbonate 

(PC) solvent. The PC solvent was found to intercalate into graphite resulting in the exfoliation of 

graphite layers due to the stress of the incorporation and the irreversibility of the anode. In order 

to enable the use of graphite as an anode, EC was introduced to the solvent, which was shown 

to suppress the degradation of the graphite layers due to the formation of a passivating SEI that 

stabilizes the graphite surface.98 To further enable the use of EC with LCO, DMC was introduced 
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as an addition to EC to form a solvent mixture with LiPF6 salt that had high ionic conductivity and 

improved oxidation stability enabling the use of 4.0 V vs Li/Li+ cathode materials.99 This mixture 

of the cyclic EC with linear carbonates (DMC, EMC, DEC) containing LiPF6 remains the most 

common formulation of electrolytes in today’s commercial industry.28 Cyclic carbonate additives 

such as vinylene carbonate (VC) and fluoroethylene carbonate (FEC) are also commonly found 

to enhance the SEI passivation that is formed on LIB electrode surface.100-101 

In recent years, less viscous ester electrolyte solvents have been investigated in attempts to 

search for electrolyte formulations with higher conductivities. Esters, such as methyl acetate (MA), 

ethyl acetate (EA) and methyl formate (MF), were first studied to improve the carbonate solvents’ 

performances at low temperatures.102-104 More recently, methyl butyrate (MB) and methyl 

propionate (MP) have been reported as solvents that have a wider temperature range stability 

than traditional carbonate solvents, illustrating that improved performance of cells utilizing these 

electrolytes resulted in better performance at the extreme ends.105-106 MA, MF, EA, MB, and MP 

have all been shown to improve conductivity of carbonate electrolyte mixtures, but the 

improvement is dependent on the amount of ester electrolyte solvent added.107-108 Too high 

content of ester solvents can negatively impact the SEI formed, resulting in reduced lifetime.109  

As LIB expands its role to new applications such as for use in EVs, the use of batteries for 

fast charging and the incorporation of new battery electrode materials result in the need for better 

formulation of electrolytes that will allow for controlled passivation of the electrodes at these new 

more extreme conditions. For example, most common carbonate electrolytes that are currently 

used allow good passivation for graphite anodes, but are identified to poorly passivate silicon 

anodes.110 Electrolytes also need to be able to increase in ionic mobility to allow for the high rate 

performance desired. As a result, current research looks for formulations that would not only 

create better passivation for new materials, but also increase in safety and performance. Most of 

the earlier electrolyte formulations previously mentioned focus on the solvent properties to 
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advance rate performance of the electrolyte use. In the conventional electrolytes mentioned 

above, salt concentration is typically close to 1 M to ensure sufficient solvent molecules can 

solvate around each cation and anion. In this scenario, solvent properties are crucial for Li-ion 

mobility.  

In recent years, research has been more focused on understanding solvation of electrolytes 

to look for ways to advance the field. Researchers explored ways to alter the solvation sphere 

around the salt and solvent of electrolytes to increase the mobility of the Li-ion. The result of this 

search developed into the work on high concentration electrolytes (HCE).111-112 In HCE, high salt 

concentrations (> 3 M) are added into solvents so that no free solvent remains in the electrolyte 

and Li-ions are forced to share solvent molecules. As a result, this alternate type of solvation 

leads to aggregates of salt anions and Li cations that remain in close contact and promotes fast 

Li diffusion. Only a select number of salts can form these HCE, as the salt is required to have 

high solubility in solvents and high dissociation constant. Current Li salts that fit these criteria 

include lithium bis(fluorosulfonyl)imide (LiFSI), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), 

lithium triflouromethanesulfonate (LiOTf), and lithium bis(pentafluoroethanesulfonyl)imide 

(LiBETI). On the other hand, a wide variety of solvents can be utilized for producing HCE.113-116 

Interestingly, the SEI found in HCE has also been identified to be more inorganic rich due to the 

higher content of salt in the electrolyte, and may be aiding in the improved performance.116-117  

Due to the high cost of Li salt to produce HCE, even more recent research has resulted in 

lower concentrations of Li salts used, while maintaining similar solvation structure found in 

HCE.118 This work, coined as localized high concentration electrolytes (LHCE), utilizes a diluent 

solvent that can mix homogeneously with the solvent used for HCE, while being insoluble for the 

salt. Recent work on LHCE demonstrates that a high performance electrolyte can be made while 

also utilizing a nonflammable solvent.119-121 Spun off of the concepts from HCE and LHCE, work 

on “water-in-salt” electrolyte has become a popular topic as this utilizes water as the solvent, 



24 

 

resulting in the use of a cheap and nonflammable solvent. Since the first report of “water-in-salt” 

electrolyte, the field has grown from not only expanding the electrochemical window of water to 

operating low voltage LIB cells, but being able to operate with in a 4 V LIB.122-124 The stability of 

the SEI formed from “water-in-salt” electrolytes still remains an issue, causing stability issues 

during cycling or resting.125 Overall, further optimization in these types of electrolyte may lead to 

even better and safer electrolytes in the near future. However, the cost and safe handling of the 

new formulation of liquid electrolytes will remain the biggest barrier to replacing current LiPF6 with 

carbonate solvent technology. Even with the successful formulation of an electrolyte that works 

well with the anode and cathode interfaces in the laboratory scale, the cost in scaling up, the 

simplification of the production process, and the incorporation into current production lines will 

remain the hinderance to its success for commercial use that will require much more time before 

it comes to fruition. 

1.3.5 Separators, current collectors, and the remaining battery parts 

 While lab scale researchers calculate energy density based only on the active material, 

the full battery consists of cell casing, plastic, and other wiring that are required to build a 

successful battery pack. As we look to further increase the energy density of LIB cells for 

applications like EV and energy storage grids, some focus has been on maximizing the active 

components of the electrodes while minimizing the inactive parts of the cell. Current battery 

electrodes only make up for less than 30% of mass in a commercial LIB.29 When looking at the 

cell level, 40% of the overall mass is due to the current collector. Electrode current collectors take 

up a huge portion of both mass and volume of the electrode. Recent research focuses on 

minimizing the percentage of the current collector in the overall cell by maximizing the thickness 

of active materials.126-127 Other inactive components, such as the separator, have also gotten 

thinner as the LIB technology improves. 
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Separators, typically made of plastics (such as polypropylene and polyolefin) have been 

engineered to be used as a line of defense for LIB safety. Separators are made not only to be 

filled with electrolyte, but also to act as a barrier between the cathode and anode to resist thermal 

runaway. However, as the thickness of the separator decreased, separators have become 

susceptible to punctures that lead to short circuiting, thermal runaway, and ultimately the danger 

of starting a fire. New materials for separators are currently being investigated to increase the 

safety of the cell from the materials design approach.128 Companies have also looked into 

increasing the safety of separators by incorporating their own protective additive coatings that 

prevents punctures and mechanisms to suppress fires if thermal runaway occurs.  

The lithium-ion battery may have looked the same over the last 30 years, but the 

understanding of the chemistry and the inner active and inactive components continues to 

change. This section highlights the many challenges and changes that the LIB has faced, and 

how with the advancement of new chemistries the rechargeable battery in the future will continue 

to change. 

1.4 Beyond Li-ion technologies and alternatives 

Lithium metal anodes have reemerged as the future anode material as it allows access to 

the highest energy density of all available lithium compatible anodes. Having the lowest 

electrochemical potential (-3.04 V vs standard hydrogen electrode) and a theoretical gravimetric 

capacity of 3860 mAh/g, it far surpasses all Li-ion anodes in accessible energy. However, the 

challenges that caused the unsuccessful commercialization of the lithium metal battery by Moli 

Energy in 1990s still remain, as the search to resist the uncontrolled growth of dendritic lithium 

during replating continues. Many different approaches to controlling lithium growth have been 

described elsewhere, including better control of interface through different coatings and 

electrolytes.129 HCE and LHCE are promising for lithium metal anode technologies, as it promises 
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a nonflammable electrolyte and higher safety in the future.24 Still, better growth of the interface on 

Li metal surface may be key to passivating Li and resisting dendritic growth. 

Solid-state electrolytes have been of great interest due to the promise of a liquid free 

electrode that results in higher safety and enables the use of Li metal as an anode. Solid 

electrolytes are one of the main proponents that revitalized lithium metal research in the past 

decade. Ideally, solid-state electrolytes can inhibit Li dendrite growth, although current work on 

solid-state electrolytes indicates dendrites still exist and are still a problem that continues to 

plague and puncture solid-state electrolytes.130-136 Solid-state electrolytes that are currently being 

investigated can be divided into inorganic types, that can be further categorize into different 

structure types ranging from crystalline oxides, sulfides, argyrodites to glassy nitrides solids, and 

polymer type electrolytes.137 Every type of solid-electrolyte still faces multiple issues ranging from 

electrochemical stability, chemical stability (reactive to humidity), mechanical stability 

(brittleness), to thermal stability (instability at very hot and very cold temperatures).138 In addition, 

reactivity at the solid-solid interfaces between the solid-electrolyte and other components (anode 

and cathode) of the battery still remains a problem, so the solid-solid interface must be well 

designed and controllable.139-142 While researchers working on this field are aggressively 

discovering new materials that can fulfill most properties, there is currently no perfect solid-state 

electrolyte material.  

The success of solid-state electrolyte may enable some other beyond-Li technologies 

such as Li-S and Li-air.143-144 These technologies face interfacial issues and degradation in liquid 

electrolyte, which may be solved with the successful implementation of solid-state electrolyte.145-

146 Even if an ideal solid-state electrolyte is discovered in the lab scale, the scalability, handling, 

and development of process to transfer this new technology into current manufacturing processes 

leave these technologies years away from being in the market. 
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Sodium- and Potassium- ion batteries (NIB and KIB, respectively) are good near future 

alternatives to alleviate the demands for LIB. Both Sodium and Potassium are more abundant 

than Lithium in the earth’s crust, and their precursors are available more readily throughout the 

world at lower costs. While lower in cost and higher in abundance, the tradeoff in using NIB and 

KIB is the lower energy density than LIB. Due to the slightly lower energy densities, the successful 

commercialization of these technologies is expected to be applied as LIB alternatives in less 

energy density demanding applications, such as energy grid storage or even battery packs for 

short range electric vehicles. NIBs specifically, have been more extensively studied and are closer 

to being deployed commercially in upcoming years. Costs for NIBs are expected to be lower than 

LIBs not only due to the use of sodium, but also due to the top NIB cathodes currently available. 

To name a few, the top performing cathodes include layer oxide such as Na0.66Fe0.5Mn0.5O2 and 

fluorophosphates such as Na3V2(PO4)2F3 which are all Co-free cathodes and are drastically 

cheaper in cost compared to the Co containing LIB cathodes.147-148 However, many challenges 

remain for these alternative battery technologies including chemical reactivity issues and the large 

structural changes in these batteries. Due to the larger cation size of sodium and potassium, 

larger volume changes and structural instabilities are found during insertion and de-insertion into 

different electrodes.149-150 The larger cation also causes slower diffusion kinetics of the ions 

through the bulk solid electrodes. Problems remain in formulating good electrolytes for NIB and 

KIB. While most salts and solvents are transferred from LIB due to the belief that NIB and KIB are 

similar, the chemistry and reactivities of the electrolyte are found to be different in these alternative 

technologies. Specifically, lessons learned from LIB on passivation of surfaces are not directly 

transferrable.151-152 Higher reactivity of these traditional electrolyte formulations and higher 

solubility of the decomposing species results in a more unstable SEI in these systems.153-154 The 

search for different electrolyte formulations and additives is required to increase the stability and 

lifetime of these batteries. 
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Multivalent battery chemistries remain promising candidates to be in competition with LIB 

technology in the future due to high theoretical energy densities that may allow these chemistries 

to be applied into EVs.155 Multivalent ions, such as Mg2+, Ca2+, Zn2+, and Al3+ all carry multiple 

charges per atom, resulting in higher volumetric capacities for these chemistries. These metals 

are all greater in abundance in the earth’s crust, resulting in potentially lowered costs. All 

components of the battery remain a challenge in these chemistries. The materials discovery of 

multivalent cathodes remains limited and is necessary to enable the high theoretical energy 

densities of these chemistries.156 For Ca and Mg batteries, their respective metals are utilized as 

the anode due to being the highest accessible capacity anode and the belief that no dendritic 

growth occurs during the replating of these metals.157-159 Research for Mg has revealed that 

dendrite formation still occurs at high enough currents and limits to the dendrite-free growth do 

exist.160-162 Ca battery research is still very elementary due to the original belief, that lasted until 

the last few years, that replating was impossible for Ca metal.163 Thanks to advancements in 

understanding of Mg metal passivation and electrolyte formulation, Ca chemistries have been 

revisited in recent years. The utilization of Ca electrolyte analogues has enabled the successful 

reversible plating and stripping of the Ca.164-167 Electrolytes that can access the electrochemistry 

of both the anode and cathode in these multivalent systems remain limited. Better control of 

surface passivation and discovery of easier accessible electrolyte formulations will be the next 

steps in moving these chemistries forward. 

1.5 Conclusion 

Highlighted in this chapter are some promising directions for Lithium-ion and other 

chemistries that may work alongside LIBs or even replace them. Lithium-ion batteries will be here 

to stay, as this technology is vital to our growing, energy-reliant society. Energy increases to LIBs 

will be unnoticeable as we slowly implement new designs and formulations that will come in small 

increments. While materials design may enable access to higher performance metrics, 
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understanding the interactions at the different interfaces is the key reoccurring point throughout 

the different technologies that will be critical in rising the safety and lifetime of the battery. Although 

it is unknown how long it will take for these “beyond Lithium-ion” chemistries to appear in the 

commercial market, it is promising to be able to identify these different approaches to providing a 

less carbon reliant society and moving towards a carbon-free future. One thing is known: batteries 

will continue to grow more energy dense, more powerful, last longer, be safer, lighter, and 

cheaper.  
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CHAPTER 2 – UNDERSTANDING THE ELECTRODEPOSITION OF PURE PHASE 
CRYSTALLINE SnSb FROM DEEP EUTECTIC ETHALINE SOLUTION AND ITS 

APPLICATION AS A LITHIUM-ION ANODE2 

 

 

2.1 Overview 

The formation of pure phased crystalline SnSb was previously reported through the use 

of ethaline solution, SnSb being a promising rechargeable battery anode material. An in-depth 

discussion of the electrodeposition of pure phase SnSb from ethaline is presented in what follows. 

In this study, understanding the effects of humidity and heating of the deposition solution proved 

critical to the synthesis. SnSb was also electrochemically cycled in lithium half-cell and its 

performance was compared with tin rich SnSb, mimicking the impure electrodeposition of SnSb 

in previous reports.  

2.2 Introduction 

Energy storage will be of importance for the next decade and beyond given the increased 

demand for electric vehicles and automakers committed to all-electric vehicles. Secondary 

batteries have emerged at the forefront of energy-storage materials. Currently, graphite is used 

as the anode for majority of commercial lithium-ion batteries, although silicon is very slowly 

beginning to push into commercial uses.1 Current battery technology can be improved by 

replacing current graphite anodes. The limitation of graphite is due to its low gravimetric capacity 

that results from only being able to hold one lithium for every six carbon atoms. Alloy materials 

have been studied as a potential anode replacement for commercial graphite anodes due to their 

 
2 This chapter will be submitted for publication to the Journal of Electrochemical Society with Jeffrey Ma 
and Amy L. Prieto as authors. This work was supported through the NSF SSMC program (SSMC-1710672). 
We would like to thank Dr. Pat McCurdy (Central Instrument Facility, Colorado State University) for his help 
on the SEM-EDS, and Dr. Brian Newell (Central Instrument Facility, Colorado State University) for his help 
with XRD experiments. This chapter was written by Jeffrey Ma with the guidance from Amy L. Prieto. J.M. 
would like to thank Leslie Kraynak, Nathan Gimble, and Max Schulze (Prieto Group, Colorado State 
University) for proofreading help and suggestions for this chapter. 
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greater volumetric and gravimetric capacities compared to graphite. Alloy anodes have two to ten 

times the theoretical gravimetric capacity of graphite due to their ability to react with multiple 

lithium per metal center. One such alloy material, SnSb, has been heavily researched and is a 

promising material to potentially replace graphite. 

Electrodeposition is a scalable process utilized to synthesize materials in a wide variety of 

applications including energy storage, batteries and capacitors, energy production, 

photoelectrochemistry and thermoelectric, and through the production of coatings for corrosion 

resistance.2-6 Electrodeposition is specifically of interest for battery application as it allows for 

growth outside of planar substrates, enabling the growth of high surface area, 3D-architecture 

electrodes. Although electrodeposition was the first reported synthesis for the creation of a Sn-

Sb alloy to test in secondary batteries, the synthesis of phased-pure SnSb through 

electrodeposition was not reported until our recent paper. 7, 8 Prior electrodeposition reports 

resulted in tin rich products with crystalline tin impurities.7, 9-13 Instead of an aqueous solution that 

previous groups have used to synthesized SnSb, our synthesis of SnSb uses ethaline (1:2 molar 

ratio of choline chloride to ethylene glycol), a deep eutectic solvent of interest due to the suitable 

electrochemical window for our synthesis, the cheap and easily obtainable materials of choline 

chloride and ethylene glycol that make up this solvent, and also the biodegradability of the 

solvent.14 This solvent also allows direct and single-step electrodeposition of the targeted species 

with minimal side reactions. 

In this study, we describe in depth the electrodeposition process of SnSb and show how 

careful understanding of the solution is critical to the production of phase-pure SnSb. Although 

we do have a degree of control of the product, many challenges arise that are dependent on the 

preparation and use of the solution.  The presence of humidity, over time, and the positives and 

negatives of heating the electrodeposition solution are discussed. The material’s performance in 

a lithium-ion battery will also be evaluated. A common impurity found through electrodeposition 
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of SnSb, namely excess Sn, was deliberately introduced into the synthesis process. The 

electrochemical performance of electrodes containing different amounts of excess Sn, thereby 

mimicking the production of impure Sn-rich SnSb, were compared to phase-pure SnSb, 

demonstrating the importance of synthesizing the phase-pure material.  

2.3 Experimental Methods 

2.3.1 Electrodeposition of tin and antimony from ethaline   

Baths used for the electrodeposition of Sn and Sb consisted of 50 mM SbCl3 (Sigma 

Aldrich, ACS reagent) and 50 mM SnCl2·2H2O (Sigma Aldrich, ACS reagent) dissolved in 

ethaline. Ethaline, the solvent for the electrodepositions, was prepared using 1:2 molar ratio of 

choline chloride (both Aldrich, purity >98% and VWR, high purity were used) and ethylene glycol 

(Fisher Scientific), respectively. Choline chloride was heated at reflux in absolute ethanol 

(Pharmaco, 200 Proof) on a hotplate and recrystallized prior to use. The crystals were then filtered 

and dried in a vacuum oven at 100˚C. The amount of water in choline chloride can greatly dictate 

the chemistry as discussed later. The solution containing 50 mM SbCl3 and 50 mM SnCl2·2H2O 

in ethaline was typically heated at 70º C until the solution became homogenous and clear. 

Electrodeposition was conducted from the baths in a three electrode setup using Chi 660C 

Potentiostat (CH Instrument) with a platinum mesh counter electrode (100 mesh, Alfa Aesar), 

silver wire reference electrode, and copper or nickel foil as the working electrode. All copper foils 

were electrochemically polished in phosphoric acid (H3PO4) at a constant potential of 3 V for 30 

seconds to remove the oxide layer present on the surface. Nickel foil was cleaned in 0.1 M nitric 

acid for 30 seconds prior to deposition. Kapton© tape was placed on the back of the different foils 

to allow for deposition to only occur on one side of the film with a controlled surface area.  Single 

step electrodepositions were performed at 25º C with a constant potential of -0.7 V vs Ag/Ag+. 

Electrochemical studies were performed using electrodepositions performed for 60 seconds. 
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2.3.2 Characterization  

Cyclic voltammetry (CV) was conducted using a three electrode setup, where the working 

electrode was platinum (BASi, 1.6 mm diameter), the counter electrode was a platinum mesh 

(100 mesh, Alfa Aesar), and the reference electrode was a silver wire. CVs were conducted within 

the range of -1.2 V to 1.2 V vs Ag/Ag+ at varying scan rates. The solution was studied using direct 

analysis real time mass spectrometry (DART-MS; Bruker MaXis QTOF with IonSense DART-SVP 

and Agilent TOF LCMS with Ion Sense DART-100 were used). DART-MS was prepared in 

negative ion mode and spectra were calibrated using Fomblin Y as standard. The surface of the 

electrode was studied by scanning electron microscopy (SEM; JOEL JSM-6500F operating at 15 

kV). Complementary to this technique, energy-dispersive X-ray spectroscopy (EDS) was used to 

obtain spectra and analyzed using Aztec software (Oxford Instrument) to calculate the 

composition and identify the atomic makeup of the electrodeposited films. The crystalline 

structures present on the electrodeposited electrodes were identified using conventional X-ray 

diffraction (XRD;Bruker D8 Discover DaVinci, Cu Kα radiation, λ = 1.54184 Å) and glancing angle 

X-ray diffraction (GAXRD;Bruker D8 Discover Series 1, Cu  Kα radiation, λ = 1.54184 Å). 

Electrochemical cycling of the electrodeposited electrodes was conducted in Swagelok 

half-cells. The half-cells were composed of the electrodeposited electrode and lithium metal on 

opposing ends, with polypropylene separator (MTI Corp) and glass filter (Whatman, Grade GF/A, 

21mm) filled with 1.0 M LiPF6 in dimethyl carbonate (DMC;Sigma Aldrich, battery grade) + 5% by 

volume vinylene carbonate (Sigma Aldrich). Half-cells were tested through galvanostatic cycling 

on an Arbin battery tester (BT-2000). The C-rate at which the electrodes were cycled was 

determined from the theoretical capacity of active material on each electrode. Ex situ studies of 

the electrodes were performed after galvanostatically cycling to the desired state of charge or 

discharge. The half-cells were then disassembled in an Argon glovebox (<1 ppm O2) and 

electrodes were cleaned with DMC prior to studies on the SEM and XRD.  
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2.4 Discussion and Results 

2.4.1 Cyclic voltammogram and electrodeposition of tin and antimony in ethaline 

Cyclic voltammetry of the 50 mM SbCl3 and 50mM SnCl2·2H2O in ethaline solution at different 

scan rates are present in figure 2.1a. Cyclic voltammetry of solely SbCl3 or SnCl2·2H2O in ethaline 

have been analyzed in our previous paper to help better understand the single-step 

electrodeposition of SnSb. 8 The cyclic voltammogram of the solution used for the 

electrodeposition of phase-pure 1:1 ratio Sn:Sb at a scan rate of 50 mV·s-1 shows two primary 

reduction peaks corresponding to the reduction of Sb3+/Sb0 at -0.3 V and Sn2+/Sn0 occurring at a 

more negative potential of -0.55 V vs Ag/Ag+. During the reverse anodic sweep across the same 

range, the oxidation of Sn0/Sn2+ was first seen at -0.3 V followed by the expected Sb0/Sb3+ process 

at 0.1 V vs Ag/Ag+. Due to the more negative Sn2+/Sn0 reduction, attempts for co-deposition were 

performed at more negative potentials than -0.45 V. However, due to the fact that stripping of Sn2+ 

occurs at more positive potentials than -0.45 V vs Ag/Ag+, the deposition potential was selected 

to occur at potentials more negative than -0.45 V to avoid any tin stripping. Due to inconsistent 

deposition at more positive potentials, -0.7 V was used which resulted in more crystalline 

electrodeposited products (Figure S2.1). SEM images of depositions at -0.6 V verified the 

presence of an amorphous deposition product with the presence of polycrystalline amorphous 

particles on the surface of the electrode. The electrodeposition at -0.7 V resulted in more faceted 

particles suggesting the formation of SnSb particles and supported by XRD. 

 The CV of 50 mM SbCl3 and 50mM SnCl2·2H2O in ethaline solution at different scan rates 

(figure 2.1a) helps understand the deposition conditions and whether co-deposition will occur. 

Based on data extracted from the variable scan rate CV’s, the maximum peak current for the 

reduction, at ~-0.55 V vs Ag/Ag+, is increasing proportionally to the square root of the scan rate 

(v1/2) (figure 2.1b). This suggests the deposition potential is diffusion controlled and follows 

Cottrell’s law with no other side reactions. The varying scan rates also show an increase in 
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overpotential when compared to its complementary oxidation peak, with higher scan rates (figure 

2.1c), signifying the occurrence of an irreversible deposition occurring at this peak potential. 

Additionally, with increasing scan rate the ratio of the oxidation peak current at around -0.3 V vs 

Ag/Ag+ (due to Sn0/Sn2+ oxidation) to the reduction peak current at -0.55 V vs Ag/Ag+ decreases. 

This decrease suggests a degree of irreversible reaction as seen with the change in scan rate 

(figure 2.1d). This irreversibility is consistent with the co-deposition of both Sn2+/Sn0 and Sb3+/Sb0 

at -0.55 V vs Ag/Ag+, as opposed to the stripping of only Sn2+/Sn0 at -0.3 V vs Ag/Ag+ (figure 2.1a). 

 

 In order to verify the co-deposition occurring at -0.7 V vs Ag/Ag+, the rate of deposition 

was measured based on length of deposition in each individual Sn and Sb solutions as well as in 

 

Figure 2.1: Cyclic voltammogram of 50 mM SnCl2·2H2O and 50 mM SbCl3 in ethaline at varying 
scan rates. Data were extrapolated from the varying rate CV’s including (a) potential difference 
between the cathodic peak  and anodic peak  with respect to scan rate, (b) the current of the 
cathodic peak with respect to the square root of the scan rate, and (c) the ratio of the anodic 
peak current to the cathodic peak current versus scan rate. The cathodic peak used is the 
peak at  -0.55 V vs Ag/Ag+; the anodic peak used is the peak at -0.3 V vs Ag/Ag+. 
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a solution containing both the Sn and Sb salts (figure 2.2). The individual Sn and Sb solutions 

resulted in similar rates of deposition over time. Depositions conducted from the ethaline solution 

containing both Sn and Sb resulted in a higher overall charge for deposition. When comparing 

the sum of the individual Sn and Sb depositions at this deposition potential to the deposition from 

a solution containing both Sn and Sb, the sum of the individual solutions resulted in a lower overall 

deposition process. This higher magnitude of deposition over time from the solution containing 

both Sn and Sb suggests a different speciation in the combined Sn and Sb solution during 

deposition. 

 

2.4.2 Effect of water on electrodeposition products 

The synthesis of phase-pure SnSb (i.e., with a 1:1 ratio Sn:Sb) through electrodeposition 

is a simple and direct process. However, different conditions were found to have an effect on the 

product obtained. Through our synthesis of phase-pure SnSb from an ethaline solution, we 

observed the presence of water appears to affect the chemistry as both choline chloride and 

ethylene glycol precursors are hygroscopic. Presented in figure 2.3 are the x-ray diffraction 

patterns of electrodeposited SnSb products onto copper foil. As shown with the electrodeposited 

 

 
Figure 2.2: Coulombs passed (left) and calculated density of product (right) based on the 
electrodepositions performed at -0.7 V vs Ag/Ag+ from 50 mM SnCl2·2H2O and 50 mM SbCl3 
in ethaline with varying deposition times. 

 



47 

 

product resulting from the as-prepared solution, which contained Sb and Sn chloride dissolved in 

the ethaline solution produced using the as-obtained choline chloride and ethylene glycol mixture, 

crystalline SnSb is made with a minor crystalline phase of Sn present. Heating the ethaline 

solution at 110˚C prior to use, driving off water that is present, resulted in the room temperature 

electrodeposition of pure crystalline SnSb.  

