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Abstract

Sb/C composite anode for sodium-ion batteries

Yonas Tesfamhret

Herein, a Sb/C composite electrode for sodium-ion batteries is
prepared by a simple high energy ball milling and calendering
method. The prepared Sb/C composite electrode was assembled in a
half-cell and symmetrical cell setups in order to perform a
variety of electrochemical measurements.

The composite electrode showed a reversible specific capacity of
595 mAh/g, at a discharge/charge current rate of 15 mA/g. The
electrode also showed a relatively good performance (compared to
previous studies) of 95% capacity retention after more than 100
cycles, at a higher discharge/charge current rate of 60 mA/g. The
electrode furthermore showed excellent self-discharge
characteristics, in pause tests implemented over 200 hours (over
eight days), which underlined the electrode materials good shelf
life properties. A series of Sb/C symmetrical cells assembled
through-out the project, furthermore, highlighted the stability of
the solid electrolyte interface (SEI) layer formed on the Sb/C
composite electrode during cycling. Scanning electron microscopy
(SEM) and Energy-dispersive X-ray spectroscopy (EDS) were used to
characterize the surface morphology and composition of the Sb/C
electrode, respectively.

A non-milled and milled (12 hours) graphite electrodes were also
prepared for reference and comparison. The milled graphite matrix
electrode provided a reversible capacity of 95 mAhg-1 and a
coulombic efficiency (CE) of 99% in over 250 cycles, at a current
rate of 30 mA/g. Milled and non-milled graphite were characterized
with SEM and Raman spectroscopy, to help have a fundamental
understanding of the particle size and material phase, 
respectively.
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Populärvetenskaplig sammanfattning 

Signifikansen av att ersätta fossila energikällor med förnybara och gröna energikällor är väl 

motiverad och förstådd. Majoriteten av förnybara energikällor måste dock åtföljas av olika 

typer av energilagringstekniker. Batterier ligger på fronten av dessa tekniker. 

Litiumjonbatterier (LIBs) har dominerat batterimarknaden i de senaste tre decennierna. LIBs 

erbjuder vanligtvis högre energi och effekt jämfört med andra batterisystem. Expansionen av 

batterimarknaden kommer dock definitivt att öka efterfrågan på litiumkemikalier och 

prekursorer, vilket i sin tur kommer att öka priset på litium i framtiden. Natrium är den näst 

lättaste alkalimetallen efter litium och har liknande egenskaper. Natrium utgör 2,6 % av 

jordskorpan, vilket innebär att tillgången i stor sett är obegränsad och billigare, jämfört med 

litium. Således kan natriumjonbatterier (NIBs), om prestandan förbättras, ha en möjlighet att 

konkurrera med de mer etablerade LIBs.  

I det här arbetet framställs en Sb/C kompositelektrod för NIBs med en enkel hög kulkvarns- 

och kalandreringsmetod. Kommersiella råvaror används för att hålla kostnaden av råvarorna 

samt elektrodberedningsprocessen låga. Den framställda Sb/C-kompositelektroden 

monterades i en halvcells- och symmetriskcellsuppsättning för att utföra en mängd olika 

elektrokemiska karakteriseringar. 

Kompositelektroden visade en reversibel specifik kapacitet på 595 mAh/g vid en urladdnings-

/laddningsströmhastighet av 15 mA/g. Elektroden visade också en bra prestanda av 95% 

kapacitetsretention efter mer än 100 cykler, vid en högre urladdnings-

/laddningsströmhastighet av 60 mA/g. Elektroden visade dessutom utmärkta 

hållbarhetsegenskaper vid paustester som genomfördes i över 600 timmar (över 25 dagar). En 

serie Sb/C-symmetriska celler sammansattes och karakteriserades under projektet, samt vidare 

framhävde stabiliteten hos SEI (”solid electrolyte interface”) skiktet som bildas på Sb/C-

kompositelektroden under cykling. Stabiliteten hos SEI är en indikation på hur hållbart 

batteriet är. Elektronmikroskopi (SEM) och Energy-dispersiv röntgenspektroskopi (EDS) 

användes för att karakterisera morfologin och sammansättningen av Sb/C-elektroden. 

Icke-malda och malda (12 timmar) grafitelektroder framställdes och karakteriserades också 

för referens och jämförelse. Den malda grafitmatriselektroden gav en reversibel kapacitet av 

95 mAh/g i över 250 cykler, med en strömhastighet av 30 mA/g. Mald och icke-mald grafit 

karakteriserades med SEM- och Raman-spektroskopi, för att ha en grundläggande förståelse 

av partikelstorlek respektive materialfas. 

En bra elektrokemisk prestanda hos Sb/C-anoden har erhållits genom en mycket enkel och 

kostnadseffektiv framställningsprocess, jämfört med andra processer som tillhandahållits i 

tidigare studier. Det måste dock nämnas att alla karakteriseringar var gjorda i laboratorieskala, 

och en noggrannare undersökning samt mer optimering behöver göras för att 

anodkomponenten ska bli kommersiell tillgänglig. De resultat som uppnåtts i detta projekt 

däremot kan tillämpas på andra liknande batterisystem. 
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I  Electrochemistry terms and abbreviations 

“Working ion” Charge carrier in an electrochemical cell. 

Anode Negative electrode of an electrochemical cell associated with oxidative 

chemical reactions that release electrons into the external circuit, on 

discharge. 

Cathode Positive electrode of an electrochemical cell associated with reductive 

chemical reactions that gain electrons from the external circuit, on 

discharge. 

Electrolyte A medium that allows ion transport between the two electrodes. 

Separator A component, permeable to the electrolyte, placed between the two 

electrodes to avoid electrical shorting. 

Binder Added in electrodes to offer a certain mechanical integrity. 

Loading Amount of electrode active material coated on a conductive substrate, 

often expressed in mg/cm2. 

Oxidation When an atom or a compound loses one or more electrons, resulting in 

higher oxidation state. 

Reduction When an atom or a compound gains one or more electrons, resulting in a 

lower oxidation state 

Redox potential Measure of the affinity of a substance for electrons, expressed in volts. 

A potential of which redox reactions occur. 

Polarization Obstacles to electronic and ionic current flow within the electrochemical 

cell. 

Gravimetric capacity The energy content of an electrochemical cell, expressed in ampere 

hours per unit mass. 

Volumetric capacity The energy content of an electrochemical cell, expressed in ampere 

hours per unit volume. 

Power Rate of which energy can be transferred, expressed in Watts. 

Symmetrical cell An electrochemical cell containing same electrodes as an anode and a 

cathode. 

Sodiation Transport of Na-ions into an electrode. 

Desodiation Transport of Na-ions out of an electrode 

Cycle A discharge and charge of an electrochemical cell. 

Capacity fade A capacity decrease of an electrochemical cell with increasing cycles. 

Columbic efficiency Ratio of discharge capacity to charge capacity. 

Capacity retention Capacity retained over certain number of cycles. 

Reversible capacity The discharge capacity that can be recovered on charging the cell. 

Irreversible capacity Capacity lost between cycles, due to e.g. parasitic reactions. 
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Over-potential Potential difference between a thermodynamically determined voltage 

and the actual voltage under operating conditions. 

Self-discharge Loss of capacity in an electrochemical cell due to internal chemical 

reactions, in open circuit conditions. 

Shelf life The time of which an electrochemical cell can be stored and still retain 

its performance. 

Na-ion Sodium-ion 

Li-ion Lithium-ion 

NIBs Sodium ion batteries 

LIBs Lithium ion batteries 

S.H.E Standard hydrogen electrode 

OCV Open circuit voltage 

TMOs Layered transition metal oxides 

SEI Solid electrolyte interface 

CV Cyclic voltammetry 

SCap Specific capacity 

CE Columbic efficiency 

SEM Scanning electron microscope 

SE Secondary electrons 

BSE Back scattered electrodes 

BSD Backscattered electron detector 

EDS Energy-dispersive X-ray spectroscopy 

PVDf Polyvinylidene fluoride 

CMC  Carboxymethyl cellulose 

Na-Alg Sodium alginate  

PAA Polyacrylic acid 

PC Propylene carbonate 

EC Ethylene carbonate 

BC Butylene carbonate 

DEC Diethyl carbonate 

DMC Dimethyl carbonate 

FEC Fluoroethylene carbonate 

CB Carbon black 

NMP N-Methyl-2-pyrrolidone 
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1 Introduction 

1.1 Energy storage 

Energy storage is an integral piece in the venture of solving the climate change and air 

pollution puzzle.  Solar, wind, wave and tidal power as alternatives to conventional fossil fuel 

based energy sources happen to all suffer from intermittency [1]. To solve the intermittency 

issue, renewable energy sources should be combined with energy storage technologies, such 

as batteries. Even reliable energy sources such as hydropower yearn for more compact grids 

as opposed to large scale and geographically demanding reservoirs, to store the harvested 

energy. The emergence of battery based electric vehicles in place of combustion engines is 

also a rapidly increasing market. Furthermore, the ever-growing digital era that we as human 

beings are accustomed to requires energy storage technologies of different scales and 

properties to maintain and accelerate this growth. Energy storage technologies in general and 

batteries in particular, play a well-defined and an increasing role in achieving the mentioned 

technologies. However, battery technology requires a more economically sustainable, 

naturally abundant and energy efficient materials. 

 

1.2 Electrochemical cells 

Conventional batteries (electrochemical cells) are generally composed of two electrodes that 

are coupled by an ionically conductive electrolyte system.  Electrons flow from one electrode 

to another, when the electrodes are connected through an external circuit. This is because of 

the difference in electrochemical potential between the two electrodes (anode and cathode) in 

the cell. Reactions at the negative electrode occur at lower electrode potentials than at the 

positive electrode cathode. Electrons flow from the more negative (anode) to the more 

positive (cathode) electrode during discharge, prompting the ions to flow through the 

electrolyte in the same direction for charge compensation. Therefore, electrical energy can be 

tapped and gathered from the external circuit. When a certain voltage is applied in the 

opposite direction, the electronic and ionic component of the process is reversed, recharging 

the electrochemical cell. In case of solid electrodes separated by a liquid electrolyte, an 

additional electrolyte-permeable component called a separator is necessary to have between 

the two electrodes. The separator prevents the electrical contact between the electrodes and, at 

the same time allows the diffusion of the “working-ions” from cathode to anode during 

charging and the reverse during discharging. Current collectors in contact with both electrodes 

lead electronic current of the large-area electrodes to/from posts that connect to the external 

circuit. A typical electrochemical cell is illustrated in Figure 1, where the “working-ions” are 

sodium-ions. A typical electrochemical cell experiences a so-called polarization, which 

contributes to reducing the performance of the cell. Three distinct types of polarization can 

occur. First is activation polarization, which is related to the electrode kinetics. Activation 

polarization occurs due to the redox (or charge-transfer) reactions taking place at the 

electrode/electrolyte interfaces of anode and cathode. Energy is lost to spark the reactions. A 

second type of polarization is ohmic polarization, which is related to the ionic flow in the 
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electrolyte and electronic conductivity in the electrodes. This polarization results from the 

pure resistance of which the “working-ions” face when flowing, and other resistance elements 

along the current path. The final type of polarization is concentration polarization, where 

polarization results from changes in the electrolyte concentration due to the passage of current 

through the electrode/electrolyte interface, thereby creating insufficient flow of reactants and 

products to and away from the reactive sites. 

 

Figure 1.  An intercalation/deintercalation type Na-ion battery. Illustration of ion movement 

during charge and discharge. (Adapted from Komaba et al. [2]). 

 

1.3 Lithium-ion batteries, LIBs 

Since the commercial introduction of lithium-ion based batteries in 1990s, LIBs have 

dominated the portable electronics, power tools, electric vehicles market and are tipped to 

become commonplace for industrial, transportation, and power-storage applications. LIBs 

have been the go-to candidates owing to their high gravimetric and volumetric energy, long-

term stability, high-energy density and relative safety compared to other battery chemistries. 

