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Summary 
 Novel rechargeable batteries are urgently required for the next generation of portable 

electronics, electric vehicles and stationary energy storage. Irrespectively of whether the goal 

is to improve present day Li-ion batteries in terms of energy or power density or to develop 

potentially low-cost battery systems based on Na-, Mg- or Al-ions, the development of novel 

electrode materials is essential for major breakthroughs in the field. Particularly, 

nanostructured materials offer potentially superior electrochemical properties due to faster 

reaction kinetics and better reversibility of the alloying/conversion reaction with the 

respective metal ions. Thus, in this thesis nanomaterials were explored as novel electrode 

materials for rechargeable room-temperature batteries ranging from already established Li-ion 

batteries to potentially more inexpensive batteries based, for instance, on Na- or Mg-ions.  

In detail, Sb nanocrystals (NCs) were synthesized using a novel, simple and inexpensive 

procedure. Such Sb NCs not only show outstanding rate performance and cycling stability as 

Na-ion anode materials with capacities close to the theoretical value of 660 mAh g-1, but 

allow the fabrication of a P/Sb/Cu composite by simple mixing of bulk red phosphorus and 

copper nanowires, which delivers capacities of > 1100 mAh g-1 for more than 50 cycles at a 

current of 125 mA g-1. The same simple reaction procedure for synthesizing Sb NCs was 

further extended to intermetallic nanoalloys of SnSb and Co-Sn. SnSb NCs, while showing 

excellent capacity retention as Na-ion anode material, only reached capacities close to the 

theoretical value for Li-ion storage. In detail, SnSb NCs delivered capacities of 760 mAh g-1 

for 100 cycles (at 1000 mA g-1) in Li-ion half-cells and ~600 mAh g-1 for 60 cycles (at 

400 mA g-1) with an average discharge voltage of 3.0 V in Li-ion full-cells with LiCoO2 as 

cathode material. Further, CoSn2Ox nanoparticles (NPs), prepared by ball-milling of 

inexpensively synthesized Sn and Co NPs in air, are demonstrated as very stable Li-anode 

material with only 8% capacity loss over 1500 cycles at a high cycling rate of 1984 mA g-1.  

Apart from nanostructured Sb-based electrode materials, numerous metal sulfide 

and metal phosphides NCs were explored for the first time as potential anode materials for 

Na-ion batteries, due to their very high theoretical capacities (typically in the range 

of ~1000 mAh g-1). In particular, nanostructured sulfides FeS2, NiS2, CoS2, PbS, SnS, CuS, 

ZnS and Cu2ZnSnS4 and metal phosphides FeP, CoP, NiP2 and CuP2 were investigated, with 

FeS2 NCs clearly arising as the most promising candidate delivering capacities of more than 

500 mAh g-1 for 400 cycles at a current density of 1000 mA g-1.  
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Such FeS2 NCs were used further as cathode material in combination with 

a metallic magnesium anode for the first demonstration of a Na/Mg hybrid battery. This 

proof-of-principle battery showed promising electrochemical properties with a cathodic 

capacity of ~190 mAh g-1 and a discharge voltage of ~1.0 V over 40 cycles (at 200 mA g-1). 

Based on earth-abundant elements only such Na/Mg hybrid battery can be of potential interest 

as future low-cost solution for stationary large-scale energy storage.  

In the context of developing novel, inexpensive batteries, finally an Al-ion battery is 

presented using pyrene-based polymers as high-performance cathode materials. Particularly, 

poly(nitropyrene-co-pyrene) showed electrochemical properties comparable to the present 

state-of-the-art material pyrolytic graphite with a high discharge voltage of ~1.7 V, a stable 

capacity of ~100 mAh g-1 and energy efficiency of ~86% for at least 1000 cycles at a current 

of 200 mA g-1. 
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Zusammenfassung 
 Neue, wiederaufladbare Batterien werden dringend benötigt für die nächste 

Generation von tragbaren Elektronikgeräten, Elektrofahrzeuge und stationäre 

Energiespeicherung. Unabhängig davon, ob das Ziel ist heutige Li-Ionen-Batterien 

hinsichtlich von Energie- oder Leistungsdichte zu verbessern oder potentiell kostengünstige 

Batteriensyteme basierend auf Na-, Mg- oder Al-Ionen zu entwickeln, die Entwicklung neuer 

Elektrodenmaterialien ist essentiell für bedeutende Durchbrüche auf dem Gebiet.  

Insbesondere nanostrukturierte Materialien bieten potentiell verbesserte elektrochemische 

Eigenschaften aufgrund von schnellerer Reaktionskinetik und besserer Reversibilität der 

Legierungs-/Umwandlungsreaktion mit den jeweiligen Metallionen. Folglich wurden in 

dieser Arbeit Nanomaterialien als neuartige Elektrodenmaterialien für wiederaufladbare 

Raumtemperaturbatterien, reichend von bereits etablierten Li-Ionen-Batterien 

bis zu möglicherweise kostengünstigeren Batterien basierend auf beispielsweise Na- oder 

Mg-Ionen, erforscht. 

Im Einzelnen, wurden Sb Nanokristalle unter Verwendung einer neuen, 

einfachen und preisgünstigen Methode synthetisiert. Derartige Sb 

Nanokristalle zeigen nicht nur aussergewöhnliche Entladegeschwindigkeit und 

Zyklenstabilität als Na-Ionen-Anodenmaterialien mit Kapazitäten nahe dem theoretischen 

Wert von 600 mAh g-1, sondern erlauben die Herstellung eines P/Sb/Cu-Komposits durch 

einfaches Mischen mit rotem Phosphor und Kupfer-Nanodrähten, welches Kapazitäten von 

> 1100 mAh g-1 für mehr als 50 Zyklen bei einem Strom von 125 mA g-1 liefert. Dasselbe 

einfache Reaktionsverfahren für Sb Nanokristalle wurde überdies ausgeweitet auf 

intermetallische Nanolegierungen von SnSb und Co-Sn. Obwohl SnSb Nanokristalle 

ausgezeichnete Retention der Kapazität als Na-Ionen-Anodenmaterialien zeigen, wurden 

Kapazitätswerte nahe dem theoretischen Wert nur für Li-Ionen-Speicherung erreicht. Im 

Einzelnen, lieferten SnSb Nanokristalle Kapazitäten von 760 mAh g-1 für 100 Zyklen 

(bei 1000 mA g-1) in Li-Ionen-Halbzellen und ~600 mAh g-1 für 60 Zyklen (bei 400 mA g-1) 

mit einer durchschnittlichen Entladespannung von 3.0 V in Li-Ionen-Batterien mit LiCoO2 

als Kathodenmaterial. Des Weiteren werden CoSn2Ox Nanopartikel, hergestellt durch 

Kugelmahlen an Luft von kostengünstig synthetisierten Sn und Co Nanopartikeln, als sehr 

stabiles Li-Ionen-Anodenmaterial vorgestellt mit nur 8% Kapazitätsverlust über 1500 Zyklen 

bei einer hohen Lade-/Entladerate von 1984 mA g-1.  
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Neben nanostrukturierten Sb-basierten Elektrodenmaterialien, wurde eine Vielzahl an 

Metallsulfid- und Metallphosphid-Nanokristallen zum ersten Mal als potentielle 

Anodenmaterialien für Na-Ionen-Batterien, aufgrund ihrer sehr hohen theoretischen 

Kapazitäten (typischerweise im Bereich von ~1000 mAh g-1), untersucht. Insbesondere 

wurden die nanostrukturierten Sulfide FeS2, NiS2, CoS2, PbS, SnS, CuS, ZnS und Cu2ZnSnS4 

sowie die Metallphosphide FeP, CoP, NiP2 und CuP2 untersucht, wobei FeS2 Nanokristalle 

eindeutig als vielversprechendste Kandidaten hervorgingen mit Kapazitäten von mehr als 

500 mAh g-1 für 400 Zyklen bei einer Stromdichte von 1000 mA g-1.  

Derartige FeS2 Nanokristalle wurde überdies als Kathodenmaterial in Kombination mit einer 

metallischen Magnesium-Anode für die erste Demonstration einer Na/Mg-Hybridbatterie 

verwendet. Diese Proof-of-Principle-Batterie zeigte vielversprechende elektrochemische 

Eigenschaften mit einer kathodischen Kapazität von ~190 mAh g-1 und einer 

Entladespannung von ~1.0 V über 40 Zyklen (bei 200 mA g-1). Eine derartige Na/Mg-

Hybridbatterie, basierend nur auf reichlich vorhandenen Elementen, kann von möglichem 

Interesse sein als zukünftige kostengünstige Lösung für stationäre Energiespeicher.  

Im Zusammenhang mit neuen, kostengünstigen Batterien, wird schlussendlich eine Al-Ionen 

Batterie vorgestellt mit Pyrene-basierten Polymeren als Kathodenmaterialien. Insbesondere 

Poly(Nitropyrene-co-Pyrene) zeigte elektrochemische Eigenschaften vergleichbar zum 

derzeitigen State-of-the-art-Material pyrolytischem Graphit mit einer hohen Entladespannung 

von ~1.7 V, einer stabilen Kapazität von ~100 mAh g-1 und einer Energieeffizienz von ~86% 

für mindestens 1000 Zyklen bei einem Strom von 200 mA g-1. 
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Chapter 1. Introduction 

 
Courtesy of Éditions Vuibert 

 
 

1.1.  Rechargeable batteries 

 Fundamental considerations for batteries. Since the development of the first 

battery by Alessandro Volta more than 200 years ago,1 rechargeable batteries have conquered 

most areas of everyday life ranging from watches to laptops and further widespread 

application, for instance, for electromobility or stationary storage, is expected.2-4 Despite 

difficulties to understand all the electrochemical processes taking place, the general working 

principle of a rechargeable battery is relatively simple. During discharge of the battery a 

redox reaction between a “reductant” material (negative electrode, anode) and “oxidant” 

material (positive material, cathode), which are spatially separated, yet connected electrically 

through an external electrical circuit, takes place. The negative electrical charge (electrons) 

moving from the “reductant” to the “oxidant” is balanced by the removal of positively 

charged ions (e.g., Li-ions) from the “reductant” and their insertion into the “oxidant” 

material. Thus, both materials need to be connected ionically through an ion-conducting 

electrolyte, e.g., a liquid containing the respective positively charged ions in dissociated 

form. The driving force for the redox reaction expressed as Gibbs free energy ∆G is related to 

the potential difference between the two electrode materials ∆E and accordingly the 

voltage U:5 

 
− ∆G
zF

 = ∆E = U  (1.1.) 

z = number of electrons exchanged, F = Faraday’s constant 
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Importantly, the potential E of each half-cell can be in principle calculated using the Nernst 

Equation:6 

 

E =  E0 + RT
zF

ln aOx
 aRed

  (1.2.) 