In order to support the hypothesis that the Sn phase is caused by water collected by 

pristine, but hygroscopic, ethaline, water was introduced back into the previously heated solution, 

resulting in the re-emergence of the minor, crystalline Sn phase. However, minimal humidity may 

be acceptable, as the chemistry in ethaline solvent does not change immediately when exposed 

to ambient room humidity and other conditions. Additional control experiments were conducted to 

support the hypothesis that heating of the solution is related to the removal of water and not due 

to changes to the reaction components directly due to heating (Figure S2.2).  

 

 

Figure 2.3: XRD patterns of -0.7 V vs Ag/Ag+ 300 second depositions from 50 mM SnCl2·2H2O 
and 50 mM SbCl3 in ethaline solution as prepared, heated at 110º C, and after water was 
introduced into the solution. 
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In order to verify the possibility that water may play a role in the change of the solution’s 

chemistry and the resulting products, additional experiments were performed where the tin and 

antimony salts were dissolved into an aqueous solution. These studies were conducted at the 

same temperature, electrodeposition potential, and time as the ethaline electrodeposition. Figure 

2.4 presents the cyclic voltammograms of an aqueous solution containing both Sn and Sb salts 

at varying pH. XRD patterns from electrodeposition at -0.7 V onto a nickel substrate under the 

varied pH values examined were also collected. Tuning the aqueous solution to different pH 

values for deposition is necessary, as it is difficult to determine the exact amount of water and the 

pH of the nonaqueous ethaline solution. At most pH values between 2.5 to 8, SnSb is the major 

phase formed from the electrodeposition process as judge by XRD of the electrodeposited 

product. However, the formation of crystalline tin also occurs in conjunction with the formation of 

SnSb. At pH 8, the trend is broken and an amorphous hump is formed, which may be due to the 

formation of amorphous Sn-O and Sb-O products at this basic pH. This presence of tin impurity 

in aqueous solution helps supplement the suggestion that water collected by the hygroscopic 

ethaline solution aiding the deposition of crystalline tin during the electrodeposition of SnSb.  
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2.4.3 Excess heating of solution and negative consequences on the synthesis of SnSb 

While unwanted moisture in the solution can be reduced by heating the ethaline solution 

to 110˚C, excessive heating extended periods of time has a negative impact on the 

electrodeposited product. As shown from the cyclic voltammogram of both Sn and Sb salts in 

ethaline taken after heating the solution at 100˚C for different times (figure 2.5a), the reduction 

and oxidation peaks related to Sn2+/Sn0 at -0.55 V and -0.3 V vs Ag/Ag+, respectively, weaken 

and disappear with longer heating times. X-ray diffraction reveals the electrodeposition product 

at -0.7 V onto a nickel substrate using a solution heated for 3 days at 110˚C resulted in an 

amorphous product with a antimony-rich Sn:Sb composition based on EDS. EDS reveals that 

longer heating at 110º C resulted in a drop in atomic ratio of the deposition from 1 to 1 Sb:Sn ratio 

 

Figure 2.4: Cyclic voltammetry (left) and its corresponding XRD patterns (right) from 
electrodeposition performed at -0.7 V vs Ag/Ag+ at varying pH of a 50 mM SnCl2·2H2O and 50 
mM SbCl3 aqueous solution. 
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to a 2.5:1 Sb:Sn ratio after 3 days. Further heating the solution for 4 days decreased the tin 

content in the deposition to 4.5:1 Sb:Sn. At this state, the solution quickly forms a solid gel once 

it is cooled to room temperature. Interestingly, quick re-heating to reform temporarily the 

homogenous solution for the solution (starting with a solution that had been heated at 110º C for 

4 days) resulted in a slightly higher Sb:Sn of 2.5:1 of the electrodeposited product (i.e., compared 

to the 4.5:1 Sb:Sn ratio when the solgel crashes out). However, the quick re-heating does not 

reincorporate all Sn salts back into the solution.  Figure 2.5b and c also presents the cyclic 

voltammograms of individual tin and antimony salt solutions after different times of heating at 110º 

C. Heating of individual solutions suggests tin is the dominant species affected by heating as 

judged by cyclic voltammogram of Sn in ethaline (figure 2.5c) where a decrease in cathodic 

current at -0.5 V, and anodic current at 0.3 V vs Ag/Ag+ with longer heating time at 110º C. 

Meanwhile, heating of the individual antimony in ethaline solution (figure 2.5b) resulted in 

negligible change in peak currents of the reduction and oxidation of antimony at -0.3 V and 0.2 V 

vs Ag/Ag+, respectively. 
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 In order to determine why the cyclic voltammetry detects less tin in the solution after 

longer heating times, analysis of the makeup of the solution was conducted. Using DART-M.S., 

the solution containing both Sn and Sb in ethaline was studied at the different stages of heating 

at 110°C to observe any mass to charge changes in the solution (figure 2.6). Comparing the 

mass spectra (MS) from different heating time lengths to the MS from pristine ethaline, the 

majority of peaks below 200 m/z, in the solutions containing both the Sn and Sb salts, match the 

different m/z peaks found in the pristine ethaline solution. For the peaks greater than 200 m/z 

that are present, a small triplet peak occurring at around 250-260 m/z appears after heating and 

increases in intensity with longer heating. We theorize that the peaks present in this range may 

be related to some type of SnCl2·ethylene glycol complex, as the m/z peaks matches with the 

predicted mass of SnCl2·ethylene glycol. The triplet peak present also supports the theory that 

SnCl2 may be one of the species present as two chlorines and the two common isotopes found 

for chlorine are responsible for the triplet. Based on previous the literature on the formation of 

 

Figure 2.5: Cyclic voltammogram of (a) 50 mM SnCl2·2H2O and 50 mM SbCl3 in ethaline, (b) 
50 mM SbCl3 in ethaline, and (c) 50 mM SnCl2·2H2O in ethaline solution after different stages 
of heating at 110º C. 
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SnO2, ethylene glycol heated with different tin salt precursors has been used to form sol-gels.15, 

16 It can be hypothesized that SnCl2 may be selectively isolated and segregated out of the 

solution when such sol-gel species are formed. Additional support to this hypothesis is found 

macroscopically with the visual formation of crystalline-like materials within the solution after 

long heating times. Extraction of the crystal results in the removal of material in a gel-like 

consistency (figure S2.3). DART-MS of this gel resulted in peaks at 250-260 m/z range that are 

identical to the triplet peaks SnCl2·ethylene glycol.  

While we are able to identify the formation of a SnCl2·ethylene glycol solgel, we are 

unable to identify the exact chemical bonding within this gel. Previous literature claims the 

eventual formation of a polyethylene glycol-tin complex with heating, but our mass spectrum 

suggests only one ethylene glycol is part of the SnCl2·ethylene glycol complex, and at least the 

one able to be desorbed and reach the MS detector.15 
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Electrical conductivity measurements were also conducted versus heating time in ambient 

environment to study the change in ionic contents in the solution (figure S2.4). As expected, with 

increasing temperature, the conductivity of the solutions increases due to higher rates of diffusion. 

With solutions that were left out at ambient temperature, the observed conductivity (i.e., of 

conducting ions) also increases, suggesting a possible change in speciation and also the probable 

increase in water in the solution over time. Supporting this, the addition of water into the solution 

leads to higher conductivity compared to either the as-prepared solutions or minimally heated 

solutions. These conductivity measurements adds to the hypothesis that over time, humidity 

changes the speciation of the solution over time. Excessively heating the solution at 110º C for 3 

days or greater decreases the conductivity of the solution and supports previous observation of 

 

Figure 2.6: DART-MS of ethaline and 50 mM SnCl2·2H2O and 50 mM SbCl3 in ethaline at 
different states of heating. The sol gel extracted from heating the 50 mM SnCl2·2H2O and 50 
mM SbCl3 in ethaline solution at 110º C is presented at the bottom. The blue region represents 
the peaks below 200 m/z matching with ethaline. The purple region identifies the presence of 
a triple peak growing over time. 

 



54 

 

decreased ion activity in the solution due to the formation of solgel. Overall, careful control of the 

speciation present in the solution is crucial to formation of the desired phased-pure SnSb and 

resisting undesired Sn and Sb- rich electrodeposited products. 

2.4.4 Electrochemical performance of pure SnSb as a Lithium-ion anode 

Electrochemical tests were conducted in half cells versus lithium to understand the 

material’s capacity, rate capability, and stability compared to other Sn, Sb or impure Sn-Sb 

electrodeposited films. SnSb electrodeposited onto Ni foil was used as electrodes for these 

electrochemical tests, as opposed to the use of copper substrates, due to a previous study by our 

group showing detrimental migration of copper into electrochemically active antimonide 

electrodes.17 To study the cyclability of our electrodeposited SnSb, the half cells were cycled at a 

C/2 rate between 0.01 V – 1.5 V vs Li/Li+ as presented in figure 2.7. Electrodeposited Sn and Sb 

through ethaline solution at similar conditions were also electrochemically tested to compare to 

the as synthesized SnSb. Over the 1000 cycles presented, SnSb was higher in overall capacity 

than either of the Sb and Sn samples. SnSb combined the stability of Sb for long cycling with the 

higher theoretical capacity of Sn. SnSb does have an initial irreversible capacity loss of 35% when 

comparing the second cycle with the first cycle, a loss that is widely believe to be due to the initial 

formation of a solid electrolyte interface (SEI). The capacity retained is greater than 97% in 

subsequent cycles. When comparing with the second cycle, with a gravimetric capacity of 757 

mAh/g, the SnSb undergoes 400 cycles (603 mAh/g at cycle 401) before it has lost 20% of its 

initial capacity.  

Rate capability tests of SnSb electrodes were performed to identify the capacities at which 

the SnSb can operate at different charge densities. Electrodeposited SnSb was able to cycle 

versus lithium with specific gravimetric capacities of 693 mAh/g at C/2 rate, 690 mAh/g at 1C rate, 

675 mAh/g at 2C rate, 660 mAh/g at 5C rate, 630 mAh/g at 10C rate, and 600 mAh/g at 20C rate. 
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Returning to C/2 rate from the higher cycling rates at the end showed full capacity recovery and 

stability of the material towards cycling at the higher rates.  

 

Differential capacity graphs were derived from the galvanostatic cycling data; the 

differential capacity graphs are important to review the electrochemical lithiation and delithiation 

phases that the electrodeposited SnSb goes through. Presented in figure 2.8 are the differential 

capacity graphs of electrodeposited SnSb, Sn, and Sb. The reactions between Sb and lithium, 

which previous reports say results in Li3Sb, occurs between 0.8 V and 1.1 V vs Li/Li+ as highlighted 

in red.18-20 Reactions between Sn and lithium, forming Li4.4Sn, is presented in blue and appears 

between 0.4 V and 0.8 V vs Li/Li+. The lithiation and delithiation of SnSb involves the lithiation 

and delithiation events of both the individual Sn and Sb. Overall, cycling of SnSb results in the 

broadening of the electrochemical features in later cycles, postulated to be due to to the growing 

resistance from uneven formation of SEI on the electrode surface.  

  

Figure 2.7: Galvanostatic cycling of electrodeposited SnSb, Sn, and Sb (left) between the 
range of 0.01 V – 1.5 V at C/2 rate. Rate capability of electrodeposited SnSb in a lithium half-
cell at different current rates. 
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Surface morphology during cycling, visualized through ex-situ SEM images, shows the 

expected strain from multiple lithiation and delithiation events (figure 2.9). The surface of the 

pristine sample showed particles of 150 nm size. After the first lithiation and delithiation cycle, the 

SEM images reveal resulting smaller particle size of <100 nm. After 10 cycles, the surface of the 

electrode begins to reveal <100 nm width fractures. After 50 cycles, the surface presents more 

fractures present on the electrode. However, a different morphology is seen to form on the surface 

of the electrode that is less crystalline, suggesting formation of a strongly adhering SEI on the 

surface of the electrode. 

Ex-situ XRD was performed concurrently with the ex-situ SEM to study the changes in 

crystallinity over cycling (figure 2.9). After the first lithiation and delithiation, crystalline SnSb is 

seen to be present, verifying the reformation of SnSb after delithiation of the electrode material, 

as seen in previous SnSb studies.19, 21, 22 Further cycling of the electrode shows the reformation 

 

Figure 2.8: Differential capacity plots (dQ/dV) of electrodeposited (a) Sb (b) SnSb and (c) Sn 
during their first two cycles. Differential capacity plot of (d) SnSb galvanostatically cycled at 
C/2 rate after its 1st, 2nd, 5th, 10th, 50th, 100th, and 150th cycles. 
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still occurs up to cycle 50, but crystallinity decreases drastically. This loss of crystallinity is 

believed to be due to the loss of long range ordering of the crystalline material and formation of 

smaller crystallite sizes with cycling. 

 

2.4.5 Detrimental effects of impure synthesis on lithium-ion lifetime 

In order to compare the performance of pure SnSb produced in this work to the impure 

production seen in previous reports, a controlled way of forming tin rich SnSb was necessary. 

Using the same ethaline solvent, the impure and tin rich SnSb samples were intentionally 

synthesized containing concentrations equal to the targeted Sn:Sb ratios. Increasing the Sn 

content past the 1:1 Sn:Sb ratio results in the production of crystalline tin, as shown by XRD 

(figure 2.10a). Also presented through the XRD patterns is the continuous increase in intensity of 

 

Figure 2.9: Ex situ studies were performed on electrodeposited SnSb galvanostatically cycled 
at C/2 rate stopped at different points of cycling. SEM images of the changes that occur on 
the surface of the electrode (top) during specific stages of cycling and their corresponding 
XRD patterns (bottom) were collected.  
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crystalline tin as deposition from higher concentration of tin solution is performed. Using the SEM-

EDS, the composition of the electrode created was verified to be in similar ratio as the initial 

solution concentration. The introduction of excess tin into the system can be monitored using 

differential capacity plots within the range at which tin and antimony lithiate (figure 2.10b). As 

stated in the previous section, the lithiation and delithiation of SnSb combines the different phases 

that single phased Sn and Sb electrodes undergoes. As we increase the Sn content to artificially 

mimic the production of impure, Sn-rich SnSb, an increase in activity related to Sn lithiation and 

delithiation is present as judge by the differential capacity plot (figure 2.10b). Conversely, due to 

the decrease of Sb content in the overall cell, dQ/dV is visibly decreased related to the Sb lithiation 

and delithiation. The purity of our SnSb and successful introduction of tin into the system is also 

supported in the differential capacity plots shown in our previous study of SnSb as a Na-ion 

anode.8 

 Testing of the tin rich SnSb electrodes is important as it tests the importance of the purity 

of SnSb on the stability of the system. Figure 2.10c presents the galvanostatic cycling of the 

different ratio of Sn:SnSb electrodeposited electrodes between 0.01 V and 1.5 V vs Li/Li+ at C/2 

rate. Artificially made impure, Sn-rich SnSb samples resulted in a decreased capacity within the 

first 200 cycles (>10% capacity lost within 200 cycles based on figure 2.10c). Pure tin had the 

highest initial capacity loss with 94% loss after 200 cycles, while SnSb had the lowest initial 

capacity loss with 7% after 200 cycles. Of the tin-rich SnSb electrodes, 1:3 Sn:SnSb had 13% 

capacity loss, 1:1 Sn:SnSb had 19% capacity loss, and 3:1 Sn:SnSb had loss 26% of its capacity 

in 200 cycles. This significant initial drop may be due to the large volumentric expansion and 

instability of the crystalline Sn regions present in the film. Eventually, the capacity decrease slows 

down in later cycles (>200) for tin rich samples, with the coulombic efficiency increasing per cycle. 

The later more stable cycling of tin rich SnSb electrodes may be related to the SnSb regions left 

behind. The slow decrease in capacity during this state of cycling may be related to the slow 
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growth of SEI on newly exposed surface. Figure 2.10d summarizes at what point each electrode 

falls below 80% capacity retention, with respect to the capacity at the second cycle. With 

increasing Sn impurity present, the Sn-Sb electrode begins to fall below this benchmark at earlier 

cycles.  Reformation of SnSb in lithium system has been shown in previous literature and hinted 

to some benefits related to this reformation.19, 21, 22 While the phases during insertion are different, 

recent studies on the reformation of SnSb tested against sodium supports synergistic effects of 

SnSb reformation on the cycle life of the material.8, 23 The reformation of SnSb may have some 

synergistic effect in mitigating overall stress and expansion during lithiation/delithiation that pure 

Sn does not possess. 

 

 

Figure 2.10: Depositions with varying amounts of Sn:SnSb were prepared and characterized 
using a) XRD patterns. The electrochemical testing of the depositions were preformed showing 
b) the differential capacity (dQ/dV) plots and c) the galvanostatic cycling data between the 
potential window of 0.01 V – 1.5 V in a lithium half-cell. The galvanostatic cycling data is 
summarized (d) in a graph which shows when the electrodes fall below 80% capacity retained, 
based on the second cycle. 
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2.5 Conclusion 

In summary, the synthesis of pure SnSb through electrodeposition was carefully 

developed and key synthesis parameters relating to the presence of water and heating the 

solution were identified. Synthesis in ethaline solution was found to be highly selective, although 

this hydroscopic medium can show impurity over time in humid atmospheres. Heating to 110˚ C 

removes excess water sufficient to allow phased-pure SnSb to be prepared. However, excessive 

heating at 110˚ C was found to have a negative effect. Specifically, heating at 110˚ C  for 3 days 

led to the formation of a sol-gel with the resulting electrodeposition product from this solution 

being antimony-rich SnSb. Electrodeposited SnSb was studied as a Li-ion battery, showing 

stability and falling below 80% capacity only after 400 cycles. In order to study the necessity of a 

phased-pure electrodeposition process, samples were prepared containing tin-rich products to 

mimic the impure tin-rich SnSb production. Electrochemical data show the negative effect on the 

electrode’s cyclability as Sn content increases and the importance of purity on the lifetime of SnSb 

anodes. Despite Sn ideally supplying higher energy density to the overall battery, the stress from 

the lithiation of impure regions of Sn in our electrodeposition is detrimental to the battery’s overall 

performance and lifetime. Intrinsically, SnSb is found to help access the higher capacity Sn 

possess, while minimizing the stress and expansion related to this process. Extrinsic of the 

material’s properties, engineering the electrode material through additives, mechanical network, 

and coatings promises to help access higher Sn content electrodes. 
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CHAPTER 3 – ELECTRODEPOSITION OF PURE PHASE SnSb EXHIBITING HIGH 
STABILITY AS A SODIUM-ION BATTERY ANODE3 

 

 

3.1 Overview 

Electrodeposition of pure phase SnSb is reported for the first time. The purity of the 

product is important, as the impure phase is found to be detrimental to the material’s lifetime as 

a sodium-ion anode. The directly deposited electrode was able to retain 95% capacity after 300 

cycles, and only fall below 80% capacity retention after 800 cycles when cycled versus sodium. 

3.2 Introduction 

Secondary batteries play a major role in energy storage as we slowly transition from non-

renewable sources, such as fossil fuels, to cleaner and more sustainable storage methods. Of 

the secondary battery technologies, lithium-ion batteries are currently utilized in applications 

ranging from portable devices to all-electric vehicles. In recent years there has been an influx in 

the research on sodium-ion batteries as a substitute for lithium-ion in certain technologies, such 

as large grid storage, due to sodium’s higher abundance and low cost. The traditional anode 

material for lithium-ion batteries, graphite, does not perform well as a sodium-ion anode.1,2 This 

is due to the larger size of Na+ ions when compared to Li+ ions, which makes graphite not a 

compatible host. This motivates the need for optimal Na-ion anodes that can exhibit high capacity 

and long cycle life. Currently, most investigations on sodium anode materials revolve around hard 

carbon.3 However, hard carbon exhibits poor cycling performance and can result in the plating 

and dendritic growth of sodium metal on the surface, which is a safety hazard.  

 
3 This chapter is published (Chem. Commun., 2019, 55 6938-6941) with Jeffrey Ma and Amy L. Prieto as 
authors.This work was supported through the NSF SSMC program (SSMC-1710672). We would like to 
thank Ryan Weber (McCullagh Group, Dept. of Chemistry, Colorado State University) for help with creating 
a python code for analysing data. We also thank Dr Pat McCurdy, and Dr Brian Newell (Central Instrument 
Facility, Colorado State University) for their help with SEM and XRD experiments, respectively. This chapter 
was written by Jeffrey Ma with the guidance from Amy L. Prieto. J.M. would like to thank Leslie Kraynak, 
Nathan Gimble, and Max Schulze (Prieto Group, Colorado State University) for their suggestions in writing 
this chapter.  
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The motivation in studying alloy anode materials is their greater volumetric and gravimetric 

capacities when compared to hard carbon. Silicon, while shown to be promising as a lithiumion 

battery due to its high theoretical capacity, has demonstrated a lack of ability to store sufficient 

amounts of sodium.4,5 Of all the potential alloy anode materials, Sn (847 mA h g-1 ) and Sb (660 

mA h g-1 ) have been heavily studied due to their large theoretical capacities. Intermetallic alloys, 

like SnSb, have smaller volume expansions upon sodiation, resulting in longer cycle life and 

improved rate performances. Previous reports on SnSb have suggested that polycrystalline SnSb 

reforms upon cycling in lithium-ion batteries, which may have some benefits in terms of its 

mechanical properties.6 Due to the inability to directly transfer knowledge of anode research from 

lithium-ion to sodium-ion technology, i.e. Si and graphite, SnSb has become a frontrunner for 

potential application as a sodium-ion battery anode. Ultimately, our goal is to develop an easy 

and scalable synthesis method with control over the composition, morphology, and surface area 

of the SnSb anode material, while enhancing its performance.  

The bimetallic SnSb alloy has been previously synthesized using methods such as ball 

milling, electrospinning, hot injection, chemical reduction, solvothermal, and through traditional 

solid-state means.6–11 Most of these methods require higher temperatures, which can cause 

heterogeneous products given the difference in vapor pressure between the two elements. All of 

these synthetic methods produce powders as their product, resulting in the need for binders for 

testing the active materials electrochemically in a battery. Here we directly electrodeposit SnSb 

is onto a conducting substrate at room temperature, without the need of additional binders or post 

processing. Electrodeposition enables control of the composition, particle size, and thickness of 

the material. While the first Sn–Sb lithium anode reported was synthesized via electrodeposition, 

pure phase SnSb has never been reported through this process.12–17 The most common impurities 

in previous reports are Sn, Cu2Sb, Cu3Sn, and SnO. All of these impurities are electrochemically 

active. As a result, the electrodeposition of pure phase SnSb is desired in order to study how the 

pure phase material interacts with other components in the battery during electrochemical cycling. 
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In this study, we have successfully synthesized pure phase SnSb by electrodeposition by using 

a deep eutectic solvent. Pure SnSb electrodes exhibit competitive gravimetric capacities 

compared to carbon with binder additives, while maintaining long cycle life in a sodium-ion battery.  

3.3 Experimental Section 

3.3.1 Cyclic voltammetry and electrodeposition of SnSb from ethaline solution  

Pure phased SnSb (1:1 ratio; verified by X-ray diffraction (XRD) and energy dispersive X-

ray spectroscopy (EDS)) electrodes were prepared by single-step electrodeposition process 

using a three-electrode setup. A platinum working electrode (BASi, 1.6mm diameter), a platinum 

mesh counter electrode (100 mesh, Alfa Aesar), and silver wire reference electrode were used 

for cyclic voltammetry. Cyclic voltammetry was done at a rate of 50 mV·s-1. A similar setup 

consisting of nickel foil (Sigma Aldrich) working electrode, a platinum mesh counter electrode, 

and silver wire reference electrode were used for the electrodeposition process. An ethaline 

solution, consisting of 1:2 molar ratio of choline chloride (VWR, High Purity) and ethylene glycol 

(Fisher Scientific), respectively, was used as the electrodeposition solvent. 50 mM SbCl3 (Sigma 

Aldrich, ACS reagent) and 50 mM SnCl2·2H2O (Sigma Aldrich, ACS reagent) were dissolved into 

the ethaline to form the deposition solution. Electrodepositions were performed at 25º C with a 

constant potential of – 0.7 V vs Ag/Ag+.  

3.3.2 Electrochemical testing of electrodeposited SnSb 

Electrochemical testing was performed in a Swagelok half-cell. The half-cell contains a 

SnSb electrodeposited onto Ni foil, polypropylene separator (MTI Corp) and glass filter 

(Whatman) filled with 1 M NaPF6 (Strem Chemicals) in dimethyl carbonate (DMC) (Sigma Aldrich, 

anhydrous) + 5% by volume fluoroethylene carbonate (FEC) (Sigma Aldrich), and sodium metal 

(Sigma Aldrich). Half cells were electrochemically tested with an Arbin battery tester (BT-2000). 

C-rate was determined based on theoretical capacity of each electrode. 
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3.3.3 Materials Characterization 

 The surface morphology and composition were examined by scanning electron 

microscopy (SEM) (JOEL JSM-6500F operating at 15 kV) and EDS (Oxford Instrument X-Max). 

The EDS spectra were analyzed using AZtec software (Oxford Instrument). The crystal structure 

of electrodes were identified by glancing angle X-ray diffraction (GAXRD) (Bruker D8 Discover 

Series I,Cu  Kα radiation, λ = 1.54184 Å). Ex-situ SEM and ex-situ XRD were performed after 

galvanostatically cycling the SnSb electrodes to different states of charge/discharge after set 

number of cycles. Electrodes were disassembled in an Argon glovebox and electrodes were 

cleaned using DMC prior to ex-situ studies.  

3.4 Discussion and Results 

Thin films of SnSb were synthesized using a solution containing Sn(II) and Sb(III) chlorides 

as precursors, and ethaline(1 : 2 by weight choline chloride to ethylene glycol) was used as the 

solvent for this electrodeposition solution. Cyclic voltammetry of the individual tin and antimony in 

ethaline solutions (Fig. 3.1a and b) and the solution containing both tin and antimony in ethaline 

(Fig. 3.1c) were examined in order to identify the potential at which co-electrodeposition of the 

two metals should occur. The cyclic voltammetry of the solution containing both Sn(II) chloride 

and Sb(III) chloride in ethaline presents two reduction peaks during its first sweep that can be 

identified based on the cyclic voltammetry of the individual solutions. During the first cathodic 

sweep, the reduction of Sb3+ to Sb0 is present at 0.3 V and reduction of Sn2+ to Sn0 at 0.55 V vs. 

Ag/Ag+ . During the reverse sweep of the scan direction, oxidation peaks are present at 0.3 V vs. 

Ag/Ag+ for the stripping of Sn0 into Sn2+ and 0.2 V vs. Ag/Ag+ for the stripping of Sb0 into Sb3+. 

The more positive potential peaks at approximately 0.9 V vs. Ag/Ag+ are believed to be related to 

the Sb3+/Sb5+ couple. The reduction of Sb3+ to Sb0 at 0.3 V and Sn2+ to Sn0 at 0.55 V vs. Ag/Ag+ 

are the crucial data needed for the electrodeposition of SnSb. Due to tin’s more negative reduction 

potential, co-deposition of Sb and Sn should occur at a potential more negative of 0.55 V vs. 
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Ag/Ag+ . The deposition potential cannot be 0.3 V vs. Ag/Ag+ as the cyclic voltammetry data 

suggests the stripping of Sn occurs while Sb plates between 0.3 V and 0.45 vs. Ag/Ag+ . This 

oxidative current suggesting the stripping of Sn0 into Sn2+ is not complete until 0.45 V. Using this 

data, and through optimization of electrodeposition conditions, SnSb was electrodeposited at 0.7 

V vs. Ag/Ag+ onto a nickel substrate. The X-ray diffraction (XRD) pattern verifies the formation of 

only SnSb phase onto the nickel substrate (Fig. 3.1d). A nickel substrate was used instead of 

copper due to possible detrimental migration effects of copper into the active material layer seen 

in a previous work.18  

 

 

Figure 3.1: Cyclic voltammograms of a) 50mM SnCl2•2H2O in ethaline and b) 50mM SbCl3 in 
ethaline separately b) 50mM SnCl2•2H2O and 50mM SbCl3 in ethaline combined. An Ag wire 
reference and Pt working electrode were used at a scan rate of 50mV/s. d) XRD and e) SEM-
EDS verifying the presence of SnSb. 