Although the term LIBs refers to an entire family of lithium-ion based battery chemistries, Li-

ions (in a typical cell) move from the anode to the cathode during discharge and are 

intercalated into (inserted into voids in the crystallographic structure of) the cathode. The ions 

reverse direction during charge. LIB technology is based on an extensively researched and 

developed chemistry, that has resulted in diverse range of electrode materials for both positive 

(LiCoO2, LiMn2O4, LiFePO4) and negative electrodes (C, Sn, Si, etc.) [3]. 

While lithium-ion battery technology is quite mature, there remain questions regarding battery 

safety, lifetime, poor low-temperature performance, and cost. Furthermore, as the use of large 

format lithium batteries becomes widespread, increasing demand for Li commodity chemicals 

combined with geographically- and politically-constrained Li mineral reserves will drive up 

the prices of lithium precursors. As if of 2015 more than one third of the lithium produced in 

the world is consumed by the battery market [3]. Heavy time and capital investment may be 

involved in relying on just LIBs for future scaling up plans. Diversifying the focus of battery 
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research into other materials than lithium could help mitigate both the scaling and cost 

hurdles. 

 

1.4 Sodium-ion batteries, NIBs 

Sodium (Na) is the second lightest and smallest alkali metal next to lithium and has a similar 

chemistry. Thus, Na-ion batteries (NIBs) can provide alternatives to LIBs. The fundamental 

differences between a Na-ion and a Li-ion is the ion size (Na-ion has 0.3Å larger ionic radius 

than Li-ion) and ion mass (Na-ion is three times heavier than Li-ion) [4]. Therefore, factors 

such as the size of crystallographic voids and channels for reversible intercalation of the 

larger Na-ion must be considered in intercalation systems. However, the weight of the 

cyclable ‘working ions’ in an electrochemical cell compared to other battery components is so 

minuscule, that the mass difference during interchange between Na-ion and Li-ion costs very 

little energy [4]. Sodium (-2.71V vs S.H.E.) is less reducing than lithium (–3.04 V vs S.H.E.), 

see Table 1. Hence, NIBs generally show lower energy densities and operating voltages than 

their LIBs counterparts. This is also mirrored in the lower gravimetric capacity of 1165 

mAh/g of sodium compared to 3829 mAh/g of lithium [4]. Unlike lithium, sodium does not 

alloy with aluminum [5]. This enables the lighter and cheaper aluminum to be used instead of 

the heavier and pricier copper, as the anode current collector. Sodium is the sixth most 

abundant element and comprises about 2.6% of the earth’s crust. The supply of sodium is, 

hence, unlimited. NIBs, if improved performance-wise, therefore have the prospect of 

competing with LIBs. If not on all fronts, then in specific applications such as large scale 

energy storage grids.  

Table 1. Difference between sodium and lithium. 

 

  

 Sodium Lithium 

Voltage vs S.H.E -2.71 V -3.04 V 

Specific capacity 1165 mAh/g 3829 mAh/g 

Melting point 97.7 ºC 180.5 ºC 

Ionic radius 0.98 Å 0.69 Å  
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Early research and commercial development of Na metal-based electrochemical energy 

storage systems was focused on high-temperature Na/S and Na/NiCl2 (ZEBRA battery) 

systems, for load-leveling applications [4]. The systems operate at elevated temperatures of 

about 300-350°C. The elevated temperatures maintain the sodium metal in a liquid state. 

Electrolytes of ceramic nature, usually β “-alumina, is used in these systems. The systems 

offer high-energy densities and long cycle life, but simultaneously lack significant power 

density, in addition to the main drawback of safety issue (due to the operation on elevated 

temperatures). This evidently drives up costs and highlights the disadvantage in comparison 

with other electrochemical systems. This demands a better material and structural engineering 

in order to achieve long term sustainability. Developing a room temperature sodium based 

electrochemical storage systems has thus become the focus of majority research regarding 

sodium batteries. Ambient temperature NIBs would generally offer better safety and also 

structural and operational simplicity compared to elevated temperature Na batteries [6]. 

For sodium electrochemical systems, several challenges should be overcome so that 

commercial competitiveness can be a reality. The challenges are finding electrode and 

electrolyte materials that are of high performance, safe, environmentally benign, long-life and 

low cost (including synthesis simplicity). 

 

1.5 Antimony  

 

Figure 2. Antimony powder [7]. 

Pure antimony can exist in either metallic form, which is silvery, hard and brittle, or a non-

metallic form, which is a grey powder (Figure 3). Density of antimony is 6.684 g/cm3 (table 

3). Antimony is a poor conductor of heat and electricity; the main reason why pure Sb is a 

poor choice as an electrode material. Sb can be found in nature in the form of ores stibnite 

(Sb2S3) and valentinite (Sb2O3). Antimony makes 0.00002% of the earth's crust. 

Exposure to high concentrations of antimony (about 9 mg/m3 of air) for a longer period of 

time can cause irritation of the eyes, skin and lungs [8]. There is very little research on to 

what specific health issues could result as exposure continues. However, health effects such as 

lung diseases and heart problems are believed to be probable consequences. There is no 

known correlation between antimony exposure and cancer or reproductive failure [9]. 
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Applications of pure Sb include as semiconductor components such as diodes [10]. Sb is often 

alloyed with Pb, to increase Pb´s durability. Sb is also used as an additive to make flame-

proofing materials [10].  

Table 2. Physical properties of Sb. 

Atomic no. 51 Electronic shell [Kr] 4d10 5s25p3 

Atomic mass 121.75 g mol-1 Standard potential 0.21 V (Sb3+/ Sb) 

Density 6.684 g cm-3 Ionic radius 0.245 (-3) nm 

Melting point 631 ºC Ionic radius 0.062 (+5) nm 

Electronegativity 1.9 Ionic radius 0.076 (+3) nm 

 

1.6 Aim of the project 

The aim of this project is to synthesize Sb/C composite anodes by a simple high energy ball 

milling method and to coat the synthesized material on a conductive substrate using simple 

calendering process. Commercial graphite and antimony are used as raw materials, which 

keeps the cost of raw materials and the synthesis method much lower than other studies on 

similar materials [6], [11]–[14]. 

The anode is electrochemically characterized by cyclic voltammetry and galvanostatic 

measurements to better understand the general cell performance and SEI layer formation, in a 

half-cell as well as symmetrical cell setup. Additional characterization methods such as 

Scanning electron microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS) and 

Raman spectroscopy are used to understand the morphology and composition of the anode 

material. 

 

2 Background 

2.1 Cathode materials 

Research focused on positive electrodes have seen a very productive and diverse 

development. Review articles by Wang et al.[17], Kim et al. and Slater et al. among others 

have compiled and presented various types of positive electrodes for NIBs with differing 

structural and performance properties [4], [15], [16]. 

2.1.1 Layered transition metal oxides (TMOs) 

Na-containing layered transition metal oxides (TMOs) are a type of positive electrodes that 

have experienced a good amount of improvement since their discovery, in 1980s. TMOs are 

characterized according to the stacking arrangement of the Na-ions between each interlayer. 

Each interlayer is made up of layers of transition metal (element with one or more 3d 
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electrons with multiple oxidation states) centered oxygen octahedral (MO6) structure [15]. 

The Na-ions can intercalate into the resulting vacancy sites. Na-containing layered transition 

metal oxides (TMOs) offer relatively high theoretical capacity, for instance a capacity of 

around 244 mAh/g for O3-NaMnO2 [16].  

2.1.2 Polyanionic compounds 

Polyanionic compounds have also been heavily researched on, because of the structural 

diversity and stability they can offer. The availability of varying polyanion species such as 

(PO4)
3−, (SO4)

2−, (SiO4)
4−, (P2O7)

4− and among others give a chance to discover and develop 

different open-framework crystal structures. Furthermore, the stable covalent bond between 

X-O (X=P, S, B etc.) contributes to creating a very stable crystal structure. However, having 

heavy polyanion groups in the crystal structure means that gravimetric capacity is generally 

low. Polyanionic compounds such as phosphate-, fluorophosphates-, pyrophosphate- and 

sulfate-based electrodes have recently been explored as potential positive electrodes. The best 

candidates being phosphate based materials such as olivine NaFePO4, NaVPO4F, 

Na3V2(PO4)2F3, Na2FePO4F and Na3V2(PO4)3 [3]. Olivine NaFePO4, which is the structural 

analogue of the robust and commercially recognized LiFePO4, offers a relatively high 

theoretical capacity of around 154 mAh/g [15]. 

2.1.3 Prussian blue and organic-based 

Interesting structures such as Prussian blue analogues (PBAs) have also been extensively 

researched on, owing to their large alkali-ion (Na-ion) channels and stable lattice, which 

promotes faster Na-ion de/intercalation [16]. The cost of raw material and synthesis is 

relatively low.  

Finally, Organic-based positive electrodes seem to be emerging as alternatives to 

conventional inorganic electrode materials. Organic-based electrodes generally have higher 

abundance, safety, environmental friendliness, which makes them viable candidates [15]. 

 

2.2 Anode materials 

NIBs have gained interest much more recently compared to the more established LIBs. 

Although the interest has been focused on positive electrodes, some reliable works have been 

done on negative electrodes (primarily on carbon-based ones). Some of the recently 

researched materials of the anode family of NIBs technology are presented in this section. 

Figure 2 displays different anode materials for NIBs according to their volumetric capacity as 

a function of gravimetric capacity. The anode composite studied in this project is mainly 

based on antimony (Sb), highlighted in the Figure 2.  
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Figure 3. Theoretical gravimetric and volumetric specific capacities of various anode materials 

for Na-ion batteries. (Adapted from Kim et al. [8]). 

2.2.1 Intercalation systems 

Graphite has been the anode material of choice for reversible Li-ion de/intercalation in LIBs, 

owing to its electrochemical stability accompanied by its low cost and environmental 

friendliness. Meanwhile, graphite has poor Na-ion insertion properties, attributed to 

thermodynamic restrictions [9]. Early works showed a very limited reversible capacity for 

graphite in NIBs of around 10 mAh/g. Jache et al. [17] showed that disordered carbon can 

provide reversible capacity of about 100 mAh/g. This was achieved using the formation of 

ternary graphite intercalation compounds (t-GCl), which can be described as intercalation of 

solvated Na-ions (“co-intercalation”) by reduction of graphite [17].  

Even though graphite as an anode for NIBs has not been successful enough, non-graphitic 

carbon materials such as hard carbon, have been shown to be viable candidates. Hard carbon 

can offer a reversible specific capacity of 300 mAh/g [18]. Ti-based oxide compounds as Na-

ion de/intercalation anode materials have also been subject to intensive research. Metal 

oxides, particularly Ti-based oxides are relatively low cost and environmentally friendly. 

Amorphous TiO2, rutile/anatase TiO2 composites and small LTO nanoparticles (<10 nm) have 

been shown to offer specific capacities of 196 mAh/g, 210 mAh/g and 165 mAh/g 

respectively, in a comparative study done by Wang et al. [15]. 

2.2.2 Alloy systems 

Alloy systems store Na by forming Na-Me (Me= Ge, Sn, P, As, Sb, and Bi and Sb). As 

opposed to Na-ion insertion/intercalation, alloying/dealloying reactions between the active 

material and the Na-ions promote the electrochemical energy storage process. Alloy systems 

generally offer much higher specific capacity compared to for example graphite. The use of 

Si, Ge, Sn, and Sb as anodes in LIBs is a well-studied area. Si and Sn, in particular, have had 

more interest in LIBs, owing to their higher specific capacities and lower redox potentials 

This Project 
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[15]. A lower redox potential of an anode material is desired to achieve higher energy 

densities of full electrochemical cells (i.e. higher potential difference between positive and 

negative electrode). 