E0 = standard electrode potential, R = gas constant, T = temperature, a = activity 

 

During discharge of the battery the voltage decreases, since the driving force for the reaction 

is diminished by the continuous redox reaction. Upon charging the battery the processes are 

reversed and both previously intercalated positively charged ions and electrons are removed 

from the cathode and reinserted into the anode material. In a thermodynamically perfect 

system the voltage required for charging would be the same as the one observed during 

discharging, which is not the case in real systems. The deviation of the potential E from the 

thermodynamic value Ethd is the so called overpotential η:7 

 

η = E − Ethd    (1.3.) 

 

This overpotential is the necessary extra potential required for the redox reaction to take place 

due to kinetic limitations of the system. As a result of overpotential effects in a real battery 

the charging voltage is somewhat higher and the discharging voltage lower, leading to energy 

efficiencies < 100%. In order to recharge the battery an obvious requirement is for the 

redox reaction to be reversible, which is not the case for all battery types. In terms of the 

nomenclature rechargeable batteries are coined as secondary, whereas non-rechargeable 

batteries are named primary batteries.8 In particular, one of the most widely used 

rechargeable battery technology are lithium(Li)-ion batteries (LIBs) with LiCoO2 as cathode 

and graphite as anode material. Importantly, it should be noted that commercial rechargeable 

LIBs typically do not contain metallic Li as anode material, since lithium is prone to form 

branchlike structures (dendrites) during cycling, which can lead to short-circuiting of the cell 

and consequently even explosion of the battery.9, 10 In case of such a battery based on 

LiCoO2/graphite – and LIBs in general – the charge transfer is accompanied by the removal 

and insertion of Li-ions as illustrated in Figure 1.1.  
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Figure 1.1. (a) Schematic working principle of a Li-ion battery with a graphite anode and LiCoO2 cathode. (b) 
Charge/discharge curves of graphite and LiCoO2 in Li-ion half-cells.  
 

The reactions taking place during discharge of the battery are as follows:11 

 

Anode (“oxidation”):  LiC6  →  C6  + Li+ +  e−    (1.4.) 

Cathode (“reduction”): xLi+ +  xe− + Li1−xCoO2 → LiCoO2    (1.5.) 

Overall discharge reaction:  xLiC6  +  Li1−xCoO2 →  xC6  + LiCoO2  (1.6.) 

 

An important value is the amount of charge Q, which can be calculated by integration of the 

current I over the time t:12 

 

∫ I(t)dtt2
t1

= Q = nzF  (1.7.) 

n = amount of substance, z = number of electrons exchanged, F = Faraday’s constant 

 

It should be noted that in real batteries not the entire charge is used for the reversible redox 

reaction, but a certain fraction is consumed by irreversible side reactions, such as the 

decomposition of the electrolyte at very high or low voltages.  

A measure for the extent to which such irreversible processes are consuming charge is the 

coulombic efficiency (CE):12 

 

CE = Qdischarge
Qcharge

∙ 100% (1.8.) 

 

For combinations of electrolytes and electrode materials, where the electrochemical potential 

of the anode µa lies above the LUMO or the electrochemical potential of the cathode µc lies 

below the HOMO of the electrolyte, reductive/oxidative electrolyte decomposition is 
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thermodynamically favored.13 However, the electrolyte decomposition does in the most 

desirable case not continue indefinitely, because an electronically insulating, yet ionically 

conducting interface is formed between electrolyte and electrode material. This interface 

composed of decomposition products of the electrolyte is the so called solid electrolyte 

interface (SEI) and can block further electrolyte decomposition.14  

 

 
Figure 1.2. Schematic representation of the relative energies of electrolyte and electrodes. The stability window 
of the electrolyte is given by Eg with the LUMO above the electrochemical potential of the anode µa and the 
HOMO below the electrochemical potential µc of the cathode meaning that decomposition of the electrolyte is 
thermodynamically not favored. Reproduced with modifications from Goodenough et al.13 
 

Relating the charge Q to the mass of the electrode material m gives the specific capacity Cs, 

which can be converted into the volumetric density Cv, if the density ρ is known: 

 

Cs = Q
m

=  nzF
m

     (1.9.) 

Cv = Cs ∙ ρ   (1.10.) 

 

Accordingly the theoretical capacity Cs,th of a given electrode material can be calculated 

according to: 

 

Cs,th =  zF
M

     (1.11.) 

 

For instance, in case of LiCO2 the theoretical specific capacity is 137 mAh g-1 based on 

z = 0.5 and M = 97.87 g mol-1.15 The important electrochemical parameters which determine 

the energy density W of such a battery are not only the specific/volumetric capacities Ca of 

the anode and Cc cathode material as they give the number of how much charge can be 
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extracted from the electrode materials per unit of mass/volume, but also the voltage U at 

which electrons are extracted from the anode and transferred to the cathode material 

according to:16 

 

W = U ∙ Ccell = U ∙  CaCc
Ca+Cc

  (1.12.) 

Ws = U ∙  Cs,aCs,c
Cs,a+Cs,c

   (1.13.) 

Wv = U ∙  Cv,aCv,c
Cv,a+Cv,c

   (1.14.) 

 

Relating the energy density to the unit of time t during which the energy is released leads to 

the power density P: 

 

P = W
t

= U∙Ccell
t

   (1.15.) 

 

Besides power and energy density, there are numerous important electrochemical key values 

that have to be considered such as long-term cycling performance (cycle life), calendrical 

life, coulombic efficiency (measure for charge loss due to irreversible side reactions, 

e.g., electrolyte decomposition), energy efficiency and the performance at different 

charge/discharge rates or at different temperatures. Moreover, since values such as energy or 

power density are related to the mass/volume of the electrode materials, for practical cells 

one has to consider the mass/volume of all cell parameters such as electrolyte, casing and 

separator. For instance, whereas the theoretical capacity of a graphite/LiCoO2 cell is 

~400 Wh kg-1, the practical energy density is with ~200 Wh kg-1 approximately 50% lower.17  

 

 
Figure 1.3. Weight distribution of different battery components in a typical (high-energy) Li-ion battery. 
Derived from Gaines et al.18 
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Especially, for practical cells further equally important factors to consider are safety, 

environmental friendliness and cost both in absolute numbers as well as related to cycle life 

and energy density. The great challenge to develop new batteries is to find systems that fulfill 

this multitude of parameters satisfactorily.  

 

 Emerging battery technologies. Notably, in terms of energy and power density 

LIBs outperform all other mature rechargeable battery technologies such as Ni-MH, Ni-Cd 

or Pb-acid (see Figure 1.4.).  

 

 
Figure 1.4. Comparison of volumetric and specific energy densities of the commercially four most important 
rechargeable (room-temperature) batteries. Derived from Tarascon et al.9  
 

However, the superior performance of LIBs has not led to the complete replacement of the 

aforementioned alternatives, due to the fact that depending on the application – which can 

range from small batteries for watches to large scale energy storage systems as uninterrupted 

power supply for entire cities19, 20 – factors such as cost or safety can be more important than 

solely energy and power density. Particularly, Pb-acid and primary batteries continue to play 

a major role accounting for ~50% of the revenue with batteries (see Figure 1.5.). 
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Figure 1.5. Global revenue distribution of 2009 (total 47.5 billion USD) and typical applications of different 
batteries.21  
 

Presently, three main fields for batteries with somewhat different requirements can be 

identified: portable electronics, electric vehicles and large scale energy storage. Whereas, 

portable electronics powered by batteries are ubiquitous, their use for the latter two 

applications remains rather the exception. The motivation to use batteries as energy storage 

devices for vehicles and large scale system mainly stems from the need to lower carbon 

dioxide emissions. Instead of burning either fossil fuels in vehicles or power plants for energy 

generation, the ultimate idea is to use the energy stored in efficient batteries produced from 

intermittent renewable sources such as wind or solar power. However, for electric vehicles 

the main issue up to date is that even the best Li-ion battery technology cannot compete in 

terms of energy density with the established combustion engine/gasoline and is rather 

expensive.22 It is also rather the cost factor, which has hampered the widespread use of 

batteries for large scale energy storage.2 Notably, the cost of batteries depends largely on the 

materials involved, for instance, in case of LIBs 96% of the overall cost is due to the 

materials (see Figure 1.6.). Particularly, the Li-ion containing electrolyte and cathode 

material LiCoO2, which also contains relatively expensive cobalt, are responsible for almost 

70% of the overall cost of such a battery. In light of the relatively high cost of Li-salts and 

issue of supply security as result of their limited abundance, batteries based on 

sodium (Na),23-35 magnesium (Mg)36-40 or aluminum(Al)39, 41 are gaining increasing attention 

due to the high earth-abundance of their elements and therefore potentially lower cost 

(see also Figure 1.7.). However, replacing Li-ions with Na-, Mg- or Al-ions has drastic 
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effects on the electrochemistry and different challenges are encountered requiring the 

development of new electrode materials and electrolyte formulations. 