 

a)

b)

c)

d)

e)

Sn Lα1 Sb Lα1
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The electrochemical performance of the thin film SnSb as a sodium-ion anode was 

investigated using Swagelok half-cells. A standard electrolyte of 1 M NaPF6 in dimethyl carbonate 

(DMC) with 5% by weight fluoroethylene carbonate (FEC) was used for all tested cells. Lifetime 

cycling studies with greater than 200 cycles are rarely seen in Sn–Sb literature,6,19–23 which does 

not show the overall performance and failure of the material. As shown by the galvanostatic 

cycling at C/2 rate, the electrodeposited SnSb has higher stability and better performance than 

either pure Sn and Sb electrodeposited from ethaline (Fig. S3.1). During its initial discharge, a 

significant amount of irreversible capacity is observed, which may be related to the formation of 

a solid–electrolyte interface (SEI) layer between the surface of the electrode and the decomposing 

electrolyte. However, after the initial cycle, the performance of the material begins to stabilize with 

a discharge capacity of 548.2 mA h g-1 on its second cycle. Similar to previous reports, the 

capacity obtained at around the C/2 rate is found to be in the range of 400–600 mA h g-1, which 

is significantly less than its theoretical capacity (752 mA h g-1). Others have hypothesized that this 

is due to the inability of tin to sodiate completely in SnSb due to a shift to higher overpotentials at 

this rate.24 Based on the capacity at the second cycle, electrodeposited SnSb is found to maintain 

significant stability during cycling (Fig. 3.2) with 95% capacity retention after 300 cycles (at 520.8 

mA h g-1) and 90.5% capacity retention after 500 cycles (at 496.1 mA h g-1). The SnSb anode 

retains this impressive stability over many cycles and does not fall below 80% capacity retention 

until after 800 cycles. This slow decrease in capacity can be connected to continuous volumetric 

expansion and pulverization, resulting in isolation of active material and growth of SEI on the 

newly exposed surface. This growth of the SEI will result in slower kinetics and eventual sudden 

death of the cell. This can be supported with ex situ SEM images taken of a SnSb electrode after 

cycling in a sodium-ion half-cell showing a buildup of an organic-like SEI on the electrode surface 

in later cycles (Fig. S3.2).  
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Rate capability tests were also performed to test the performance of pure SnSb at different 

current densities (Fig. 3.2). The electrodeposited SnSb exhibits specific gravimetric capacitiesof 

720 mA h g-1, 620 mA h g-1, 540 mA h g-1, 500 mA h g-1, 472 mA h g-1, and 440 mA h g-1 at C/10, 

  

     

Figure 3.2: Electrochemical performance of electrodeposited SnSb (left). The test was 
performed by galvanostatically cycling at C/2 rate between the potential window of 0.01 V – 
1.5V in a sodium half-cell. Rate capability of electrodeposited SnSb at different current rates 
(right). The test was performed in a sodium half-cell for 8 cycles at each different rate. The 
potential range used was 0.01 V – 1.5 V. 
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C/5, C/2, 1C, 2C, and 4C, respectively. After cycling at the higher rates, a cycle at C/10 rate shows 

that the electrode fully recovers with no noticeable drop in capacity, which verifies the stability of 

the electrode.  

Using the C/2 rate galvanostatic cycling data, differential capacity plots were extracted for 

pure Sn, Sb, and SnSb phase samples (Fig. 3.3a–c). Unlike previous reports for SnSb in 

lithiumion batteries, the electrochemistry involved with the sodiation of SnSb is not just the 

addition of Sn and Sb sodiation events individually. The sodiation events of SnSb occur at different 

potentials when compared to the electrodeposited Sn and Sb electrodes individually. Similarly to 

previous reports,9 sodiation events for SnSb are seen at 0.64 V, 0.46 V, and 0.28 V with 

complementary desodiation events occurring at 0.6 V, 0.8 V, and 0.95 V. The sodiation event 

seen at ~0.01 V in SnSb when compared to the pure Sn electrode supports the hypothesis from 

previous reports that the inability of tin to completely sodiate in SnSb may be the reasoning as to 

why SnSb cannot reach its theoretical capacity at this rate.  
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Figure 3.3: Differential capacity plots of electrodeposited a) Sb b) Sn and c) SnSb 
showing the first two cycles.  Differential capacity plots of electrodeposited d) SnSb 
and e) 50:50 Sn:SnSb during the 1st, 2nd, 5th, 10th, 50th, 100th, and 150th cycles. 
Obtained from galvanostatically cycling at C/2 rate, within the range of 1.5 V – 0.01 V 
vs Na/Na+. 
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The differential capacity plots also verify the lack of Sn impurity phases present as a result 

of this synthesis. Fig. 3.3b shows a sodiation event at 0.01 V and a desodiation event at 0.2 V 

that are sharp and distinct features observed when cycling at this current density in the presence 

of Sn and not pure phase SnSb. This observation is verified by intentionally introducing Sn 

impurities in a 50 : 50 Sn : SnSb electrode (Fig. 3.3e), where the differential capacity plot presents 

the defined desodiation event at 0.2 V that is not present over the different cycles at C/2 of pure 

phase SnSb (Fig. 3.3d). This suggests introduction of Sn impurities would ultimately increase Sn 

desodiation activity at 0.2 V to a more defined peak as more Sn is present in this system when 

cycling at this rate. Galvanostatic cycling of SnSb films containing Sn impurities also suggests 

that a Sn impurity is the detrimental to the electrode’s cycle life (Fig. S3.3).  

Interestingly, our ex situ XRD data (Fig. 3.4) shows the reappearance of crystalline SnSb 

after the first cycle at C/2 rate, which previous reports did not see. Previous literature reported the 

disappearance of the peaks and the formation of amorphous features immediately after the first 

cycle.24,25 Our work suggests the electrodeposited SnSb does reform, but gradually loses long 

range order and changes from crystalline SnSb to an amorphous phase with each successive 

cycle, unlike the immediate transformation observed in previous reports. This observation is 

similar to what was seen in a previous study of SnSb in lithiumion batteries where SnSb reforms, 

but loses long range ordering over cycling.6 Extended X-ray absorption and fine structure 

(EXAFS) from a recent report also suggests the reformation of the same SnSb phase with similar 

Sn and Sb environments after desodiation, but loss of long range ordering based on their data.26 

Transmission electron microscopy (TEM) and electron diffraction from a recent study also support 

SnSb reformation.27 Additional experiments were performed verifying the reformation of 

crystalline SnSb after electrochemical cycling in our system (Fig. S3.4).  
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3.5 Conclusion 

To summarize, by using an ethaline-based solution the electrodeposition of pure phase 

SnSb has been reported for the first time. Electrodeposited SnSb, without binders and carbon 

additives, was tested as a sodium-ion battery anode. While long-term cycling studies over 200 

cycles have rarely been previously reported in SnSb literature, we report 1000 cycles to better 

understand the lifetime and long cycling stability of our SnSb electrodes. Although capacity below 

theoretical maximum was obtained from galvanostatic cycling at C/2 rate, SnSb exhibited high 

cycling stability, falling below 80% capacity retained after 800 cycles. Rate capability tests 

demonstrated the stability of SnSb cycling with higher current densities. Differential capacity plots 

and ex situ XRD reveal the gradual change, instead of an immediate change as seen from 

previousreports, from crystalline SnSb to an amorphous phase for electrodeposited SnSb during 

C/2 cycling. The differential capacity plots also verify the purity of SnSb with absence of distinct 

Sn electrochemical events. This study reveals some structural integrity with the reformation of 

SnSb, which may be related to the electrochemical stability seen. If the reformation is important 

to the stability of the material, purity of the material is crucial for obtaining longer cycle lifetime of 

the material. The films we report here are thin, but recently, the electrochemical performance of 

a similar thickness material, ~200 nm Sn, was electrodeposited on a 3D scaffold architecture, and 

that electrode had triple the areal loading of current slurry-based anodes.28 As new directions like 

this appear for intermetallic alloys, the SnSb reported here may be useful for implementation in 

newer 3D architectures. Future studies in better understanding the structural integrity and 

electrochemistry that occur during cycling of this material may help improve not only the 

understanding and lifetime of SnSb, but hopefully of all intermetallic alloys that can lead to 

advancements towards commercialization.  
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Figure 3.4: Ex-situ XRD of electrodeposited SnSb galvanostatically cycled at C/2 rate, within 
the range of 1.5 V – 0.01 V vs Na/Na+. 
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CHAPTER 4 – UNDERSTANDING THE KINETIC LIMITATION DURING INSERTION-
DEINSERTION OF SODIUM INTO SnSb4 

 
 
 
 
4.1 Overview 

 The accessible capacity of SnSb anodes is identified to drastically decrease with 

increasing current rates. Through a mixture of different electrochemical experiments, the 

electrochemical event at around 0.4 V vs Na/Na+ is found to result in the decrease in accessible 

capacity at higher rates. Electrochemical impedance spectroscopy helps identify the reasoning to 

this diffusion limited event, which originates from the earlier formation of sodiated Sb. 

 

4.2 Introduction 

Rechargeable batteries have become crucial for modern society and new technologies, 

with increasing reliance on lithium-ion in the upcoming years. Comparing the recent past and the 

predicted future, our demand for lithium-ion has increased by almost 5 times in the last 5 years, 

and is expected to double in the next 5 years.1 (Based on the graphic from BNEF, 50GWh in 

2015, 250 GWh in 2020, and 625 GWh in 2025.) As we pursue longer lasting batteries that allow 

electric vehicles to travel longer distances, higher energy dense battery materials must be 

explored and realized in order to be competitive with conventional internal combustion engine 

vehicles that run on natural gas. Both mass and size of the battery material, and ultimately the 

battery packs, are crucial for portable applications. Of the researched battery materials and 

technologies, the next battery breakthrough is believed to most likely come from incremental 

advancement in anode material research.2-7 Specifically, the closest to realization is the use of 

 
4 This chapter will be submitted to the ACS Applied Energy Materials for review with Jeffrey Ma and Amy 
L. Prieto as authors. This work was supported through the NSF SSMC program (SSMC-1710672). We 
would like to thank Dr. Brian Newell (Central Instrument Facility, Colorado State University) for his help with 
XRD experiments. This chapter was written by Jeffrey Ma with the guidance from Amy L. Prieto. J.M. would 
like to thank Leslie Kraynak, Lily Moloney, and Kelly Nieto (Prieto Group, Colorado State University) for 
their suggestions in writing this chapter. 
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intermetallic alloys that are at least twice as energy dense as the current generation of graphite 

dominant anodes. The successful implementation of intermetallic alloys will not only enhance the 

energy densities of Li-ion batteries used for portable devices, but also enhance the energy density 

of alternatives, such as Na-ion batteries, that can be utilized in energy grid storage systems. 

The compound SnSb has been studied since the 1990s as a Li-ion anode, and has been 

shown to be a promising anode due to the material's high energy and stability. This stability is 

related to the synergistic effect found in SnSb that lessens the volumetric change of the electrode 

and results in the reformation of SnSb after removal of the alkali ion, when compared to Sn and 

Sb electrodes in Li and Na systems.8-14 SnSb combines the stability found for Sb based electrodes 

and the higher capacity found for Sn electrodes. It can be both a possible alternative to Silicon 

and a model high capacity system to study volumetric expansion and different phase changes 

that are involved.  

For the Na-ion system, SnSb has a theoretical gravimetric capacity of 752 mAh/g based 

on the sodation events of Na3Sb and Na3.75Sn.13-14 With graphite and silicon being poor sodium 

storage materials, SnSb is one of the highest theoretical energy dense Na-ion anode materials.15-

17 Unlike the lithiation/delithiation events of SnSb, where the electrochemical events are the sum 

of individual Sn and Sb lithiation, the sodiation of SnSb goes through electrochemical events that 

are clearly distinct from the sum of the individual Sn and Sb sodiation events. Due to these distinct 

electrochemical events depending on the akali ion used, understanding how the change in 

structural pathway has an effect on the diffusion of the akali ion may assist in gaining insights to 

kinetic problems faced in other alloy anode systems. 

Lithium and sodium diffusion is highly important to study in these materials, as slower 

diffusion at certain early electrochemical events can alter further akali insertion/deinsertion into 

the system. Ultimately, a change in the material’s properties that causes this diffusion limitation 

is a kinetic limitation problem - a bottleneck that will limit the accessible storage capacity of the 

material, dictate the current/diffusion rate and lower the material’s power density. This kinetic 
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limitation can be one significant reason why materials never achieve their theoretical capacities 

under normal operating conditions. Understanding the intrinsic limitation is crucial to designing 

solutions that will attempt to mitigate the limitations that are discovered. 

In this study, we will be looking into identifying electrochemical events during galvanostatic 

cycling that ultimately hinder the capacity SnSb can access. Electrodeposition will be utilized to 

remove any additives that may convolute the intrinsic property and help truly understand the 

limitation of the pure, non-composite material. Previous studies by our group on SnSb have 

focused on understanding the electrodeposition conditions of SnSb, leading to the first reported 

phased pure SnSb through electrodeposition.12, 18 The ability to create this phased pure SnSb is 

crucial to the material’s stability, as our previous reports found impure Sn-rich SnSb in the 

synthesis lessen the electrode’s cyclability in Li and Na cells. Using different electrochemical 

techniques and analysis, including looking into differential capacity plots and electrochemical 

impedance spectroscopy (EIS) on the electrodeposited phased pure SnSb electrodes, we are 

able to identify a kinetic limitation related to an early structural change during sodiation of SnSb 

that is not found present during lithium testing. 

 

4.3 Experimental Methods 

The synthesis and electrochemical methods are similar to those of our previous papers.12, 

18 The electrodeposition of SnSb was performed using the Chi 660C Potentiostat (CH Instrument) 

and a three electrode setup consisting of nickel foil (Sigma Aldrich) working electrode, a platinum 

mesh (100 mesh, Alfa Aesar) counter electrode, and silver wire reference electrode. The 

electrodeposition solution used contains 50 mM SbCl3 (Sigma Aldrich, ACS reagent) and 50 mM 

SnCl2·2H2O (Sigma Aldrich, ACS reagent) dissolved into an ethaline solution. The ethaline 

solution consists of 1:2 molar ratio of choline chloride (VWR, High Purity) and ethylene glycol 

(Fisher Scientific), respectively. The deposition solution was heated at 110° C to remove water in 

the solution prior to electrodeposition. Electrodepositions were performed at room temperature 
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with a constant potential of -0.7 V vs Ag/Ag+. Sn and Sb electrodepositions were performed in 

similar manner as previously described using 50 mM SnCl2·2H2O in ethaline and 50 mM SbCl3 in 

ethaline, respectively.  

Electrochemical testing of SnSb as an anode for lithium- and sodium- ion battery was 

performed in a half-cell configuration. Swagelok cells with PFA  ½” straight tube fittings were used 

for the rate capability tests and CR2025 coin cells were used for impedance studies. The half-

cells were assembled consisting of SnSb working electrode, a separator layer consisting of 

polypropylene separator (MTI Corp) and glass filter (Whatman, Grade GF/A, 21mm), and lithium 

or sodium metal (Sigma Aldrich) counter electrode depending on experiment. The electrolyte used 

for these experiments consist of 1.0 M LiPF6 in dimethyl carbonate (DMC) (Sigma Aldrich, battery 

grade) + 5% by volume vinylene carbonate (Sigma Aldrich) for lithium testing, and 1 M NaPF6 

(Strem Chemicals) in DMC + 5% by volume fluoroethylene carbonate (FEC) (Sigma Aldrich) for 

sodium testing. Galvanostatic cycling of the battery were performed on Arbin battery testers (BT-

2143 and LBT20084). The C-rates mentioned were determined based on the theoretical capacity 

of the active material (824 mAh/g for SnSb vs Li, 752 mAh/g for SnSb vs Na). Electrochemical 

tests were performed with full depth of discharge (0.01 V to 1.5 V vs respective metal) unless 

otherwise stated. 

Electrochemical Impedance Spectroscopy (EIS) was performed at different states of 

charge/discharge of SnSb. The SnSb were first galvanostatically cycled at C/2 rate to the specific 

potential, and the potential was held until the current was less than 1 x 10-9 A, which was when 

equilibrium was reached. Galvanostatic EIS was performed through a Gamry 1010E potentiostat 

connected to the Arbin LBT20084 battery tester with a frequency range of 15 kHz to 10 mHz. 

In situ X-ray diffraction (XRD) was performed on an electrochemical cell with a Beryllium 

window made by Laboratoire de Reactivite et Chimie des Solides and as described in a previous 

paper.19 Similar to the EIS experiments, the SnSb cell was first galvanostatically cycled at C/2 

rate to the specific potentials related to different sodiation/desodiation events of SnSb, and the 
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potential was held until the current was less than 1 x 10-9 A, which was when equilibrium was 

reached. The Bruker D8 Discover DaVinci X-ray diffractometer (Cu  Kα radiation, λ = 1.54184 Å) 

was utilized for all of the XRD data presented to identify the crystallinity and presence of different 

crystalline products. The configuration of the cell and the diffraction peaks unrelated to the active 

material are presented in the supplementary (figure S4.10).  

 

4.4 Discussion and Results 

Rate capability tests performed on SnSb as an anode in the lithium- and sodium- ion 

system reveal differences in capacity retention with increasing rates depending on the alkali 

system studied (figure 4.1). Galvanostatic lifetime cycling of the electrodeposited SnSb used in 

this study was reviewed and discussed in previous studies.12 Rate capability tests allow for 

identification of capacity loss related to rate, which can either be due to electrolyte decomposition, 

intrinsic limitations from the active material, or mechanical instability resulting in loss of electrical 

contact of the active material. Cycling at different current rates identifies the amount of capacity 

a material can retain at the different applied currents, and it is typically expected for materials to 

decrease in specific capacity with increasing rates. As shown in figure 4.1, SnSb vs Na/Na+ was 

cycled at rates ranging from C/10 to 4C while SnSb vs Li/Li+ was cycled at a faster range of rates 

between C/2 and 20C. Even with higher rate cycling, SnSb performance in a lithium half-cell 

presented minor specific capacity change between the current rates with 695 mAh/g at C/2 rate 

and approximately 600 mAh/g at 20C rate. In contrast, the specific capacity of SnSb cycled in a 

sodium half-cell significantly decreases with the increase of current rate from around 720 mAh/g 

at C/10 rate to 440 mAh/g at 4C, which is about a 40 percent decrease in accessible capacity of 

the material. This significant capacity loss signifies either a change of the material’s intrinsic 

properties or a formation of a layer on the surface of the electrode that is limiting sodium ion 

diffusion into the active material. Returning to the slowest rate of C/10 after 4C rate identifies the 

significant decrease in rate is not due to mechanical pulverization causing loss of electrical 
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contact. Differential capacity versus potential plots in a later section will suggest this loss is also 

not related to a formation of a resistive solid-electrolyte interface on the surface of the electrode, 

and thus is ultimately due to the material’s intrinsic property during sodiation. 

 

 

 In order to further identify the cause of the significant decrease of capacity with higher 

rates, differential capacity plots are utilized to identify any changes in the electrochemistry. Similar 

to a cyclic voltammogram, the differential capacity plot (or dQ/dV plot) is another analysis method 

that identifies the potential of different electrochemical events based on when the onset of 

capacity occurs. The dQ/dV plots compliment the rate capability tests by identifying the specific 

electrochemical potential at which the capacity loss is found with the change in rate. The dQ/dV 

plot not only helps relate the loss of capacity to specific events, but also identifies changes in 

potential related to increased polarization. Changes to the active material can also be identified if 

capacity is located at different potentials that were not present at earlier cycles. From the dQ/dV 

 

Figure 4.1: Galvanostatic rate capability test of SnSb at different C rates. 
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plots of SnSb cycled in lithium (figure 4.2a), we observe the expected combination of the 

electrochemical features related to the individual lithiation reactions commonly found for Sb and 

Sn.10, 20 The lithiation and delithiation events have been previously identified to be related to Sb 

at potentials above 0.8 V and related to Sn at potentials below 0.8 V. In contrast, the dQ/dV plot 

of SnSb cycled against sodium (figure 4.2b) resulted in a new set of peaks different from the sum 

of the electrochemical events of solely Sn and solely Sb electrodes.12 Multiple studies have been 

performed suggesting the sodiation of Sb occurs at more positive potential (above 0.5 V based 

on figure 4.2b) while sodiation events related to Sn occurs at later potentials (below 0.4 V).21-23 

 

Comparing the dQ/dV plot at different rates, for both systems we identified a slight 

increase in overpotential with increasing rates that shows the expected dependence of charge 

transfer with respect to rate. The Butler-Volmer equation and the more simplified Tafel equation, 

 

Figure 4.2: Galvanostatic cycling of SnSb versus lithium and sodium. dQ/dV plots of SnSb 
extrapolated from the rate capability test at specific rates a) versus Li, and b) vs Na. 
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depict this expected overpotential as the rate increases. At the highest overpotential event for 

SnSb in a lithium half-cell, minimal potential change, of 0.084 V, is observed as the rate increases 

from C/2 to 20C, corresponding to the delithiation of Sn at around 0.68 V vs Li/Li+. However, when 

focusing on identifying the reasoning for the decrease in the capacity of SnSb in the sodium half-

cell, the dQ/dV plots with increasing rate reveal significant capacity loss is related to the sodiation 

event corresponding to Sn that occurs between 0.31 V and 0.1 V. While the sodiation step for Sb 

was following the previous trend of minor increase in overpotential of 0.083 V with increasing rate, 

the later sodiation of the Sn resulted in an unusual drastic increase of overpotential of the event 

with every increasing rate. In conjunction with this capacity loss, we identified a significant shift in 

overpotential for this event with a difference of 0.21 V between the C/10 rate and the 4C rate. 

This drastic overpotential is alternatively visualized with a Tafel plot to show the drastic change 

with rate (figure S4.2).  Typically, overpotential is related to the system’s need to overcome an 

“activation barrier”. We attribute this overpotential related to the change in rate is due to the 

properties of the intrinsic material and not a buildup of a resistive solid-electrolyte interface over 

electrochemical cycling. This is verified through the lack of change in the potential of the different 

SnSb sodiation/desodiation events when comparing the dQ/dV plots of the initial and final cycling 

at the slowest rate (Figure S4.1). In order to identify the cause of this drastic overpotential during 

the sodiation of Sn, the impedance of the SnSb cell was studied at the different states of sodiation 

and desodiation to observe if the limitation in the SnSb sodiation system is related to a specific 

electrochemical event. 

EIS was performed at different states of sodiation and desodiation to observe any changes 

in the cell’s impedance as it goes through the different electrochemical events. Specific points, 

based on dQ/dV plots, were selected for EIS prior to alkali ion insertion into SnSb, after alkali 

insertion into Sb, and after alkali ion insertion into Sn, which occurs after Sb, and its respective 

alkali deinsertion steps. For SnSb vs Li/Li+, EIS measurements were taken prior to cycling, at 0.7 

V during lithiation, 0.01V during lithiation, 0.8 V during delithiation, and 1.5V during delithiation to 
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observe the change with the cells after SnSb events. For SnSb vs Na/Na+, EIS measurements 

were taken prior to cycling, at 0.4 V during sodiation, 0.01V during sodiation, 0.4 V during 

desodiation and 1.5 V during desodiation. EIS measurements of electrodeposited Sn and Sb of 

similar loading were also taken to compare to SnSb at the different Li and Na potentials previously 

mentioned. 

The lithium EIS data in figure 4.3 is presenting the Nyquist plots of the SnSb, Sn and Sb 

electrodes at different states of lithiation and delithiation before and after alkali insertion into Sn. 

In comparing the change of SnSb, Sn and Sb through the different state of lithiation and 

delithiation, Sn and SnSb were observed to decrease in impedance with the insertion of lithium. 

Sb was found to stay with similar impedance throughout the different states of 

lithiation/delithiation. The Nyquist plot of SnSb cell presented an impedance at about average of 

the measured impedance found for Sn and Sb electrodes at the same state of 

lithiation/delithiation, which is expected for the combination of the two individual components’ 

properties at the specific state of lithiation/delithiation.   
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In contrast, EIS of different states of sodiation and desodiation (figure 4.4) suggests the 

properties of the SnSb cells are strongly dictated by the characteristic of sodiated Sb. When 

looking at the Sn, Sb, and SnSb electrodes at different states of sodiation and desodiation, again 

we are able to identify a decrease in impedance as we sodiate. However, as we compare the 

different states of sodiation and desodiation after 0.4 V, the state after the sodiation of Na-Sb, we 

identify the impedance within the SnSb cell is no longer at an average impedance in between Sn 

and Sb at the different states of sodiation and desodiation, as observed in the lithiation of SnSb 

cells. The impedance of the SnSb cell at events below 0.4 V are observed to possess the similar 

 

Figure 4.3: Nyquist plots of EIS measurements taken for SnSb (upper right), Sb (bottom left), 
and Sn (bottom right) at the different points of interests related to different SnSb 
lithiation/delithiation events. A Nyquist plot (upper left) comparing SnSb, Sn, and Sb at 
different potentials related to events prior to Sn lithiation (after Sb lithiation), and after Sn 
lithiation/delithiation are also presented. 
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higher impedance of sodiated Sb at these different potentials. This Sb dominant characteristic of 

the SnSb cell after the sodiation of Sb suggests the formation of the Na-Sb is hindering the sodium 

diffusion to Sn during the sodiation events related to Sn. This higher impedance of Na-Sb is 

hypothesized to greatly limit the diffusion of sodium into the system, ultimately dictating the 

diffusion rate of sodium into Sn at the more negative potential. Hence, results in the cell’s increase 

of overpotential at the event below 0.4 V vs Na/Na+ and the drastic decrease in capacity as the 

SnSb electrodes attempts to drive sodium diffusion into the system with increasing current rates. 

 

 

 

Figure 4.4: Nyquist plots of EIS measurements taken for SnSb (upper right), Sb (bottom left), 
and Sn (bottom right) at the different points of interests related to different SnSb 
sodiation/desodiation events. A Nyquist plot (upper left) comparing SnSb, Sn, and Sb at 
different potentials related to events prior to Sn sodiation (after Sb sodiation), and after Sn 
sodiation/desodiation are also presented. 
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Recent literature has suggested similar diffusion problems are occurring during SnSb 

sodiation. One report has suggested that slower diffusion may be related to an amorphous phase 

formation they observed experimentally through TEM and quantified the change in diffusion 

through image analysis.24 Presented in figure 4.5 is in situ XRD of our SnSb electrode cycled 

against sodium, which supports the previously reported observation where SnSb becomes 

amorphous as soon as sodiation occurs. Crystalline products are not observed until the material 

becomes fully desodiated, in which SnSb is found to reform. Our results in this report further 

identify the kinetic problem related to the amorphous phase mentioned by the previous work by 

identifying. Through EIS, we identified impedance of the SnSb cell is similar to the impedance of 

Sb electrode after the sodiation of Sb, suggesting the diffusion problem and higher impedance 

originates from the formation of Na-Sb and diffusion of sodium through this amorphous Na-Sb. 