An anode material with very low redox potential is, however, not very desirable in NIBs. As 

shown in Table 2, the redox potentials of Sn and Si are close to 0 V vs Na/Na+. This imposes 

a risk of sodium metal plating due to polarization for electrodes working close to 0V. 

Furthermore, researchers, to my knowledge, have yet to experimentally show Si as a viable 

negative electrode in NIBs, even though it is theoretically known that Si can alloy with Na to 

form a NaSi phase [15]. 

Sodium, much like lithium, can alloy with some elements such as Sn, Sb and Pb (to form 

intermetallic compounds). These alloy systems offer very high theoretical capacities, such as 

Na14Sn4 (847 mAh/g), Na3Sb (660 mAh/g) and Na15Pb4 (485 mAh/g) [5]. The negative 

electrodes store multiple Na-ions per single atom resulting in large reversible capacities. For 

instance, the binary Na–Sb alloys exist preferably in two stable NaSb and Na3Sb phases [6]:   

𝑆𝑏 (𝑟ℎ𝑜𝑚) + 𝑁𝑎+ +  𝑒−  →  𝑁𝑎𝑆𝑏 (𝑚𝑜𝑛𝑜)  eq.1 

2𝑁𝑎𝑆𝑏 (𝑚𝑜𝑛𝑜) + 4𝑁𝑎+ +  2𝑒−  →  2𝑁𝑎3𝑆𝑏 (ℎ𝑒𝑥)  eq.2 

The high gravimetric capacity of the alloy systems is accompanied by the cost of structural 

instability, where the systems would expand during alloying and contract during dealloying 

(ca. 400% volume change as can be observed on Table 2) [15]. This mechanism applies a 

physical strain on the structure and contributes to a fast capacity fading and overall battery 

structural instability with increasing cycles. This phenomenon is more pronounced in NIBs 

compared to LIBs, due to the larger ionic size of Na-ion compared to Li-ion (Table 1), 

resulting in higher volume expansion. Additional issues such as poor electron transport and 

thereby low power density as well as high irreversible capacity need to be addressed for those 

anode materials to be viable candidates in the ever-competitive commercial applications. 

Table 3. Electrochemical properties of some alloy systems [3]. 

 

Me 

Final sodiated 

state product, 

NaxMe 

Theoretical 

capacity 

(mAh/g) 

Volume expansion 

(NaxMe/Me ration) 

(vol .%) 

Average voltage 

(vs Na+/Na) (V) 

Sn Na3.75Sn 847 520 ≈0.2 

Sb Na3Sb 660 393 ≈0.6 

P Na3P 2596 408 ≈0.4 

Si NaSi 954 243 ≈0.5 

Ge NaGe 369 305 ≈0.3 
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2.3 Solid electrolyte interphase, SEI 

Typical electrolytes are not stable in the operating potentials of some electrodes, mainly 

anodes. This results in the decomposition of the electrolytes, due to the reaction between the 

electrode and electrolyte material. The product of the decomposition forms a layer on the 

surface of the anode, called a solid electrolyte interphase (SEI) layer. Once a stable SEI layer 

is formed, it acts as a barrier between the electrolyte and electrode. The electrolyte molecules 

are hindered from migrating to the electrode surface and thereby avoid continuous 

decomposition, since the SEI functions as a passivation layer. The loss of “working ions” 

(Na-ions) is, therefore, minimized during each cycle. This helps increase the battery life. SEI 

plays a key role in how Na-ions migrate from/into the anode/working electrode (ionic 

transport and alloying kinetics). A proper SEI layer should provide sufficient electronic 

insulation while permitting Na-ion (working ion) diffusion. The solubility of the SEI is also 

an important property, which determines how stable the cycling of the electrochemical cell 

will be. Furthermore, when dealing with electrodes such as Sb and Sn metalloids, there will 

be an inevitable volume change (as described in section 2.2.2). The SEI layer should 

preferably be flexible enough to cope with the volume change.   

Future research seem to focus on co-developing electrolytes with anode materials to facilitate 

a suitable SEI formation at the anode, thereby ensuring the electrochemical cells general 

stability and cycle-life.  

 

2.4 Sb/C composite anode 

As mentioned in section 2.4.3, metalloids such as Sb fail as anode materials due to their 

structural instability, where the materials would expand during alloying and contract during 

dealloying. This mechanism applies a physical strain on the structure and contributes to a fast 

and significant capacity fade and overall battery structural instability, with increasing number 

of cycles. Furthermore, as mentioned in section 1.5, the poor electrical conductivity of 

antimony makes this material a poor choice as an anode material in bulk. However, the 

introduction of carbon, which acts as a matrix by providing a conductive support and support 

for effective release of mechanical stress can make Sb a viable anode material [6]. 

However, Darwiche et al. have claimed that pure Sb can successfully be used as an anode 

material for NIBs by sustaining a capacity of around 600 mAh/g and maintaining a 

Coulombic efficiency (CE) of 99% over 160 cycles. They, however, added 15 wt. % 

conductive additive (likely to be a carbon derivative) to the Sb anode, which raises the 

concern of how much the conductive additive is contributing to the capacity and structure 

stability. 

Studies in the last five years have focused into incorporating several types of carbon 

structures with Sb, as well as implementing different synthesis pathways of the Sb/C 

composite anode material. 
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2.5 Previous studies  

There have been a few studies recently done on Sb based anode materials for NIBs. These 

studies differ on the elaborate anode synthesis procedures, as well as the types of cell 

components and additives that are implemented. To counteract the mechanical issue 

(expansion and contraction) of alloy systems in general and Sb in particular, focus has turned 

to either of two solutions. 

i. Decreasing the size of the Sb domain, and/or  

ii. Introducing carbon matrices to mitigate the potential mechanical strain.  

Qian et al. proposed a Sb/C composite anode that is synthesized by mechanical ball milling of 

commercial Sb powder with super P carbon black and the material offers a reversible specific 

capacity of 610 mAh/gsb. This anode has a relatively long cycling stability with 94% capacity 

retention of 100 cycles [6]. Zhu et al. proposed an anode prepared by an electrospinning 

method of Sb nanoparticles and carbon nanofibers, and reported 640 mAh/gsb reversible 

specific capacity, which is very close to the theoretical specific capacity of 660 mAh/gsb [13] 

(section 2.2.2). Li et al. also presented a freestanding anode based on Sb-C-graphene fibrous 

composite that exhibits a stable reversible capacity [11]. Zhao et al. have recently reported a 

preparation method of Sb/C composite nanocomposite based anode that is simple, cost-

effective and scalable [14]. It, in addition, offers an anode with excellent overall performance. 

The study showed a comparative characterization of Sb anodes containing expanded graphite 

(EG), high purity laminate graphite (J-SP-α) and hard carbon as matrices [14].  

 

2.6 Electrochemical measurements 

2.6.1 Half-cells 

The majority of the electrochemical measurements (with exception to some symmetrical cells, 

see section 3.4.2) were performed using so-called half-cells, as opposed to full-cells. Half-

cells are mostly assembled and tested on a laboratory scale. Sodium metal is used as the 

counter electrode (opposite electrode) to the prepared Sb/C composite electrode. Thus, the 

performance of the Sb/C composite electrode can be assessed in a straightforward way. Issues 

such as electrode balancing that would need to be considered in a full-cell and that can 

interfere with the overall performance are eliminated. Having a Na-metal as a counter 

electrode also means that there is an effectively unlimited supply of Na-ions. Therefore, the 

performance is unlikely to be limited by the lack of Na-ions in the system.  

2.6.2 Symmetrical cells 

Symmetrical cells assist in uncovering the cell behavior in only the limited potential range of 

the electrode contained in the symmetrical cell (Sb/C composite anode in this case) [19]. The 

symmetrical NIBs are assembled using two identical Sb/C composite electrodes. One Sb/C 

composite electrode is previously sodiated and the other one is desodiated/non-sodiated. This 

desodiated/non-sodiated state against sodiated state arrangement allows only a limited supply 
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of Na-ions to be shuttled/transferred between the electrodes. As opposed to the unlimited Na-

ion supply in the half-cells. Any side/parasitic reactions as well as products that would 

consume sodium during cycling would be limited to the Sb/C composite anode. Furthermore, 

possibility of Na-metal electrode reaction with the electrolyte is also eliminated [19]. Thus, 

information from symmetrical-cells can give a complementary and more specific performance 

information of the Sb/C composite electrode. 

2.6.3 Cyclic voltammetry (CV) and Galvanostatic measurements 

A variety of electrochemical measurements can be performed to characterize the performance 

of a battery. Two of the most popular, and of which are used in this project, are cyclic 

voltammetry (CV) and galvanostatic measurements. CV is when voltage, at a fixed rate, is 

swept between two voltage values. Figure 4 illustrates a typical CV scan of a Sb/C composite 

electrode (vs Na/Na+). As Figure 4 illustrates, voltage is decreased at a rate of 0.1 mV/s from 

2V to 0.02V. Voltage is subsequently increased at the same rate until 2V is reached again, 

completing a full cycle. This process is repeated several times for more cycles. The current 

between the two electrodes is recorded and plotted with potential, see figure 4. The positive 

current values (constant increasing voltage) indicate the desodiation of the Sb/C composite 

electrode and simultaneous plating of Na-ions on to the Na-metal. Desodiation of the Sb/C 

composite electrode alludes to the transport of Na-ions out of the Sb/C composite electrodes 

into the electrolyte. The opposite process occurs at negative current values (constant 

decreasing voltage). The Sb/C composite electrode is sodiated while Na-ions are stripped 

from the Na-metal electrode. The Sb/C composite electrode should be fully sodiated at 0.02V 

and fully desodiated at 2V. The several current peaks give information about the reactions 

occurring during the cycling. 

 

Figure 4. Typical CV scan of the Sb/C composite electrode in a half-cell, at a scan rate of 0.1 

mVs-1. Cycled between 0.02V and 2 V (vs Na/Na+). 

In a galvanostatic measurement, a fixed positive or negative current is applied, while the 

voltage is recorded. A typical galvanostatic profile of the Sb/C composite electrode is shown 

in Figure 5A, where the specific capacity per gram of electrode active material is plotted 

against voltage. The Sb/C composite is sodiated, at constant negative current, until 0.02V is 
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reached and desodiated (constant positive current) until 2V is reached. Plateaus can be 

observed at certain voltage values (for e.g. at 0.6V in Figure 5A). These discharge-charge 

plateaus indicate the redox reactions that are taking place, and can even be correlated with the 

peaks in CV measurements of the same cell setup (figure 4).  

 

Figure 5. A: Galvanostatic charge/discharge or desodiation/sodiation voltage profile of a typical 

Sb/C composite half-cell (Na/Na+), cycled between 0.02V-2V. B: Sodiation and desodiation 

values, as well as CE of the Sb/C composite half-cell (Na/Na+), cycled between 0.02V-2V.  

A ratio between desodiation and sodiation capacity of the battery is called Coulombic 

Efficiency (CE, eq.3). CE describes how efficiently charge is transferred in the 

electrochemical system facilitating an electrochemical reaction, and is a very important 

parameter (Figure 5B). CE is given in percentage, where 𝑄𝑑𝑒𝑠𝑜𝑑𝑖𝑎𝑡𝑖𝑜𝑛/𝑐ℎ𝑎𝑟𝑔𝑒 is the 

desodiation capacity and 𝑄𝑠𝑜𝑑𝑖𝑎𝑡𝑖𝑜𝑛/𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 is the sodiation capacity. 