 

 
Figure 1.6. Cost structure of different battery components in a typical Li-ion battery. Derived from Gaines 
et al.18 
 

 
Figure 1.7. Comparison of the voltage vs. SHE (standard hydrogen electrode), specific and volumetric 
capacities and earth-abundance for anode materials. Since elemental lithium and sodium cannot be used safely 
in rechargeable batteries due to dangerous dendrite formation, graphite (for Li-ion storage) and phosphorus 
(for Na-ion storage) are listed as potential substitutes.39, 42 
 

Na-ion batteries (SIBs) are conceptually identical to their Li-ion counterparts. However, 

despite the proximity in the periodic table, the electrochemistry of Li- and Na-ions is often 

very different due to the ~50% larger radius of the Na-ion compared to Li. For instance, the 

direct Na-ion analogue to LiCoO2 – NaCoO2 – shows poorer electrochemical performance 
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characterized by significantly lower discharge voltage.43 Nevertheless, in terms of Na-ion 

cathode materials, very efficient electrode materials have been developed such as 

Na1.5VPO4.8F0.7
44 or Na4Co3(PO4)2P2O7

45 with electrochemical performances comparable to 

the best Li-ion cathodes. In fact, for Na-ion batteries the great remaining challenge lies in 

developing a suitable anode material. Similar to metallic Li using elemental Na as anode 

material is, because of dendrite formation, not advisable for rechargeable batteries.46 In 

addition, graphite, which serves as anode material for Li-ion batteries by intercalating Li-ions 

between the graphene layers, struggles to insert Na-ions in conventional electrolytes simply 

due to the larger size of the ions.47 Thus, the development of high-performance SIBs largely 

depends on the development on suitable high-energy density anode materials. 

Contrary, to both LIBs and SIBs, where the elemental metals cannot be used as anode 

materials because of dendrite formation during cycling, which can lead to short-

circuiting (and explosion) of the battery,9, 10, 46 the great advantages of Mg-ion batteries 

(MIBs) and Al-ion batteries (AIBs) are that elemental Mg and Al can be deposited smoothly 

and are therefore safe to use as anode materials in rechargeable batteries.37, 39 

Importantly, metallic Mg and Al combine many important properties such as safety, low cost, 

non-toxicity, very high storage capacities (2205 mAh g-1 / 3833 mAh cm-3 for Mg, 

2980 mAh g-1 / 8046 mAh cm-3 for Al, see also Figure 1.7.) making them ideal anode 

materials.37, 39, 48 Unlike many other anode materials for LIBs or SIBs such as Si or Sn, which 

would require the fabrication of electrodes with conductive additives and polymeric binders 

or even nanostructuring of the active material, metallic Mg and Al can be used readily as 

anode materials and are easy to handle. However, despite all the advantages of metallic Mg 

and Al as anode material, commercialization of such batteries has been mainly hindered by 

the lack of efficient cathode materials and – especially in case of MIBs – limitations caused 

by the electrolyte. 

In case of MIBs the difficulty lies in reversibly inserting and removing Mg-ions (at 

reasonably high charge/discharge rates at room temperature) as result of the typically stronger 

coulomb interactions of the Mg-ions (small radius and divalent charge) with the host lattice 

of “classical” cathode materials compared to Li- or Na-ions. One of the few examples where 

efficient Mg-insertion/removal has been demonstrated successfully is Chevrel phase 

Mo6S8 (Mo6S8 + 2Mg2+ + 4e- ↔ Mg2Mo6S8) enabled by relatively weak interactions between 

Mg-ions and the host lattice.36 In addition to finding suitable cathode materials, developing 

Mg-ion batteries is complicated by the electrolyte chemistry.49, 50 One important 

consideration for all batteries is that due to the either very negative or positive potential at the 
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electrodes the electrolyte is prone to reduction or oxidation, leading to the formation of a 

layer of the decomposition products on the electrodes inhibiting further electrolyte 

decomposition. Whereas in case of LIBs or SIBs, typically this SEI layer is still ionically 

conducting because of the high diffusivity/mobility of Li/Na-ions, in case of Mg-ions such 

layer immediately blocks Mg-diffusion and therefore inhibits the cell reaction.39 To overcome 

this issue Grignard and borohydrides have been demonstrated as efficient Mg-electrolytes. 

However, such compounds are not only possibly too reactive to be used in practical cells, but 

because of their high reactivity the maximal cell voltage of MIBs is usually limited to ca. 

2 V, if non-noble metal current collectors are used.37, 51 In conclusion, the greatest challenges 

for Mg-ion batteries lie in both finding electrolytes with higher electrochemical stability and 

to develop cathode materials which can efficiently and quickly insert/remove Mg-ions with 

high capacities and at high potentials. 

Al offers theoretically even higher volumetric capacities than Li (four times higher) or Mg 

(two times higher), as result of its low mass and the fact that each Al-atom can “release” three 

electrons per formula unit.39 However, the potential for the Al3+/Al reaction is far more 

shifted towards positive values (-1.66 vs. SHE, see also Figure 1.7.), meaning that for a given 

cathode material, the obtained voltage with Al-anodes will always be lower compared to for 

instance Li (-3.04 V vs. SHE). Additional complications are the fact that Al-plating and 

stripping is typically achieved using mixtures of AlCl3 and ionic liquids, which tend to 

corrosion and often limit the accessible potential range to values below ~2.5 V.39 Moreover, 

finding suitable cathode materials with high capacity and high operating voltage remains a 

great challenge. One of the few examples, where a relatively efficient Al-ion battery has been 

reported, is by using pyrolytic graphite as cathode material.41 However, it should be noted 

that the working principle of such a battery is different from “classical” Li-ion batteries. 

Rather than reversibly inserting/removing Al3+ – which would be very difficult because of the 

strong coulombic interaction of such trivalent ion with any host lattice – the species that is 

inserted between the graphene layers is AlCl4
-.41 Whereas the insertion of Al3+ would be 

accompanied by the “reduction” of the respective electrode material, in case of AlCl4
- 

insertion the direction of the current is reversed. In fact, since for present day Al-ion batteries 

the electrolyte is majorly involved in the electrode reactions and therefore a limiting factor, 

one additional challenge for Al-ion batteries will be to minimize the amount of electrolyte 

used and therefore maximize the whole battery system in terms of energy per volume and 

mass.  
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In summary, the development of potentially less expensive batteries for large scale energy 

storage such as SIBs, MIBs and AIBs and potential improvement of present day LIBs in 

terms of power or energy density largely depends on the development of suitable high-

performance electrode materials. 

 

1.2.  Nanomaterials as electrode materials for electrochemical energy storage 

 Nanomaterials – meaning any kind of material with sizes below 100 nm – have in the 

recent years become of major interest for the field of electrochemical energy storage, due to 

potential advantages resulting from their nanoscale dimensions.52-54 Nanostructuring of the 

active material can enhance reaction kinetics and accordingly allow charging/discharging at 

higher rates, since, due to the higher surface area of nanomaterials, the contact area with the 

electrolyte and other electrode components (such as conductive carbons) is larger. In 

addition, reaction kinetics can be enhanced as result of the short diffusion lengths within the 

nano-sized material. In particular, the diffusion time constant τ is given by the square of the 

diffusion length L divided by the diffusion constant D:55 

 

τ =  L
2

D
   (1.16.) 

 

Whereas most potential advantages of nanomaterials arise from the higher surface area, it is 

likewise the source of most disadvantages.56 The irreversible charge loss by formation of the 

SEI via decomposition of the electrolyte is typically much higher for nano-sized materials 

because of their larger surface area. Since the charge needs to be balanced by the opposing 

electrode (e.g., LiCoO2), this phenomenon lowers the energy density of a practical cell 

significantly. In addition, parasitic side reactions of the electrolyte are typically more 

pronounced for electrodes with higher surface areas leading to potentially poorer long-term 

stability. Further disadvantages of nano-sized materials are their often relatively complicated 

and expensive preparation and the fact that the nano-sized materials show typically lower 

densities compared to bulk materials.56 Nevertheless, interest in nanomaterials has remained 

strong, due to the fact that numerous potentially promising high capacity electrode materials 

(shown in Figure 1.8.) – practically unusable as bulk materials – show only reasonable 

performance for Li- and Na-ion storage in nanostructured form.53, 57-61 



 
 

Chapter 1. Introduction – Marc Dominik Walter 
 

12 
 
 

 
Figure 1.8. Specific and volumetric capacities for potential Li- and Na-ion anode materials taking into account 
the highest lithiated or sodiated phase at room temperature (based on values from the database 
http://materials.springer.com). 
 

However, the alloying reactions these materials undergo with Li or Na typically involve 

massive volumes changes in the range of 400-100%, calculated on basis of the change of 

molar volume ∆V between the final (e.g., fully lithiated) phase Vm  and the initial phase Vm
0  

(Figure 1.9.): 

 

∆V =  100% ∙   (Vm −  Vm0 )
Vm0

  (1.17.) 

 

 
Figure 1.9. Calculated molar volume change for potential anode materials for Li- and Na-ion storage taking 
into account the highest lithiated or sodiated phase at room temperature (based on values from the database 
http://materials.springer.com). 
 