Furthermore, the formation of the impeding Na-Sb may further support observations of another 

recent study where the segregation of Sn is found after the desodiation of SnSb nanowire in a 

TEM, as the Sn segregation may be the lowest energy route for sodium diffusion around the 

impeding Na-Sb.22, 25 Ultimately, this suggests the sodiation of Sb is a kinetic barrier for insertion 

of later events found in SnSb, making this step the kinetic limitation for sodium insertion and 

access to the higher capacities of Sn.   
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Figure 4.5: In situ XRD of SnSb in an electrochemical cell cycled to the different potentials of 
interests related to different SnSb sodiation/desodiation events are presented. The peaks 
labeled by (#) are related to diffraction related to the electrochemical cell (figure S4.9). 
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4.5 Conclusion 

In this report we were able to identify, through a mixture of analysis, the diffusion limiting 

process found during the sodiation of SnSb. We are able to describe through experimental 

methods that the limiting process is believed to be due to the sodiation of Sb, where through EIS 

this was clearly identified to be the state of sodiation at which impedance increases in the SnSb 

system. Instead of the impedance of the SnSb being at the middle ground between Sn and Sb at 

the specific state of sodiation, we found the impedance of SnSb greatly resembles that of Sb after 

Sb sodiation, and continues to be similar in impedance to a Sb cell at the lower potentials. This 

suggests Sb sodiation becomes the kinetic limitation of sodium diffusion into the SnSb system, 

dictating the diffusion of sodium into Sn. Ultimately, in order to design ways to improve the limited 

ionic diffusion into Sn found in SnSb during sodiation, further studies should be focused on 

understanding the amorphous phase of Na-Sb that is limiting the SnSb system. While studies in 

literature have already previously investigated on the sodiation of Sb, the structure-kinetic 

relationship has yet to be well identified.25-29 Sb undergoes multiple phase changes, including 

amorphization, and identifying and characterizing the different phases’ properties, electronic and 

ionic, is required for identifying the problem related to sodium diffusion through Na-Sb. Better 

understanding Sb present in the SnSb system and also in identifying the specific sodiation 

structures that occur in pure Sb is a key step moving forward. Identification of the problem is 

crucial in devising the future solutions for the problem. 
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CHAPTER 5 – UNDERSTANDING THE ELECTRODEPOSITION OF Sn-Sb THROUGH 
AQUEOUS SOLUTION FOR HIGH MASS LOADING LITHIUM-ION ANODES5 

 
 
 

5.1 Overview 

 The electrodeposition of pure crystalline phase SnSb on Ni foam through an aqueous 

solution is herein reported. This synthesis was successful after carefully mapping the change of 

the solution pH and electrodeposition parameters that affect the resulting electrodeposited 

composition and morphology. The electrodeposited SnSb was electrochemically tested as a 

Lithium-ion anode, with results showing low first cycle initial capacity loss (ICL) as we get closer 

to 1:1 ratio Sn:Sb (< 5%).  

5.2 Introduction 

Secondary batteries have emerged as the energy storage technology of choice for a wide 

variety of applications ranging from portable electronics to electric vehicle market to large energy 

storage grids for storing excess energy production. Li-ion technologies will be in the forefront, 

powering portable applications and will be heavily relied on to supply the currently growing market 

of electric vehicles. Current Li-ion commercial technology utilizes mostly a carbonaceous material, 

specifically graphite, as the anode of choice.1-2 While graphite has been a reliable and cost 

efficient anode, the material is limited by its overall theoretical capacity, energy density, and rate 

capability.2-3 In order to expand the range of usage for portable technologies, specifically in electric 

vehicles, new higher energy dense materials must be studied. Currently, silicon is the most 

studied Li-ion anode candidate, but a full silicon anode has yet to be commercialized after over 

 
5 This chapter will be submitted to the Journal of Electrochemical Society for review with Jeffrey Ma, 
Lasantha Korala and Amy L. Prieto as authors. This work was supported through the NSF SSMC program 
(SSMC-1710672). This chapter was written by Jeffrey Ma with the guidance from Amy L. Prieto. J.M. would 
like to thank Leslie Kraynak, Nathan Gimble, and Kelly Nieto(Prieto Group, Colorado State University) for 
their suggestions in writing this chapter. 
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40 years of research due to the material’s large volume change during lithiation (420% expansion 

based on Li4.4Si).4-8 Due to this fact, researchers are looking onto studying other energy dense 

anode materials.  

SnSb has been of interest in the Li-ion field due to its high energy density (gravimetric 

capacity of 824 mAh/g), and lower volume expansion when compared to Si. This slightly lower 

volume expansion allows for the access to higher capacity, while minimizing volume change. 

SnSb is one of the most promising anodes in the Na-ion system due to the inability to transfer of 

what’s known from Li-ion batteries. This is apparent with Na-ion anodes, with graphite having 

minimal capacity for storage due to the larger Na+ ion when compared to Li+. Silicon, while being 

a promising anode in Li-ion batteries, has poor storage capability due to the different pathway of 

storage in Na.9-10 While elemental Sn is of interest due to its high capacity, it has typically been 

reported to have issues with pulverization, resulting in low cyclability.2, 11-17 SnSb allows for the 

utilization of the higher capacity Sn, while shown to have relatively stable capacity retention. SnSb 

is also believed to have a synergistic effect between Sn and Sb that allows for the reformation of 

its crystalline form after deinsertion, whether in Li- or in Na-ion system.18-20  

SnSb has been synthesized in a wide variety of different techniques.18, 21-25 

Electrodeposition is of interest due to the ease in the control of composition, thickness, and 

morphology of targeted materials. This form of synthesis enables for the growth of the material 

on different pre-templated architectures, allowing the realization of higher surface area 3-D 

architectures.  Ultimately, this technique allows for the synthesis to be easily scalable from 

benchtop to large scale production. While the first Sn-Sb report as a Li-ion anode was through 

electrodeposition, the phased pure SnSb, both by crystallinity and atomic composition, was not 

realized until it was recently reported by our group.26  However, our group further reported the 

drawback of our synthesis process, as the solvent used is sensitive to humidity and heat, resulting 

in possibility of impurities or change in targeted composition with longer depositions for higher 



94 

 

mass loadings.27 Due to the limited processability of the synthesis, SnSb electrodeposition 

through an aqueous solution is desired. Previous outside reports using electrodeposition for Sn-

Sb (signifying non-1:1 Sn:Sb) were all through aqueous solution, which all resulted in impurities 

including crystalline Sn or Sn-rich product present.28-34  Although it is not specified whether the 

authors’ attempted the crystalline phase SnSb nor getting close to the 1:1 Sn:Sb atomic ratio, 

electrodeposition of SnSb has yet to be realized in an aqueous solution and the lack of reports in 

article and patents suggests this to be possibly challenging. Based on our previous studies, we’ve 

found the lifetime of Sn-Sb electrode is greatly dependent on the purity of the material, as 

composition closer to 1:1 ratio resulted in the best cycle life vs Li and Na. This may be related to 

the synergistic effect that allows for crystalline SnSb reformation previously stated and others 

have found have a favorable effect.19, 26-27 Through understanding deposition parameters, 

including solution pH conditions and the electrochemical procedure for the deposition, different 

compositional products and morphologies were encountered in this report. This understanding of 

overall parameters allowed us to attempt to successfully synthesize pure SnSb, in terms of 

crystallinity, on Ni foam. Electrochemical testing of the commercially relevant loading electrodes 

was performed in Li-ion cell, showing some promising electrochemical metrics. 

5.3 Experimental Methods 

5.3.1 Preparation of SnSb deposition solution 

A 100 mL solution containing 50 mM SbCl3 (Sigma Aldrich, ACS reagent – 1.1406 g) and 

50 mM SnCl2·2H2O (Sigma Aldrich, ACS reagent – 1.1283 g), 176 mM Sodium Citrate dihydrate 

(Fisher Scientific - 5.1612 g), and 400 mM Citric Acid (Sigma Aldrich - 7.6850) were prepared in 

water. This deposition solution is heated and stirred on a hot plate at 60º C for 5 hours. Depending 

on the temperature of the room during this heating process, the solution may be translucent or 

opaque after the 5 hours of heating. Cooler room temperatures result in the more opaque solution. 

Overall, the solutions become transparent after tuning pH. The solution is then tuned to pH 7.4 
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(at ~25º C). At about pH of 3.0 – 3.5, the solution becomes clear. During the addition of KOH to 

increase the pH, the temperature increases by about 20º C. Normally, pH is tuned to about 7.0 

(at the higher temperature), and allowed to cooled below 30º C before getting closer to pH of 7.4 

(the pH should slightly increase with the lowering of temperature). Varying pH depositions were 

performed during this study. However, for optimized conditions, pH 7.4 was used due to 

morphology and XRD. The pH of 7.4 was decided after a study of the depositions at different pH 

between 6- 8.5 discussed below. 

5.3.2 Electrodeposition of SnSb on Ni foam 

The electrodeposition was performed in a three electrode setup. The nickel foam (MTI, 

EQ-bcnf-16m – calendared to ~500-520 µm; foams are 1.0” x 1.5”) was first washed by sonicating 

in a concentrated (~5M) HCl solution for 5 minutes to remove the surface oxide layer. The foam 

then goes through millapore water and absolute ethanol for 5 mintues each. Ni foam was used to 

deposit higher mass loading of SnSb. Previous attempts to electrodeposit higher loadings of SnSb 

on a Ni thin film resulted in the eventual dendritic growth of film with preferred orientation 

(discussed in 5.4.1). Reference electrode used was a Ag wire, with a type 316 stainless steel 

(PO# AC-75973470, Elmhurst – 8.5” x 2.25” folded into 2.125” x 2.25” to fit the 150 mL beaker) 

counter electrode. Electrodeposition solution is placed in a 150 mL beaker and stirred at 100 RPM 

throughout the depositions. About 1”x 1” of the nickel foam is submerged for the deposition. 

Depositions were done at room temperature with a pulsing sequence of -0.7 V vs Ag/Ag+ for 10 

seconds, followed by rest at open circuit potential (0 A) for 15 seconds using a three electrode 

potentiostat (Gamry 3000 and Gamry 1010 potentiostat). Ideally, the sequence is repeated for 

200 cycles, but depending on the overall current passed for the solution, sequence is either 

shortened or increased. Once deposition is completed, the deposited foam is washed by dipping 

in water for 2.5 minutes, ethanol for 1 minute, water for 1 minute, and finally ethanol for 1 minute 

prior to drying.  
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5.3.3 Cyclic Voltammetry experiments 

Cyclic voltammetry experiments were performed in a similar three-electrode setup as 

previously stated for electrodeposition. Ag wire or standard calomel electrode (SCE) was used as 

the pseudoreference and reference electrode, respectively. A platinum working electrode (BASi, 

1.6mm diameter), and stainless steel counter electrode were used. Cyclic voltammetry was 

preformed between -1.4 V and 1.0 V vs SCE; -1.0 V and 1.0 V vs Ag/Ag+ at a scan rate of 50 

mVs-1. 

5.3.4 Electrochemical testing 

Electrochemical testing were performed on pouch Li half cells. The half cells contain SnSb 

electrodeposited onto Ni foam, polypropylene separator (MTI Corp), and Li metal. 1 M LiPF6 in 

ethylene carbonate (EC) and diethyl carbonate (DEC) (50:50 by volume), and 1 M LiPF6 in EC 

and ethyl methyl carbonate (EMC) (3:7 by volume) + 5% fluoroethylene carbonate (FEC) 

electrolytes were used in the varying experiments. All cells shown were tested at full range of 

discharge between 0.01 V and 1.5 V vs Li/Li+. C-rate was determined based on theoretical 

capacity of each electrode.  

5.3.5 Materials Characterization 

Scanning electron microscope (SEM; JOEL JSM-6500F operating at 15kV) equipped with 

an energy dispersive x-ray spectroscopy (EDS) x-ray detector (Oxford Instrument X-Max) were 

used to study the surface morphology and atomic composition throughout the electrodeposited 

materials studied. The EDS spectra were analyzed and fitted using the AZtec software (Oxford 

Instrument). The crystallinity and presence of different crystalline products were identified using 

the Bruker D8 Discover DaVinci x-ray diffractometer (Cu  Kα radiation, λ = 1.54184 Å). 
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5.4 Results and Discussions 

 

5.4.1 Preface to electrodeposition of Sn-Sb from aqueous based-solution: investigations in 

ethaline solution 

Previous investigations on the synthesis of SnSb in a nonaqueous-based solution from 

our group led to better understanding in the drawbacks of the system, as humidity and heating 

resulted in changes from the ideal composition.27 Attempts at longer depositions were performed 

from the nonaqueous ethaline solution, through both constant potential and pulse-rest depositions 

procedures, that resulted in dendritic growth after the deposition exceeded a certain thickness 

limit. SEM images revealing the cross-section of depositions are presented, showing the uneven 

and dendritic growth on the surface of the electro after, at minimum, 380 nm thick film is grown. 

This may possibly be a result of the change in speciation of the solution through introduction 

humidity of into the solution over the long deposition times, which makes higher mass loading 

depositions through ethaline solution not practical. Ideally, the solution should be inert to the 

ambient environment, which investigating the use through an aqueous solution may be 

necessary. Another strategy to avoid the dendritic growth at higher thicknesses while maintaining 

relatively high mass loadings is through electroplating on a higher surface area substrate. Our 

strategy is to use metal foams as substrates which allows for thinner layers of SnSb, while 

achieving high mass loadings.  
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Our previously investigation on the presence of humidity through observing the 

electrodeposited products from Sn- and Sb- based aqueous solutions may be a useful first step 

to better understanding electrodeposition conditions of SnSb through an aqueous solution. The 

XRD patterns provided in figure 5.2 suggest the formation of a product with excess crystalline Sn 

impurity in conjunction with crystalline SnSb occurs in most acidic pH conditions (i.e., below pH 

7). At very basic conditions of pH 8 and above, amorphous products are found. As no basic 

precursors are involved in the previous ethaline deposition solution, the solution has an acidic pH 

if water was slowly incorporated over time. However, based on the XRD patterns, a decrease 

crystalline Sn was observed in the product when the solution pH was between 6 to 8. This pH 

region with less crystalline Sn suggests a less Sn-rich Sn-Sb is formed and products are closer 

to the 1:1 Sn:Sb ratio desired.  

 

Figure 5.1: Cross-sectional images of different electrodeposited Sn-Sb from 50 mM 
SnCl2·2H2O and 50 mM SbCl3 in ethaline. The following are the sequences used: -0.7 V vs 
Ag/Ag+ for 1800 s (left) and 18 cycles of -0.7 V vs Ag/Ag+ for 600 s pulse with 60 s rest (right). 
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While the initial deposition sequence was crucial in forming the ideal product (see 

supplementary), the pH of the electrodeposition solution was found to have a greater effect on 

the electrodeposition product’s morphology and composition.  

5.4.2 Effect of solution pH conditions on the electrodeposited morphology and product 

The following studies of the solution’s pH condition revealed the narrow range at which SnSb 

forms. At pH below 3.5, the solution is macroscopically translucent, with insoluble white particles 

visibly dispersed in the solution. As pH of the deposition solution is adjusted with the addition of 

saturated KOH, the visibility of the white particles originally present causing the translucency of 

the solution disappears and the solution becomes clear as the pH is adjusted above 3.5. This 

change in the solution is believe to be related to the complexation of citrate ions with Sn and Sb 

 

Figure 5.2: Cyclic voltammetry at 50 mV· s-1 (left) of a 50 mM SnCl2·2H2O and 50 mM 
SbCl3 aqueous solution and its corresponding XRD patterns (right) from electrodeposition 
performed at -0.7 V vs Ag/Ag+ onto Ni foil at varying pH. Figure taken from ref 26. 
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(citrate pKa1=2.92) enabling the dissolution, as we’ve learned in previous studies in aqueous 

based solution.35  Based on XRD, electrodeposition from a solution at pH 6 results in the formation 

of crystalline SnSb and very weak intensity crystalline Sb. SEM images of the deposition product 

reveal a dendritic morphology on the surface of the electrode, with tree-like growth and branches 

with a width of about 1 µm in size. EDS of the dendritic product reveals an atomic composition of 

1:2 ratio Sn:Sb is present at this pH. 
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Figure 5.3: Pulse sequence with – 0.7 V vs Ag/Ag+ for 10 seconds of pulse and 15 
seconds of rest. The deposition solution contained 50 mM SnCl2.2H2O, 50 mM SbCl3, 
176 mM Sodium Citrate dihydrate, and 400 mM Citric Acid at pH 6. The SEM images 
and XRD patterns are of SnSb electrodeposited onto Ni foam for 360 cycles of the pulse 
sequence. 
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At the opposite end of the spectrum, electrodeposition from a solution at slightly above pH 

8 resulted in a branched growth of the deposition product. However, the morphology of the 

deposition product at this pH is different from the product found at pH 6, with large, porous 

voids, containing <500nm thick branches, forming rather than very thick tree-like dendrites. 

XRD pattern of the deposition product identifies the formation of crystalline SnSb with the 

presence of a broad hump indicating amorphous products were also formed. Based on atomic 

composition obtained from EDS, oxides may be forming at these conditions (EDS reveal 

oxygen ratios >Sn/Sb), which may explain the significant change in morphology and explain 

the presence of non-crystalline Sn/Sb products present. 
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Figure 5.4: Pulse sequence with – 0.7 V vs Ag/Ag+ for 10 seconds of pulse and 15 seconds 
of rest. The deposition solution contained 50 mM SnCl2.2H2O, 50 mM SbCl3, 176 mM 
Sodium Citrate dihydrate, and 400 mM Citric Acid at pH 8. The SEM images and XRD 
patterns are of SnSb electrodeposited onto Ni foam for 360 cycles of the pulse sequence. 
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 At pH 7 solution, the deposition products were found to be more faceted growth and 

uniform in morphology when compared to the products found at the extremes of our solution range 

(i.e. pH 6 and 8). Different morphologies were also found depending on the tuning of the solution 

at this pH (pH 7±0.15). At slightly acidic conditions (pH 6.85), the morphology of the resulting 

deposition product resembles triangular prism pillars and is found throughout the foam substrate. 

Based on EDS, the pillar-like morphology has an atomic ratio of 1:2 Sn:Sb and can be used as 

an indication of Sb-rich Sn-Sb formation. At slight basic conditions (pH 7.15), more faceted 

crystals, sizes in the range of µm, are formed near edges of the foam, with non-faceted, nodular 

growth of particles found away from the edges. The atomic composition of the deposition at this 

pH also reveal similar 1:2 Sn:Sb atomic ratio of the overall surface, but is revealed to be Sb rich 

due to the nodular particles found closer to the center of the foam that are more Sb-rich regions.  

The facets found near the edges of the foam are the desired SnSb product and facets 1:1 Sn:Sb 

atomic composition. 
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Studies of the electrodeposition product performed in a pH 7.22 solution identifies the 

presence of crystalline facets as a good indicator of 1:1 Sn:Sb. Electrodepositions at this pH 

resulted in very crystalline µm sized facets present at the edges of the Ni foam. Formation of sub-

micron nodular particles is concurrently present throughout the film in areas away from edges, 

similar to what was previously found at slightly more basic conditions from pH 7 (±0.15). EDS 

scans at different regions reveals areas with faceted morphology near the edge of the film has a 

45:50 Sn:Sb ratio, while more Sb-rich atomic composition of 1:2 Sn:Sb is found at areas with 

more nodular and polycrystalline growth away from edges of the foam. The edges are typically 

believed to be where the presence of facets is more commonly found on the foam due to higher 

 

Figure 5.5: Pulse sequence with – 0.7 V vs Ag/Ag+ for 10 seconds of pulse and 15 seconds of 
rest. The deposition solution contained 50 mM SnCl2.2H2O, 50 mM SbCl3, 176 mM Sodium 
Citrate dihydrate, and 400 mM Citric Acid at pH 7 ±0.15. The SEM images and XRD patterns 
are of SnSb electrodeposited onto Ni foam for 360 cycles of the pulse sequence at a) slightly 
basic conditions from pH 7 and b) slightly acidic conditions from pH 7. 
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effects of the electric field at edges of the foams, allowing for more even growth. The XRD pattern 

reveals a product with solely crystalline SnSb, suggesting the richer Sb region detected by EDS 

must be amorphous. 
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Figure 5.6: Pulse sequence with – 0.7 V vs Ag/Ag+ for 10 seconds of pulse and 15 seconds 
of rest. The deposition solution contained 50 mM SnCl2.2H2O, 50 mM SbCl3, 176 mM 
Sodium Citrate dihydrate, and 400 mM Citric Acid at pH 7.22. The SEM images and XRD 
patterns are of SnSb electrodeposited onto Ni foam for 360 cycles of the pulse sequence. 
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To further narrow down the targeted solution range at which the desired 1:1 Sn:Sb product 

forms, electrodepositions were performed using solutions at different pH between 7 and 8. At pH 

7.6, pulse depositions on Ni foam resulted more nodular growth throughout the film. This nodular, 

broccoli crown-like, morphology typically suggests the growth of a highly polycrystalline material 

where amorphous regions are present. XRD pattern of this foam deposition reveals the formation 

of crystalline SnSb, Sb, and a broad hump, suggesting amorphous product may be present on 

the sample. EDS of the film suggests uneven deposition throughout the film, with the Sn:Sb ratio 

ranging from 1:2 to 45:55.  
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Figure 5.7: Pulse sequence with – 0.7 V vs Ag/Ag+ for 10 seconds of pulse and 15 seconds 
of rest. The deposition solution contained 50 mM SnCl2.2H2O, 50 mM SbCl3, 176 mM Sodium 
Citrate dihydrate, and 400 mM Citric Acid at pH 7.6. The SEM images and XRD patterns are 
of SnSb electrodeposited onto Ni foam for 360 cycles of the pulse sequence. 
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In order to balance the crystallinity of the product (found closer to pH 7) with even 

deposition throughout the film while minimizing the amorphous product present (must be lower 

than pH 7.6), electrodeposition of SnSb was performed at pH 7.4. Based on the SEM images of 

the electrodeposited surface, more evenly distributed facets were seen present away from edges 

of the film than any previously studied conditions. The XRD pattern suggests the product is 

crystalline SnSb with no impurity Sn or Sb present. However, EDS suggest the Sn:Sb ratio is 

between 2:3 to 3:5 Sn:Sb. Overall, this Sn:Sb ratio is closer to 1:1 than previous depositions at 

other pH conditions and suggests pH 7.4 may be an candidate to work towards closer to 1:1 

deposit SnSb.  
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Figure 5.8: Pulse sequence with – 0.7 V vs Ag/Ag+ for 10 seconds of pulse and 15 seconds 
of rest. The deposition solution contained 50 mM SnCl2.2H2O, 50 mM SbCl3, 176 mM 
Sodium Citrate dihydrate, and 400 mM Citric Acid at pH 7.4. The SEM images and XRD 
patterns are of SnSb electrodeposited onto Ni foam for 360 cycles of the pulse sequence. 
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The solution condition discussed previously is summarized in figure 5.9a. At both below 6 

and above 8, depositions from both solutions results in branch-like growth of the SnSb. At pH 6, 

a more dendritic deposition is observed, while pH 8 reveals a porous electrode. At pH 7, 

electrodeposition products resulted in either facet- or pillar- like morphology present, which were 

identified to relate to different Sn:Sb compositions. To further explore the deposition of the faceted 

morphology, depositions at a slightly higher pH were performed. While pH of 7.6 shows some 

crystalline products, depositions above 7 and below 7.6 were found to be the ideal region, with 

more uniform faceting throughout the film and atomic ratios of the overall deposition closer to 1:1 

Sn:Sb.  A speciation diagram for citrate, figure 5.9b, was produced with numbers and procedures 

from previous citrate literature that can help further the reasoning for this ideal deposition pH 

region and the different morphologies found at other pH.36 This ideal model of different citrate 

specie concentrations suggests multiple species of citrate are present concurrently in the solution 

through majority range of pH that can affect the growth and product of the electrodeposition 

process (hence the dendritic morphology and off-stoichiometric Sn:Sb found below pH 7). Only 

at above pH of 7 are Cit3- ions the overly majority specie present, which may be the key to the 

ideal morphology and formation of SnSb desired (formation of faceted and closer to 1:1 Sn:Sb). 

However, our studies also show the formation of amorphous oxides above pH 8, limiting the upper 

range of the deposition solution. 

 



113 

 

 

 

  

 

 

Figure 5.9: a) Summary showing SEM images of the Sn-Sb morphology found at different 
pH using a pulse sequence with – 0.7 V vs Ag/Ag+ for 10 seconds of pulse and 15 seconds 
of rest for 360 cycles. b) The ideal concentration of different citrate species present in the 
solution at different pH is also presented. 
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5.4.3 Effect of the tuning of electrodeposition sequence on even deposition growth (Pulse-rest 

stir depositions) 

 While pH greatly controls morphology of the electrodeposited film formed, uneven 

deposition throughout the foam still plagues the deposited electrodes at these solution conditions, 

which leads to ratios of Sn:Sb different from 1:1. At regions where high electric fields are present, 

i.e. edges of Ni foam, higher rates of even deposition are seen, leading to more faceted growth. 

Edges and curvatures of the foam have higher electric field, resulting in more even crystalline 

deposition. However, at regions away from edges and near the center of the metal surface, less 

faceted and Sb-rich Sn-Sb deposition is seen, suggesting there may be a lower rate of even 

deposition at these lower electric field regions. In order to attempt for a more even deposition 

throughout the film, convection is introduced with the intention of maximizing the concentration of 

evenly distributed adions present near the surface of the film. The hypothesis for the uneven 

distribution is due to diffusion of specific adions being limited resulting in uneven amounts of 

Sn:Sb near the surface of the electrode after a specific amount of pulses that leads to uneven 

deposition that is observed at the areas with lower electric fields. Convection should allow for 

greater introduction of ions from the bulk layer of the solution the surface of the electrode (the 

diffusion layer), replenishing the previously limited (Sn) ions. 

 

 Initial attempts for even deposition were performed by stirring during the resting period 

between pulses. The reasoning for this stirring during rest is to allow for replenishing of depleted 

ions near the surface of the electrode after every pulse without introducing convection to the 

electrodeposition process.  Initial pulse-rest sequences at pH 7.4 resulted in a deposition with 

similar crystalline morphology, with facets found throughout the electrode. XRD pattern revealed 

a highly crystalline SnSb product, with minor presence of crystalline Sb. SEM images suggested 

a more even deposition was formed on the surface, with more crystalline facets found away from 

the edges of the electrode. EDS of the surface, however, revealed slight difference from the 
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crystalline results, with the deposition being Sb rich, in a 2:3 Sn:Sb atomic ratio. This suggests 

while growth is more even throughout the foam substrate, the deposition of Sn and Sb is still not 

occurring in an evenly fashion. This uneven deposition may be suggesting either 1) the rate of 

deposition of Sn and Sb requires tuning of the solution’s concentration to allow the similar rate of 

deposition onto the film or 2) the rate of diffusion for Sn ions from the bulk of the solution to the 

surface of the electrode may still be limited, requiring higher amounts of convection to drive 

diffusion.  
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Figure 5.10: Pulse sequence with – 0.7 V vs Ag/Ag+ for 10 seconds of pulse and 15 seconds 
of rest. Stir was applied during the first 5 seconds of rest. The deposition solution contained 
50 mM SnCl2.2H2O, 50 mM SbCl3, 176 mM Sodium Citrate dihydrate, and 400 mM Citric 
Acid. The SEM images and XRD patterns are of SnSb electrodeposited onto Ni foam for 
360 cycles of the pulse sequence. 
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 Attempts to tune the overall deposition product’s Sn:Sb ratio closer to 1:1 by increasing 

the Sn salt concentration in the deposition solution resulted in uneven growth of Sn rich products. 