𝐶𝐸 =
𝑄𝑑𝑒𝑠𝑜𝑑𝑖𝑎𝑡𝑖𝑜𝑛/𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑠𝑜𝑑𝑖𝑎𝑡𝑖𝑜𝑛/𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
∗ 100%    eq.3 

 

2.6.4 Pause test 

Mogensen et al. performed a comparative investigation on the SEI formation and 

functionality, as well as cell self-discharge behavior of carbonaceous anodes in sodium-ion 

and lithium-ion systems [20]. A cycling regime was designed and applied on the different ion 

systems cells, where 10 galvanostatic cycles (to form SEI and stabilize capacity) are followed 

by five pauses in a fully sodiated/lithiated state separated by five galvanostatic cycles each 

[20]. This helped to reveal information about the static stability of the SEI. The study proved 

that NIBs actually show a very profound loss rate in capacity compared to their LIBs 

counterparts, where the dissolution of the SEI components in NIBs was the main reason [20]. 

Similar cycling regime inspired by Mogensen et al. is applied on the Sb/C composite 

electrode. 

 

 

A B 
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2.7 Surface characterization 

2.7.1 SEM 

The scanning electron microscope (SEM) is a very commonly used surface characterization 

instrument. SEM provides a magnification degree of around 10X to 200000X. Electrons are 

generated by an electron gun and are then focused in electromagnetic lenses to a thin beam of 

which diameter can be down to about 10 Å [21]. Using magnetic deflection, the beam sweeps 

in a rectangular line pattern over the part of the sample that is characterized [21]. When the 

electron beam hits the sample area, an interaction between the sample and the incident 

electrons occurs. The sample surface in turn emits electrons, which can be detected by a 

detector. The image is generated on a monitor or a display screen. The number of electrons 

from each point of the sample controls the brightness of the corresponding point on the 

display screen. Thus, the more detection from a specific area, the brighter the area of the 

sample.  

When an incident electron in the energy range of 0.2-10 keV penetrates a sample, it undergoes 

series of collisions [21]. Two types of emitted electrons from the sample surface can be 

detected. Secondary electrons (SE) are generated when the incident electrons undergo 

inelastic collisions. In such case, the incident electron drops parts of its motion energy, and 

gradually brakes. These inelastic collisions release SEs, which are low energy, from the 

sample atoms. When an incident electron undergoes elastic collisions, however, so called 

back scattered electrons (BSE), which are of high energy, are emitted from the sample. 

The SE detector is usually used to image a sample surface, in a secondary mode SEM. In 

secondary mode, the electrostatic attraction from the detector's positive potential makes the 

detection of low energy secondary electrons from obscured surfaces and with different origins 

possible. This results in a good topographic contrast.  

The backscattered electron detector (BSD) is used in back scattered mode. In back scattered 

mode only electrons with paths within the detector's acquisition angle are detected. As 

mentioned above, the number of electrons from each point of the sample controls the 

brightness of the corresponding point on the display screen. This in turn means that local 

variations in atomic number would result in contrast. Heavier atoms or atoms with higher 

atomic number give higher emission of BSE. Thus, Sb (with atomic number 51, Table 3) 

would appear much brighter than carbon (with atomic number 6) in back scattered mode, 

resulting in an atomic number contrast. 

2.7.2 EDS 

Another strength of SEM is that it can provide an opportunity of analyzing a samples 

chemical composition. The most common way of analyzing a sample’s composition in SEM 

is EDS (Energy-dispersive X-ray spectroscopy) analysis. This reveals information about 

which elements are present in the sample, with lateral resolution of around 0.3-1µm and 

analysis depth of around 0.5-2µm [21]. Electromagnetic radiation (e.g. X-ray, visible light, 

UV and IR radiation) are also generated when the incident electrons of high energy undergo 
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collisions in the sample, where atoms in the sample would be ionized (excited state) and 

spontaneously relax. The excess energy, during relaxation, is simultaneously released in the 

period of relaxation as a X-ray photon. The emitted X-ray is then detected by the EDS 

detector with around 0.1–1 at% sensitivity (Detection limit). Upon irradiation with electrons, 

both characteristic and continuous X-rays are generated.  Characteristic X-rays are utilized to 

give information about the sample composition.  

There are several types of EDS analysis. However, only two types will be used in this project. 

One is mapping, which gives information about the propagation of elements on a chosen area 

of a sample. The second one is lines-scan, which gives a quantitative measurement on the 

propagation of chosen elements along a single line. However, it has to be mentioned that EDS 

is not to be fully trusted regarding quantitative analysis since the provided result heavily 

depends on other instrument setup parameters, such as incident electron acceleration. The 

sample is required to be plain, even and homogeneous together with additional corrections for 

the quantitative analysis to be exact. 

2.7.3 Raman spectroscopy 

Raman spectroscopy can provide information about the molecular vibrations in a sample, 

which then can be used for sample identification. Raman is a scattering technique where the 

intensity and frequency (energy) of a scattered laser beam are measured. A monochromatic 

light, laser, is shined on a sample and the scattered light from the sample is then detected with 

around 0.1–1 at% sensitivity (detection limit). Raman has lateral resolution of  >1µm and 

analysis depth of around 0.5-5µm (depending on the laser) [21]. Most of the scattered photons 

have the same energy as before the scattering. However, some photons either gain or lose 

energy, which causes the so-called Raman shift in the registered spectrum [21]. An energy 

loss of photon during scattering corresponds to an energy gain of a bond (vibration energy 

levels), or vice versa when the binding is already excited [21]. Raman spectroscopy is a useful 

surface analysis tool for examining carbon structures [22]. 

 

2.8 Cell components 

The choice and amount of cell components used in the experiments are explained in this 

section. 

2.8.1 Sodium metal 

Iermakova et al. did a study on the behavior of Na metal when used as an electrode [23]. The 

comparative study showed large overpotentials detected for Na||Na cells even at low current 

rates.  The study showed that the plating/stripping (reduction/oxidation) at the sodium 

electrode in half-cells had very low efficiency. This can partly be explained by the unstable 

SEI formed on the metal. This of course is not an issue regarding symmetrical cells, as Na-

metal is out of the picture. 
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2.8.2 Binder 

Binders are often incorporated in electrodes to offer a certain mechanical support [24]. Llave 

et al. examined the choice of binders effect on hard carbon electrodes performance in both 

LIBs and NIBs [18]. Binders such as PVDF, carboxymethyl cellulose (CMC), sodium 

alginate (Na-Alg) and sodium polyacrylate (Na-PAA) were tested. All binders showed similar 

performance in the initial cycles. However, as the cycles increased, the binders started to 

show apparent and drastic differences. PVDF and Na-PAA displayed drastic capacity fades at 

around the 10th and 70th cycle, respectively, [18]. CMC and Na-Alg, however, showed very 

stable performance for more than 250 cycles. Llave et al. stated that Na-Alg provides an 

overall better performance in over 300 cycles [18]. Furthermore, Xin Zhao et al. have shown 

that 10 wt.% Na-Alg can provide excellent performance in an Sb/C composite electrode [14]. 

Based on those previous studies, Na-Alg is the binder of choice in all anodes produced and 

experiments presented in this project.  

2.8.3 Electrolyte  

Sodium salts compared to lithium analogues are often less soluble in organic solvents. This 

limits the choice in type of electrolytes that can be implemented. Komaba et al. compared 

electrolyte solvents of propylene carbonate (PC), ethylene carbonate (EC) and butylene 

carbonate (BC) [2]. Binary electrolyte solvents based on EC and linear carbonate esters (such 

as EC:DEC, EC:EMC, EC:DMC all 1:1 vol.%) were additionally studied. All electrolyte 

comparisons were done on half-cells with hard carbon working electrodes [2]. Their results 

showed that PC as well as EC:DEC (1:1 vol.%) performed best with increasing cycles.  

Considering that Zhao et al. and Qian et al. showed that EC:DEC solvent performs well with 

Sb/C composite electrode, the same solvent was used in all experiments performed in this 

project [6], [14]. Furthermore, Llave et al and Zhao et al. showed that the use of 0.5 M and 1 

M NaPF6 salt provides reliable performance in similar electrochemical cell set up [14], [18]. 

With this reasoning, 1M NaPF6 in a EC:DEC 1:1 vol. % electrolyte system was used for 

experimental results in this project. 

2.8.4 Additives 

Fluoroethylene Carbonate (FEC) 

Fluoroethylene carbonate (FEC) is a very popular additive in NIBs, as it has been shown to 

improve the performance and increase the cycle life of half-cells. Komaba et al. provides a 

compelling evidence on how the use of FEC in a PC electrolyte solvent drastically increases 

the cycle life of a hard carbon electrode in a half-cell [2]. Moreover, Lu et al. also showed 

how crucial it is to have FEC additive to increase the cycle life of a Sb based electrode [25]. 

Zhao et al. showed that 5 vol.% FEC additive in the electrolyte delivers good performing 

Sb/C composite working electrode half-cell [14]. 

However, a recent study by Dugas et al. also provides an evidence of how FEC can actually 

contribute to an inefficiency in the sodium plating and stripping in half-cells, resulting in an 
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unpredictable capacity values [26].  The question of how the Sb/C composite electrode 

performs in the presence of the FEC additive as well as without the presence of FEC will be 

explored in this project. 

Carbon black 

Studies on similar types of anode have all used carbon black (CB) as an additive to enhance 

the conductivity and thereby efficiency of the electrode [11], [13], [14]. Therefore, CB will be 

used as a standard additive in all prepared electrodes, at a very small amount of 5 wt. %. 

 

3 Method and materials 

3.1 Slurry preparation 

3.1.1 Sb/C composite 

 

 

 

Figure 6. Simple illustration of the aqueous slurry preparation process. A: Sb/C composite 

slurry. B: milled graphite slurry. C: non-milled graphite slurry. 

A 

C 

B 
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The Sb/C composite slurry was made by a simple and cost effective method, see figure 6. Sb 

slurry composed of Sb (Strem chemicals, 99.8%): N-methyl-2-pyrrolidone (NMP, 99.9%) of 

1:2 wt. % was first prepared. A weight ratio of 1:4 ceramic balls to Sb slurry was placed in a 

milling jar (Figure 7) and high energy ball milled in a PM100 (Retsch) for 48 hours at 400 

rpm (with 2 min rest intervals every 5 min). 

The purpose of the initial ball milling procedure was to decrease the size of the antimony 

powder, thereby increasing the active surface. The collected Sb/NMP slurry was then washed 

with acetone. The process was carried out by first transferring the slurry to a 20 ml vial and 

then adding acetone. The mixture was blended by a three-minute centrifugation. Since Sb 

particles sediment in the bottom of the vial, the acetone on the top was pipetted out. The 

process was performed at least four times and it ensured the clean washing of NMP. The 

remaining acetone was then evaporated by vacuum drying in a vacuum oven at 80 C for 12 

hours. The procedure resulted in a 97 % yield of Sb powder. A 3:2 wt. % of powder blend of 

the processed Sb powder and commercial graphite (Alfa Aesar, 200-mesh) was afterwards 

prepared. Sb/C composite blend was dry ball milled (using PM100) for 12 hours at 300 rpm 

for further pulverization. The weight ratio of ceramic balls to Sb/C powder was 1:7.  

A weight ratio of 85:10:5 of the nanocomposite active material (Sb/C), sodium alginate (Na-

Alg, Sigma Aldrich) and Carbon black (C65) was subsequently prepared. An aqueous slurry 

was then prepared by adding water (approximately 4:1 wt. % of powder blend and water). 

Retsch PM4 planetary milling and blending device was used for one hour, in order to ensure 

the homogeneous blending of the slurry. Although not very clear in Figure 7B, the aqueous 

slurry had a dark greyish and thick consistency. 

 

Figure 7. A: Ceramic milling jar for high energy ball milling. B: Aqueous Sb/C composite slurry. 

3.1.2 Graphite matrix  

Graphite matrix electrodes without antimony were also prepared with the same procedure, for 

reference. Graphite powder (Alfa Aesar, 200-mesh) was dry ball milled (using PM100) for 12 

hours at 300 rpm (Figure 6B), where the weight ratio of ceramic balls to milled-graphite 

powder was 1:7. A weight ratio of 85:10:5 of milled-graphite, sodium alginate (Na-al, Sigma 

Aldrich) and Carbon black (C65) was subsequently prepared. An aqueous slurry was then 

prepared by adding water (approximately 7:1 wt. % of powder blend to water). Retsch PM4 

planetary milling and blending device was used for one hour, in order to ensure the 

A 
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homogeneous blending of the slurry. Non-milled graphite slurry was also prepared with the 

same procedure for comparison (Figure 6C). 