Such massive volume changes during charging/discharging typically lead to such large 

mechanical stress, that the electrode material cracks and crumbles. This pulverization of the 

materials subsequently causes loss of electrical contacts and hence rapid decrease of the 

capacity. Importantly, numerous reports indicate that this issue can be mitigated by the 

use of nano-sized materials.16, 19, 26, 29, 53, 54, 56-58, 61-76 The underlying principle is that 

nanometer-sized particles can exhibit different mechanical properties than their bulk 
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counterparts. For instance, for Si NPs as Li-ion anode materials, it was shown that below a 

particle size of 150 nm Si NPs expand elastically leading to superior cycling performance 

compared to the larger-sized particles, which crack upon expansion.77  

Finally, apart from the two main advantages of nanomaterials – potentially improved reaction 

kinetics and cycling stability – the use of nanostructured materials can lead to different 

reaction pathways or higher reversibility, if the electrochemical reaction for instance involves 

phase separation as it is the case for many conversion type materials.56 

 

 
Figure 1.10. Schematic representation of the advantages of nanostructured materials compared to their bulk 
counterparts. 
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1.3. Scope and outline of the dissertation 

 In summary, this PhD project was dedicated to the synthesis of nanostructured 

materials and their application as electrode materials for rechargeable, room-

temperature batteries. This chapter provided background on rechargeable batteries and the 

possible benefits of employing nanomaterials as electrode materials and is followed by details 

on the used experimental methods and techniques (Chapter 2). In the following seven 

chapters (Chapter 3-9) the results of this thesis are presented corresponding to five first-

author publications and two patent applications of the Aspirant. The final chapter (Chapter 

10) concludes the thesis and provides an outlook on future directions. The full list of 

publications, including all coauthored publications from collaborative projects, and list of 

filed patents can be found in the appendices (Appendix C and D). 

 

 Inexpensive antimony nanocrystals and their composites with red phosphorus as 

high-performance anode materials for Na-ion batteries (Chapter 3). Despite the fact that 

Na-ion batteries had been conceptually studied already in the 1980s,78, 79 just around 2011 the 

field started to gain momentum with an ever increasing number of publications per year to 

the point that just in the years 2014/2015 more articles were published than in all previous 

years combined (based on http://www.scopus.com, search term “sodium ion batteries”). 

Whereas at around the time this PhD project had started the performance of Na-ion cathode 

materials was already comparable to its Li-ion counterparts,44 it had become clear that the 

Achilles heel of Na-ion batteries is the lack of suitable anode materials due to the poor 

performance of graphite and silicon – the two most prominent Li-ion anode materials.80,81 

Based on the pioneering work of Darwiche et al.82 on bulk Sb as anode material for Na-ion 

batteries, the Kovalenko Group had reported unprecedented rate capability and excellent 

cycling stability for monodisperse 20 nm Sb NCs as Na-ion anode material.57 

However, despite the fact that such monodisperse NCs can serve as model systems to study 

size-dependent properties and can show excellent electrochemical properties, they are 

unlikely materials to be used on the industrial scale. Due to the relatively high 

cost for precursors, solvents and multiple purification steps including removal of organic 

ligands – especially when considering reaction yield – the synthesis of monodisperse NCs is 

too expensive to allow commercialization of such materials. Therefore, the question, which 

triggered the first part of this chapter, was, if it is possible to develop an inexpensive 

synthetic procedure to produce Sb NCs with the same average size (sacrificing size 
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uniformity to a certain extent) and how their performance as Na-ion anode materials would 

differ from monodisperse Sb NCs. In light of the fact that red phosphorus theoretically shows 

one of the highest Na-ion storage capacities (2596 mAh g-1),27, 28 the aim of the second part of 

this chapter was to explore the possibilities of improving cycling stability and rate capability 

by forming a composite of red phosphorus and inexpensively synthesized Sb NCs. 

 

 Inexpensive colloidal SnSb nanoalloys as efficient anode materials for Li- and 

Na-ion batteries (Chapter 4); Oxidized Co-Sn nanoparticles as long-lasting anode 

materials for Li-ion batteries (Chapter 5). Based on the work presented in Chapter 3 on 

inexpensively synthesized Sb NCs by simple reduction of antimony chloride with sodium 

borohydride in N-methylpyrrolidone, the goal of the work presented in these chapters was to 

investigate to what extent this inexpensive synthetic procedure can be applied to other 

metallic nanocrystals, particularly intermetallic nanoalloys of tin (Sn). Sn-based alloys are of 

particular interest, due to the fact that (together with Si) Sn is one of the few anode materials 

potentially capable of improving the energy and power density of practical Li-ion batteries58, 

83-86 Previous reports have hinted at the superior performance of intermetallic Sn alloys 

compared to pure phase Sn anodes, especially in terms of cycling stability.64, 87-89 The two 

anode materials investigated (mainly for Li-ion storage) were SnSb – as example of an 

intermetallic compound with two active materials – and Co-Sn based materials – as example 

of an alloy with an active (Sn) and inactive (Co) material. Apart from half-cell tests, the goal 

was also to evaluate these materials with regards to their applicability for full-cells by 

carrying out electrochemical tests with LiCoO2 (for Li-ion batteries) or Na1.5VPO4.8F0.7 (for 

Na-ion batteries) as cathode materials. This development of inexpensive, upscalabe 

procedures to produce high-performance anode materials for Li-ion batteries was a particular 

goal of the collaboration of the Kovalenko Group with Belenos Clean Power Holding Ltd. as 

part of the CTI project “Precisely Engineered Nanocrystals and their Superstructures for 

Advanced Li-ion Batteries”. 

 

 Pyrite (FeS2) nanocrystals as inexpensive high-performance Li-ion cathode and 

Na-ion anode materials (Chapter 6); Evaluation of metal phosphide nanocrystals as 

anode materials for Na-ion batteries (Chapter 7). Despite their theoretically very high 

specific capacities based on conversion reactions,90 numerous metal sulfides and phosphides 

had never been studied as potential anode materials for Na-ion batteries. In fact, when 

the two projects presented in Chapters 6 and 7 were conceived in 2014, only sulfides of 
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Mo,29, 91-94 W,95 Sn96-99 and Sb100 had been investigated. In case of metal phosphides even less 

was known about the Na-ion storage properties of this class of materials with the report of 

Li et al.101 on FeP being the only prior publication. Hence, the main goal of the work 

presented was to investigate and compare nanostructured metal sulfides (FeS2, NiS2, CoS2, 

PbS, SnS, CuS, ZnS, Cu2ZnSnS4) and metal phosphides (FeP, CoP, NiP2, CuP2) as potential 

anode materials for Na-ion batteries. Given the commercial application of FeS2 as cathode 

material in primary Li-ion batteries (e.g., by Energizer®), application of FeS2 NCs as cathode 

material for rechargeable Li- and Na-ion batteries is also considered in Chapter 6. 

 

 Efficient and inexpensive Na/Mg hybrid battery (Chapter 8). Since the pioneering 

work of Aurbach and coworkers in 2000,36 Chevrel-phase Mo6S8 has remained the 

benchmark material for Mg-ion batteries, despite intensive efforts to identify superior cathode 

materials.102-110 Due to the difficulty to develop suitable Mg-ion cathode materials, a new 

strategy that has been proposed in several proof-of-principle publications starting from 2014 

is to use Li/Mg hybrid batteries.48, 111-116 In such a battery the metallic Mg-anode is combined 

with a Li-ion cathode material to circumvent the issue of slow kinetics typical Mg-ion 

cathodes are suffering from. However, the practical energy density of such battery is limited 

by the oxidative stability window of the electrolyte on the one hand and the fact that large 

volumes of electrolyte are necessary to store the Li/Mg-ions. Hence, it is highly unlikely that 

this kind of battery can outperform state-of-the-art Li-ion batteries in terms of practical 

energy density. However, since for applications such as large-scale energy storage rather cost 

than energy density are the major requirement, the goal of the work presented in this chapter 

was to develop a hybrid battery that is particularly inexpensive. It was aimed at combining a 

Na-ion rather than a Li-ion cathode material with the metallic Mg-anode, because of the 

significantly higher abundance and hence lower cost of sodium salts in comparison to 

lithium. The question which triggered this work was not only whether it is possible to design 

such a Na/Mg hybrid battery (which had never been demonstrated before), but, if it is 

possible using an inexpensive and environmentally friendly cathode material, namely FeS2. 

 

 Pyrene-based polymers as high-performance cathode materials for Al-ion 

batteries (Chapter 9). In 2015 Lin et al. published in Nature the concept of a non-aqueous 

Al-ion battery based on a pyrolytic graphite cathode with unprecedented cycling stability, 

rate performance and energy efficiency.41 Accordingly, the question, which motivated the 

work presented in this chapter, was, if molecular compounds composed similarly to graphite 
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of sp2-hybridized carbons, yet only few condensed aromatic rings, can serve in analogy as 

cathode material. In particular, the aim was to investigate the molecule pyrene (C16H10) in 

monomeric and polymeric form, because of its reported p-type redox-activity at relatively 

high voltages for Li- and Na-ion batteries.117, 118 This class of materials is especially 

interesting, since, unlike cathode materials based on relatively costly transition metals 

(e.g., Co, Ni), pyrene is inexpensively available by distillation of coal tar and used already 

commercially in large quantities for dyes and dye precursors.119 A potential advantage of 

such polymers over graphite are the numerous possibilities to tune the electrochemical 

properties by variation of the chemical composition. Therefore, the aim of this work was to 

synthesize not only homopolymers of pyrene, but copolymers with pyrene carrying 

substituents (e.g., 1-nitropyrene) and to evaluate the effects of this compositional variation on 

the electrochemical behavior. 
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Chapter 2. Methods and techniques 

1  
2  

2.1.  Synthesis of nanocrystals 

 In this work NCs were typically synthesized colloidally based on the “hot-injection” 

method.120 This method is based on the rapid addition of one precursor (reagent A) to a hot 

solution of another precursor (reagent B) (Figure 2.1.).  

 

 
Figure 2.1. (a) Schematic representation of the experimental set-up for synthesis of colloidal nanocrystals. (b) 
Total free energy of a spherical nucleus 𝛥𝛥(𝑟) with the contributions of the surface energy and free energy of 
bulk crystal formation. Derived from Kwon et al.121  
 

As result of the typically high concentrations of the precursors and high temperature, the 

activation barrier for nucleation can be overcome easily resulting in the formation of many 

small crystal nuclei contrary to few large ones. The underlying thermodynamic 

considerations are the following:121, 122  
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The total free energy ΔG(r) of a spherical nucleus with radius r is given by the sum of the 

surface energy γ (positive value) and the free energy of the bulk crystal formation ΔGV 

(volume energy; negative value for supersaturations S > 1). 