Based on pulse depositions with convection during rest from a solution containing 83 mM 

SnCl2.2H2O and 50 mM SbCl3, even deposition was visible throughout most of the foam, based 

on SEM images of the surface. However, dendrites were visible at areas of high curvature. Based 

on XRD, both crystalline SnSb and Sn were present in the product. While the composition of the 

film is revealed to be close to 1:1 Sn:Sb based on EDS, this presence of crystalline Sn suggests 

there must be areas of Sn growth (shown with dendrites and XRD) mixed with Sb-rich Sn:Sb 

present throughout the film. This ultimately results in products close to 1:1 Sn:Sb, but not the 

homogenous crystalline product desired. 
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Figure 5.11: Pulse sequence with – 0.7 V vs Ag/Ag+ for 10 seconds of pulse and 15 
seconds of rest. Stir was applied during the first 5 seconds of rest. The deposition 
solution contained 83 mM SnCl2.2H2O, 50 mM SbCl3, 176 mM Sodium Citrate dihydrate, 
and 400 mM Citric Acid. The SEM images and XRD patterns are of SnSb 
electrodeposited onto Ni foam for 360 cycles of the pulse sequence. 



119 

 

 If the limiting factor for Sn deposition is due to the insufficient mobility from the bulk of the 

solution to the surface of the electrode, higher convection may result in higher Sn content in 

deposition. In order to increase convection, stir was left on throughout the pulse and rest 

sequence. Based on constant stir (100 RPM) in conjunction with the pulse rest sequence, a 

macroscopically uniform electrode was prepared. The electrodeposition from pH 7.4 solution 

resulted in product with only crystalline SnSb present. SEM images presents a more even surface, 

with different facets of similar size present throughout the nickel foam. However, the images 

reveal uncoated, or poorly coated, areas near the edges of the Ni foam. This is resolved with 

longer deposition and higher loading electrodeposition. EDS reveal a Sn:Sb ratio of 5:4 and a 

more even product than previous sequence and methods presented.  

 

 

 

Figure 5.12: Pulse sequence with – 0.7 V vs Ag/Ag+ for 10 seconds of pulse and 15 seconds 
of rest. 100 RPM stir was applied throughout the pulsing sequence. The deposition solution 
contained 50 mM SnCl2.2H2O, 50 mM SbCl3, 176 mM Sodium Citrate dihydrate, and 400 
mM Citric Acid. The SEM images and XRD patterns are of SnSb electrodeposited onto Ni 
foam for a) 180 cycles and b) 200 cycles using the pulsing sequence. 
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5.4.4 Electrochemical performance of Sn-Sb foams in a lithium half cell 

Electrochemical tests were performed to better understand the cyclibility and lifetime of 

the Sn-Sb electrodes in Li half cells. Our previous tests with thin film SnSb suggested the 

formation of pure SnSb was crucial to the stability of the electrode, as excess Sn resulted in 

pulverization and shorter lifetime. In our current electrochemical tests, different atomic ratio of 

Sn:Sb samples were prepared and tested. Initial electrochemical tests using Sb rich Sn-Sb 

electrodes through our synthesis resulted in slightly lowered loss of coulombic efficiency in the 

initial cycle. Initial capacity loss (ICL) is crucial to better understand for lithium battery testing, as 

a majority of energy is lost due to side reaction (SEI formation, lithium trapping to name a few) 

during the first cycle for alloy materials. This is seen in many reports on promising Si, Sn, Sb 

reports where typically ≥25% ICL is found when comparing the first cycle to the second cycle.  

ICL is highly unfavorable, as the lithium source becomes limited by cathode loading in full cells, 

lowering energy density of the overall cell if ICL is high. Presented on Table XX are the ICL of 

different Sn:Sb ratio electrodes that were tested. Through our synthesis, at even higher Sb ratio 

of Sn-Sb produced, ICL was shown to be lower than typically seen in most typical alloy reports, 

with only 12-14% capacity lost in the first cycle. A correlation is also present between the Sn:Sb 

ratio to the ICL. As we approach a closer composition to 1:1 Sn:Sb, ICL was seen to decrease to 

about 3%. This may suggest a correlation between Sn:Sb composition to formation of a more 

stable SEI where lithium is trapped less. 
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Presented in figure 5.13 is the cycle lifetime of different Sn:Sb electrodes. Sb rich 

electrodes show stable capacity of ~600mAh/g until at sharp drop in its capacity occurs after 70 

cycles. This sudden sharp drop is believed to be related to a sudden loss of contact between 

active material and the Ni foam current collector. However, there was a correlation between Sn 

content in the Sb rich Sn-Sb to the stability of the electrode, with higher Sn content (reaching 

closer to 1:1 Sn:Sb) showing longer stability prior to failure. The electrode closest to 1:1 Sn:Sb 

reveals promising capacity at initial cycles with capacity of ~650 mAh/g. However, the capacity 

greatly diminishes over the next 50 cycles, with only 30% of capacity retained at cycle 50. 

 

Table 5.1: Different Sn:Sb ratio electrodes synthesized through the different synthesis 
conditions with their resulting initial capacity loss and second sodiation gravimetric 
capacities. 
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5.5 Conclusion 

In summary, we have developed an aqueous based method to electrodeposit pure 

crystalline SnSb. While the initial report of SnSb tested as a battery electrode was through 

electrodeposition, progress has not been made in search for the formation of pure phase 

crystalline SnSb aside from our ethaline-based synthesis previously reported. All previous reports 

outside of our group were from aqueous solution and contained impurities; pure crystalline SnSb 

is crucial to the lifetime of the material. In this report, we tackle the challenge to develop a 

synthesis of pure phase crystalline SnSb through aqueous solution, and developed fundamental 

understanding of the solution in attempt to match both morphology and composition of the 

electrodeposited product to form a favorable battery anode. We found ideal morphology of the 

 

Figure 5.13: Lifetime of different Sn-Sb cells. a) Percent (%) capacity (based on theoretical 
gravimetric capacity) versus cycle number of three different Sn-Sb electrodes. The electrodes 
were of the following Sn:Sb composition: 1 : 1.67 (red), 1 : 2.25 (blue), 1 : 2.58 (green). B) 
Specific capacity of 1:1 Sn:Sb electrode. The capacity of typical commercial cells was based 
on literature. 2, 37-39   
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electrodeposited material is found when the solution is tuned in pH between 7-7.6. Atomic ratio 

of electrode material was brought closer to 1:1 Sn:Sb through tuning of the SnSb 

electrodeposition procedure. Electrochemical testing of the SnSb electrodes in lithium half cells 

resulted in initial capacity loss during the first cycle being significantly less (<5%) than normally 

found present for other reports of intermetallic alloy, like silicon, electrodes tested in literature. 

Better understanding in the reasoning for the low ICL may not only help make this electrode 

material a potential candidate as a next generation battery electrode, but also improve other 

promising alloy materials with their problematic loss of lithium during the first cycle and push other 

intermetallic materials over the hump for commercialization. The initial electrochemical testing of 

the SnSb also showed that material’s current limitation with capacity retention throughout cycling. 

We believe this can further be improved by more rigorous control of growth in the future. The 

cycle lifetime result also suggests the possible failure of the material due a continuous growth of 

a solid-electrolyte interface that grows with each increasing cycle. Further studies in building a 

protective coating on the surface of the electrode material may help reduce the growth of this 

detrimental electrolyte decomposition on the active material surface, and help further the lifetime 

of the material. 
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CHAPTER 6 – DEVELOPMENT OF A 3D ARCHITECTURAL DESIGN FOR HIGHER 
STABILITY ANODE –INVESTIGATION INTO THE ELECTROPOLYMERIZATION OF A 
POROUS POLYANILINE (PANi) AS A CONDUCTIVE AND MECHANICALLY STABLE 

BACKBONE6 
 
 

6.1 Overview 

The design of 3D architectural electrodes can result in batteries with higher energy 

densities. However, with the higher surface area of 3D electrodes, more electrolyte decomposition 

occurs at the surface. In order to enhance the stability of electrodeposited 3D SnSb electrodes, 

different architectural enhancements were proposed. In this study, the first part of these electrode 

enhancements, through the addition of polyaniline, was investigated. The presence of light and 

acid concentration was identified to be crucial to the propagation of the polymerization process. 

6.2 Introduction 

Lithium-ion batteries have become a hot commodity in producing a wide variety of portable 

applications, specifically with the increase in demand due to the rise of electric vehicle production. 

The production of electric vehicles has increased by at least 10-fold in the last decade, leading to 

the rise of battery production dedicated to this industry.1 Currently lithium-ion battery technology 

consists of a graphite anode and a lithium metal oxide cathode.2 However, the search for higher 

energy dense materials has led to research on intermetallic alloys as the anode replacement. 

While Silicon is expected to replace graphite in next generation lithium-ion battery technology, 

research must also be performed on other high energy dense materials.3 Other materials may 

have a combination of electronic and mechanical properties that may be of interest in substituting 

the conventional lithium cells for certain portable applications (e.g. quick burst of discharge, fast 

charging, safety, longer lifetime, etc.). 

 
6 This chapter is written by Jeffrey Ma with the guidance from Amy L. Prieto. J.M. would like to thank Jacob 
Schneider (Prieto Group, Colorado State University) for their suggestions in writing this chapter. 
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Tin antimonide (SnSb) has been of interest due to its high energy density while 

maintaining a higher potential than graphite, resulting in a slightly different solid electrolyte 

interface (SEI). The SnSb anode allows researchers to tap into the higher capacity Sn and 

combine it with the more stable structure of Sb, resulting in higher cycling stability of SnSb. This 

material has also been studied in our group and showed promising properties that relate to its 

high rate, and ultimately great initial coulombic efficiency.4 While SnSb has been shown to grow 

well throughout a 3D architecture design, the higher surface area of the material results in more 

area for decomposing electrolyte to build up, resulting in more drastic and detrimental effects of 

SEI on the cell’s life.5-6 A study on Cu-Sb nanowires has previously highlighted the drastic effect 

of SEI formation on higher surface area electrodes.5 In order to enhance SnSb stability leading to 

longer lifetime, the design of an architecture to protect the material from electrolyte decomposition 

is required. Previous research on applying a uniform coating on alloy surfaces was explored to 

solve this problem.7-11 While the application of a coating may show immediate improvement, due 

to intermetallic alloy’s requirement for large expansions during lithiation, previous study has 

shown the eventual instability of the coating that results in cracks and pulverization during 

expansion, leaving an exposed surface for continuous SEI formation.12 Due to this second 

challenge, an architecture must be designed to also allow for alloy expansion. 

There have been previous reports in literature of different coating architectures that 

highlight some designs as ways to protect intermetallic alloys. Typically, these reports detail 

forming a coating around each individual particle prior to the casting as a composite onto metal 

substrates. In general, a core-shell consists of a core or the most inner material, and at least one 

shell layer, consisting of an outer layer outside of the core.  Core-shell architectures are used due 

to at least one of the following properties: 1) introduction of new chemical, electrochemical, or 

physical properties that benefit the core; 2) protect the core from changes occurring at the core 

material’s surface; 3) help protect the core material’s structural connectivity to the rest of the 
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system; 4) selectively allow particles or ions from traveling to the core. Of the core-shell designs, 

research on yolk-shell structures, which are structures where void is left behind between the shell 

and the core, have shown to have some more success in protecting and prolonging the lifetime 

of alloy materials when compared to core-shell designs without a void built in.13-19 Literature 

utilizing a yolk-shell design encasing alloys such as Si and Sn report success in allowing the core 

active material to expand during ion insertion, without changing the overall microstructure and 

while keeping the shell intact. Patents have also shown other core-shell architectures that may 

be useful to consider. Sila Nanotechnology has patents revealing different designs of core-shell 

architecture where a porous core is designed, which allows for inward expansion to alleviate the 

overall particle expansion and to protect the shell layer’s integrity.20  

In this report, we hope to incorporate design ideas from core-shell literature on particles 

to create a protective coating for electrodeposited alloy materials that may allow space for the 

alloy to expand, while protecting the active material from changes outside of the shell. As shown 

in figure 6.1, our first proposed design lies between a typical core-shell and the more void space 

yolk shell designs. Our protective layer will be built around electrodeposited alloy materials on a 

3D architecture instead of thin film due to the need to mitigate high stress from volume expansion, 

while attempting to form a commercially relevant loading of active material.  Aside from a 

protective shell and inner core, a porous conductive layer lies in between them, allowing for fast 

conduction to the active material while the flexible porous structure allows for the alloy the expand 

without changing the overall size of the shell. 
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The first step of creating the previously mentioned core-shell architecture is herein 

reported by learning to apply porous, conductive layer on the surface of SnSb. The flexible porous 

material is needed in this architecture to allow the active alloy space to fill during insertion of alkali 

ions (i.e. lithiation). This porous material flexes and compresses during the volume expansion of 

the alloy material that would otherwise stress and pulverize the outer protective layer. The 

synthesis of the porous, conductive, and flexible layer was successful with the formation of 

polyaniline (PANi), and the ideal conditions for the creation of this material through 

electrodeposition are described. It was identified that the formation of a uniform polyaniline is 

highly dependent on the synthesis conditions during the activation step relating to the acid 

concentration and the presence of a radical former.  

6.3 Experimental Methods 

The electrodeposition of SnSb onto Ni foam is prepared as previously reported.6 The 

polymerization of aniline was performed in a 3 electrode setup.   Electrodes with only Ni foam 

 
Figure 6.1: Proposed 3D architectural design for alloy anode. 
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present or SnSb deposited on Ni foam were used as the working electrode for this set of 

experiments. Silver wire was used as a pseudo reference electrode, while stainless steel mesh 

was the counter electrode.  0.2 M aniline in water was prepared in presence of HNO3 or H2SO4 

acid. The acid: aniline ratio greatly affects the rate of aniline deposition, as discussed in the later 

sections. Once the constant current or constant potential sequence was completed, the foam was 

cleaned with water and absolute ethanol. Cyclic voltammetry (CV) was performed using a similar 

three electrode setup where the working electrode was instead replaced with a platinum working 

electrode (BASi, 1.6mm diameter) at 50 mV·s-1. All depositions and CV were performed using a 

Gamry 3000 potentiostat.  

The surface morphology was studied using a scanning electron microscope (SEM) to 

identify the aniline addition onto the working surface. Infrared (IR) spectroscopy was used to verify 

the production of polyaniline. The presence of crystalline product was identified using the x-ray 

diffractometer (XRD) Bruker D8 Discover DaVinci (Cu Kα radiation, λ = 1.54184 Å).   

6.4 Results and Discussion 

A coating of polymerized polyaniline can satisfactorily perform as a flexible and conductive 

interface layer. Previous studies on PANi were performed on a wide variety of applications ranging 

from applications as an electrochromic material, electrocatalyst, biosensor, and capacitor.21-35  

PANi is known to be an environmentally stable material and has easily tunable electrical 

conductivity of its chains. The PANI properties are highly dependent on the synthesis parameters 

and solution used for the synthesis. Electropolymerization of aniline is simple and has previously 

been shown to form easily on multiple types of surfaces, including non-even surfaces and in the 

form of a porous matrix, which assisted in the fast buildup of charge on a high surface area 

material.36 Due to this highly conductive polymer network, polyaniline may be a highly desirable 

flexible structure that also allows for fast conduction between the electrode surface and the 

coating.  
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Polymerization of aniline was shown be highly dependent on the concentration of acid 

present in the solution. Low concentration of acid (0.025 M) in the polymerization solution resulted 

in poorly polymerized surface of the electrode. Even at high currents (50 mA, 0.5” x 1” film) and 

longer polymerization times, low concentration (0.025 M) of acid results in a low rate of aniline 

polymerization on the surface and the presence of a porous structure is not found. SEM image of 

a polymerization performed in a solution of 0.025M H2SO4 and 0.2M Aniline at 50 mA for 600s 

(figure 6.2a) reveals the lack of porous polyaniline structure desired. While the SEM image of the 

resulting product does not reveal any significant changes other than the presence of an 

amorphous surface, the successful polymerization of the electrode surface can be identified 

macroscopically with a change in the color of the electrode surface from a gray surface to a 

black/green/blue film. At the opposite spectrum, high enough concentration of acid:aniline ratio (1 

M of H2SO4, 4:1 H+:aniline) results in heavily dense formation of porous polyaniline, which not 

only forms a thick film with porous features slightly visible, but also covers the pores of the initial 

Ni foam. SEM images of polymerization in a solution containing 1M H2SO4 and 0.5M aniline using 

an oxidative sequence of 0.8 V for 420 seconds (figure 6.2b) and 0.8V for 5 seconds, then 15 

seconds rest repeated for 60 cycles (figure 6.2c), reveals the thick growth and deposition of 

polyaniline, while also revealing this thick growth is a result of continuous growth of the porous 

aniline building block. The correlation between the acidity (pH) of the solution and the reactivity 

of aniline (H+:aniline ratio) can greatly control the rate of polymerization of aniline and alter the 

morphology of polyaniline to the desired outcome. 
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Cyclic voltammetry verifies the dependence of acid concentration on aniline 

polymerization activity (figure 6.3). Cyclic voltammetry was performed on the solution containing 

0.2 M aniline and 0.025M H2SO4 which showed very low activity in the solution (figure 6.3a). 

However, small broad peak is present between 0.3 and 0.8 V vs Ag/Ag+ before the solvent 

breakdown at more positive potentials. This may suggest either no oxidation of aniline is occurring 

or that very minor amounts of aniline are oxidizing to form the radical. For the solution containing 

 

Figure 6.2: SEM images of the resulting polymerization of aniline coating on SnSb coated Ni 
foam at the following varying H2SO4:aniline conditions a) 0.025M H2SO4 and 0.2M Aniline 
solution 50 mA for 600s, b) 1M H2SO4, 0.5M aniline solution 0.8V for 420 seconds c) 1M 
H2SO4, 0.5M aniline solution polymerization sequence of 0.8V for 5 seconds, then 15 seconds 
rest repeated for 60 cycles. 
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0.2M aniline in 0.2M H2SO4 solution, initial cyclic voltammetry cycles result in low current response 

and low redox activity from the solution. However as more CV cycles occur, the current drastically 

increases as presented on figure 6.3b, and a green and eventually black surface is present on 

the electrode. Previous literature has studied the activity of the aniline solution during the 

electropolymerization that can assist in identifying the processes present in our solution. The 

anodic peak between 0.1 V to 0.2 V, with the potential depending on the number of CV cycles 

performed, is previously identified as the oxidation step of the aniline dimer (p-

aminodiphenylamine) into dimer cation-radicals, which is required for initiating polymerization.37 

This peak is also believed to be the same step where the oxidation of leucoemeraldine to 

emeraldine form of polyaniline occurs.38-40 An anodic peak present between CV cycles 5 and 17 

at 0.4V was also mentioned in the previous literatures to be related to the formation of 

intermediate degradation products (p-benzoquinone) and the oxidation of said products. This 

peak does not increase drastically with each cycle, as seen with the anodic peak between 0.1V 

to 0.2V, and disappears with later cycles of CV scans. This disappearance into the larger anodic 

event suggests the intermediate degradation products may either be a slow electrochemical 

degradation process or may not be due to our electrochemical oxidation process at all. Due to the 

disappearance over time, this process found at 0.4 V may be hypothesized to be related to the 

breakdown of aniline into impure degradation products over time, resulting in less of this anodic 

peak being present as the impurities have been consumed. Interestingly, unlike other literature 

which shows a later conversion of emeraline to pemigraniline form of polyaniline at a more positive 

potential than 0.4V, no peaks are found present in our solution, showing no potential conversion 

to the pernigraniline form with our process.39, 41 Due to emeraline form being the most oxidized 

form in our solution based on CV and the desired conductive product, either a positive current or 

potential below 1 V vs Ag can be utilized to electropolymerize aniline in our process. A constant 

potential of 0.8 V vs Ag was utilized for the electropolymerization process in the following 

experiements.  This potential was selected to ensure the oxidation of aniline to the radical form. 
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Figure 6.3: Cyclic voltammetry of the following solutions: a) 0.2 M aniline and 0.025M H2SO4 
b) 0.2M aniline in 0.2M H2SO4. 
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While the rate of polymerization can be affected by the acid:aniline present in the solution, 

the presence of light may also greatly alter the ability of aniline to polymerize. Experiments 

performed in presence of varying degrees of light resulted in different amounts of polyaniline 

growth when using the same solution and electrochemical sequence. Using a solution containing 

0.2M H2SO4 and 0.2M aniline (2:1 H+:aniline), experiments were performed with repeated 

sequence of 0.8V for 5 seconds, then rest for 15 seconds for 150 to 200 cycles. SEM images 

presented of the product reveal the electropolymerization in a dark room resulted in spotty 

polymerization of aniline present throughout the electrode with specific areas where heavily 

polymerized polyaniline is present, while in other areas only strands or even no porous polyaniline 

structure are present with the SnSb electrode surface still visible (figure 6.4a-b). SEM images of 

the electropolymerization occurring in indirect light reveals a higher amount of porous polyaniline 

present throughout the electrode surface, although coverage is uneven with areas of poor growth 

of polyaniline (figure 6.4c).  Interestingly, the introduction to direct light resulted in a more even 

polymerization throughout the electrode, with the porous polyaniline fully covering the SnSb 

underneath (figure 6.4d-e). This series of experiments suggests the importance of light on the 

activation of the initial aniline monomer radical present in the solution. With less exposure to light, 

less aniline radicals are formed resulting in less polymerization of the porous polyaniline and 

spotty coverage on the surface. The presence of light is necessary for a sufficiently high rate of 

polymerization to produce a uniform, porous coating. 
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Figure 6.4: SEM images of the resulting polymerization of aniline coating on SnSb coated Ni 
foam at the following conditions showing light plays an important role: a,b) 0.2M H2SO4, 0.2M 
aniline solution polymerization sequence 0.8V for 5 seconds, rest for 15 seconds repeated for 
150 cycles with indirect light, c) 0.2M H2SO4, 0.2M aniline solution polymerization sequence 
0.8V for 5 seconds, rest for 15 seconds repeated for 150 cycles in dark room, d,e) 0.2M H2SO4, 
0.2M aniline solution polymerization sequence 0.8V for 5 seconds, rest for 15 seconds 
repeated for 200 cycles in direct light. 
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Based on these previous observations, the initial conditions of aniline in the solution 

greatly dictates the polymerization process. Light was found to be necessary to drive the formation 

of a radical during oxidation of the monomer and affects the even growth throughout the electrode. 

However, the rate of polymerization can also be controlled based on the presence of protons in 

the solution, which the acid concentration dictates. Scheme 1 summarizes the initiation of the 

aniline radical and the propagation of the polyaniline chain. H+ is shown to control the formation 

of ammonium from amide, which can then radicalize in the presence of light. This stabilized radical 

in the acid can then form a dimer, which further oxidizes and reacts with other radical monomers 

and continues the polymerization of the material. 
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Another way to utilize the porous polyaniline to protect volume expanding alloys is to use 

polyaniline as an electronically conductive within  the intermetallic alloy material, which can also 

provide extra mechanical stability (figure 6.5). Research from our group has previously shown 

similar architecture with the inclusion of carbon nanotubes strengthening the alloy material’s 

mechanical stability that resulted in prolonged battery cycling life.42 In order to grow this desired 

architecture, PANi was first electrodeposited onto the Ni foam prior to SnSb incorporation (figure 

 

Scheme 1: Steps during the electrochemical polymerization of polyaniline. 
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6.6). As shown in SEM images, the growth of PANi was successful on Ni foam with the same 

desired porous structure (figure 6.6a, c). SnSb was then deposited after this porous structure was 

developed to fill in between the PANi (figure 6.6b, d). The SEM images show the successful SnSb 

electrodeposition beneath and throughout the pre-deposited PANi structure. XRD verifies the 

presence of crystalline products, showing the successful electrodeposition onto the PANi 

structure (figure 6.6e). 

 

 

 

 

Figure 6.5: Proposed 3D architecture where PANi is utilized as a mechanical backbone for 
the alloy material. 
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Figure 6.6: SEM images of a,c) PANi electropolymerized onto Ni foam, and b,d) SnSb 
electrodeposited onto the previous Ni foam with PANi. The images were taken at x500 
magnification (a,b) and at x5000 magnification (c,d). XRD pattern of the SnSb electrodeposited 
onto Ni with PANi is shown in e). 
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6.5 Conclusion 

In summary, the formation of polyaniline through electrochemical polymerization was 

studied, where the initial polymerization conditions greatly alter the formation of polyaniline to the 

desired morphology. The presence of light was found to be required in complement to the 

oxidation potential/current to form the radical specie of aniline for the initiation of the 

polymerization. The presence of H+ was also found to be a crucial factor to the radical formation, 

which can limit the amount of ammonium ions converted from amide and the overall rate of 

formation of polyaniline. This control of reaction rate can determine the thickness of the growth 

and the morphology produced. Specifically for the morphology, the rate can determine whether 

there is a uniform coating or porous structure on the surface of the electrode. This formation of 

polyaniline was also found to maintain the SnSb underneath without any stripping or oxidation 

seen in the first proposed architecture. 

The second proposed architecture showed the successful growth of polyaniline on Ni foam 

prior to SnSb electrodeposition. The SnSb electrodeposition was found to be successful in 

growing around and throughout the porous polyaniline, as suggested from SEM images. However 

there is still room to tune the SnSb formed, as unevenness of the SnSb growth and drastic growth 

in localized areas are seen. Further tuning the nucleation and growth of the SnSb through the 

electrodeposition process is necessary for a more even product.  

This uneven deposition of SnSb on polyaniline may possibly be related to the process of 

forming polyaniline. Slight variation of potential throughout the deposition may cause a variation 

of product formed, resulting in a range of different polyaniline forms. While emeraldine form of 

polyaniline, with oxidation state being 0.5, is conductive and desired, other forms of polyaniline 

including leucoemeraldine (n=1) and pernigraniline (n=0), are poor conductors that may also form. 

Previous work using constant potential reveals the product formed is dependent on the potential 

at which deposition occurs.22 This varying in conductivity, depending on the form of polyaniline 



143 

 

formed on the surface, may be one factor that results in the unevenness and localized growth of 

the SnSb as we have presented. Further exploration in better tuning and controlling the oxidation 

of polyaniline may further improve deposition, conductivity, and stability of the polyaniline made. 

Additionally, the acid and additives in the solution may further alter the electrical conductivity of 

the material. Previous theoretical work has suggested the yield of the emeraldine form of 

polyaniline and overall electrical conductivity may be affected depending on the acid used, where 

the emeraldine form may increase with decreasing ionic strength of the acid.43  

While the step in forming the polyaniline was a step forward towards the formation of the 

desired core-shell morphology, the next step requiring the formation of the shell layer is extremely 

difficult. Not only is a coating with desired properties and synthesis method needing to be found, 

in addition the coating must also not drastically change the layers below. Therefore, no high 

temperature annealing may occur, as this will greatly change the underlying structure. For the first 

proposed architecture, the coating must also be formed above the porous structure and not fill 

the voids left below, which many techniques cannot perform. Ideally, the author suggests the 

addition of a material to fill the pores prior to the formation of the coating. Once the coating is 

formed, the layer underneath is etched away either chemically or electrochemically, leaving the 

desired porous structure. Both architectures proposed may face further problems with excess 

coating blocking the foam pores during application, which may result in a drop in overall energy 

density of the produced electrode. Furthermore, electrochemical testing of the 3D architecture is 

needed to identify the benefits that polyaniline and coating may bring in prolonging the stability 

and lifetime of the material. 
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CHAPTER 7 – ENHANCED PERFORMANCE OF SnSb COMPOSITE ANODES THROUGH 
THE ADDITION OF SWCNT AND PAN FOR LI-ION BATTERIES7 

 
 

7.1 Overview 

The biggest challenges hindering intermetallic alloy anodes, like SnSb, from long lifetimes 

are related to mechanical issues that lead to pulverization of the material, and continuous growth 

of a resistive solid-electrolyte interface. Here, we look into the effects of adding single-walled 

carbon nanotube (SWCNT) and polyacrylonitrile (PAN) on the performance of SnSb. SWCNT is 

believe to provide additional mechanical stability to alloy active materials while PAN coating 

resists the continuous growth of a resistive electrolyte decomposition on the surface. The addition 

of these materials to the electrode composite resulted in better performance and lifetime of the 

SnSb. 