 

3.2 Coating 

The preparation process of the electrodes is a very simple and straightforward process. 

Several investigations were done on the coating method, before optimizing the process. 

Although not provided extensively in this project, a comparison between bar coating and 

blade coating as well as different types of substrates such as carbon coated aluminum, copper 

and aluminum was made. The high adhesiveness of Na-Alg binder in the slurry was a key 

factor in choosing the coating method and choice of substrate. The carbon-coated aluminum 

substrate was found to be strong enough to resist the shear stress exerted by the blade coating 

and bar coating processes. However, the loading of the active material proved to be too high. 

Copper seemed optimal for both blade and bar coating process, exhibiting enough strength 

and good loading. However, studies have shown that Sb and Cu alloy at elevated temperatures 

[27]. Thus, Sb could alloy with Cu during electrode drying, resulting in an unpredictable 

contribution to the electrode chemistry. 

The aluminum substrate and bar coating method proved to be optimal in achieving a uniform 

and acceptable active material loading. The different aqueous slurries were bar coated on an 

aluminum substrate and dried at ambient temperature. An average mass loading of 3.5±0.3 

mg/cm2 was obtained for the Sb/C coated anode film. An average mass loading of 2±0.3 

mg/cm2 and 3±0.5 mg/cm2 was also obtained for the milled and non-milled graphite coated 

anode films, respectively. Electrodes of 13 mm in diameter were then prepared. 

Approximately 60 electrodes from one batch of Sb/C composite slurry were able to be 

obtained. The prepared electrodes were then vacuum dried for 12 hours (at 120 ºC) in an Ar-

filled glove box to remove moisture. 

 

3.3 Electrolyte 

Electrolyte was prepared by blending 1:1 vol. % of ethylene carbonate (EC) and diethylene 

carbonate (DEC). NaPF6 (Sigma Aldrich, 98%) salt was then added to formulate a 1M NaPF6 

EC: DEC electrolyte. The stock solution of the prepared standard electrolyte was divided in to 

two. Fluoroethylene carbonate (FEC, Sigma Aldrich, 99.9%) was added to one of the 

solutions to make a 5 vol. % FEC standard electrolyte. The other solution, standard electrolyte 

without FEC additive, was also used in the experiments for comparison.  

NaPF6 salt was dried at 70 ºC for 48 hours before usage, in a vacuum furnace placed inside a 

glovebox. EC was heated at 50 ºC for 30 min before usage, as EC is very viscous at ambient 

temperature. All electrolyte preparation and storage was in an Ar-filled glove box. 
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3.4 Cell assembly 

3.4.1 Half-cells 

Half-cells were assembled in vacuum sealed pouch bags, where a 16mm diameter sodium 

metal and a 13mm Sb/C composite nanocomposite electrodes are separated by a 20mm glass 

fiber (Whatman). The standard amount of electrolyte used for each cell was 100μl. The size 

difference of the electrodes (Sb/C and sodium metal) is to avoid overlap problems between 

the two electrodes. A copper current collector for the Na-metal electrode and aluminum 

current collector for the Sb/C composite electrode was used. The reason for using different 

current collectors is to avoid a mix-up of anode and cathode after cell assembly. Figure 8A 

and Figure 9 illustrate the general setup and typical look of the cells, respectively, while 

Figure 8B illustrates the cross-section of a half-cell. All cells were assembled in an Ar-filled 

glove box. 

 

Figure 8. Illustration of the cell assembly. A&B: half-cells (working electrode vs Na/Na+). C: 

Sb/C symmetrical cells (sodiated Sb/C electrode vs desodiated/non-cycled electrode). 

 

 

Figure 9. Photograph of a typical pouch cell A: sealed. B: Opened 

3.4.2 Symmetrical-cells 

Several Sb/C symmetrical cells were also assembled throughout the project to assess the SEI 

performance. As mentioned in section 3.4.2, one electrode would need to be in a sodiated 

state and the other in a desodiated/non-sodiated state. Figure 8C illustrates the cross-section of 

a symmetrical cell. Three types of Sb/C symmetrical cells were assembled, which contained 

electrodes as described below: 

A C B 

A B 
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1. Type 1 contains an electrode that is sodiated in just one cycle and another pristine 

Sb/C composite electrode (non-cycled, i.e. non-sodiated). 

2. Type 2 contains an electrode that is sodiated in several cycles and another pristine 

Sb/C composite electrode (non-cycled, i.e. non-sodiated). 

3. Type 3 contains both electrodes cycled. However, one is in a sodiated state and the 

other one is in a desodiated state. 

 

3.5 Electrochemical measurements 

The electrochemical performance of the Sb/C composite and graphite matrix electrodes was 

first investigated using cyclic voltammetry. All cyclic voltammetry (CV) measurements were 

performed on a MPG2 battery testing (Bio-Logic) instrument. The electrochemical cycling 

stability of the Sb/C composite and graphite matrix electrodes was then tested under 

galvanostatic conditions. All galvanostatic measurements were performed on LANDT battery 

testing system (model CT2001A). Subsequent electrochemical characterizations are described 

below: 

 CV scans of milled-graphite and Sb/C composite electrodes at different scan rates 

(0.05 and 0.1 mVs-1), in a voltage interval of 0.02V-2V. 

 Galvanostatic measurements of Sb/C composite electrodes at different current rates. 

(15, 30 and 60 mA/g), in a voltage interval of 0.02V-2V. 

 Galvanostatic measurements of milled-and non-milled-graphite electrodes at 30 

mAh/g and 15 mA/g, in a voltage interval of 0.02V-2V. 

 Galvanostatic measurements of Sb/C composite electrodes by implementing pause test 

regimes. Cycled at 30 mA/g and in a voltage interval of 0.02V-2V. 

 Galvanostatic measurements on Sb/C symmetrical-cells. (All three types of 

symmetrical cells), at 30 mA/g and in a voltage interval of -1.2V-1.2V. 

 Galvanostatic measurements of Sb/C symmetrical-cells by implementing pause test 

regimes. Cycled at 30 mA/g and in a voltage interval of -1.2V-1.2V. 

 

3.6 Characterization 

An in-lens secondary electron detector mounted on a Zeiss / LEO 1550 SEM was used to 

image and characterize surface morphology of a Sb/C composite electrode, as well as milled 

and non-milled graphite powder. Statistical particle size analysis was also done with the help 

of SEM images in backscattered mode, with BSD of family NTS BSD. BSD was particularly 

used for the atomic number contrast, which makes identifying Sb particles suspended in 

graphite matrix much simpler. The used type of detector and magnification is informed in 

every image. EDS-detector mounted on the same SEM instrument was also used for surface 

mapping and line-scan characterization (section 3.6). A RENISHAW inVia Raman 

Microscope was used for Raman characterization. A 532nm laser source was used. 
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4 Results 

4.1 Sb/C composite anode 

4.1.1 Surface characterization 

SEM 

 

Figure 10. SEM images of the surface of Sb/C composite electrodes, at three different 

magnifications, showing the uniform distribution of Sb particles in the graphitic matrix. A, C & 

E: secondary mode (in-lens detector). B, D &F: Back scattered mode (BSD). 
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The SEM images of the Sb/C composite electrode surface are shown in Figure 10. There is a 

uniform distribution of Sb particles, indicating a very homogeneous blend of the slurry. The 

Sb particles are dispersed in and between the graphite crystal flakes. Some Sb particles seem 

to be porous (see Figure 10F, Sb particle on top left). Slight agglomeration of Sb particles 

may also look like larger Sb particles in Figure 10B. A statistical particle size analysis done in 

Figure 10D (appendix A) shows that the particle size of the Sb particles has decreased to 

below 2 µm. The Sb powder particles size before milling was 325-mesh, or a particle size of 

below 44 µm. The high energy milling process has increased the specific surface area and 

provided fresh active antimony surface. 

EDS mapping 

Figure 11 shows the elemental mapping of the surface the Sb/C composite electrode, with 

2.5µm scale. Interestingly the elemental mapping for Sb and O seems to coincide, alluding 

that the Sb could have been oxidized. Perhaps during the high-energy ball milling process, as 

the conditions of the process were not inert. Otherwise, O is also provided from the Na-Alg 

binder, as Na-Alg is a natural polysaccharide. The map sum spectrum of EDS mapping 

showed that there was an estimated 50wt. % C, 43wt. % Sb and a very low amount of 5wt. % 

O (Figure 12). The relative amount of O is quite low, so it is unlikely that all Sb is completely 

oxidized. The composite was prepared with 54wt. % Sb, 39wt. % C (graphite + CB), which is 

comparable to the estimated analysis from the EDS. However, the quantitative analysis from 

EDS is not to be fully relied on. The sample is required to be plain, even and homogeneous 

together with additional corrections for the quantitative analysis to be an exact quantification. 

 

 

Figure 11. EDS elemental mapping, the propagation of C, Sb, Na and O on the surface of 

the Sb/C composite electrode. 
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Figure 12. Map sum spectrum of the EDS elemental mapping (Figure 11) 

EDS Line-scan 
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Figure 13.  Line-scan at the same surface as in Figure 11, which gives a quantitative 

measurement of the propagation of elements along the single line marked. 

Figure 13 shows an EDS line-scan analysis of the same surface of Figure 11. It provides a 

quantitative measurement on the propagation of subsequent elements along the marked line. 

Interestingly the scan profile of both Sb and O, also seem to coincide here. Giving a stronger 

argument that Sb is at some point in the high-energy ball milling process oxidized. 

4.1.2 Cyclic voltammetry 

 

 

Figure 14. CV results of the Sb/C composite anode, cycled between 0.02V and 2 V (vs Na/Na+). 

A: at scan rate of 0.1 mVs-1. B: at scan rate of 0.05 mVs-1. C: only the first, second, fifth and 

tenth cycle at 0.1 mVs-1. 
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Figure 14 A and B show the CV results of the initial ten cycles at a scan rate of 0.1 mVs-1 and 

0.05mVs-1, respectively, cycled between 0.02V and 2 V (vs Na/Na+).  Figure 14C shows CV 

scan of the Sb/C composite anode in the first, second, fifth and tenth cycles. Cycled between 

0.02V and 2V, at the scan rate of 0.1 mV/s. The first sodiation scan shows a broad peak at 

0.25V, indicating the decomposition of electrolyte and SEI formation. Three sharp 

reduction/sodiation peaks can be observed on the second, fifth and tenth cycles at 0.25V, 0.5V 

and 0.65V. Studies have attributed the peak at 0.25V to a Na-intercalation process into the 

active materials (Sb nanoparticles, graphite matrix and carbon black) [11], [12]. The 

reversible sodiation peaks at 0.5 and 0.65 on the second, fifth and tenth sodiation cycles are 

designated to the formation of NaSb and Na3Sb, respectively (table 4) [6], [28], according to 

eq.1 and eq.2 (section 2.2.2). 

Table 4. Electrochemical Reactions in the Sb/C vs Na/Na+ half-Cells [28]. 

Sodiation 𝑁𝑎 + 𝑆𝑏𝑐   → 𝑁𝑎𝑥
𝑎 𝑆𝑏 

𝑁𝑎 + 𝑁𝑎𝑥
𝑎 𝑆𝑏 →  𝑁𝑎3𝑆𝑏ℎ𝑒𝑥  

Desodiation 𝑁𝑐 𝑎3𝑆𝑏ℎ𝑒𝑥  → 𝑆𝑏 + 3𝑁𝑎𝑐  

c: crystalline. 

a: amorphous. 