 

ΔG(r) = 4πr2γ + 4
3
πr3ΔGV   (2.1.) 

          with ΔGV = −RTlnS
Vm

   (2.2.) 

                   and S =  [M]
[M]0

    (2.3.) 

R = gas constant, T = temperature,  Vm = molar volume, [M] = monomer concentration, [M]0 = monomer 

concentration of the bulk solid 

 

For small particles the positive contribution from the surface energy leads to overall positive 

values of ΔG(r). Differentation of dΔG(r)
dr

 gives the critical radius a particle needs to have to 

stay stable in solution and not be dissolved again, expressed as rC.  

 

rC = 2γ Vm
RTlnS

  (2.4.) 

 

Vice versa rC reveals the requirements for obtaining small nuclei, which is high 

supersaturation S and high temperature T. 

It should be noted that typically the hot-injection method is used for synthesizing not only 

small nano-sized particles, but monodisperse ones, meaning particles with very narrow size 

distributions. To obtain such high degree of uniformity important considerations are the 

stages of size-focusing during the NC growth and ultimately Ostwald ripening, once the 

monomer concentration is sufficiently depleted,123 which are, however, not discussed here, 

since obtaining monodisperse particles was not a particular goal of this work.  

The general experimental set-up for synthesizing NCs is schematically shown in Figure 2.1.a. 

In a typical experiment NCs were synthesized by heating a solution of a specific precursor in 

a round-bottom flask equipped with a condenser using a heating-mantle and digital 

thermocontroller as well as a magnetic stirrer. To exclude air and humidity synthesis was 

carried out under N2 flow via Schlenk-line. Upon reaching the desired reaction temperature 

additional reagents were injected with a syringe and needle through a septa into the flask and 

kept at the reaction temperature for the desired amount of time. 
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2.2. Characterization  

 Transmission electron microscopy (TEM). TEM is a highly useful technique for 

obtaining information about morphology and size of nanomaterials down to resolutions of 

less than 1 nm (in case of HR-TEM). The working principle of a TEM is the following.124 

A focused electron beam generated by an emission source (e.g., tungsten filament) hits the 

specimen (thin film on conducting substrate). A fraction of the electrons will be fully 

transmitted, whereas some are elastically or inelastically scattered as result of the interaction 

with the sample. The extent to which the electrons are scattered depends on the thickness and 

composition of the materials and ultimately generates the contrast of the final image, which is 

observed on a fluorescent screen. Namely, in bright-field TEM the darker areas correspond to 

higher thickness/heavier atoms, as can be also seen in Figure 2.2. as example of a TEM 

image of Sn NCs. TEMs are typically operated with voltages of 300-100 kV under ultrahigh 

vacuum. Unless noted otherwise, herein TEM images were obtained with a Philips CM30 

TEM microscope at 300 kV using carbon-coated Cu grids as substrates (Ted-Pella). 

 

 
Figure 2.2. TEM-image of 10 nm Sn NCs. 

 

 Scanning electron microscopy (SEM). For SEM the sample is scanned with a beam 

of electrons with typical acceleration voltages of 30-1 kV of the electron beam.125 Near the 

surface of the sample secondary or backscattered electrons are generated by the electron 

beam. Since the extent to which electrons are detected depends on the distance to the 

detector, SEM allows revealing the topography of a sample as shown in Figure 2.3.b as 

example. It should be noted that samples for SEM either need to be conducting or surface-

coated with a conducting material. SEM was performed using a NanoSEM 230. 
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Figure 2.3. (a) Photograph of NanoSEM 230 at the Empa Electron Microscopy Center. (b) SEM-image of 
carbon coated Na1.5VPO4.8F0.7. 

 

 Energy dispersive X-ray spectroscopy (EDX). EDX can be used to (rather 

qualitatively) determine the elemental composition of materials. With an electron beam 

electrons in the inner shell of the respective elements are excited and ejected. Consequently 

electrons from outer shells fall back to the unoccupied inner shell emitting the difference in 

energy as X-rays (see also Figure 2.4.).126 Since elements have unique atomic energy levels, 

detection of the emitted X-rays can be used to reveal the elemental composition. EDX was 

performed using a NanoSEM 230. 

 

 
Figure 2.4. Schematic representation of the principle of EDX. Derived from Goldstein et al.126 
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 Powder X-ray diffraction (XRD). XRD can be used for identifying the crystals 

structure(s) present in a material. X-rays, used for irradiating the sample, will be scattered by 

the crystalline phases. Constructive interference will occur, if the following condition applies 

(Bragg’s Law; see also Figure 2.5.):127 

 

nλ = 2dsinθ  (2.5.) 

n = integer number, λ = wavelength, d = lattice spacing, θ = scattering angle 

 

 
Figure 2.5. Graphical representation of Bragg’s Law. Derived from Massa.128 

 

Based on the detected intensities as function of the scattering angle a diffractogramm, as 

shown in Figure 2.6. for Sn NCs, is obtained, which can be compared to reported structures 

for phase identification.  

 

 
Figure 2.6. (a) Photograph of a STOE STADI P powder X-ray diffractometer. (b) XRD patterns of Sn NCs with 
sizes of (A) 10-5 nm (see also Chapter 5) and (B) < 150 nm (commercial Sn nanopowder from Sigma-Aldrich). 
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For materials with sizes of less than 100 nm the XRD-pattern can also be used to gain 

information about the crystallite domain size, which can be correlated with the line 

broadening according to:129 

 

L = Kλ
βcosθ

  (2.6.) 

L = mean size of crystalline domains, K = shape factor,  

β = width at half the maximum intensity  

 

Powder XRD was measured on a STOE STADI P powder X-ray diffractometer (Cu-Kα1 

irradiation, λ = 1.540598 Å, germanium monochromator).  

 

 Attenuated total reflection Fourier transform infrared (ATR-FTIR) 

spectroscopy. For ATR-FTIR measurements first the sample is pressed onto a crystal with 

high refractive index (e.g., diamond). Then an incident infrared beam undergoes multiple 

reflections inside the crystal before reaching the detector (see also Figure 2.7.).130  

 

 
Figure 2.7. Working principle of an ATR-FTIR-spectrometer. Derived from Smith.131 

 

Based on the different intensities of the incident and reflected infrared light measured by the 

detector a spectrum as shown in Figure 2.8 is obtained.  

 

 
Figure 2.8. Example of a FTIR-spectrum obtained for the molecule pyrene. 
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Since the energy of IR-active vibrations depends on the nature of the chemical bonds, FTIR 

spectroscopy can be used to quickly obtain information about the molecules in a sample, in 

particular, about the presence/absence of functional groups with signals at very characteristic 

wavenumbers.132 For instance, for the molecule pyrene – as shown in Figure 2.8. – the 

vibrations at ~3050 cm-1 (1) can be assigned to sp2-C–H stretching, vibrations at 1600-1300 

cm-1 (2-4) to ring vibration and vibrations at 750-700 cm-1 to C–H deformation modes 

(10,11). The vibrations between 1300-800 cm-1 (5-9) can correspond to various C–H 

deformation, C–H bending or ring deformation modes.133 ATR-FTIR spectroscopy 

measurements were carried out on a Nicolet iS5 FT-IR spectrometer (Thermo Scientific). 

 

2.3.  Electrochemical measurements 

 Electrode preparation and cell assembly. For electrochemical testing electrodes 

were prepared by mixing the active material with carbon black (amorphous carbon particles 

with sizes of 30-50 nm) as conductive additive, a polymeric binder and a solvent for the 

latter. Mixing of the components was carried out typically using a Fritsch Pulverisette 7 

classic line ball-mill operated for 1 hour at 500 rpm with a ZrO2 beaker and 50 ZrO2 balls 

with a diameter of 5 mm (see also Figure 2.9).  

 

 
Figure 2.9. (a) Photograph of a Fritsch Pulverisette 7 classic line ball-mill with (c) the respective ZrO2 ball-
milling beakers. (b) Working principle of a ball-mill: Materials are ground or homogenized by the impact of the 
balls. 
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The resulting homogeneous slurries were coated onto metallic current collectors (typically Cu 

or Al) and dried at elevated temperatures under vacuum. Typical electrode loadings 

were ~0.5 mg cm-2. Herein, the electrochemical performance was typically assessed using 

stainless steel coin cells (20 mm diameter) with all the components, except the electrolyte, 

shown in Figure 2.10.  

 

 
Figure 2.10. Coin cell components of a full-cell. For half-cells the cathode or anode material is replaced by the 
respective elemental metal (e.g., Li, Na, Mg, Al). 

 

For half-cell tests one of the current collector materials was the respective elemental metal 

(e.g., elemental Li for Li-ion half-cell tests). Cells were assembled in an Ar-filled glovebox 

([O2] < 0.1 ppm, [H2O] < 0.1 ppm). 

 

 Cyclic voltammetry. For cyclic voltammetry (CV) measurements the potential is 

varied using a defined scan rate v (unit: mV s-1) within a certain potential range: 

 

v = ΔE
Δt

   (2.7.) 

 

The observed current reveals at which potential the electrochemical processes take place and, 

to a certain extent, if such processes are reversible. For instance, in Figure 2.11.a the CV of 

CoSn2 NCs (see also Chapter 5) in a Li-ion half-cells is shown.  
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Figure 2.11. (a) CV of CoSn2 NCs in a Li-ion half-cell with (b) the corresponding change of voltage over time 
(the slope corresponds to the scan rate 𝑣). 

 

The peak upon discharge (negative current) at 0.2 V vs. Li+/Li can be identified as main 

lithiation process with the corresponding delithiation process takes place at approximately 

0.5 V vs. Li+/Li (positive current). For instance, no corresponding process can be identified 

for the relatively high current close to 0 V vs. Li+/Li, indicating its irreversible nature, most 

likely corresponding to electrolyte decomposition. 