7.2 Introduction 

Lithium-ion battery technology has become a necessity in today’s society and has found 

a home in most portable applications. Current cell technology uses a highly oxidative metal oxide 

cathode paired with highly reducing carbonaceous graphite that has been sufficient for use in 

most current technology. However, with the rise of vehicle electrification to lessen the reliance on 

gas, a new demand appears in search for higher energy dense batteries. The US Department of 

Energy develops roadmaps and expectations for energy storage. In order to reach their goal for 

useable specific energy density of 750 Wh/l in the cell level, we must shift from the use of current 

technology of graphite to higher energy dense anode materials.1 While there is innovative 

research on shifting Silicon into becoming the anode of the next generation of lithium-ion batteries, 

research has been performed on Silicon for at least the last 30 years and a full silicon anode has 

 
7 This chapter is written by Jeffrey Ma with the guidance from Amy L. Prieto. J.M. would like to thank Kelly 
Nieto (Prieto Group, Colorado State University) for their suggestions in writing this chapter. 
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yet to be fulfilled.2-5 Due to this fact, better understanding of other high energy dense alloy anodes 

may compete with and also help the development of Si. 

Among higher energy dense alloy anodes, Sn and Sb have been heavily studied due to 

their ability to provide high theoretical capacities of 990 and 660 mAh/g, respectively. Due to the 

slightly higher operating potentials related to the lithiation of Sn and Sb when compared to 

graphite, these alloy materials are believed to provide safety from undesired lithium plating while 

also forming a slightly different solid-electrolyte interface (SEI) layer. SnSb has been of interest 

as an anode bridging Sn and Sb electrodes. While Sn has higher theoretical capacity for lithium-

ion anode materials, lower capacity retention is typically observed due to high volumetric 

expansion and issues relating to pulverization.6-8 However when combining Sn and Sb to form 

SnSb, capacity retention has increased while being able to access the slightly higher capacity of 

Sn. The crystalline SnSb has also been found to reform after lithiation/delithiation, suggesting a 

strong affinity of the material to reform after large expansion of the material.  

The major challenge preventing the use of pure alloy anodes are their large volume 

changes during lithiation, resulting in the formation of cracks once delithiation completes. The 

formation of the new cracks introduces newly exposed surface, resulting in the growth of the SEI 

layer. This continuous growth of SEI with successive cycles, complemented with the possibility of 

the loss of electrical contact from pulverization, results in uncontrolled capacity fading. One way 

to mitigate the uncontrolled capacity fading is through the formation of a highly electrically 

conductive network to allow for electrical and mechanical stability throughout the electrode. Single 

walled carbon nanotube (SWCNT) was recently used to strengthen the mechanical robustness of 

high areal loading electrodes of up to 700 µm thick.9 Recently, research on coatings has shown 

improvement in helping increase the lifetime of alloy materials. While inorganic coatings, like 

Al2O3, are found to be effective in specific conditions, problems are encountered when factoring 

the thickness of this layer to its effectiveness in allowing Li-ion mobility and its mechanical 
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robustness when used on expanding material.10-16 Many conductive polymer coatings were found 

to allow for expansion of its coating while maintaining its integrity (without formation of cracks).17 

Of the specified polymers coating studied, polyacrylonitrile was found effective in allowing lithium 

mobility through its polymer backbone and maintaining coating rigidity, resulting in continuous 

protection of the anode material from exposure to decomposing electrolyte and overall increase 

in anode cell life.18-28  

In this study, we are attempting to systematically observe if the addition of SWCNT and 

polyacrylonitrile has an effect on the lifetime of Sn-Sb (Sn-Sb is used to signify non-1:1 Sn:Sb) 

electrodes. Analysis of the galvanostatic cycling of the electrodes shows the enhancement of the 

overall lifetime of the electrode upon the addition of SWCNT. Additionally, the rate test of the Sn-

Sb/SWCNT/cPAN electrode was performed to clarify how these additives enhance the 

mechanical and electrochemical stability of Sn-Sb. Differential capacity analysis helps identify 

changes that occur related to different composite makeup and at different rate conditions. 

7.3 Experimental Methods 

7.3.1 Synthesis of the SnSb composite electrodes 

Powdered Sn-Sb was prepared through co-reduction reaction. First, a solution was 

prepared containing 250 mM SbCl3 (Sigma Aldrich, ACS reagent), 250 mM SnCl2 · 2H2O (Sigma 

Aldrich, ACS reagent), and 3 M Sodium Citrate (Fisher Scientific, Certified) in water. The solution 

was heated and stirred at 60° C until the salts fully dissolved into the solution. This solution was 

then poured slowly into a second solution containing 1 M NaBH4 (Sigma Aldrich, powder, reagent 

grade,  ≥98.5%) and 1 M NaOH(Fisher Scientific, ACS certified) in water, resulting in an 

exothermic reaction. The dark gray/black precipitate formed in the solution was then filtered 

through a funnel with vacuum filtration, washed with water, then 0.35M HCl (Fisher Scientific, 

ACS certified), acetone, and isopropanol. The solid obtained from the filtration was then dried at 
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100°C in a vacuum oven overnight.  Electrodes were prepared using the appropriate amounts of 

additives needed.  

Composite electrodes comprised of a mixture of additives including Super-P carbon black 

(99+%, Alfa Aesar), polyvinylidene fluoride (PVDF, Kynar HSV 1800), N-methyl-pyrrolidinone 

(ACS reagent, ≥99.0%, Sigma Aldrich), Tuball BATT (0.4% SWCNT/NMP, 2% PVDF Solef 5130 

Stabilizer, OCSiAl), and polyacrylonitrile (PAN, average MW 150,000, Sigma Aldrich) were used. 

Sn-Sb/Super P/PVDF electrodes were made in an 80 : 10 : 10 ratio by weight; Sn-Sb/SWCNT 

electrodes were prepared in a 100 : 7.5 ratio by weight; Sn-Sb/SWCNT/PAN electrodes were 

prepared in a 100 : 7.5 : 5 ratio by weight, respectively. The Sn-Sb/Super P/PVDF composite 

powders were first mixed together using a mortar and pestle. For the Sn-Sb/SWCNT containing 

composites, appropriate amounts of Sn-Sb were added to specified amounts of Tuball containing 

the SWNT and stirred overnight. For the Sn-Sb/SWCNT/PAN containing composites, appropriate 

amounts of Sn-Sb and PAN were mixed by hand for 45 minutes using a mortar and pestle prior 

to adding to the needed volume of Tuball. Sn-Sb/PAN containing electrodes were made by first 

hand grinding Sn-Sb with PAN in a 100:5 ratio by weight for 30 minutes using a mortar and pestle, 

and adding DMF (Sigma Aldrich, ≥99.8%) totaling 2.5 times the mass of the previous powders 

and mixing overnight.  The resulting composite slurries were casted into electrodes with a slurry 

thickness controlled and kept at 150 µm. Samples were casted onto Cu foil (25 µm, MTI Corp.) 

and dried in a vacuum oven at 60° C overnight. 

7.3.2 Materials Characterization 

The presence of the different crystalline structures present in the sample were studied 

using the Bruker D8 Discover diffractometer (Cu Kα radiation, λ = 1.54184 Å). Scanning electron 

microscope (SEM; JOEL JSM-6500F) equipped with energy dispersive x-ray spectroscopy (EDS) 

x-ray detector (Oxford Instrument X-Max) were used to provide the surface morphology and 
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atomic composition of different samples presented. EDS spectras obtained on the samples are 

analyzed and fitted using AZtec software (Oxford Instrument). 

7.3.3 Electrochemical testing of electrodes 

Electrochemical testing was performed in a half-cell configuration using 3032 coin cells (parts 

from MTI Corp.). The half-cell contains the active Sn-Sb electrode, glass filter separator 

(Whatman) filled with 1 M LiPF6 in ethylene carbonate: diethyl carbonate (EC:DEC 3:7) (BASF, 

Selectilyte) + 5% by volume fluoroethylene carbonate (FEC) (Sigma Aldrich), and Lithium metal. 

Half cells were electrochemically tested with an Arbin battery tester (LBT20084). C-rate was 

determined based on the theoretical capacity of the active material in each electrode. 

Galvanostatic EIS was performed through a Gamry 1010E potentiostat connected to the Arbin 

LBT20084 battery tester with a frequency range of 15 kHz to 10 mHz. 

7.4 Results and Discussion 

The Sn-Sb used was synthesized through co-reduction of Sn and Sb precursors in the 

presence of a reducing agent. The dark gray powder formed was analyzed using an XRD and 

revealed the presence of both crystalline SnSb and Sb. SEM-EDS spectra suggests the Sn:Sb 

ratio is 1:2 for the sample, verifying the presence of a Sb rich sample as seen in the diffraction 

pattern. Different slurry casted composite electrodes were prepared to investigate how the 

addition of SWCNT and PAN to Sn-Sb affects the performance and lifetime of the material when 

compared to conventional active/super P/PVDF formulation. Samples containing cyclized PAN 

(cPAN) were prepared due to recent reports suggesting the cyclization of polyacrylonitrile resulted 

in a system with higher Li+ percolation, leading to a more conductive particle surface coating.29 

cPAN was formed by annealing the sample at 270° C for 3 hours under Argon atmosphere. 28 

Initial characterizations of the casted and dried slurry composite electrodes were studied 

to observe any changes from the initial Sn-Sb power during the electrode formation process. XRD 
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patterns of the conventional Super P/ PVDF electrode and SWCNT with PAN electrode reveal 

the similar presence of crystalline SnSb and Sb that existed prior to the electrode casting. 

However, the composite electrodes containing the addition of SWCNT and SWCNT/cPAN reveal 

a change in the crystalline product present. The diffraction pattern of the composite electrode 

containing the addition of SWCNT has the presence of only crystalline SnSb, while the electrode 

of SWCNT/cPAN has only Sb present.  SEM-EDS reveal all samples remain at a 1:2 Sn:Sb, which 

suggests the variation of crystalline product with each different electrode may be due to 

amorphization of certain species and possible oxide formation of certain species on the electrode 

surface during the heating treatment and drying of the casted composite slurries. SEM images of 

the electrode surface suggest the addition of the SWCNT (from Tuball) resulted in a more 

uniformed film, as the sizes of the pores left behind after solvent evaporation were smaller than 

what’s found on the surface of the conventional Super P/PVDF formulation. SEM images also 

reveal no drastic differences between the SWCNT only electrodes when compared to 

SWCNT/PAN and SWCNT/cPAN electrodes, suggesting our mixing of PAN and SnSb prior to 

addition into SWCNT resulted in PAN coating the Sn-Sb surfaces, with no formation of evident 

segregation between the two materials.  
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Figure 7.1: XRD patterns of the formulated composite electrodes investigated in this study. 
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The electrochemical performance of the different Sn-Sb composite electrodes was 

investigated through different sequences of galvanostatic cycling. The dq/dV plots obtained from 

the first and second cycle of each different composite electrode reveal the difference in 

 
Figure 7.2: SEM images of the surface morphology of the following: a) x25,000 magnification 
of Sn-Sb powder, b,c) SnSb/Super P/PVDF composite electrode, d,e) Sn-Sb/SWCNT 
composite electrode, f,g) Sn-Sb/SWCNT/PAN composite electrode, h,i) Sn-Sb/SWCNT/cPAN 
composite electrode. Figures b,d,f, and h are of x500 magnification images; figures c,e,g, and 
i are of x5,000 magnification images. 
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contribution to capacity of each lithiation and delithiation event. The dq/dV for the Sn-Sb/SWCNT 

and Sn-Sb/SWCNT/PAN electrodes were found to have similar electrochemical events that 

presented sharp and defined peaks for each lithiation/delithiation event that occurs, while the 

conventional Sn-Sb/Super P/PVDF and Sn-Sb/SWCNT/cPAN electrodes reveal broader events 

occurring below 0.8 V vs Li/Li+. For the Sn-Sb/SWCNT and Sn-Sb/SWCNT/PAN electrodes, 

lithiation events were found at 0.83 V, 0.64 V, 0.42 V vs Li/Li+ with delithiation events occurring at 

0.62 V, 0.73 V, 0.79 V, 1.00 V, 1.06 V, and 1.15 V vs Li/Li+. The less intense delithiation events 

at 1.00 V and 1.15 V are believed to be related to the formation of Cu2Sb in the electrode.30 For 

Sn-Sb/Super P/PVDF and Sn-Sb/SWCNT/cPAN electrodes, during the first cycle the lithiation 

events were found at 0.86 V, 0.80 V and a broad peak at 0.56 V and 0.20 V with delithiation 

events occurring at 0.47 V (broad) and 1.06 V. During the second cycle, the dq/dV was found 

identical for the delithiation events, but peaks related to lithiation drastically changed with the 

lithiation events present at 0.89 V, 0.86 V, 0.83 V, 0.79 V, and a broad event at 0.2 V vs Li/Li+. 

The key disappearance of a major contribution to capacity from the broad peak present at 0.56 V 

during the first cycle lithiation was also no longer present in the second cycle lithiation. Based on 

previous research investigating the individual events, peaks related to the lithiation/delithiation of 

Sb occurs between 1.1-0.8 V while lithiation/delithiation related to Sn occurs between 0.8-0.4 V 

vs Li/Li+.31 This suggests the missing event from the initial cycle for Sn-Sb/Super P /PVDF and 

Sn-Sb/SWCNT/cPAN may be related to the lithiation of Sn. We hypothesize the missing event is 

related to the loss of amorphous Sn loss due to pulverization or SEI inhibiting the Sn cluster’s 

ability to lithiate after the first cycle. Interestingly, the differences in electrochemical events found 

in the dQ/dV do not have any correlation as to what crystalline products were present based on 

XRD prior to cycling. However, the presence of only Sb for Sn-Sb/SWCNT/cPAN and the more 

intense Sb peak in Sn-Sb/Super P/ PVDF, when compared to Sn-Sb/SWCNT and Sn-

Sb/SWCNT/PAN, suggests more amorphous Sn or Sn-O must be present as EDS verifies similar 
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1:2  Sn:Sb on the electrode, and supports our hypothesis of capacity loss related to amorphous 

Sn loss during the first lithiation of Sn-Sb/ SWCNT/ cPAN and Sn-Sb/ Super P/ PVDF. 

 

The long term cycling performances of the different composite electrodes are displayed in 

figure 7.4. The electrodes were of similar thicknesses (150 µm) and cycled at a C/2 rate. A drastic 

loss in capacity is found for the SWCNT and PAN containing composites during the first cycle, 

with low initial coulombic efficiency of 59%, 64%, and 49% for SWCNT, SWCNT/PAN, and 

SWCNT/cPAN composite electrodes, respectively. The low coulombic efficiency in the initial cycle 

is consistent with literature, where most alloy materials lose a large amount of energy during the 

first cycle related to the formation of the initial SEI layer. This huge loss is detrimental in practical 

operation of lithium-ion full cells, as lithium ions are limited to the amount of cathode material 

available and any loss results in a decrease in overall energy density of the cell.  

 
Figure 7.3: dQ/dV plots extrapolated from the first two cycles of the different Sn-Sb 
composite electrodes galvanostatically cycled at C/2 rate. 
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In the scenario where conventional lithium-ion composite formula containing Sn-

Sb/PVDF/Super P was electrochemically tested, the composite was found greatly instable with a 

coulombic efficiency of 2.9% for the first cycle. The capacity decreased to 1 mAh/g during the 

second cycle, losing 98% of the initial capacity. This inability for the composite electrode to remain 

stable may be due to the thickness of the material, and at 150 µm thick the PVDF is unable to 

 
Figure 7.4: a) Galvanostatic cycling of the different composite electrodes at C/2 rate. 
b)The capacity retention and coulombic efficiency of the same electrodes over their 
electrochemical test. 
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maintain a rigid structure to keep the electrode electrochemically active. Previous research has 

suggested while PVDF is a common binder for current lithium ion technologies, it has been shown 

to work poorly with intermetallic alloy materials, including silicon, due to its inability to withstand 

large volume changes during lithiation and delithiation of an electrode.32-34 A recent study has 

shown the inclusion of SWCNT increases the mechanical stability of the electrodes, allowing for 

the casting of thicker composite electrodes and without drastic failure during the volume change 

when cycling the battery.9 The cycle life of the composite electrodes containing SWCNT shows 

significant increase in stability presented in the cycle life graph with capacity retained and no 

sudden steep loss in capacity during cycling. 

The lifetime of the different Sn-Sb composites presents an average capacity of 850 mAh/g 

for SWCNT/cPAN, 750 mAh/g for SWCNT/PAN, and 420 mAh/g for SWCNT over the initial 200 

cycles. Sn-Sb/cPAN, without the addition of the SWCNT, was found to have an average capacity 

of 600 mAh/g over the first 100 cycles. While the capacity shows the material’s ability to store 

energy, capacity retention enables clearer visualization of electrode stability over time. Over the 

initial 30 cycles, SWCNT/cPAN was found to have the lowest capacity retention with 87.8% (cycle 

22) at the lowest point, with SWCNT/PAN having the highest capacity retained. However, 

SWCNT/cPAN was found to increase in capacity retention (up to 91% at cycle 82) with each 

successive cycle and eventually surpass capacity retained by the other composite electrodes at 

cycle 100. This initial drop, then rise in capacity retention is hypothesized to be due to the ability 

to access more active material closer to the core of the Sn-Sb particles due to the continuous 

volume change with each successive lithiation/delithation process. The capacity retained for 

cPAN electrode reaches maximum capacity retention by cycle 150 and begins a slight decrease 

in capacity. SWCNT and SWCNT/PAN electrodes show a similar trend to each other with a slow 

continuous decrease in capacity after the initial cycle. Interestingly, SWCNT shows a more drastic 

loss of capacity when comparing to the electrode with the addition of PAN to the composite 
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electrode (SWCNT/PAN) (with capacity retention found to be 73.8% at 200 cycle for SWCNT and 

84.3% at 200 cycle for SWCNT/PAN). This shows a degree of effectiveness of the PAN coating 

in protecting the active Sn-Sb material over long cycling and may only be decreasing in capacity 

due to the eventual buildup of a resistive SEI that ultimately limits ion transport with every 

successive cycle. However, the heat treatment of PAN to form the cyclized PAN resulted in an 

even greater capacity retention, suggesting the sample containing cPAN has created a more rigid 

coating that surrounds the Sn-Sb particles that remains intact through the continuous volume 

expansion during lithiation/delithiation, resulting in the ability to prevent the buildup of the resistive 

SEI on the Sn-Sb surface. While the PAN/cPAN coating is found to be important in improving 

coulombic efficiency and the overall capacity retained, SWCNT is still found to have a greater 

influence on the composite electrode’s overall mechanical stability. This is shown with the 

composite containing only Sn-Sb/cPAN, which showed the active material’s ability to remain 

active in the composite without containing any presence of SWCNT or binder. However, this 

composite does show a steep loss in capacity after 100 cycles, which suggests the eventual loss 

of contact of the composite from the current collector and the lack of mechanical stability without 

SWCNT. 
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Rate capability tests were performed on Sn-Sb/SWCNT/cPAN composite to study the 

composites’ accessible capacity at different current rates. The Sn-Sb/SWCNT/cPAN composite 

electrode was found to have a capacity of 930 mAh/g, 900 mAh/g, 839 mAh/g, 767 mAh/g, 677 

mAh/g, and 529 mAh/g at 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, and 5 C, respectively. This shows the 

composite electrode’s ability to access fast charging rates of up to 5 C, while maintaining high 

 
Figure 7.5: a) Rate capability test of Sn-Sb/SWCNT/cPAN composite electrode ranging 
from 0.1 C to 10 C rate. Potential range of 0.01 V – 1.5 V vs Li/Li+. b) dQ/dV plots 
extrapolated from the different rates in the rate capability test. 
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capacities. The minimal difference between lithiation and delithiation capacities at the different 

rates also suggests negligible loss of accessible energy stored in the system, where normally the 

detrimental formation of SEI is more evident at slower rates. This suggests the cPAN coating’s 

effectiveness in creating a protective barrier around the expanding active material and minimizing 

energy loss related to side reactions.  However, the rate test presents the composite’s inability to 

access capacity at the rate of 10 C with a capacity of <1 mAh/g. This inability to access capacity 

may either be related to the inability for the intrinsic Sn-Sb to store charge at this rate or the PAN 

coating being the rate limiting step that inhibits the active material from accessing lithium at this 

rate. The cycling at the slower 0.1 C rate after 10 C shows access to similar 930 mAh/g capacity 

found during the 0.1 C rate, proving the capacity loss at 10 C is related to a limited lithium diffusion 

step for a component in the composite electrode, and not due to mechanical pulverization and 

loss of the active material’s electrical contact to the rest of the cell when cycled at the higher rate. 

Differential capacity plots of Sn-Sb/SWCNT/cPAN at different C-rates were extrapolated 

from the rate test. Similar to the first cycle lithiation/delithiation events found in figure 7.5b of Sn-

Sb/SWCNT/cPAN, lithiation events were found at 0.85 V and 0.6 V with delithiation events present 

at 0.64 V, 0.92 V, 1.05 V, and 1.15 V. Delithiation events at 0.92 V and 1.15 V are believed to be 

related to the migration of Cu from the current collector into the delithiating Sb active material, 

resulting in the formation of Cu2Sb within the film. Comparing the differential capacity plots at 

different rates, the 0.6 V peak during lithiation is only diffusion limited at current density rates 5 C 

and higher, with an over potential of 0.085 V when comparing the potential for lithiation at 5 C to 

2 C. At rates below 5 C, potential related to the lithiation event and area under said peak stayed 

consistent throughout different rates (0.05 V difference between 0.1 C and 2 C). In contrast, the 

0.85 V lithiation peak slowly shifted to higher potentials with decreasing overall capacity related 

to this electrochemical event (a shift from 0.87 V at 0.1 C to 0.78 V at 5 C). This suggests the 

events related to Sb lithiation have been diffusion controlled throughout the different rates up to 
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5C, but the events related to Sn lithiation were limited by the cPAN coating’s diffusion limitation 

beginning at 5 C and above. 

 

Electrochemical impedance spectroscopy was also measured for the different electrodes 

after different cycles. Figure 7.6 presents the Nyquist plots of the different composite electrodes 

containing either/both SWCNT, PAN, or cPAN. Prior to cycling, the impedance of all electrodes 

was similar and high due to the pristine and unpassivated surface present. Interestingly, once the 

electrodes were cycled for long enough to establish a stable SEI and possibly identify the effects 

of the SEI, the benefits of each component of the composite are clearly identified. The EIS of the 

different electrode composites taken after 150 cycles identified the presence of SWCNT resulting 

in higher impedance with the presence of a bigger semicircle. The SnSb/SWCNT resulted in the 

 
Figure 7.6: Nyquist plots from electrochemical impedance spectroscopy measurements for 
the different composite electrodes tested a) prior to cycling b) after 150 cycles. 
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highest impedance, with SnSb exposed directly to the electrolyte and its decomposing products 

that may continuously grow on newly exposed surface. The electrode with only SnSb/cPAN 

resulted in the lowest impedance, showing the importance of cPAN coating in preventing SEI 

growth on SnSb and creating a stable surface. SnSb/SWCNT/cPAN was found to have lower 

impedance than SnSb/SWCNT/PAN, showing the effectiveness of cyclizing the PAN in 

strengthening its ability to protect the SnSb surface from further reaction with the SEI. Ultimately, 

these experiments identified the importance of cPAN in its ability to prevent further SEI growth 

that would impede alloy materials. 

7.5 Conclusion 

In summary, the addition of SWCNT and PAN was studied for their effects on protecting 

against the large volume expansion of Sn-Sb alloy anodes for lithium-ion batteries. The addition 

of SWCNT and PAN each had different ways in improving the material’s stability and lifetime in a 

lithium-ion cell. The SWCNT was found to greatly improve the mechanical stability of the Sn-Sb 

electrode and prolonged the material’s life by keeping this large volume expanding material in 

electrical contact. The PAN was found to work as a protective coating, with prolonged lifetime 

related to its effectiveness in coating the surface of Sn-Sb and preventing it from interacting with 

the resistive SEI. Alloy materials typically increased in SEI growth with each cycle due to newly 

exposed surface, but the coating was found effective as shown through our EIS experiments, as 

capacity loss with each cycle has drastically decreased. Cyclized PAN was found to be the most 

effective, possibly due to the cyclization of PAN increasing the mechanical effectiveness of the 

coating, while also increasing its ability to transfer Li ions. However, rate tests show the limitation 

of the cPAN coating, with a sudden limitation of the material to retain capacity at 10C. While this 

study highlights the benefits of these additives, SWCNT and PAN, the study ultimately shows the 

need for protection of this class of large volume expanding alloy anodes for lithium-ion systems. 

Alloy materials continue to be plagued with mechanical stability issues and excessive growth of 
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SEI that limits its survivability. This suggests the future of stabilizing alloy anodes may be related 

to research on coatings and additives into the system. 
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CHAPTER 8 – ELECTROCHEMICAL SYNTHESIS OF Mg3PO4 – AN ATTEMPT TO 
SYNTHESIZE IONIC CONDUCTORS THROUGH ELECTROCHEMICAL CORROSION8 

 
 

8.1 Overview 

The use of electrochemical corrosion can help identify promising ionic conductors. Here, 

we look to better control the corrosion of Mg3(PO4)2 coating on Mg metal. Through controlling 

different experimental parameters, we identify the use of electrochemistry during the corrosion 

process leads to more control over the desired composition and morphology of the product. 

8.2 Introduction 

The search for new ionic conductors and methods of producing ionically conductive 

coating is desirable with the increasing interest in applications such as fuel cells, batteries, 

sensors, and other similar electrochemical systems. Due to uncontrollable interactions altering 

the surface of the electrode when under operation in electrochemical systems, ionically 

conductive coatings are desired to protect the active material surface from undesirable interface 

interactions. For rechargeable battery technologies, coatings are utilized as protection for 

electrode surfaces from directly contacting the electrolyte and electrolyte decomposition products 

during continuous electrochemical cycling. The solid electrolyte interface (SEI), an interface 

formed from interaction of an electrode with the decomposing electrolyte, has been found to alter 

the electrode surface and can inhibit ion mobility when not controlled.1-3 More specifically, SEI 

has been found to inhibit ion mobility and metal re-plating of multivalent metals in common 

electrochemistry solvents.4-8 Due to this fact, Mg metal plating and stripping does not utilize 

carbonate solvents typically found in Lithium-ion technologies and instead currently relies on 

highly corrosive and oxidation sensitive electrolytes that inhibit SEI growth.9-10 Ideally, coatings 

 
8 This chapter is written by Jeffrey Ma with the guidance from Amy L. Prieto. J.M. would like to thank Jacob 
Schneider (Prieto Group, Colorado State University) for their suggestions in writing this chapter. 
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will protect the multivalent metal from the unwanted SEI formation while allowing sufficient ion 

mobility and even re-plating of the active material underneath the coating. 

Currently, there is no systematic method regularly utilized for quickly identifying ionic 

conductors through experimental means, while some computational means exist, these are 

limited in the scope of materials. Ideally, the experimental method to search for ionic conductors 

should not only result in the production of the ionic material, but also allow for tunability and control 

of the way ionic conductors are formed. Electrochemical corrosion allows for control of current 

passed, which results in control over the thickness of coating formed. Tests performed in small 

solutions in a laboratory can easily be scaled up to larger production though the utilization of this 

synthetic method. 