Only one sharp peak can be observed during the desodiation processes, representing the 

dealloying/desodiation of Na3Sb and NaSb (table 4). Other studies of similar material 

structures but with different synthetization processes and additives have shown separate peaks 

for the two desodiation processes [6], [28]. In this project, however, the peaks appear to be 

merged together. This discrepancy can be put down to the differing carbon content and sizes 

of Sb particles used in this project compared to other studies, as suggested by Zhu et. al. [13]. 
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4.1.3 Galvanostatic measurements 

 

Figure 15. Galvanostatic charge/discharge or desodiation/sodiation voltage profiles and CE of 

the Sb/C composite electrode, cycled between 0.02V-2V. A&B: under a current rate of 15 mA/g. 

C&D: under a current rate 30 mA/g. E&F: under a current rate of 60 mA/g. 

The electrochemical cycling stability of the Sb/C composite electrode was tested under 

galvanostatic conditions at three different current rates. Figure 15 shows the galvanostatic 

deep charge/discharge or desodiation/sodiation of the Sb/C composite anode at current rates 

of 15 mA/g, 30 mA/g and 60 mA/g. A high reversible specific capacity of 400 mA/g is 

achieved, under the current density of 15 mA/g (Figure 15B). All capacity values provided in 
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this project are calculated based on total weight of the working electrodes active material (Sb 

+ carbon). 

Plateaus at around 0.6V and 0.5V of the reversible sodiation scans (Figure 15 A, C and E) 

agree with the potential peak positions of the CV bands in Figure 14C. The Sb/C composite 

anode shows a Coulombic efficiency (CE) of over 98% in over 120 cycles at current density 

of 60 mA/g (Figure 15F). The composite electrode also shows a CE of over 99% in over 25 

and 60 cycles at 15 mA/g and 30 mA/g, respectively (Figure 15 B and D). The capacity 

retention between the first and second sodiation cycle was 85% on average for subsequent 

current rates measured. Where an average of 15% capacity is lost between the first and second 

sodiation cycle, mainly due to the decomposition of the electrolyte and SEI formation. 

Although, only one sharp peak can be observed during desodiation of CV scans (Figure 14C), 

two plateaus can be observed on the galvanostatic charge step (Figure 15A, C and E). The 

plateaus are at round 0.75V and 0.9V, representing the reverse of eq.1 and eq.2. As expected, 

the galvanostatic measurement at the lowest current rate (15 mA/g) corresponds to a higher 

specific capacity (Figure 16). The higher the current rate, the higher polarization the cell 

experiences. This can explain the failure of the electrode cycled at 60 mA/g, which started 

failing after 120 cycles.  

 

Figure 16. Comparison of sodiation/discharge capacities of the Sb/C composite electrode at 

different current rates, provided in Figure 15. 

4.1.4 Pause test 

As mentioned in section 3.5, Mogensen et al. performed a comparative investigation on the 

SEI formation and functionality, as well as cell self-discharge behavior of carbonaceous 

anodes in sodium-ion and lithium-ion systems. The study showed that NIBs suffer from 

higher self-discharge rate compared to their LIBs counterparts, where the dissolution of the 

SEI components in NIBs was the main reason [20]. A similar cycling regime inspired by 

Mogensen et al. is here applied on the Sb/C composite electrode. The electrode is first cycled 

at least five times, to insure a stable SEI formation and capacity stabilization. The cycling is 
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then paused for a certain time, when the electrode is at a fully sodiated/discharged state 

(Figure 17 A&C). The electrode is then cycled again for at least four times in between pauses 

to ensure capacity re-stabilization. As can be observed in Figure 17 B&D, minor capacity loss 

of 6% is experienced at the longest pause of 600 hours even though the potential had 

increased by around 0.5V during the pause (Figure 17A). Less capacity loss of 1.7% at a 

pause of 100 hours can also be observed in Figure 17 B&D. This indicates that the SEI 

formed on the Sb/C composite nanocomposite is stable, and that the electrode has good shelf 

life (in the given conditions). 

 

Figure 17. Galvanostatic cycling pause test of the Sb/C composite electrode in a fully sodiated 

state, cycled between 0.02V-2V at a current rate of 30 mA/g. A&B:  100hrs. and 200 hrs. pause. 

C&D: 100 hrs. 200hrs. and 600 hrs. pause. 

  

100 hrs. pause 200 hrs. pause 
100 hrs. pause 200 hrs. pause 

100 hrs. 200 hrs. 
600 hrs. pause 

100 hrs.  
200 hrs. 

600 hrs.  
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4.1.5 FEC influence 

Half-cells that contain an electrolyte without FEC additive were also assembled and 

characterized by galvanostatic measurements. The cells showed a very unstable and imprecise 

desodiation/charge behavior (Appendix C) at all subsequent cycles. Galvanostatic deep 

charge/discharge at current rates of 15 mA/g and 30 mA/g were tested to eliminate the 

possible dependence of current rate, and the half-cells showed the same result (appendix E, 

figure 41). This behavior is hypothesized to originate from the inefficiency of the sodium 

plating-stripping at the sodium metal anode [26]. The sodiation/discharge behavior of the 

half-cells without FEC additive was, however, relatively stable. Figure 18 shows the 

comparison of sodiation/discharge properties of Sb/C half-cells with and without FEC 

additive. Half-cells without FEC additive start to experience a significant capacity fade at 

around the 20th cycle and “die” very quickly. The half-cells containing FEC additive, 

however, continue to cycle with an excellent capacity retention. This result highlights that 

FEC improves the performance and increases the cycle life of these particular half-cells, by 

assisting in creating an efficient SEI on the Sb/C composite electrode, as described in the 

theory section. Both half-cells were cycled at the current rate of 30 mA/g. The behavior of the 

Na metal electrode when forming its own SEI, however, should be taken in to account, where 

the metal destroy or does not destroy the electrolyte depending on the presence of the 

additive. 

 

Figure 18. Comparison of sodiation/discharge properties of the Sb/C half-cells with 5 vol. % and 

without FEC additive. Both half-cells were cycled at the current rate of 30 mA/g, between 0.02V 

and 2V and similar conditions. 
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4.2 Graphite matrix  

4.2.1 Surface characterization 

SEM 

 

Figure 19. A, B & C: SEM images of the non-milled graphite powder, at three different 

magnifications (in-lens detector). D: non-milled graphite powder. 

As can be observed in the SEM images of the non-milled graphite (Figure 19), agglomerates 

of graphite (figure 19A) and at higher magnification, ordered and crystalline flakes (Figure 19 

B&C), which are indicative of the structure of graphite, are apparent. In comparison with the 

12 hours milled graphite (see Figure 20), the particles are much larger. The non-milled 

graphite is of 200-mesh or a particle size of below 75 µm. A statistical particle size analysis 

done in Figure 20B (appendix A) shows that the particle size of the graphite has decreased to 

below 30 µm (rough estimation). Not only does the ball milling massively decrease the size of 

the particles but it also exfoliates the graphite Figure 20C, distorting the somehow ordered 

structure that can be seen in Figure 19C [22]. Exfoliated graphene like flakes can even be seen 

on 180000X magnification, appendix B.  
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Figure 20. A, B & C: SEM images of the milled (12 hours) graphite powder. At three different 

magnifications (BSD). D: milled graphite powder. 

The milled graphite is visibly darker than the non-milled. In comparison with the graphite in 

the Sb/C composite electrode (Figure 10C), the milled graphite seems to be much more 

distorted and has smaller particles, though both experienced the same milling time interval. 

Raman spectroscopy 

The change in Raman spectra of graphite after the high energy ball milling process is 

illustrated in Figure 21. Xing et al. studied the phase transformation in graphite under high 

energy ball milling using Raman spectroscopy [22]. Band intensity ratio IG/ID was used in the 

study to characterize the graphite, which was ball milled at different time intervals (Figure 

21). Non-milled graphite powder, milled graphite powder (for 12 hours) and a Sb/C 

composite electrode were characterized in the same manner. 
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Figure 21. Raman spectra of Non-milled graphite powder, milled graphite powder (for 12 hours) 

and a Sb/C composite electrode. 

Three bands can be seen in all subsequent samples which are generally called D, G and 2D 

bands at the positions of around 1350 cm-1, 1580 cm-1 and 2720 cm-1, respectively [22]. The 

strong G band originates from a vibration mode, which is the relative motion between two sp2 

carbon atoms. The D band arises from a vibration mode that is symmetrically forbidden in a 

perfect crystalline graphite [22]. Therefore, the very low intensity of the D band in the spectra 

of non-milled graphite (very high band intensity ratio, IG/ID), indicates that the graphite is of 

good quality and contains relatively good graphitic structure [22]. The intensity of the G band, 

however, has decreased on the spectra of the milled graphite, relative to the D band intensity. 

Thus, IG/ID has decreased and the graphite no longer has a good graphitic structure after 

milling for 12 hours. The SEM images (Figure 20B) confirm that the particle size has 

considerably decreased. Interestingly, the intensity ratio (IG/ID) of the graphite in the Sb/C 

composite electrode is higher than that of the milled-graphite (Table 5), although both 

experienced the same amount of ball milling time interval (12 hours). 

Table 5. Band intensity ratio (IDG/IGD) of the three samples. From the Raman spectra, Figure 21. 

 IG/ID 

Non-milled graphite 66 

Milled graphite 1 

Sb/C composite electrode 2 
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4.2.2 Cyclic voltammetry of graphite electrodes 

 

Figure 22. CV scans between 0.02V -2V at 0.1mV/s. A: milled-graphite electrodes vs Na+/Na cell 

containing an electrolyte with FEC. B: milled-graphite electrodes vs Na+/Na cell containing an 

electrolyte without FEC (Figure 21 C&D).  

Electrochemical characterization was done on graphite electrodes to investigate the extent of 

capacity contribution specifically from the graphite. The formation of the SEI layer is 

particularly apparent in the first CV scan of the carbon matrix (Figure 22A, 0.02V -2V at 

0.1mV/s). A broad peak can also be observed at 0.4 V (Figure 22A) indicating the 

decomposition of FEC in the formation of the SEI. This peak is nonexistent in the CV scan of 

the carbon matrix vs Na+/Na half-cell containing an electrolyte without FEC (Figure 22B). 

Small and sharp peaks near 0.0V can also be observed (Figure 22 A&B) on all subsequent 

scans. This property is also apparent regarding other carbon based materials, since Na-ion can 

insert to carbonaceous materials down to very low potentials near zero [11].   

 

4.2.3 Galvanostatic measurements 

 

Figure 23. Electrochemical galvanostatic cycling and CE of the milled-graphite electrode cycled 

between 0.02V and 2V using current density of 30 mA/g. 



- 39 - 

 

The electrochemical cycling stability of the milled-graphite electrode was also tested under 

galvanostatic conditions at 30 mA/g, cycled between potentials 0.02V – 2V (Figure 23). The 

electrode shows an excellent CE of over 99% in over 220 cycles at 30 mA/g (Figure 23B). 

However, the capacity retention between the first and second sodiation cycle is only around 

25%. A significant irreversible capacity is observed mainly due to the decomposition of the 

electrolyte and SEI formation. Capacity drops from 680 mAh/g in the first sodiation to 125 

mAh/g in the second sodiation cycle. Although, the electrode exhibits a poor cycling 

efficiency in the first cycle, the reversible capacity and CE is very high, from the second 

cycle, for a graphite. A reversible capacity of 95 mA/g (Figure 23B) has not been reported for 

pure graphite working electrode NIBs. This high capacity is due to the 12 hours of high 

energy ball milling. Not only does the ball milling massively decrease the size of the particles 

but it also exfoliates the graphite, as can be observed on the SEM pictures of milled and non-

milled graphite (Figure 20A & 19A, respectively). Figure 24 shows the comparison of 

sodiation/discharge properties of milled and non-milled graphite electrode half-cells (vs 

Na/Na+). Both electrodes are cycled at the current rate of 30 mA/g. The non-milled graphite 

electrode shows a very low capacity compared the milled graphite electrode. In fact, the 

capacity provided by the non-milled graphite electrode is so minuscule that the material can 

be regarded useless, in the context of NIBs. 