 

 Galvanostatic cycling measurements. Contrary to CV measurements galvanostatic 

cycling measurements are useful to assess the electrochemical performance of the material 

under more practical conditions. Batteries are cycled within a defined potential range using a 

constant current rate (thus galvanostatic). For discharging a negative current is applied. Once 

the lower cut-off voltage is reached, the sign of the current is changed to the respective 

positive value and the battery is charged. As discussed in Chapter 1.1., for a given current 

rate and measured time for charging/discharging the charge can be calculated, and hence the 

capacity taking into account the mass of the electrode material. Important information about 

the electrochemistry can be further derived from the profile of the galvanostatic 

charge/discharge curves (shown in Figure 2.12. for Na1.5VPO4.8F0.7, see Chapter 4 for 

details.)  
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Figure 2.12. Voltage as function of time for galvanostatic charging and discharging of Na1.5VPO4.8F0.7 in a Na-
ion half-cell.  

 

Similar to the peaks observed in CV measurements, plateau-like areas in the galvanostatic 

charge/discharge curves, reveal at which potential the main electrochemical processes take 

place. Importantly, the shift of the plateaus for charging/discharging indicates to a certain 

extent kinetic hindrance. Large shifts of the potential for charging/discharging ultimately 

illustrate how good the energy efficiency for the tested battery is. Apart from energy 

efficiency, another important value for galvanostatic measurements is the coulombic 

efficiency, the ratio of charging and discharging capacity, as discussed in Chapter 1.1. 
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Chapter 3. Inexpensive antimony nanocrystals 

and their composites with red phosphorus as 

high-performance anode materials for Na-ion 

batteries 

 

3.1.  Introduction  

 Rechargeable batteries – which can store electricity of any origin in the form of 

chemical bond energy – are increasingly required to offer higher energy density, long cycle 

life and safety, all at sufficiently low cost of production. Na-ion batteries (SIBs) have long 

been neglected in favor of Li-ion batteries (LIBs), mainly due to the successful 

commercialization of LIBs early in the 1990s. However, in light of the limited abundance and 

geographically uneven distribution of lithium salts (with main reserves in South America) 

concerns are raising regarding security of supply and cost of Li in the near future. Hence, for 

the growing need for batteries for electrical mobility and large-scale energy storage, 

conceptually identical SIBs are gaining attention as an economically viable alternative 

to LIBs.23-25, 134  While SIB cathodes have now reached similar performance to LIB 

cathodes,34, 44, 135-140  the development of stable high-energy-density anode materials for SIBs 

still lacks well behind the Li-ion counterparts. In particular, silicon as well as graphite – 

which are the two most successful LIB anode materials – have been reported to possess a 

negligible capacity for Na-ion storage.80,81 Thus an extensive exploration of novel Na-ion 

anode materials has been launched in the recent years.27, 28, 30, 100, 141-154 
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Low cost and high Na-ion storage capacity are the major considerations for pre-selection of 

promising materials, whereas long cycle life has to be achieved via smart engineering of the 

electrodes at micro/nanoscale. In this regard, red phosphorus (P) is both cheap and offers one 

of the highest known theoretical capacities for Na-ion storage (2596 mAh g-1 for 

P↔Na3P transition). However, achieving such high capacities with acceptable cycling 

stability is hampered by massive increase of volume upon sodiation (∆V = 291%)27 leading 

to the formation of cracks, loss of electrical contacts and fast capacity fading after several 

charge/discharge cycles. These difficulties are also commonplace for Si-based and other 

alloying anode materials in LIBs and are usually mitigated by nanostructuring of the active 

material.19, 54, 56, 59, 62, 63, 155-167  Another common problem of P is the rather poor electronic 

conductivity and low diffusivity of Na-ions. Red P is a rather soft material with a low melting 

point and can be processed into a micro/nanostructured battery anode by hand- or ball-milling 

with amorphous carbon nanoparticles (NPs).27, 28, 146, 154  Such composites do show record-

breaking near-theoretical capacities, but suffer from capacity fading due to both inherent 

instability of P and far from optimal performance of present-day Na-ion electrolytes. The 

second most promising Na-ion anode material is Sb (and Sb-based compounds), with 

a theoretical capacity of 660 mAh g-1 (for Sb↔Na3Sb conversion) and good cycling 

stability.30, 82, 147-153  Recently, monodisperse Sb nanocrystals (NCs), produced via 

organometallic synthesis in nonpolar organic solvents, with excellent cycling stability and 

rate capability were introduced (retention of  > 80% of theoretical capacity at 20C-rate for 

charge and discharge, 1C-rate being current density of 660 mA g-1).57 Yet the fundamental 

drawback of organometallically prepared Sb NCs is the high cost of their synthesis and 

purification in organic solvents, using coordination compounds as precursors and expensive 

reducing agents. 

For the work presented in this chapter it was thought to combine the best of P and Sb – much 

higher capacity of P and fast and stable cycling of Sb – into a functional synergy through the 

design of an inexpensive P-Sb composite. The insights gained from previous work on 

monodisperse Sb NCs was used; in particular, the fact that the performance of Sb NCs is only 

moderately size-dependent as long as NCs are in 20-100 nm size range.57 Hence, for the 

present work a facile low-cost synthesis of Sb NCs was developed, which, despite broader 

size distribution, exhibit even better performance than organometallically-synthesized Sb 

NCs. The motivation was to find whether good electrochemical properties of Sb-P composite 

can be achieved without nanostructuring by high-energy mechanical milling, but simply by 
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one-pot mixing the commercial red P with Sb NCs, solvent, binder and conductive additive. 

Further, through the addition of copper nanowires (Cu NWs) the importance of tailoring the 

electronic conductivity and mechanic stability for enhancing electrochemical performance is 

demonstrated. The as-prepared P/Sb/Cu-composite delivers a capacity of > 1300 mAh g-1 for 

30 cycles corresponding to > 80% of its theoretical capacity. Moreover, the P/Sb/Cu-

composite shows outstanding rate capability retaining a capacity of > 900 mAh g-1 at a 

current of 2000 mA g-1.  

 

3.2.  Experimental section 

Synthesis of Sb NCs. To synthesize ~20 nm Sb NCs, NaBH4 (48 mmol, 98%, ABCR) was 

dissolved in anhydrous N-methyl-2-pyrrolidone (NMP, 51 mL, 99.8%, Fluorochem Ltd) in a 

three-necked flask under nitrogen and heated to 60 ºC. SbCl3 (12 mmol, 99%, ABCR) 

dissolved in NMP (9 mL) was quickly injected via syringe. The reaction mixture instantly 

turned black and was cooled down immediately using a water-ice bath. After cooling to 

room-temperature, Sb NCs were separated from the solution by centrifugation (8000 rpm, 4 

min) and washed three times with deionized water (30 mL) to remove unreacted NaBH4 and 

water-soluble side products such as NaCl. The reaction product was finally dried in the 

vacuum oven at room temperature, yielding 1.2 g of Sb NCs (82% reaction yield).  

Synthesis of Cu NWs. Cu NWs were synthesized according to a procedure published by 

Guo et al.168  

Electrode fabrication, cell assembly and electrochemical measurements. The following 

battery components were used: carbon black (Super C65, TIMCAL), carboxymethyl cellulose 

(CMC, Daicel Fine Chem Ltd.), NaClO4 (98%, Alfa Aesar, additionally dried), propylene 

carbonate (BASF, battery grade), fluoroethylene carbonate (FEC, Hisunny Chemical, battery 

grade), glass microfiber separator (GF/D, Whatman), and Cu-foil (9 μm, MTI Corporation). 

In a typical electrode preparation, the respective materials were combined with deionized 

water and mixed in a Fritsch Pulverisette 7 classic planetary mill for 1 hour at 500 rpm. 

Mixing weight ratios were Sb:CB:CMC = 64%:21%:15% for pure Sb NCs, and 

P/Sb:CB:CMC = 40%:40%:20% or P/Sb:CB:Cu:CMC = 40%:30%:10%:20%. The aqueous 

slurries were coated onto Cu current collectors and then dried overnight at 80 ºC under 

vacuum prior to use. All electrochemical measurements were conducted in homemade, 

reusable and air-tight coin-type cells assembled in an Ar-filled glove box (O2 < 1 ppm, 

H2O < 1 ppm). Elemental sodium was employed as both reference and counter electrode. As 
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electrolyte 1M NaClO4 in propylene carbonate with 10% fluoroethylene carbonate was used. 

Glass fiber was used as separator. Galvanostatic cycling tests were carried out at room 

temperature on MPG2 multi-channel workstation (BioLogic). Capacities were normalized by 

the mass of active material. 

Materials characterization. Transmission Electron Microscopy (TEM) images were 

obtained with a Philips CM30 TEM microscope at 300 kV using carbon-coated Cu grids as 

substrates (Ted-Pella). Scanning transmission electron microscopy (STEM) and EDX 

mapping were performed on a JEOL 2200FS TEM/STEM microscope. Scanning electron 

microscopy (SEM) was performed using a NanoSEM 230. Powder X-ray diffraction (XRD) 

was measured on a STOE STADI P powder X-ray diffractometer (Cu-Kα1 irradiation, 

λ = 1.540598 Å). 