In this study, we will be exploring the electrochemical corrosion of Mg3(PO4)2 onto Mg 

surface. Phosphate coatings have been found to be successful as ionically conductive coatings 

in similar systems.11-14 Only few literature reports have been produced on the production of 

Mg3(PO4)2, with most Mg3(PO4)2 work published in the corrosion field as a corrosion resistant 

coating.15-19 Mg metal is explored first in this study as it is sufficiently stable in a wide variety of 

solvents, including aqueous solutions. Na and Li metals are found to be too difficult to stabilize 

for our desired corrosion of a coating, as many of the desired salts and solvents were tested and 

found to be either insoluble or outside of the window of stability for controlled corrosion. Mg will 

allow for the initial exploration of electrochemical corrosion for an evenly coated surface. Different 

methods of corrosion and electrochemical sequences will be explored to identify the effect of each 

parameter on the resulting surface corrosion product. 

8.3 Experimental Methods 

Spontaneous corrosion experiments were performed by submerging Mg ribbon into 1 M 

phosphate aqueous solutions. The phosphate precursors primarily used in these experiments 



169 

 

includes K3PO4 (reagent grade, ≥98%, Sigma Aldrich), and Na3PO4 (96%,Sigma Aldrich). 

NH4H2PO4 (ACS reagent, ≥98%, Sigma Aldrich), (NH4)2HPO4 (ACS reagent, ≥98%, Sigma 

Aldrich), LiH2PO4 (monobasic, 99%, Sigma Aldrich), Li3PO4 (Sigma Aldrich), H3PO4 (85% Certified 

ACS, Fisher), K2HPO4 (ACS reagent, ≥98%, Sigma Aldrich), KH2PO4 (ACS reagent, ≥99.0%, 

Sigma Aldrich), Na2HPO4 (ACS reagent, ≥99.0%, Sigma Aldrich), NaH2PO4 (ACS reagent, ≥98%, 

Sigma Aldrich), Tetrahydrofuran (reagent 99%, Sigma Aldrich), Diethyl carbonate (99%, Sigma 

Aldrich), Propylene Carbonate (anhydrous, 99.7%, Sigma Aldrich), N,N-Dimethylformamide 

(99.8%, Sigma Aldrich), Acetonitrile (ACS reagent, ≥99.5%, Sigma Aldrich), Hexane (anhydrous, 

95%, Sigma Aldrich), and N-methyl-2-pyrrolidone (ACS reagent, ≥99.0%, Sigma Aldrich) were 

also used in this set of experiments. Stirring was introduced by the addition of a Teflon based 

magnetic stir bar.  

The electrochemical corrosion performed was set up in a three- electrode cell utilizing the 

Gamry 3000 potentiostat. Mg ribbon was utilized as the working electrode the coating was 

corroded onto. Prior to the use of the Mg ribbon, a scouring pad was used to remove the oxide 

layer present on the surface of the electrode. A Kapton film was applied to the backside of the 

metal to allow for corrosion to only occur on one side. A saturated calomel electrode was used as 

the reference electrode, and stainless-steel mesh (PO# AC-75973470, Elmhurst) as the counter 

electrode. In this study, some corrosion occurred using a process we call applied voltage entry. 

Applied voltage entry is a method of which potential is applied to the 3-electrode cell as it is 

submerged into the solution. This method is used to ensure better control of Mg corrosion through 

electrochemical means to dictate the products product and not allow any spontaneous corrosion 

products to form on the electrode surface prior to applying an electrochemical potential on the 

system. 

The crystallinity of the corroded products were identified using a Bruker D8 Discover 

DaVinci (Cu Kα radiation, λ = 1.54184 Å) X-ray diffractometer. The morphology found present on 
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the surface of the electrodes and its atomic compositions were examined using a scanning 

electron microscope (SEM; JOEL JSM-6500F) equipped with an energy dispersive X-ray 

spectroscopy (EDS) detector (Oxford Instrument X-Max). The atomic ratios are identified by using 

the Aztec software (Oxford Instrument) that fits the EDS spectra obtained. 

8.4 Results and Discussion 

8.4.1 Initial survey of the solubility of different salts 

 

In search of solutions to use for the electrochemical corrosion of ionic conductors, the 

solubility of salts remains a hindrance to the solutions available for the exploratory search. Table 

1 identifies the solubility of a mixture of various phosphate salts and solvents. The solvents were 

chosen due to the possibility that a solution can be made that allows for controlled corrosion of a 

metal surface. Due to incompatibility of lithium and sodium salt in non-aqueous solutions, the 

corrosion of Na or Li metal is difficult to achieve. The successful corrosion of very negative 

potential metals, such as sodium and lithium, requires a combination of a dissolved salt in solvent 

Table 1: Solubility of different salts in selected solvents. 
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with a large enough electrochemical stability window in the range of Na and Li stability that will 

remain unreactive or low in reactivity with the submergence of the metal. Solvents, like water, that 

fall outside of the stability window with Li and Na results in immediate reaction with the metal and 

the dissolution of the metal into the solution. With the lack of soluble salt and solvents available 

from the initial screening, Mg metal is focused on moving forward, as it is relatively stable in water 

for the initial screening using electrochemical corrosion. 

8.4.2 Effect of precursor solution composition on the resulting Mg phosphate surface morphology 

Products of Mg corrosion and the morphology of the resulting film are identified to be 

highly affected based on initial precursor used. Phosphate precursors containing hydrogen (mono 

or di hydrogen) were found to unfavorably affect the surface morphology. When current is applied 

and the Mg metal is submerged into the solution, bubbles are rapidly produced on the surface of 

the Mg metal and visible macroscopically. Formation of pitting or a porous structured surface is 

macroscopically visible after being taken out of the solution, as identified in the SEM images 

presented in figure 8.1, suggesting possible hydrogen evolution during Mg corrosion. This 

hydrogen or gas production is highly unfavorable, as the hydrogen bubbles will cause uneven 

corrosion and the subsequent production of the desired coating, with the pockets of gas formed 

on the surface of the metal possibly inhibiting areas of unreacted Mg from reacting with the bulk 

of the solution. In order to resist gas buildup on the surface during corrosion, phosphoric acid and 

hydrogen containing precursors were not used in later experiments.  
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Submerging Mg in water typically can cause a slow reaction with water to form Mg(OH)2 

or MgO over time. In order to mitigate hydroxide dissolution and MgO on the surface, adding HCl 

was planned. However, HCl leads to destruction of film due to an exothermic reaction with MgCl 

and H2 formation. No instrumental data was obtained for this film, as the film broke off and 

eventually dissolved in the solution. The pH of the solution was also monitored and found to be 

more basic after the reaction, suggesting the hydroxide formation in the solution. 

8.4.3 How the applied electrochemical sequence and convection changes the Mg phosphate 

product and morphology  

Ideally, the corrosion synthesis would result in the formation of the desired product, 

Mg3(PO4)2 without the presence of the precursor cation pair on the corroded surface. Throughout 

the experiments, we have discovered that intermediate corrosion products can be isolated with 

the formation of mixed-Mg/A (A=Na, K) phosphates products depending on specific methods 

utilized during the corrosion synthesis. One example of this mixed- ion product formation is 

through passive corrosion, where the Mg metal is submerged into the solution and no potential is 

 

Figure 8.1: SEM images of different areas of an Mg metal surface after being submerged in 1 
M NH4H2PO4 in water overnight. Gas formation occurred throughout the corrosion process, 
resulting in the uneven corrosion on the surface presented. 
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applied. When no current is passed, the spontaneous corrosion will result in the partial reaction 

of the dissolved salt precursor onto the Mg metal surface. As shown in figure 8.2, after the 

spontaneous corrosion of Mg metal in K3PO4, the resulting crystalline product MgKPO4 is found. 

However, SEM images suggest the surface of the electrode is unevenly reacted with partial 

corrosion across the surface and cracks present throughout the corroded film, suggesting a poorly 

controlled reaction of the surface through this spontaneous reaction method. 
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Initial studies where an electrochemical potential is applied to the Mg metal upon 

introduction into the precursor solution also showed similar crystalline mixed ion products. 

Presented in figure 8.3a is the XRD product of the Mg surface in a K3PO4 solution after a potential 

 

Figure 8.2: a) XRD pattern and b) SEM image of Mg corroded for 24 hours in 1M K3PO4 
aqueous solution. 
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of 5V vs SCE was applied for 7900s. The XRD presents a similar formation of crystalline product 

in the form of KMgPO4. The surface of the corroded Mg however, demonstrates that using applied 

voltage entry reduced major cracks seen on the surface. The surface morphology of the applied 

voltage entry product resulted in smaller, more homogenous and similar sized facets on the 

surface when compared to the spontaneous corrosion. This suggests that applied voltage entry 

has an effect in controlling the even growth and electrochemical corrosion and can allow for more 

control than unregulated corrosion. While more control of the crystalline growth on the Mg surface 

is obtained for the applied voltage entry corrosion, the surface still remains uneven with areas of 

more crystalline growth than other areas, as seen in the SEM image in figure 8.3b.  
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The potential at which the applied voltage entry occurs has also been identified to 

influence the resulting products. The difference in crystalline products based on XRD for a Mg 

metal that had an applied voltage entry of 5 V vs SCE and another Mg metal with 0 V vs SCE 

potential applied when submerged into Na3PO4 solution is presented in figure 8.4a. The crystalline 

 

Figure 8.3: a) XRD pattern and b) SEM image of the surface of Mg metal after applied voltage 
entry corrosion at 5 V vs SCE for 7900s. 
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pattern, based on the XRD, indicates a more crystalline product, specifically observed with the 

more intense peaks at 32.5˚ and 33.5 ˚ 2Ɵ for the sample with potential applied at 0 V vs SCE, 

signifying more crystalline NaMgPO4 product. EDS (figure 8.4b) further verifies more of the 

NaMgPO4 was produced on the Mg surface at 0 V vs SCE with the presence of lower O:P content 

(1 : 4.4 O:P) that suggests less MgO formation and a closer atomic composition to -PO4 present 

at this potential.  
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Figure 8.4: a) XRD and b) EDS comparing applied voltage entry of Mg into 1 M Na3PO4 
aqueous solution at 5 V vs SCE or 0 V vs SCE for 7200s. 
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Stirring during the corrosion process was introduced and was found to have a greater 

effect on not only the crystalline product produced, but also the even corrosion on the Mg surface. 

Presented on figure 8.5 is the spontaneous corrosion of two Mg metal substrates submerged into 

Na3PO4 solution for 15 hours, one left static in the solution while the other with convection in the 

solution. Comparing the crystalline products present on the surface of the two metals, the 

unstirred metal resulted in more crystalline NaMgPO4 with the formation of different MgPO4 

products. The stirred metal resulted in the reduced presence of the mixed ion phosphate, 

NaMgPO4, and an increase in crystalline MgPO4 products present. This suggest that stirring is 

more favorable when targeting the fully reacted phosphate product (Mg3(PO4)2). Stirring during 

the corrosion also resulted in a more even, but less crystalline, growth of the phosphate products 

on the surface of the Mg metal, based on SEM. EDS further verifies a more -PO4 surface and less 

MgO present based on the atomic composition present on the surface of the film for the stirred 

corrosion (1 : 3.8 P:O ratio).  
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Figure 8.5: a) XRD patterns and b) EDS comparing the corrosion of Mg in a 1M Na3PO4 
aqueous solution that is unstirred and stirred during the corrosion process. SEM image of the 
surface of Mg corrosion c) unstirred and d) stirred during the process. Note that unstirred was 
at x150 magnification to show the uneven growth and not the x1000 magnification normally 
presented. 
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The applied voltage entry was also found to have a difference between an open cell 

reaction, where the oxidizing current passed on the Mg working electrode is exposed to air with 

the solution in a beaker, and a closed electrochemical cell reaction, where applied voltage entry 

of the Mg metal occurs in a solution that is capped. Figure 8.6 identifies the products of different 

closed cell applied voltage entry corrosion of Mg with time in a Na3PO4 solution where no stirring 

occurred. When comparing the product of the corrosion process across different times of applied 

potential, the crystalline product grows in intensity and becomes more crystalline with time. 

However, comparing this closed cell reaction with the open cell reaction that occurred in figure 

8.4, where both applied voltage entry reactions occurred at 0 V vs SCE, we identified the product 

from the close cell process to be more crystalline and the reaction is driven more to completion 

with a higher intensity of crystalline Mg3(PO4)2 formed.  

 

 

Figure 8.6: XRD pattern comparing Mg applied voltage entry corrosion in a closed cell 
solution of 1 M Na3PO4 sequences at 0 V vs SCE at different corrosion times. 
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In order to increase the uniform formation of a crystalline and even coating of Mg3(PO4)2 

on the surface, applied voltage entry in a closed cell was done in conjunction with stirring. 

Previously, stirring was identified to help drive the reaction to completion with the formation of 

more crystalline Mg3(PO4)2 and a more even surface. Figure 8.5 demonstrate that the addition of 

stirring resulted in higher crystallinity of Mg3(PO4)2 formed. To further increase the evenness of 

the film, pulsed deposition sequence was applied instead of a constant potential sequence. Based 

on SEM images presented, constant potential continues to result in uneven growth of crystalline 

products on the surface, resulting in regions of micron sized crystalline growth while other areas 

contain nanometer sized products. Pulsed potential can decrease growth of specific nucleation 

sites by allowing a rest period to replenish the depleted ions at the surface of the electrode for a 

more even nucleation of the corroded film. The resulting film yielded a less crystalline product, 

based on XRD (figure 8.7), but a more even surface based on SEM. 
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Figure 8.7: XRD pattern and SEM images (a-f) comparing different Mg applied voltage entry 
corrosion in a closed cell solution of 1 M Na3PO4 sequences including 0 V vs SCE unstirred 
(a,b) and stirred (c,d) corrosions, and pulsing sequence of 0 V vs SCE for 15s, rest 1s for 
480 cycles (e,f). Both pulse and constant corrosion experiments should have the same total 
time at which potential was applied to the working electrode.  
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Further tuning of the pulsing sequence resulted in better control over the film morphology 

and smaller facets found on the film surface. Through this, we have determined that morphology 

is affected greatly by the pulsing sequence employed for this system. Shown on figure 8.8, even 

coverage of surface throughout the film is found, and particle size of the crystallites has 

decreased. This suggests that even growth can be dictated by pulse and rest times. 
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Figure 8.8: XRD (top) and SEM images (bottom, a-d) of) comparing different Mg applied 
voltage entry corrosion in a closed cell solution of 1 M Na3PO4 pulsing sequences of 15s pulse, 
1s rest for 480 cycles (a,b), and 1s pulse, 1s rest for 7200s (c,d). The pulse applied is 0 V vs 
SCE and pulsing sequences should have the same total time at which potential was applied 
to the working electrode. 
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8.5 Conclusion 

In summary, we have investigated different parameters that impact the even 

electrochemical corrosion of Mg3(PO4)2 onto a Mg metal electrode surface. We have identified 

partially reacted products, in the form of a mixed-ion product, through corrosion without 

convection. The application of applied voltage entry, where an oxidative voltage is applied to the 

working electrode in a three-electrode setup as it is submerged into the solution and the circuit is 

completed, resulted in a more even and less cracked deposition of the coating. Further control of 

the corrosion occurred through using a combination of a closed electrochemical cell and a pulsing 

sequence, which lowered the amount of MgO present in the product and resulted in smaller, more 

even crystallites being formed across the surface of the corroded film. With the successful 

production of an even coating, future directions may include electrochemical testing of the 

Mg3(PO4)2 film as an effective coating for uniform Mg stripping and re-plating. The conductivity of 

the Mg3(PO4)2 can be further improved through the attempted synthesis and formation of MgPON. 

The doping of nitrogen into lithium analogue, Li3PO4, produced the solid conductor LiPON, which 

resulted in an enhancement of the material’s ionic conductivity.20-21 While only one report has 

been presented on the idea of MgPON, the synthesis of MgPON is not very well described and 

may require extensive focus prior to electrochemically testing the material.22-23 
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CHAPTER 9 – ROOM TEMPERATURE STRIPPING AND PLATING OF CALCIUM METAL IN 
CARBONATE SOLVENT THROUGH A CA-SN COATING9 

 
 

9.1 Overview 

 Studies utilizing Calcium metal as an anode are limited due to the lack of compatibility 

between the Calcium surface with electrolyte systems resulting in limited Calcium plating. Here, 

the design of different Ca-alloy coatings through corrosion is investigated as an effective way to 

allow for Calcium plating and to protect the calcium surface from the detrimental electrolyte 

surface formation. Through different electrochemical experiments, we have identified the coating 

is effective in forming a barrier that enables more even stripping and re-plating. 

9.2 Introduction 

Energy storage will be crucial in the upcoming decades as our society focuses on 

electrifying our grid while lessening our reliance on oil to reduce carbon emissions that affect the 

climate and environment. Currently, lithium-ion battery technology leads the way in energy 

storage, as its technology continues to enable portable electronic devices. The search for 

continuous advancements of energy storage technologies to higher energy densities have led to 

research on multivalent battery technologies such as Ca, Mg, or Al. These multivalent ion 

technologies have risen as promising alternatives as they are more abundant, would greatly 

reduce costs, and lessen the current over-demand of lithium-ion batteries for non-portable storage 

technologies.  Ideally, multivalent ions should double the capacities seen in lithium technology as 

it contains at least twice the ions. Current research on multivalent ion systems has greatly focused 

on Mg, although Ca should ideally be the better divalent candidate. Ca is a more abundant 

element in the earth’s crust (5th most abundant vs 7th most abundant for Mg), provides a more 

 
9 This chapter is written by Jeffrey Ma with the guidance from Amy L. Prieto. J.M. would like to thank Kelly 
Nieto (Prieto Group, Colorado State University) for their suggestions in writing this chapter. 
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negative reductive potential (- 2.87V vs standard hydrogen electrode (SHE); Mg is -2.37V vs 

SHE), and should ideally be easier to move Ca2+ ions in liquid electrolyte due to lower polarizability 

and attraction. However, like other multivalent systems mentioned, Ca is plagued with problems 

related to the growth of passivating layers during cycling that inhibits its ability to further plate. 

Due to this challenge, not much research has been done that enables the stripping and plating of 

Ca metal.  

Initial studies on stripping and plating of Ca metal can be dated back to work performed in 

1980 at GTE Laboratories, where researchers attempted to study the electrochemistry of Calcium 

metal in a SOCl2 electrolyte.1 Through this study, a CaCl2 passivating layer was identified to form, 

which limited the mobility of Ca ions through this interface on the calcium surface and inhibited 

the plating process. In 1991, Aurbach and coworkers attempted to study Ca metal plating and 

stripping in a suite of commonly found salts and organic electrolytes that included Ca(ClO4)2 and 

Ca(BF4)2 in acetonitrile, tetrahydrofuran, and propylene carbonate (PC).2 Again, the irreversibility 

of Ca metal plating was identified through electrochemical experiments and believed to be related 

to the formation of an inhibiting passivating layer. Progress in calcium plating and stripping does 

not occur for more than 25 years, with Ponrouch and coworkers first reporting the successfully 

plating and stripping Calcium in an electrolyte heated at an elevated temperature of 100º C 

through the use of an electrolyte formulation containing Ca(BF4)2 in an ethylene carbonate (EC)/ 

PC solvent.3 In 2018, the first room temperature plating and stripping of Calcium was reported, 

through the utilization of a Ca(BH4)2 in THF electrolyte.4 While this was a big accomplishment 

towards the practical use of Calcium metal anodes, the electrolyte does not have an 

electrochemical window that allows for the use of calcium metal with a potential high voltage 

cathode.  Recently, the use of a Calcium electrolyte salt, Ca(B(Ohfip)4)2, was reported by two 

groups that enabled access to a large stability window of >4 V vs Ca/Ca+ and allowed Calcium 

stripping and plating at room temperature.5-6 While these groups have greatly advanced the field 
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by enabling room temperature rechargeable calcium metal batteries, calcium has yet to be utilized 

in common carbonate solvents and calcium salt analogues of formulations found in lithium-ion 

technology. The formulation of these electrolytes also opens up new questions related to Calcium 

metal during re-plating. Mg and Ca metals were favorable as anodes for these multivalent 

batteries due to the original belief that no dendritic growth occurs during the re-plating of these 

metals. However, recent research on Mg has identified the limits to this belief with the formation 

of Mg dendrites at high enough currents.7-8 This leaves questions about dendritic growth of Ca 

during replating and begins the search to avoid the dendritic re-plating of Calcium. 

Recently, work in exploring alloy anodes for Ca-ion batteries has been reported.9 The 

experiment was successful in electrochemically alloying and dealloying Sn with Ca for over 1000 

cycles before falling below 80% capacity retention in a calcium ion battery consisting of an 

electrolyte made of Ca(PF6)2 in carbonate solvents (EC, PC, dimethyl carbonate (DMC), and ethyl 

methyl carbonate (EMC)).  This suggests the passivating layer formed between Ca-Sn alloy and 

commonly found hexafluorophosphate salt with carbonate solvents is stable and does not form 

the same passivating layer that prevents Ca ion mobility. In recent years, other researchers 

focused on Li and Na metal technologies suggested the formation of a thin layer of alloy on metal 

surfaces can help protect the metal from interaction with electrolyte, while enabling even re-plating 

and preventing dendritic growth.10-13 This alloy coating/artificial solid electrolyte interface (SEI) 

can be beneficial, as it combines the fast ion conduction alloys possess while enabling a lower 

barrier re-plating process with the source of ions from the bulk metal underneath. Due to these 

previous studies, we believe the corrosion of a Ca-Sn surface on Ca metal will enable successful 

stripping and plating of Ca metal at room temperature in a carbonate solvent previously thought 

unable to be used.  The success of this simple coating for room temperature stripping and plating 

enables the use of commonly used salts and solvents currently produced for the lithium-ion 

battery technology, allowing for ease in transferring technology. In this chapter, we will discuss 
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preliminary work performed on the Ca-Sn formed. We have identified initial data that suggests 

some benefits of the coating, although more experiments are required to be conclusive. 

9.3 Experimental Methods 

Ca metal (Alfa Aesar) chunks were flattened to < 1 µm thick metal of about ½” diameter 

in between two flat pieces of stainless steel using a hammer. The surface cleaned Ca metal is 

then submerged into 150 mM SnCl2 (Sigma-Aldrich, anhydrous) or InCl3 (Sigma-Aldrich, 

anhydrous) in THF for a specific amount of time for the desired thickness of Ca-M (M=Sn, In) 

coating. The surface of the Ca metal is found to turn from a shiny metallic surface to a gray surface 

once the metal submerges into the solution and the formation of the coating occurs. 

0.8 M Ca(PF6)2 in propylene carbonate (PC), ethylene carbonate (EC), and dimethyl 

carbonate (DMC) (2:2:3 by volume) electrolyte was utilized for the experiments discussed in 9.4.1 

and 9.4.2. Ca(PF6)2
 was synthesized by slowly adding 327mg (1.0 mmol) NOPF6 in 5 mL 

acetonitrile solution into a Ca metal (60 mg, 2.5 mmol, excess) in 5mL acetonitrile solution under 

an N2 environment. The solution was stirred for 4 days. After 4 days, the solution was filtered in 

N2 environment, and vacuum dried to remove the acetonitrile solvent by using a N2 Schlenk line. 

Leaving it under vacuum by using the Schlenk line, the crystal Ca(PF6)2 salt was brought into an 

Ar environment to formulate the electrolyte. 

0.25 M  Ca[B(hfip)4]2 (CaBhfip) in dimethoxyethane (DME) was utilized for experiments 

discussed in 9.4.3. CaBhfip was synthesized by dissolving Ca(BH4)2 ˑ 2THF (3.21g, 15.0 mmol) 

in 60 mL DME. 20.50g (12.84 mL, 122 mmol) hexafluoro-2-propanol was slowly added into the 

previous solution. The mixture was then refluxed using an Ar Schlenk line at 90˚ C for 4 hours. 

The solution was then cooled to 40˚ C and left under vacuum overnight. The powder was then 

further heated at 60˚ C for 24 hours. The product was then sent into an Ar environment to 

formulate the desired electrolyte. 
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The corroded Ca metals are then assembled into two electrode cells with a glass separator 

(Whatman) and desired electrolyte in between, in a coin cell configuration. The symmetric cells 

are tested galvanostatically by stripping and plating, with respect to the working electrode every 

15 minutes. Cyclic voltammetry experiments were performed at 50 mVs-1 scan rate. 

9.4 Results and Discussion 

9.4.1 Identifying the effect of coating thickness on its effectiveness 

Initial experiments were performed to identify the thickness of the Ca-Sn required for 

effective protection of the Ca metal. Previous corrosion studies on Li and Na metals reported 

different corrosion times, resulting in an unclear relation between thickness and times required 

for the protection of the alkali metal. Presented in figure 9.1 is the plating and stripping of different 

Ca symmetric cells, including different corrosion times of the Ca-Sn coating formed and also a 

comparison of Ca-Sn coating to a Ca-In coating. The corrosion of an In alloy was investigated, as 

In was found to be the best performing alloy surface in a previous Li metal study.10 When 

comparing Ca-Sn and Ca-In coatings corroded for 10s, a higher impedance was identified for the 

Ca-In cell with every successive stripping and plating through the increasing overpotential. While 

the Ca-In symmetric cell showed instability and the buildup of the impedance, the Ca-Sn is 

identified to have relatively stable stripping and plating. Comparing the Ca-Sn coating resulted 

from 30s, the coating was found effective in lowering the impedance of the stripping and plating 

event when compared to the coating formed from 10s corrosion. However, the impedance 

remains slightly higher than the pure Ca/Ca cell tested in the initial stripping and plating 

processes, which is expected from the inclusion of a coating and the resulting extra interface 

present in the symmetric cells. 
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Figure 9.1: Stripping and plating of different Ca symmetric cells. The cells highlighted differed 
in coating applied, time applied, and whether both the working and counter has the coating. 
The cells were stripped and plated at 0.1 mAcm-1 rate for 15 minutes prior to operating in the 
opposite current. The figure at the bottom focuses on the comparison of the stripping and 
plating of a Ca-Sn symmetric cell and compares it to the Ca/Ca symmetric cell. 
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9.4.2 Cyclic voltammetry of Ca-Sn and Ca metal symmetric cells 

While the preliminary studies have shown the increase in impedance of the symmetric 

stripping and plating of the cells containing the Ca-Sn coating, cyclic voltammogram was able to 

identify some benefits of the coating in protecting the Ca metal’s ability to re-plate. Figures 9.2a 

and 9.2b are figures identifying the difference in the way cyclic voltammogram of a Ca/Ca cell 

occurs when compared to Ca-Sn/Ca-Sn symmetric cell. The CVs identify that the Ca-Sn cell was 

able to reach equilibrium after 8 cycles, while the Ca cell took 11 cycles to reach some equilibrium. 