 

Figure 24. Comparison of sodiation/discharge properties of the milled and non-milled graphite 

electrode half-cells (vs Na/Na+). Both electrodes are cycled at the current rate of 30 mA/g, 

between 0.02V and 2V and similar conditions. 
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4.3 Symmetrical Sb/C cells 

4.3.1 Type 1 and Type 2 

Symmetrical cells assist in uncovering the cell behavior in only the limited potential range of 

the electrode contained in the symmetrical cell (Sb/C composite anode in this case) [19]. 

Galvanostatic measurements of the symmetrical cells were cycled between -1.2V – 1.2V, 

using a constant 30 mA/g current. The voltage interval -1.2V – 1.2V is chosen in order to 

ensure a full sodiation/desodiation process of each electrode. The specific capacity for the 

symmetrical cell is calculated based on the electrode with the lower weight. The electrodes 

have similar weight, only differing by several percentage units.  

 

Figure 25. Galvanostatic measurements of the sodiated Sb/C vs pristine Sb/C symmetrical cells, 

cycled between -1.2V – 1.2V, using a constant 30 mA/g current. A: Sb/C composite electrode 

sodiated once B: Type 1 symmetrical cell (electrode from A vs pristine Sb/C composite 

electrode). C: Sb/C composite electrode sodiated six times D: Type 2 symmetrical cell (electrode 

from C vs pristine Sb/C composite electrode).  

Three types of Sb/C symmetrical cells were assembled, which contained electrodes as 

described in section 3.4.2. Figure 25 shows the Type 1 and Type 2 Sb/C symmetrical cells. 

Type 1 (Figure 25B) contains a Sb/C composite electrode that is sodiated in just one sodiation 

cycle (Figure 25A) and another pristine Sb/C composite electrode (non-cycled, i.e. non-

sodiated). The cycled Sb/C had already formed an SEI layer (Figure 25B). The pristine 
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electrode however is non-cycled fresh electrode. Therefore, decomposition of electrolyte and 

formation of SEI layer occurs on the pristine electrodes surface, as expected, Figure 25B. 

To see if a stable SEI is formed in the first sodiation cycle, a symmetrical cell of the Type 2 is 

assembled. The Type 2 (Figure 25D) symmetrical cell contains a Sb/C composite electrode 

that is sodiated in several sodiation cycles (Figure 25C) and another pristine Sb/C composite 

electrode (non-cycled, i.e. non-sodiated). As expected and similar to the Type 1 symmetrical 

cell, the cycled Sb/C had already formed an SEI layer (Figure 25B). Therefore, no large 

capacity was lost between the first and second sodiation cycle. The pristine electrode, 

however, forms a SEI layer when cycled, resulting in a large capacity loss (irreversible 

capacity) between the first and second sodiation cycle.  

No drastic difference, in terms of capacity fade, can be observed between the Type 1 and 

Type 2 symmetrical cells in the first 18 cycles (Figure 25E). In later cycles, however, Type 2 

shows much better capacity retention or less capacity fade compared to Type 1. Both cells 

exhibit SEI formation and thereby electrolyte decomposition, resulting in a loss of capacity of 

about 25% due to the pristine electrode forming SEI layer. As mentioned above, there was no 

large capacity loss between the first and second sodiation cycle for the two sodiated 

electrodes in the Type 1 and Type 2 symmetrical cells (Figure 25 A&C). This indicates that 

most/nearly all of the SEI formation, on the surface of the Sb/C composite electrode, happens 

during the initial sodiation cycle. However, an apparent capacity fade can be observed on all 

subsequent cycles of both Type 1 and Type 2 symmetrical cells. The cells “die” at around the 

300th cycle. This is the nature of symmetrical cells, since there is a limited supply of Na-ions 

to be shuttled/transferred between the electrodes [19]. Compared to half-cells, where there is 

unlimited supply of Na-ions, as sodium metal is the counter electrode, as described in section 

3.4.1. 

4.3.2 Type 3  

In Type 3 symmetrical cell, both Sb/C composite electrodes had already been cycled in a half-

cell before cycling in a symmetrical cell. However, one is in the sodiated state and the other is 

in the desodiated state (both electrodes cycled at least 6 times). Similar to Type 1 and 2 

symmetrical cells, the Type 3 (Figure 26A) symmetrical cell’s sodiated electrode did not 

show an out of the ordinary capacity loss. The desodiated electrode, however, showed a loss 

of capacity of about 10% in the first cycle, due to electrolyte decomposition. This irreversible 

capacity of 10% is lower than that of Type 1 and 2, which was 25%. This, however, indicates 

that the SEI is somewhat continuously formed or re-constructed after every desodiation. 

Another possibility is that the SEI could have been lost (oxidized, cracked etc.) during the 

transfer of the desodiated electrode from half-cell in glove box to assemble symmetrical cells. 

Although unlikely, since the SEI of the sodiated electrode is not damaged. The mass 

difference in the amount of active material on each of the two electrodes could also have 

contributed to the irreversible capacity. The overall capacity is much higher for Type 3 

symmetrical cells, as Figure 25B illustrates. Since Type 3 experiences less irreversible 

capacity, it is to be expected. 
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Figure 26. A: Galvanostatic measurement of Type 3 symmetrical cell, sodiated (six times) Sb/C 

vs desodiated (six times) Sb/C composite electrodes. Cycled between -1.2V – 1.2V, using a 

constant 30 mA/g current. B: Comparison of capacity fade of the different Sb/C symmetrical cell 

types. 

4.3.3 Pause test on symmetrical cell 

Pause tests similar to those performed on half cells were also done on symmetrical cells (Type 

3). The Type 3 symmetrical cell was chosen since it experiences lower irreversible capacity 

and overall higher capacity (Figure 26B). The cell is first cycled four times for stabilization, 

and then 10 hour and 20 hour pauses were implemented, while one Sb/C composite electrode 

is in fully sodiated state and the other is in fully desodiated state (Figure 27A). The cell is 

cycled five times in between pauses for re-stabilization. No apparent capacity loss resulted by 

the pause test, as can be observed in Figure 27B. 

 

Figure 27. Galvanostatic cycling pause test of the Type 3 Sb/C symmetrical cell, while one 

electrode is in a fully sodiated state and the other is in a fully desodiated state. Cycled between -

1.2V – 1.2V, using a constant 30 mA/g current. A: 10hrs. and 20hrs. pause. B: 

sodiation/desodiation profile of the electrodes during pause test. 

 

 

20 hrs. pause 10 hrs. pause 20 hrs. pause 10 hrs. pause 
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5 Discussion 

5.1 Sb/C composite anode 

5.1.1 Capacity 

The specific capacity values provided for the Sb/C composite anode have all been calculated 

based on total weight of the working electrodes active material (Sb + carbon. The specific 

capacity of a milled graphite matrix anode, which is a reversible capacity of 95 mA/g, is also 

provided in section 4.2.3. The very low amount (5 wt. %) of carbon black (CB) additive’s 

contribution to the reversible capacity is also considered in Figure 23. Thus, the specific 

capacity based on the weight of antimony can also be calculated. The active material (Sb + 

carbon) makes up 85 wt. % of the coating on the electrode substrate. Of the active material, 

60 wt. % is Sb and 40 wt. % is graphite. By deducting the graphite’s contribution to the 

capacity, specific capacity based on weight of Sb is shown in Figure 28. This reversible 

specific capacity value of 595 mAh/gsb is close to the theoretical capacity of Sb (660 

mAh/gsb), but still shows a discrepancy. This discrepancy comes to some extent from the 

failure in full exploitation of the 3 Na storage capacity of the active Sb. The amount of active 

Sb available for contribution to the capacity is also a source of discrepancy. This can be 

mitigated by further reducing the size of Sb particle and thereby increasing the specific 

surface area, which helps increase the availability of Sb for contribution to the capacity. 

 

Figure 28. Galvanostatic charge/discharge or desodiation/sodiation voltage profiles and CE of 

the Sb/C composite electrode. Capacity is calculated based on weight of Sb. Cell cycled between 

0.02V-2V. 

5.1.2 Advantage of graphite matrix 

As mentioned in section 3.1, Sb (as bulk) fails as anode material due to the structural 

instability, where the material would expand during alloying and contract during dealloying. 

This mechanism applies a physical strain on the structure and contributes to a fast and 
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significant capacity fade and overall battery structural instability, with increasing number of 

cycles. Furthermore, the poor electrical conductivity of antimony makes this material a poor 

choice as an anode material. The incorporation of carbon with Sb, however, results in a viable 

and practical anode material. A long-term cycling stability with 99% capacity retention of 

over 30 cycles as well as reversible 3Na storage capacity of 595 mAh/gsb, was demonstrated 

for a Sb/C composite anode. The Sb/C composite electrode also provided 98% capacity 

retention of over 100 cycles as well as reversible capacity of 567 mAh/gsb. This performance 

confirms that the graphite acts as a matrix by providing a conductive support and support for 

effective release of mechanical stress, which Sb experiences. The, graphite (milled) 

furthermore contributes a capacity of its own. 

5.1.3 Effect of milling 

The extent of exactly how much the graphite contributes to the capacity, however, can be 

argued. During the preparation of the Sb/C composite electrodes, the graphite and Sb particles 

are milled together for 12 hours. As a reference, electrodes of milled (12 hours) graphite were 

also characterized. Comparison of the carbon structure in the Sb/C composite and milled 

graphite powder was interestingly not the same. SEM images show that the milled graphite 

powder has much more smaller particles, whereas the graphite in the Sb/C composite is larger 

and has a more intact structure. Raman spectroscopy analysis also confirms this observation. 

The Sb/C composite and milled graphite electrodes, even though have been milled for the 

same amount of time, do not show the same expected graphite band intensity. The IG/ID band 

intensity ratio confirms that the carbon in the Sb/C composite has more of a graphitic 

structure, than the milled graphite powder. The milled graphite powder is more of a 

disordered carbon structure. The disordered carbon structure contributes to more capacity, as 

more voids for the insertion of sodium-ions into the carbon matrix are available. The capacity 

contribution from carbon to the composite electrode should, thus, be lower. Thereby, the 

calculated specific capacity based on the weight of Sb (shown in Figure 28) is an 

underestimation. This to some extent is an additional reason for the discrepancy from the 

theoretical capacity of 3 Na per Sb storage. 

 

5.2 Electrochemical performance 

5.2.1 SEI 

Pause tests proved that the SEI formed on the Sb/C composite anode is very stable. A minor 

capacity loss of 6% could be observed at the longest pause of 600 hours (over eight days, 

Figure 17 B&D). The gradual increase of potential during the pause (Sb/C anode at sodiated 

state) seemed to reach a plateau at around 0.5V (Figure 17C). A Similar study done by 

Mogensen et al. on low-surface-area hard carbon electrodes showed that 80 % capacity loss 

occurs at only 100 hour pause. Thus, the Sb/C composite electrodes has relatively a very good 

self-discharge property. 
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Figure 23A shows that the cycling efficiency on the first cycle of the milled graphite is at a 

very low value of around 25%, where of 75% capacity is lost, mainly due to the 

decomposition of the electrolyte and SEI formation. The Sb/C composite electrode exhibited 

an average of 15% capacity loss between the first and second sodiation cycle, mainly due to 

the decomposition of the electrolyte. Therefore, it can be stated that the majority of the 

irreversible capacity of the Sb/C composite electrode is actually contributed by the graphite. 

No drastic difference, in terms of capacity fade, was observed between the Type 1 and Type 2 

symmetrical cells in the first 18 cycles (Figure 25E), which to some extent indicates that a 

very stable SEI is mostly/nearly formed in the sodiation step of the first cycle. Type 3 is the 

symmetrical cell composed of sodiated and desodiated Sb/C electrodes, both already cycled. 