 

3.3.  Results and discussion  

 Inexpensive synthesis and electrochemical performance of Sb NCs. Colloidal NCs 

make for an ideal battery material: they can be safely and conveniently produced and handled 

as stable dispersions in common solvents. Using monodisperse Sb NCs, it was recently 

reported that 20 nm NCs exhibit higher Li-ion and Na-ion storage capacities and improved 

cycling stability, especially at higher rates of charge and discharge, than both 

smaller ∼10 nm particles and (sub)micron-sized Sb.57 However, the synthesis of 

monodisperse Sb NCs involved expensive organic and coordination compounds (precursors, 

solvents, surfactants and reducing agents), as well as multiple steps of washing and removal 

of surface capping ligands. Yet a very important conclusion was obtained: mean particle size 

has a very modest effect on the electrochemical characteristics of Sb NCs, as long as it lies 

within the range of 20-100 nm, in striking contrast to, for instance, Li-ion storage in Sn NCs, 

showing satisfactory performance only at sizes of 10 nm and below.58  Such intrinsic 

tolerance of Sb to crystallite size has prompted to search for an inexpensive synthetic route, 

even if the “precision” of the synthesis is somewhat sacrificed. For this work, a much simpler 

and cheaper (∼1 USD g-1) synthesis of Sb NCs via reduction of SbCl3 with NaBH4 at 60 ºC 

was developed (for details, see the Experimental Section), yielding NCs of similar size as in 

the previous study, but at a cost that is lower by factor of ∼100. The main features of this 

synthesis are the gram-scale and further up-scalable production with above 80% reaction 

yield, simple isolation of Sb NCs by centrifuging and convenient recycling of the solvent.  

The absence of surfactants obviates lengthy purification and surfactant-removal procedures. 
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The only post-synthetic treatment is washing with water to remove the reaction byproducts 

(sodium chloride and borates). Figure 3.1. shows Sb NCs with the mean size of ∼20 nm. The 

X-ray diffraction (XRD) pattern shows phase-pure, highly crystalline Sb NCs (space group 

N166, R-3m, a = b = 0.4306 nm, c = 1.1288 nm; calculated crystallite size of 22 nm; 

see Figure 3.1. and Table 3.1. for Rietveld refinement), without any detectable traces of Sb 

oxides or reaction byproducts. 

 

 
Figure 3.1. Synthesis and characterization of Sb NCs. (a) Reaction scheme. (b) TEM image. (c) High-resolution 
TEM image. (d) X-ray diffraction (XRD) pattern indexed to pure-phase hexagonal Sb (ICDD database, PDF 
Entry No.: 00-071-1173) with Rietveld refinement shown as black curve. 
 
Table 3.1. Rietveld refinement parameters for Sb NCs corresponding to the black curve in Figure 3.1. Rietveld 
refinement was carried out using FullProf Suite (https://www.ill.eu/sites/fullprof/).  

Pattern Phase 
Chi2 Rp Rwp Rexp Rbragg RF-factor 
2.396 12.9 11.3 7.29 0.954 1.81 
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 Preparation and electrochemical performance of Sb-P nanocomposites. 

Electrochemical performance of Sb NCs and of all other materials in this study has been 

tested in coin-type half-cells with metallic Na as counter electrode. Working electrodes were 

prepared by mixing Sb NCs (64 wt%), with carbon black (CB) as conductive additive 

(21 wt%) and carboxymethyl cellulose (CMC, 15 wt%) as a water soluble polymeric binder, 

followed by doctor-blade casting of the slurry onto Cu-foil. 1M NaClO4 in propylene 

carbonate was used as electrolyte and fluoroethylene carbonate (FEC) was used as electrolyte 

additive for stabilizing the solid-electrolyte interface (SEI).163  In spite of the broader size 

distribution compared to organometallically-synthesized Sb NCs,57 inexpensive Sb NCs 

developed in this study exhibit same or even better electrochemical characteristics 

(Figure 3.2.).  

 

 

Figure 3.2. Electrochemical performance of Sb NCs in Na-ion half-cells. Capacity retention of Sb NCs cycled at 
a current of (a) 660 mA g-1 and (b) 2640 mA g-1. (c) Galvanostatic charge/discharge curves at a rate of 660 mA 
g-1. (d) Rate capability tests at different current rates. All batteries were cycled in the potential range 0.02-1.5 V 
vs. Na+/Na. 
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Namely, near-theoretical capacity is obtained at 0.5-1C rates (1C corresponds to current 

density of 660 mA g-1) without noticeable deterioration in the first 100 cycles. The small 

increase of the charge capacity observed in the charge/discharge curves might be due to the 

fact that not all of the electrode material is fully active during the first cycles because of 

kinetic limitations. Considering the massive volume changes for the sodiation/desodiation 

reaction most likely the electrodes undergo restructuring in the first cycles leading to slightly 

better ionic and electronic conductivity, which explains the small increase of the charge 

capacity. Rate capability tests indicate retention of at least 85% of capacity at a high rate of 

20C (13.2 A g-1) and full recovery of the capacity after decrease of the cycling rate to 0.5C. 

The rate capability of Sb is unprecedented for Na-ion anodes, and is comparable to fastest Li-

ion anode materials such as graphite,169  and Li-titanates.170 In addition, at a relatively high 

current density of 660 mA g-1 Sb NC anodes show excellent cycling stability for at least 

250 cycles, when the charge capacity is limited to 550 mAh g-1 (Figure 3.3.).  

 

 

Figure 3.3. Long-term cycling stability for Sb NCs in Na-ion half-cells. Cells were cycled with a current of 660 
mA g-1 and limitation of the charge capacity to 550 mAh g-1 in the potential range 0.02-1.5 vs. Na+/Na. 
 

Such impressively fast and stable operation of Sb anodes can be attributed to the synchronous 

effect of several properties. First, Sb is a good electronic conductor due to its semimetallic 

nature. Second, its crystalline structure is characterized by the low atomic packing factor of 

just 39%171 and the crystal structure comprised of puckered layered planes with large 

channels for diffusion of alkali-ions. Insertion of Na-ions into Sb involves only one 

crystalline (Na3Sb) and several amorphous phases, including amorphous Sb.82  De-insertion 

primarily occurs as direct Na3Sbhex→Sbamorphous transition. Such reduced number of 

intermediate crystalline phases can greatly enhance the conversion kinetics. The theoretical 

value for volumetric expansion upon full sodiation to hexagonal Na3Sb can be estimated from 
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the difference in the molar volumes between the final (Na3Sb) and the initial metallic (Sb) 

phases: ∆V = [Vm(NaxSb)-Vm(Sb)]/Vm(Sb) = 290%. Possibly isotropic, nearly strain-free 

expansion/contraction of amorphous phases can explain the tolerance of Sb to such drastic 

volumetric changes. 

Fundamentally, the formation of composites opens up multiple new opportunities for tuning 

the electronic and ionic transport, surface chemistry, porosity and mean particle size with 

strong implications for rate capability and cycling stability. The initial goal of this study was 

to obtain a compelling combination of the two materials: functional synergy of higher 

capacity of P with high-rate capability and high cyclability of Sb. 

P undergoes very similar to Sb volumetric changes of ∼290% upon full sodiation to Na3P.146  

At the same time, P shows much faster capacity fade,27, 28, 146, 154  which can be attributed to 

poorer electronic and ionic conductivity or higher reactivity towards the electrolyte. 

Replacing some of the P with Sb NCs might give rise to improved electrochemical properties 

as (sub)micron-sized P particles are more diluted in a conductive nanoscopic matrix of Sb 

and CB. For 1:1 mixture of Sb and P, one can expect capacities up to theoretical weighed 

average of 1628 mAh g-1.  

Figure 3.4. captures the main result of the work in this chapter – significant enhancement in 

reversibility of Na-ion storage by combining Sb NCs, “bulk” P and Cu NWs. Electrodes 

containing either Sb NCs, commercial red P or 1:1 mixtures thereof, with or without Cu 

NWs, were prepared with an overall mass ratio active-material:CB:CMC = 40%:40%:20%. 

Such relatively high fraction of conductive carbons such as CB are generally used for P-based 

electrodes in Na-ion batteries to provide sufficient electronic conductivity and mechanical 

stability of the electrodes.27, 28, 146, 154 Currents and capacities were related to the active mass 

without CB. As shown in Figure 3.4., electrodes comprising 40% of pure Sb NCs deliver 

stable capacities and excellent rate capability. 
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Figure 3.4. Electrochemical performance of the P/Sb/Cu composite electrodes in comparison to Sb NCs and red 
P: (a) Cycling stability at a current density of 125 mA g-1. (b) Rate capability tests. (c) Galvanostatic charge 
and discharge curves and (d) differential capacity plot for the 10th cycle at a current density of 125 mA g-1 for 
the P/Sb/Cu composite. 
 

The fact that at a current of 125 mA g-1 the apparent capacity of Sb NCs exceeds the 

theoretical value of 660 mAh g-1 can be explained by the contribution from CB (Figure 3.5.). 

At this current density CB exhibits stable capacity of ca. 100 mAh g-1, and thus may be 

contributing ∼100 mAh g-1 in its 1:1 mixture with Sb (or Sb/P).  

Electrodes composed of “bulk” P do show theoretical capacities in the first cycles, indicating 

that electronic connectivity is satisfactory in the as-prepared electrode, but undergo severe 

capacity fading to 440 mAh g-1 after 50 cycles. This result is fully consistent with the 

available literature on mechanically produced P/carbon electrodes.146, 154 Experiments using 

1:1 mixtures of “bulk” P and Sb NCs indicate electrochemical performance which exceeds 

the mathematic sum of the individual contributions, leading to retention of more than 

800 mAh g-1 of capacity after 30 cycles (Figure 3.6.).  
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Figure 3.5. (a) Galvanostatic cycling of electrodes composed of 80% CB and 20% CMC at 125 mA g-1in the 
voltage range of 0-1.5 V. (b) Differential capacity plot for the 10th cycle. 
 