When comparing the symmetric cells at equilibrium, figure 9.2c identifies the current at which 

stripping and plating occurs for the respective cells. The stripping and plating of both the Ca-Sn 

and Ca symmetric cells were found to occur at near 2 V and -2 V vs Ca/Ca+, respectively, and the 

high impedance is believed to possibly be related to the operation of the cells and electrolyte at 

room temperature. Based on the CV, the Ca-Sn cell possesses a more even coating with the 

stripping current of 0.7 A and plating current of -0.76 A, while the symmetric Ca/Ca cell without 

the coating had lower re-plating current of -0.51 A when compared to the stripping current of 0.6 

A. Previous literature has already suggested the difficulties of Ca metal re-plating due to the 

formation of Ca(OH)2, CaCO3 and calcium alkoxides that result in a passivating layer that inhibits 

Ca ion mobility, and the cyclic voltammetry of the coating presented here suggests the ability of 

the coating to resist the re-plating problem.4, 14 
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The long term stripping and plating of Ca/Ca symmetric cell, Ca-Sn/Ca-Sn symmetric cell, 

and Ca/Ca-Sn asymmetric cell are presented in figure 9.3. The Ca/Ca symmetric cell was found 

to have a successive increase in impedance, with the increasing polarizability between stripping 

and plating potential over time and is experimentally stopped earlier than the cells containing the 

Ca metals with Ca-Sn cells. The Ca-Sn cells were successful in stripping and plating at times 

below the stripping and plating potential of ±2 V vs Ca/Ca+, but eventually resulted in greater than 

±2 V stripping/plating potential and steady increase of polarizability with time. This eventual 

increase in polarizability in the Ca-Sn cell at the later stripping and plating that resembles the 

Ca/Ca symmetric cells may be related to the instability of the coating at the later cycles, which 

resulted in the unwanted passivating layer eventually building on the Ca surface as the Ca-Sn 

breaks and exposes Ca. Rate tests of Ca/Ca symmetric and Ca-Sn/Ca-Sn symmetric cells were 

 

Figure 9.2: Cyclic voltammogram of a) Ca-Sn/Ca-Sn symmetric cells and how it compares to 
b) Ca/Ca symmetric cells. Cyclic voltammogram cycles occurred until equilibrium is reached 
and no drastic difference in current and stripping and plating peak is found. In order to compare 
the cells after it reaches equilibrium, c) was used to compare and identify the currents at which 
the stripping and plating was occurring. 
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also attempted, as presented in figures 9.3 e and f, which show the large polarizability seen in 

previous tests for the Ca/Ca cell in the unsuccessful rate testing of the Ca/Ca cell. The Ca-Sn/Ca-

Sn cell was successful in being tested at the different rates of 0.1 mAcm-2, 0.2 mAcm-2, and 0.5 

mAcm-2, with 0.2 mAcm-2 operating at the lowest polarizability of the different rates. However, 

fluctuations of the polarizability during the stripping and plating process may be due to the 

instability of the electrolyte that was synthesized and utilized for these tests instead of the actual 

coating’s capabilities. 
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9.5 Conclusion 

In summary, preliminary tests were done to study the effectiveness of Ca-Sn as a 

protective coating for Ca metal during the re-plating process. These tests suggest the Ca-Sn 

coating resulted in slightly higher polarizability of the cell due to a new interface between the Ca 

metal and Ca-Sn coating, but a more even stripping and plating of Ca, as presented through cyclic 

 

Figure 9.3: a) Comparison of the stripping and plating of Ca/Ca symmetric cell, Ca-Sn/Ca-Sn 
symmetric cell, and Ca/Ca-Sn asymmetric cells continuously stripped and plated at 0.1 mAcm-

2 for 15 minutes. The isolated data for b) Ca/Ca symmetric cell, c) Ca-Sn/Ca-Sn symmetric 
cell, and d) Ca/Ca-Sn asymmetric cell are also presented. The rate test of e) Ca/Ca symmetric 
cell and f) CaSn/Ca-Sn symmetric cell at 0.1 mAcm-2, 0.2 mAcm-2, and 0.5 mAcm-2 rate are 
also presented. 
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voltammetry. Lifetime and rate tests show the ability of Ca-Sn coating to resist the increasing 

polarizability of the stripping and plating potential over time as shown for Ca symmetric cells. 

However, due to the electrolyte instability of the self-synthesized electrolyte salt, the preliminary 

rate conclusions may need further experimentation to be verified. Future work should focus on 

identifying a stable electrolyte salt to test the effectiveness of the coating before testing in unstable 

electrolyte systems. The study of the different passivating surfaces on the Ca-Sn coating may 

also be of interest, as it may help in further optimizing the experimental design of an effective 

coating. As research progresses and enables successful stripping and plating of Ca at room 

temperature with a wider range of electrolytes, the focus will shift towards the production of Ca 

cathodes, which will help complete the vision of the production of full cell rechargeable Ca metal 

batteries. 
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APPENDIX A 
 

SUPPORTING INFORMATION 
 

10.1 CHAPTER 2 – UNDERSTANDING THE ELECTRODEPOSITION OF PURE PHASE 

CRYSTALLINE SnSb FROM DEEP EUTECTIC ETHALINE SOLUTION AND ITS 

APPLICATION AS A LITHIUM-ION ANODE 

 

 

Figure S2.1:  Electrodeposition from 50 mM SnCl2·2H2O and 50 mM SbCl3 in ethaline at a) -0.6 
V and b) -0.7 V vs Ag/Ag+. XRD patterns (left) and SEM images (right) of the surface of the 
deposition were used study the crystallinity of the film. At -0.6 V, an amorphous material is made 
and a polycrystalline deposition is seen on the surface through SEM. Crystalline by XRD and by 
facets seen on the SEM images prove the deposition of crystalline SnSb at -0.7 V. 

 



202 

 

 

Figure S2.2: Cyclic voltammetry was performed on 50 mM SnCl2·2H2O and 50 mM SbCl3 in 
ethaline after heated at 110º C. The heating at 110º C were done with the container sealed and 
unsealed to show if heat itself, or the release of water from the solution resulted in changes with 
the redox peaks related to Sn. 

 

 

Figure S2.3: Image of crystalline sol gel forming at the bottom of 50 mM SnCl2·2H2O and 50 mM 
SbCl3 in ethaline solution heated at 110º C for at least 3 days. 
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Figure S2.4: Electrical conductivity measurements of 50 mM SnCl2·2H2O and 50 mM SbCl3 in 
ethaline at different stages of heating. The solutions’ conductivity was studied based on a) the 
time the solution was exposed to room temperature conditions and b) the temperature of the bath. 
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10.2 CHAPTER 3 – ELECTRODEPOSITION OF PURE PHASE SnSb EXHIBITING HIGH 
STABILITY AS A SODIUM-ION BATTERY ANODE  

 
Figure S3.1: Galvanostatic cycling of electrodeposited SnSb, Sn, and Sb in half cells. Sudden 
increase in capacity at about cycle 120 of Sb is due to unexpected interruption of the ARBIN 
battery cycler.  
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Figure S3.2: Images of SnSb electrode surface after different electrochemical conditions using 
the scanning electron microscope. Images were taken at x500, x5k, and x25k magnification. 
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Figure S3.3: (Top left) Galvanostatic cycling of electrodeposited SnSb and different Sn-SnSb 
compositions leading to pure Sn. (Top right) Graph extrapolated from galvanostatic cycling 
showing when the different composition electrodes fall below 80% capacity retention. 
Electrodepositions of the Sn:SnSb compositions were done using different Sn:Sb concentrations 
in ethaline and verified using EDS. (Bottom) dQ/dV graph extrapolated from the galvanostatic 
cycling showing the sodiation and desodiation events present for different Sn:SnSb electrodes. 
The red box highlights the presence of a new electrochemical activity at this rate that grows 
proportionally with the increase of Sn content, suggesting this event is unique to non-SnSb tin. 
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Figure S3.4: Ex-situ X-ray diffraction patterns (left) taken pristine SnSb, after sodiation, and after 
its first desodiation. The SnSb was cycled galvanostatically to 0.01 V vs Na/Na+, held 
potentiostatically for 5 hours or when current reaches nA, and galvanostatically charged to 1.5V 
vs Na/Na+ , then held potentiostatically for 5 hours or when current reaches nA. This test was 
done to verify crystalline SnSb does reform during desodiation after becoming amorphous during 
sodiation.  
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10.3 CHAPTER 4 – UNDERSTANDING THE KINETIC LIMITATION DURING INSERTION-

DEINSERTION OF SODIUM INTO SnSb  

 

Figure S4.1: dQ/dV of the SnSb vs Na cell at C/10 rate during its initial cycling (red), and after 

testing at higher current rates (purple). This figure is shown is done to verify the overpotential 

seen at higher rate testing is not due to SEI formation. 
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Figure S4.2: Tafel plot of a SnSb vs Na half-cell. Highlighted in red is related to the 

sodiation/desodiation of Sb at around 0.8 V vs Na/Na+, and in blue the sodiation/desodiation of 

Sn at around 0.45 V vs Na/Na+. 

 

 

Equivalent circuit model for fitting EIS data. R1 is the electrolyte resistance, R8 is the charge-

transfer resistance, Yo10 is the double layer capacitance, and W9 is the Warburg element. 

Comparing Sn, SnSb, and Sb when discharged (sodiated) to 0.4 V 

 

SnSb 

 

R1 R8 W9 Yo10 a11 Goodness of Fit π
ohm ohm S*s^(1/2) S*s^a  Chi^2

Sn 3.996 1.06E+03 3.84E-04 6.24E-06 8.75E-01 1.00E-03

SnSb 5.542 2.70E+03 9.55E-04 6.50E-06 8.87E-01 5.22E-04

Sb 1.003 3.21E+03 4.54E-04 1.11E-05 7.27E-01 4.67E-03

R1 R8 W9 Yo10 a11 Goodness of Fit π
ohm ohm S*s^(1/2) S*s^a  Chi^2 DC Value DC Units AC Value AC Units

OCV 5.279 3.36E+03 6.20E-05 3.91E-06 9.44E-01 4.34E-03 1.00E-08 A 0.00001 A

DIS 0.4V 5.542 2.70E+03 9.55E-04 6.50E-06 8.87E-01 5.22E-04 1.00E-08 A 0.00001 A

DIS 0.01V 4.465 2.47E+03 1.74E-03 6.81E-06 8.80E-01 4.69E-04 1.00E-08 A 0.00001 A

CH 0.4V 5.777 1.34E+03 1.07E-03 6.14E-06 8.91E-01 1.55E-03 1.00E-08 A 0.00001 A

CH 1.5V 3.821 1.58E+03 1.10E-04 4.64E-06 8.94E-01 1.27E-03 1.00E-08 A 0.00001 A
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Sn 

 

Sb 

 

 

 

R1 R8 W9 Yo10 a11 Goodness of Fit π
ohm ohm S*s^(1/2) S*s^a  Chi^2 DC Value DC Units AC Value AC Units

OCV 7.116 828.1 1.07E-04 5.89E-06 9.00E-01 7.57E-04 1.00E-08 A 0.00001 A

DIS 0.4V 3.996 1.06E+03 3.84E-04 6.24E-06 8.75E-01 1.00E-03 1.00E-08 A 0.00001 A

DIS 0.01V 4.306 1.02E+03 1.72E-03 7.79E-06 8.60E-01 1.21E-03 1.00E-08 A 0.00001 A

CH 0.4V 6.872 862.6 9.38E-04 5.61E-06 8.83E-01 4.45E-03 1.00E-08 A 0.00001 A

CH 1.5V 5.372 1.72E+03 1.96E-04 4.99E-06 8.80E-01 9.89E-04 1.00E-08 A 0.00001 A

R1 R8 W9 Yo10 a11 Goodness of Fit π
ohm ohm S*s^(1/2) S*s^a  Chi^2 DC Value DC Units AC Value AC Units

OCV 1.346 3.30E+03 8.05E-05 9.79E-06 7.38E-01 1.30E-02 1.00E-08 A 0.00001 A

DIS 0.4V 1.003 3.21E+03 4.54E-04 1.11E-05 7.27E-01 4.67E-03 1.00E-08 A 0.00001 A

DIS 0.01V 7.18E-01 3.12E+03 4.10E-04 1.09E-05 7.26E-01 4.42E-03 1.00E-08 A 0.00001 A

CH 0.4V 6.31E-01 3.07E+03 4.22E-04 1.07E-05 7.27E-01 4.25E-03 1.00E-08 A 0.00001 A

CH 1.5V 13.36 3.85E+03 1.30E-04 2.67E-06 8.52E-01 1.06E-03 1.00E-08 A 0.00001 A
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Figure S4.3: Nyquist plot of the EIS data from SnSb, Sn, and Sb at 0.4 V vs Na/Na+, where Na-

Sb is predicted to have occurred but Sn has yet to sodiate. 

 

Figure S4.4: Nyquist plot of the EIS data from SnSb, Sn, and Sb at the fully sodiated state (0.01 

V vs Na/Na+). 
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Figure S4.5: dQ/dV of the SnSb vs Li cell at C/10 rate during its initial cycling (red), and after 

testing at higher current rates (purple). This figure is shown is done to verify the overpotential 

seen at higher rate testing is not due to SEI formation. 
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Figure S4.6: Tafel plot of a SnSb vs Li half-cell. Highlighted in red is related to the 

lithiation/delithiation of Sb at around 0.95 V vs Li/Li+, and in blue the lithiation/delithiation of Sn at 

around 0.62 V vs Li/Li+. 

 

Equivalent circuit model for fitting EIS data. R1 is the electrolyte resistance, R8 is the charge-

transfer resistance, Yo10 is the double layer capacitance, and W9 is the Warburg element. 

SnSb 

 

Sn 

 

R1 R8 W9 Yo10 a11 Goodness of Fit π
ohm ohm S*s^(1/2) S*s^a  Chi^2 DC Value DC Units AC Value AC Units

OCV 50.18 680.5 4.95E-04 8.52E-06 8.98E-01 1.66E-04 1.00E-08 A 0.00001 A

DIS 0.7V 7.075 581.2 2.87E-03 1.13E-05 8.84E-01 8.57E-05 1.00E-08 A 0.00001 A

DIS 0.01V 6.858 329.5 4.94E-03 2.76E-05 8.13E-01 6.81E-03 1.00E-08 A 0.00001 A

CH 0.8V 6.76 263.7 4.01E-03 1.79E-05 8.37E-01 4.89E-03 1.00E-08 A 0.00001 A

CH 1.5V 5.89 354.5 4.93E-04 1.81E-05 8.19E-01 1.93E-03 1.00E-08 A 0.00001 A

R1 R8 W9 Yo10 a11 Goodness of Fit π
ohm ohm S*s^(1/2) S*s^a  Chi^2 DC Value DC Units AC Value AC Units

OCV 9.79 525.7 7.91E-05 1.19E-05 8.65E-01 4.56E-03 1.00E-08 A 0.00001 A

DIS 0.7V 6.378 712.3 3.42E-04 8.65E-06 8.78E-01 3.69E-03 1.00E-08 A 0.00001 A

DIS 0.01V 32.23 516.8 2.20E-03 3.87E-05 7.48E-01 9.74E-04 1.00E-08 A 0.00001 A

CH 0.8V 17.94 202 1.30E-03 9.76E-06 8.69E-01 1.16E-02 1.00E-08 A 0.00001 A

CH 1.5V 11.47 215.7 3.27E-04 7.84E-06 8.78E-01 1.59E-03 1.00E-08 A 0.00001 A



214 

 

Sb 

 

 

Figure S4.7: Nyquist plot of the EIS data from SnSb, Sn, and Sb at 0.7 V vs Li/Li+ during lithiation 

and 0.8 V vs Li/Li+ during delithiation, where Li3Sb and Sn is present. 

R1 R8 W9 Yo10 a11 Goodness of Fit π
ohm ohm S*s^(1/2) S*s^a  Chi^2 DC Value DC Units AC Value AC Units

OCV 19.57 139.5 3.21E-04 5.95E-06 9.26E-01 1.44E-02 1.00E-08 A 0.00001 A

DIS 0.7V 8.741 184.6 1.46E-03 1.06E-05 8.85E-01 2.49E-02 1.00E-08 A 0.00001 A

DIS 0.01V 14.12 193.4 8.31E-04 1.15E-05 8.71E-01 1.40E-02 1.00E-08 A 0.00001 A

CH 0.8V 7.498 193 1.30E-03 1.11E-05 8.78E-01 2.72E-02 1.00E-08 A 0.00001 A

CH 1.5V 7.621 160.5 3.97E-04 7.49E-06 9.04E-01 2.81E-02 1.00E-08 A 0.00001 A
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Figure S4.8: Nyquist plot of the EIS data from SnSb, Sn, and Sb at the fully lithiated state (0.01 V 

vs Li/Li+). 

 

 

Figure S4.9: XRD patterns (left) of the in situ cell, in situ cell including cell parts excluding the 

SnSb electrode, and the full in situ cell at pristine state prior to cycling. The XRD patterns help 
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verify diffraction peaks related to the in situ electrochemical cell, verifies the peaks related to Cu 

and Na, and peaks present for SnSb. The (*) are extra peaks that were formed after exposure of 

Cu/Na/Separator and electrolyte to air while removing SnSb from the cell prior to the XRD run. 

The in situ cell setup is shown (right) to explain the expected presence of Na and Cu in the XRD 

pattern. 

 

Figure S4.10: Ex situ XRD patterns of the SnSb electrode prior to cycling and after sodiation and 

desodiation in the in situ electrochemical cell (setup described in figure S4.9). 
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10.4 CHAPTER 5 – UNDERSTANDING THE ELECTRODEPOSITION OF Sn-Sb THROUGH 

AQUEOUS SOLUTION FOR HIGH MASS LOADING LITHIUM-ION ANODES  

10.4.1 Initial pulse-rest depositions (based off of pre-pulse rest potential) 

 Initial depositions through aqueous solutions were performed near pH of 7 due to the 

preliminary electrodepositions suggesting a decrease in the presence of crystalline Sn in this 

region. Pulsing sequences were required as shorter pulses allows for better control of nucleation 

and growth, increasing adion on the surface that results in more nucleation sites rather than 

continuous growth from limited sites of nucleation seen during constant deposition. Shortening of 

deposition pulses maximizes concentration of adion on surface, while resting time allows for 

replenishing of adion used during previous pulse.  

Constant current deposition pulses were initially performed, as it allows for control of 

thickness and mass of the active material if rate of deposition can be obtained. However, constant 

current depositions did not allow for the deposition to reach great enough negative reducing 

potential, leading to Sb-rich depositions that fall short of Sn deposition and led to the formation of 

Cu2Sb. XRD of constant current pulse deposition films resulted in Sb with minor impurities of 

Cu2Sb and Sn-Sb. 
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Chronoamperometric electrodepositions were performed to allow for more consistent co-

deposition of Sn and Sb, as more negative potentials than seen in chronopotentiometry can be 

obtained. Initial chronoamperometry pulse-rest sequences allowed for pulses at desired negative 

potential, and rest based on open circuit potential of the solution prior to deposition sequence 

(labeled OCV).  When using the pulsing sequence of -0.7 V vs Ag wire for 20s, then OCV 30s for 

180 times, XRD presented the presence of a Sb-rich film containing crystalline Sb, and some form 

of Sn-Sb. Altering to a shorter pulse time for each step to a -0.7V vs Ag wire for 10s, then OCV 

30s sequence for 180 times resulted in the appearance of crystalline SnSb with Sb. Reverting to 

higher pulse time, but less times repeating the cycles (-0.7V 20s, CCV 30s for 90 times) resulted 

in reverting back to a crystalline Sb sample. This set of experiments suggests the longer pulsing 

sequence leads to deposition beyond the depletion of adions on the surface of the working 

substrate. As the surface adions is depleted, electrodeposition onto the surface of the working 

electrode would then be dependent on the rate of the individual ions in the solution and their ability 

to reach the electrode surface. Due to a hypothesis of the higher rate of Sb diffusion from the bulk 
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of the solution due to XRD results, deposition of Sb-rich products is found. When pulses were 

shortened to 10s, crystalline SnSb was present in the product due to the pulse being within a rate 

at which does not fully deplete all adions near the surface of the electrode.   

 

The pulse-OCV sequence was also tested to observe the effect of the resting time on the 

resulting product of the deposition. Based on three different sequences due to varying amount of 

time given prior to the next pulse, XRD patterns of the depositions suggests longer rest lead to 

more even deposition, and less Sb. Longer rest allows for adions near the surface of the electrode 

to replenish, leading to more even deposition, as verified by the diffraction patterns. Due to less 

time allowed to replenish Sn and Sb ions present near the surface, sequences with less rest 

resulted in the reliance on the diffusion of the individual ions from the bulk to the surface of the 

electrode. Again, this lack of balance between the amount of time for pulse and rest results in 

uneven deposition of the ions present, resulting in the presence of Sb when sequence allows for 

less rest. 
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10.4.2 Why pouch cells were used instead of coin cells? 

Initial electrochemical tests were intended to be performed in coin cells. However, initial 

galvanostatic cycling resulted in cells that quickly failed. The initial cycles saw a continuous dip in 

capacity with each successive cycle, and cells lose most of its capacity after 3 cycles. The 

differential capacity plot showed expected electrochemistry, which verified SnSb electrodes 

undergo the expected Sn and Sb lithiation events. However, once disassembled, the cell was 

found to have used up all of its electrolye, showing it’s the coin cells’ limitation to provide sufficient 

amounts of electrolyte to lithiate/delithiate the high surface area electrodes. 
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10.4.3 Why choose pH 7.4 vs pH 7.25 with constant stir? 

Solution at pH 7.4 as opposed to a slightly lower pH of 7.25 was prepared for the 

production of SnSb due the resulting product being closest to 1:1 Sn:Sb. The following results 

describes the products through pulse deposition with constant stir was performed in the different 

pH Sn-Sb solution. Through utilizing a pH 7.27 solution, the XRD pattern of the electrodeposited 

product results in crystalline SnSb and Sn. SEM images of the surface of this product observes 

nodular and less crystalline growth at certain regions of the electrode surface. EDS of this surface 

results in a 3:2 Sn:Sb ratio, which suggests a more Sn rich environment at this region when 

compared to the 5:4 Sn:Sb ratio found at pH 7.4. 
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10.4.4 Effect of reference used on CV and electrodeposition 

Experiments were performed to test the effect of the reference used and how it affects the 

products found on the electrodeposited film. The following depositions were performed using a 

50mM SbCl3, 50mM SnCl2·2H2O, 176mM sodium citrate, 400mM citric acid solution tuned to pH 

7.4 using KOH. Deposition potential of the products shown was determined based on the highest 

reductive current peaks present in the CV’s prior to the deposition. Depositions were performed 

a -0.7 V vs reference for 10s, rest for 30s for 200 cycles. Depositions mentioned in this paper 

were based off of using the Ag wire submerged directly into the solution. What was discovered 

through these experiments is that the CV reference potential was slightly shifted after depositions 

when using Ag wire submerged directly into the deposition solution. While the references with the 

Ag wire placed in a glass cell is very consistent (0.17 vs SCE) with what is shown with SCE, 

depositions using these reference electrodes were still inconsistent in targeting the 1:1 Sn:Sb. 

Electrodeposition were performed on and between the reduction peaks present, and still showed 

less consistent production of the 1:1 Sn:Sb product on foams. Due to the higher likelihood of 

forming between 5:4 to 1:1 Sn:Sb products, electrodeposition was continued by using the Ag wire 

submerged directly into the solution. What stayed consistent with all three reference electrode 

used are the redox events present throughout depositions. After every deposition, the potential of 

the reduction peaks not only shifted, but the number of reduction peaks differed (where this 

differing of reduction peaks were consistent with all reference). We hypothesize this change with 

reduction peaks may be due to drastic changes with the deposition solutions, where the huge 

change/depletion in ion concentration greatly affects the redox seen. 
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10.4.5 Thin Film depositions in Sn-Sb aqueous solution 

Experiments were performed using a 50mM SbCl3, 50mM SnCl2·2H2O, 176mM sodium 

citrate, 400mM citric acid solution tuned to pH 7.4 using KOH. These sets of experiment were 

originally tested to identify the ideal deposition potential for the depositions on Ni foam. Presented 

below is the CV prior and after deposition from the solution. Unlike CV of the solution during 

deposition onto Ni foam, the CV obtained from the solution does not change with 300 seconds of 

constant potential depositions, showing the drastic change in solution with the foam deposition. 

The CV remains the same when comparing prior to depositions to after 6 depositions. Depositions 

were performed between the range of -0.95 V vs SCE and -1.3 V vs SCE, to identify the ideal 

conditions for the thin film depositions around the reduction peaks present. At -0.95 V, a very 

broad set of peaks were present showing the onset to the formation of SnSb, but minor broad Sb 

peaks are also present at 40º and 42º 2Ɵ. From -0.95 V to -1.2 V vs SCE, pure crystalline SnSb 

was found present. At -1.3 V, Sb, again, is found present in the deposition in concurrent to the 
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formation of SnSb. Due to these results, the ideal range to for deposition of pure crystalline thin 

SnSb films is believe to be between -0.95 V and -1.2 V vs SCE, with the most crystalline films at 

-1.05 V. 
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10.4.6 CV vs Sn aqueous and Sb aqueous compared to SnSb aqueous  

Experiments were performed comparing the CV of the Sn-Sb solution, prior to depositions, 

to solutions containing only Sn and only Sb in separate solutions.  The solutions containing the 

individual Sn and Sb species contained only one reduction event coupled with an oxidation event. 

The reduction event presented in the Sn solution occurs at -1.075 V vs SCE, with the oxidation 

occurring at -0.235 V. For the Sb solution, the reduction event is present at -1.02 V, with matching 

oxidation peak at -0.23 V. These redox events in the individual solutions do not match perfectly 

with the reduction peaks presented in the Sn-Sb solution. In the Sn-Sb solution, the CV presented 

two reduction peaks present at 0.995 V vs SCE and 1.11 V. While the less negative reduction 

peak in the Sn-Sb solution may match the peak in the individual Sn solution, the more negative 

reduction peak does not match (-1.11 V vs -1.02 V, respectively) with the individual Sb solution. 
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10.5 CHAPTER 6 – DEVELOPMENT OF A 3D ARCHITECTURAL DESIGN FOR HIGHER 
STABILITY ANODE –INVESTIGATION INTO THE ELECTROPOLYMERIZATION OF A 
POROUS POLYANILINE (PANi) AS A CONDUCTIVE AND MECHANICALLY STABLE 
BACKBONE 

The following are SEM images not presented in the main text that may help reveal the conclusions 

we made throughout this article.  

Additional samples altering the concentration of H2SO4 and aniline in the polymerization solution:  

 
0.05M H2SO4, 0.5M aniline 50mA for 1800s on Ni. (1:20 H+:Aniline) 

 
0.05M H2SO4, 0.5M aniline 50mA for 1800s on SnSb coated Ni foam. (1:20 H+:Aniline) 
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0.05M  H2SO4, 0.5M aniline 100mA for 3600s then 150mA for 3600s on SnSb coated Ni foam. 
(1:20 H+:Aniline) 

 
0.05M H2SO4 0.2M aniline solution polymerization sequence of 150mA for 5s, then 20 seconds 
of rest repeated for 1440 cycles on SnSb coated Ni foam. (1:8 H+:Aniline) 

 
0.5M H2SO4 0.5M aniline solution polymerization sequence 0.8V for 5 seconds, rest for 15 
seconds repeated for 120 cycles on SnSb coated Ni foam. (1:2 H+:Aniline) 
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0.5M H2SO4 0.5M aniline solution polymerization sequence 0.8V for 5 seconds, rest for 15 
seconds repeated for 180 cycles on SnSb coated Ni foam. (1:2 H+:Aniline) 

 

Additional experiments performed in varying degree of light 

 
0.2M H2SO4 0.2M aniline solution polymerization sequence 0.8V for 5 seconds, rest for 15 
seconds repeated for 150 cycles on SnSb coated Ni foam with indirect light. (1:2 H+:Aniline) 

 
0.2M H2SO4 0.2M aniline solution polymerization sequence 0.8V for 5 seconds, rest for 15 
seconds repeated for 180 cycles on SnSb coated Ni foam with indirect light. (1:2 H+:Aniline) 
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0.2M H2SO4 0.2M aniline solution polymerization sequence 0.8V for 5 seconds, rest for 15 
seconds repeated for 150 cycles on SnSb coated Ni foam directly in light. (1:2 H+:Aniline) 

 
0.2M H2SO4 0.2M aniline solution polymerization sequence 0.8V for 5 seconds, rest for 15 
seconds repeated for 100 cycles on SnSb coated Ni foam directly in light. (1:2 H+:Aniline) 

 
0.2M H2SO4 0.2M aniline solution polymerization sequence 0.8V for 5 seconds, rest for 15 
seconds repeated for 220 cycles on SnSb coated Ni foam directly in light. (1:2 H+:Aniline) 
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10.6 Additional Supporting Experiments 

 
Figure S7.1: Coulombic efficiency versus cycle number of the different composite electrodes that 
were galvanostatically cycled. This zoomed in version shows the key differences in coulombic 
efficiency within the 98 to 100% range. 

 