No apparent loss of capacity was expected to be observed, since both electrodes had already 

formed a SEI layer. However, the desodiated electrode seemed to either newly form or 

reconstruct an SEI layer. This resulted in a 10% initial capacity loss, compared to 25% of both 

Type1 and Type 2 symmetrical cells. This indicates that, whenever each electrode is 

desodiated, some kind of electrolyte decomposition and thereby capacity loss occurs. The 

gradual capacity fade, which seems apparent on all types of symmetrical cells, can then be 

explained by this occurrence. Were both electrodes, when each time in desodiated state, 

reconstruct their SEI layer and contribute to irreversible capacity. Other possibilities (as 

mentioned in section 4.3) should, however, not be ruled out. Such as that the SEI could have 

been lost (oxidized, cracked etc.) during the transfer of the desodiated electrode from half-cell 

in glove box to assemble symmetrical cells, or that the mass difference in the amount of active 

material on each of the two electrodes could have contributed to the irreversible capacity. 

Type 3 symmetrical cell was chosen for a pause test, similar to the ones done on the half-cells, 

because it experiences lower irreversible capacity (Figure 26B). The pause test, although 

abbreviated time of 20 hours, showed that the SEI formed is relatively stable. 

Figure 18 shows the importance of FEC as an additive. Half-cells without FEC additive 

experienced a significant capacity fade at around the 20th cycle and “die” very quickly, 

whereas half-cells containing 5 vol. % FEC continued to cycle. The behavior of the Na metal 

electrode when forming its own SEI, in the presence or absence of FEC, can explain the 

discrepancy in performance. The Na metal seem to destroy the electrolyte much faster in the 

absence of the additive, resulting in a large capacity fade. The FEC generally contributes a 

positive effect of minimizing the irreversible capacity of the working electrode in sodium 

half-cells [26].  

As Figure 29 (as well as Figure 41, Appendix E) shows the sodiation/oxidation process is 

relatively stable for half-cells without FEC. The desodiation/reduction, however, is very 

unstable and imprecise. Galvanostatic sodiation/desodiation at two different current rates (15 

mA/g and 30 mA/g) were tested, to make sure that the behavior is not dependent on the 

current density. Nevertheless, the same behavior is observed. The sodium metal counter 

electrode can be liable for this behavior. The continuous sodium stripping/platting that 

corresponds when the Sb/C is sodiated/desodiated, respectively, might not have been 

efficient. As mentioned in section 2.8.1, Iermakova et al. showed that the plating/stripping at 
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the sodium electrode in half-cells had very low efficiency, which can partly be explained by 

the unstable SEI formed on the metal. 

 

Figure 29. Galvanostatic charge/discharge or desodiation/sodiation voltage profiles of Sb/C 

composite electrode in a half-cell without FEC additive. Cell cycled between 0.02V-2V. 

 

5.2.2 Comparison with other studies 

Studies in the last five years have focused to incorporating several types of carbon structures 

with Sb, as well as implementing different synthesis path ways of the Sb/C composite anode 

material. As table 6 shows, elaborate synthesis methods such as electrospinning and high 

quality raw materials such as carbon fibers and Sb nanoparticles can be used to enhance the 

cycle life. Different choice of additives can also influence how close to the theoretical 

capacity the anode performance is. However, the simplistic method of synthesis and vulgar 

choice of raw material makes this project stand out. Electrochemical performance fairs also 

well with other recent studies done in recent years (table 6). Similar metalloid anode materials 

such as Sn can also be incorporated with Sb to give a superior battery performance [29]. 
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Table 6. Comparison of the electrochemical performance of Sb-based anode (vs Na/Na+) 

reported in this project and recent studies. Table inspired by supplementary 

information of work done by Zhao et al. [14]. 

 Electrode composition 

(weight ratio) 

Loading 

(mg/cm2) 

Capacity 

 (at current rate) 

Capacity retention 

 (Cycle life) 

This 

project 

BM 

Sb/graphite/CB/Na-Alg 

51/34/5/10  wt. % 

3±0.5  550 mAh/gsb 

Or 375 mAh/gam 

(At 60 mA/g) 

>95% retention 

(>100 cycles) 

 

This 

project 

BM 

Sb/graphite/CB/Na-Alg 

51/34/5/10  wt. % 

3±0.5  595 mAh/gsb 

Or 395 mAh/gam 

(At 15 mA/g) 

>98% retention 

(>30 cycles) 

Ref [14] BM 

Sb/graphite/CB/Na-Alg 

51/34/5/10  wt. % 

1.5 310 mAh/gam 

(At 30 mA/g) 

~100% retention  

(160 cycles) 

 

Ref [6] 10 nm Sb/CB/CMC 

 

56/34/10  wt. % 

3.3 610 mAh/gsb 

(At 36 mA/g) 

>90% retention   

(100 cycles) 

 

Ref [13] Electrospun Sb 

NP/carbon fiber 

54/46  wt. % 

3 320 mAh/gam 

(At 30 mA/g) 

>80% retention   

(300 cycles) 

Ref [28] BM Sb 

particle/CB+carbon 

fiber/CMC 70/15/15 wt. % 

1.4 576 mAh/gsb 

(At 15 mA/g) 

>90% retention   

(200 cycles) 

 

Ref [29] SnSb/carbon 

nanofiber/CB/CMC 

48/32/10/10 wt. % 

1.5-2 392 mAh/gam 

(At 30 mA/g) 

~100% retention   

(200 cycles) 

 

BM = Ball Milled 

NP = nano particle 

am = active material 

 

5.2.3 Future work 

The composition of the SEI has not been characterized by XPS, herein. The nature of the SEI 

of Sb/C composite while in the sodiated and desodiated, can be compared and give a more 

descriptive and complementary picture to results presented in this work. XRD can also be 

used to characterize the crystallinity of the Sb/C composite, as well as find a more accurate 

mean crystallite size of the Sb particles in the composite. Nonetheless, this work gives an 

elaborate and descriptive characterization of the composite electrode and its performance. 
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6 Conclusion 

A Sb/C composite anode material was prepared by a simple high energy ball milling method. 

The Sb powder was milled for 48 hours to reduce particle size, thereby increasing the surface 

area and active Sb. The milled Sb powder was further milled together with graphite powder, 

to form a Sb/C composite. Na-Alg as a binder and carbon black as a conductive agent were 

then added to the Sb/C composite. A Sb/C composite slurry, with water as a solvent, was then 

coated on an aluminum substrate and dried. The resulting Sb/C composite electrodes, with a 

loading of 3±0.5 mg/cm2, were dried in an Ar-filled glove box to remove moisture. 

Commercial graphite and antimony were used, which keeps the cost of raw materials and the 

synthesis method much lower than other studies on similar materials.  

The SEM images of the Sb/C composite electrode showed that the Sb particles are uniformly 

dispersed in the graphite matrix. The particle size of Sb before the processing was below 42 

µm, and the particle size decreased to below 2 µm (rough estimation). EDX mapping and 

line-scan analysis of the Sb/C composite electrode surface revealed that the Sb might have 

been oxidized during the wet milling process. Although the oxygen content is very low 

compared to the Sb content (43 wt. % SB and 5 wt. % O), indicating that it is unlikely. 

Otherwise, oxygen is provided mainly from the Na-Alg binder, as it is a natural 

polysaccharide.  

The SEM images showed that the graphite decreased from a particle size of below 75 µm to 

below 30 µm (rough estimation). Not only does the ball milling massively decrease the size of 

the particles, but it also distorts and the graphite particles. The Raman spectroscopy also 

affirms this statement, as the IG/ID band intensity ratio is much lower for the milled graphite 

compared to the non-milled graphite. Which indicates that the crystalline structure of the 

graphite is distorted after 12 hours of ball milling. The comparison of the graphite in the Sb/C 

composite and milled graphite proved, in addition, to be different. The graphite in the Sb/C 

composite was much more intact, had a higher particle size and had more of a graphitic 

structure, compared to the 12 hours milled graphite.  

The galvanostatic measurement of the non-milled graphite electrode provided negligible 

capacity, as expected. However, the milled graphite matrix electrode provided a reversible 

capacity of 95 mAh/g and a CE of 99% over 250 cycles, at a current rate of 30 mA/g, which 

can be regarded as a relatively good performance (compared to previous studies). The milled 

graphite matrix electrode, however, exhibits a very low capacity retention of 25% between the 

first and second sodiation cycle, where 75% irreversible charge is lost mainly due to the 

decomposition of the electrolyte and SEI formation. This occurrence is also apparent in the 

first scan the CV characterization of the same electrode. 

The Sb/C composite electrode provided a reversible capacity of 400 mAh/g, at a current rate 

of 15 mA/g. This capacity was calculated based on the total weight of the working electrode 

(Sb + carbon). By deducting the graphite’s and CB’s contribution to the capacity, reversible 

specific capacity based on the weight of Sb was calculated to be 595 mAh/g, with an excellent 

CE of 99% in over 40 cycles. Which is close to the theoretical capacity of 660 mAh/gsb. The 
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Sb/C composite electrode also provided 95% capacity retention in over 100 cycles, at a 

current rate of 15 mA/g. The capacity retention between the first and second sodiation cycle 

of the Sb/C composite electrode is around 75%, which is much better than the milled graphite 

matrix (25%). This leads to a conclusion that majority of the irreversible capacity between the 

first and second sodiation cycle of the Sb/C composite electrode is contributed from the 

carbon matrix. The incorporation of the carbon matrix generally provides a conductive and 

mechanical support to the bulk Sb, contributing to the resulting high electrochemical anode 

performances. 

A minor capacity loss of 6% in pause tests of over 600 hours indicates that the SEI layer 

formed on the Sb/C electrode is very stable. Furthermore, the pause test of up to 20 hours, 

done on Sb/C symmetrical cells resulted in no capacity loss. This confirms the stability of the 

SEI layer and good self-discharge and shelf life character of the Sb/C composite electrode. 

The several types of Sb/C symmetrical cells assembled through-out the project also indicate 

that a very stable SEI layer is mostly/nearly formed in the first sodiation cycle. 
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9 Appendix 

A. Sb/C composite 

 

Figure 30. Statistical calculation of particle size. Milled graphite. 

 

Figure 31. Statistical calculation of particle size. Sb/C composite electrode. 
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SEM images of over 180000X magnification. 

 

Figure 32. Exfoliated graphite. 

 

Figure 33. What seems to be porous Sb particle (top left corner). 
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B. Raman DATA 

 

Figure 34. Optical microscope image of Raman characterized surface of Sb/C composite 

electrode. 

 

 

Figure 35. Optical microscope image of Raman characterized surface of Non-milled graphite. 
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C. EDS DATA 

 

Figure 36. Lines-scan at the same surface as Figure 11, which gives a quantitative 

measurement on the propagation of elements along the single line marked. 

 

Figure 37. EDS elemental mapping of Sb/C composite electrode, the propagation of C, 

Sb, Na and O on the surface of the Sb/C composite electrode, and map sum spectrum of 

the EDS elemental mapping. 
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D. Galvanostatic measurement data 

 

Figure 38. Galvanostatic charge/discharge or desodiation/sodiation voltage profiles and CE of 

the Sb/C composite electrode. Capacity is calculated based on based on weight of Sb. 

 

Figure 39. Galvanostatic charge/discharge or desodiation/sodiation voltage profiles and CE of 

the Sb/C composite electrode. Capacity is calculated based on based on weight of Sb. 
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Figure 40. The electrochemical cycling stability and CE of the non-milled-graphite electrode was 

also tested under galvanostatic conditions at 30 mA/g, cycled between 0.02V and 2V. 

 

Figure 41. Galvanostatic charge/discharge or desodiation/sodiation voltage profiles of Sb/C 

composite electrode in a half-cell without FEC additive. At current 15mA/g. 