 
Figure 3.6. Galvanostatic charge/discharge curves for electrodes composed of (a) “bulk” P ,(c) Sb NCs and (b) 
1:1 mixtures thereof for cycling at a current of 125 mA g-1 in the potential range 0-1.5 V. Differential capacity 
plots for the 10thcycle for electrodes composed of (d) “bulk” P ,(f) Sb NCs and (e) 1:1 mixtures thereof for 
cycling at a current of 125 mA g-1 in the potential range 0-1.5 V. 
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This improved capacity retention observed for electrodes of Sb/P electrodes can be explained 

by the lower content of P. Due to the higher “dilution“ of P particles in a matrix of Sb NCs 

and CB the volume changes can be buffered more effectively and electrodes are suffering 

from less mechanical stress leading to better cycling stability. Further major improvement has 

been attained by replacing some CB with Cu NWs. Cu NWs were synthesized according to a 

previously published procedure by Guo et al. (Figure 3.7.).168  It should be noted that 

Cu NWs are becoming comparably inexpensive. For instance, during this project, Li et al. 

reported facile synthesis of Cu NWs at a cost of 4.20 USD g-1.172 Further, it is generally well 

known that the cost of synthesis may further go down by up to an order of magnitude when 

material is produced on the industrial scale. Electrodes comprising 1:1 mixtures of “bulk” 

P/Sb NCs with 10 wt% Cu NWs (i.e. 25% of CB was replaced with Cu NWs) delivered 

capacity of > 1300 mAh g-1 for 30 cycles, corresponding to > 80% of the theoretical capacity 

for this mixture (1628 mAh g-1). After 50 cycles still a capacity of > 1100 mAh g-1 is 

retained, by 60% higher than in Cu-free samples and almost three times the value for 

“bulk” P, clearly manifesting the synergy between P and nanoscopic Sb and Cu.  

 

 
Figure 3.7. (a)TEM images and (b) XRD pattern of Cu NWs 
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An obvious benefit of the P/Sb/Cu formulation is seen also in the rate capability tests 

(Figure 3.4.b). For comparison, all formulations of electrodes were subjected first to stepwise 

increase of the current density to 2000 mA g-1, and then to stepwise reduction of the current.  

Whereas electrodes of “bulk” P fail to recover their capacity, the P/Sb/Cu-composite is able 

to retain the same capacity level as after the continuous cycling at 125 mA g-1. In addition, 

the P/Sb/Cu-composite shows excellent rate capability with capacities of > 900 mAh g-1 at 

2000 mA g-1 current density.  

An advantage of P is its lower electrode potential compared to Sb, potentially giving rise to 

higher energy density – that is higher voltage×capacity product of a full cell battery – when 

combined with a high-voltage cathode. Figure 3.4.c presents galvanostatic charge 

(desodiation) and discharge (sodiation) curves for P/Sb/Cu-composite, showing that sodiation 

and desodiation occurs at an average voltage of 0.5 V, highly suitable for anode applications. 

Additional hints can be found from differential capacitance plots (dC/dV, Figure 3.4.d), 

derived from the charge/discharge curves, presented for the 10th cycle (within the regime of 

stable cycling). In the first cycle (not shown here), two desodiation features at 0.6 and 0.8 V 

indicate individual contributions from P and Sb, as observed in reference electrodes 

comprising red P and Sb NCs (see Figure 3.6.). However, in the subsequent cycles an 

additional broad component in 0.4-0.8V range is built up, not present in Cu-free P/Sb 

electrodes. Further, it was observed that P/Sb electrodes exhibit an additional sodiation 

process at 0.16 V, not seen for electrodes composed of only P or Sb (see Figure 3.6.). All 

other processes correspond to the individual contributions from P and Sb.82, 146 Temporal 

separation of electrochemical processes due to the spread of sodiation (desodiation) features 

over the broad voltage range may in fact have a stabilizing effect. In a recent study on Sn-Ge 

nanocomposites as LIB anodes,173 as well as in numerous other reports on LIBs, stepwise 

lithiation and delithiation in composites of several electrode materials has been shown to 

enhance the mechanical stability, as compared to instant expansion of the whole electrode.  

The coulombic efficiency – the ratio between the amounts of electrical charge spent for 

sodiation and desodiation processes in each cycle – provides an important insight into the 

reversibility of the charging/discharging processes. Due to the formation of the solid- 

electrolyte interface (SEI) the coulombic efficiency for the first cycle with P/Sb/Cu electrodes 

is only 60%, but reached 95% in the subsequent cycles at a current of 125 mA g-1. This 

initially low coulombic efficiency can be explained by the small size of Sb NCs and Cu NWs, 

which provides a large surface area for the irreversible electrolyte decomposition during the 
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first discharge. During cycling at a relatively high current of 2000 mA g-1 the coulombic 

efficiency increased to 98%. As commonly reported for conversion anode materials with 

large volume changes during cycling, the cracking of SEI layer leads to continuous 

decomposition of the electrolyte on the freshly exposed surfaces. This constant reformation 

of the SEI lowers the coulombic efficiency and long-term cycling stability due to degradation 

of both the electrodes and electrolytes. 

Figure 3.8. depicts the proposed stabilizing effect present in P/Sb/Cu electrodes. Cu NWs are 

assumed to cause better mechanic stability and improved electronic connectivity, slowing 

down the loss of electric contact due to pulverization of P particles. Cu NWs can trap 

fractured material to a degree that zero-dimensional CB particles cannot provide. Overall, 

dilution of the (sub)micron-sized P particles, when mixed with Sb NCs and Cu NWs, most 

likely improves the overall mechanical stability of the electrode leading to retarded cracking 

and crumbling during cycling.  

 

 
Figure 3.8. Schematics and characterization of the P/Sb/Cu composite: (a) Schematic depiction of the proposed 
stabilizing effect of Cu NWs (with P in red, CB in black, Sb NCs in grey and Cu NWs in yellow). (b) HAADF-
STEM image. (c) SEM image. 
 

High-angle angular dark field-scanning transmission electron images (HAADF-STEM), 

bright-field STEM images, elemental mapping by energy-dispersive X-ray spectrometry 

(EDX-map, Figure 3.9.) and scanning electron microscopy images (SEM) clearly evidence 

intimate intermixing in P/Sb/Cu electrodes. Thus, the herein presented outstanding 
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electrochemical properties of the P/Sb/Cu-composite can be attributed to the effective 

embedding of “bulk” P in a Sb/Cu/CB matrix. 

 

 
Figure 3.9. BF and HAADF-STEM images of the P/Sb/Cu-composite with an EDX-map as a colored inset 
(violet = P, red = Sb, yellow = Cu). 
 

It is important to point out that of all measured electrodes only the ones comprising “bulk” P 

and Sb NCs with 10 wt% Cu NWs had clearly emerged as champion devices. Replacing Sb 

NCs with micrometer-sized commercial Sb led to significantly poorer performance 

(Figure 3.10.b), very similar to purely P-based electrodes. Similarly, whereas electrodes 

containing both “bulk P” and Cu NWs exhibit higher cycling stability than in the absence of 

Cu NWs, they fall well behind the P/Sb/Cu-composite (Figure 3.10.c). In addition, increasing 

the content of Cu NWs from 10 to 20 wt% did not improve the cycling stability further, but 

rather led to lower capacities (Figure 3.10.a). Considering that electrodes are composed of 

particles with very different size, this observation indicates that in order to obtain the optimal 

electrical contact in the electrodes and therefore highest capacity the ratio between CB 

particles and Cu NWs needs to be sufficiently balanced. 
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Figure 3.10. (a) Galvanostatic cycling of electrodes composed of “bulk P” and Sb NCs (1:1) with and without 
10% or 20% Cu NWs. (b) Galvanostatic cycling of P/Sb/Cu-composite prepared from Sb NCs or from 
microcrystalline Sb. (c) Galvanostatic cycling of electrodes composed of either “bulk” P, “bulk P” with 10 wt% 
Cu NWs, or “bulk” P/Sb NCs (1:1) with 10 wt% Cu NWs. Cell were cycled with a current of 125 mA g-1 in the 
potential range 0-1.5 V. 
 

A great deal of work still has to be focused on improving the long-term cycling stability of 

the electrodes. Besides the effect of the active storage material, the cycling stability is a 

complex function of the electrode formulation (chemistry and amounts of binder and 

conductive additive), porosity, electrode thickness, electrolyte, temperature etc. In particular, 

coulombic efficiencies of ∼92%, ∼95%, and 97-98% for P, P/Sb/Cu and Sb electrodes 

respectively, indicate a continuous consumption of electrolyte for side anodic reactions, 

reformation of unstable SEI layer after each cycle and, very likely, high reactivity of Na3P 

towards the electrolyte.146  Smart engineering of the electrodes, for instance, by designing 

secondary structures combined with judicious choice of electrolytes and electrolyte additives 

will enable higher stability of SEI layer in future studies. It should be noted that in the field of 

SIBs the problems of optimizing the chemistry of electrolytes and understanding of SEI 

formation had so far received much less attention as compared to 30 years of research on 

LIBs, and the knowledge are not necessarily interchangeable between these two fields. 

 

3.4. Conclusion 

 In summary, the work presented in this chapter showcases a strategy for constructing 

a composite Na-ion anode material, which combines several active materials with functional 

synergy between them. First, a facile low-cost synthesis of Sb NCs that exhibit outstanding 

high-rate capability and long cycling life as anode material in SIBs was presented. Compared 

to previous syntheses of Sb nanostructures,174-176 the advantages are the use of inexpensive 

reagents, the absence of any surfactants, simple washing procedure, high reaction yield and 

scalability. In fact, all that needs to be done for the synthesis is injecting the Sb precursor 

solution at very moderate temperature (60 oC) to the solution of NaBH4, which can easily be 
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done on the industrial scale with both either a batch or a continuous flow reactor. All used 

reagents can be easily and safely handled and the resulting material can be washed just with 

water for purification, therefore, this procedure can be readily applied on the industrial scale. 

A compelling P/Sb/Cu composite anode was then devised by simple mechanic mixing of Sb 

NCs with “bulk” red P and Cu NWs. In this composite, larger (sub)micron-sized P particles 

are embedded into a nanoscopic matrix of intimately intermixed Sb NCs, Cu NWs and 

nanoparticulate CB. Electrodes composed of 1:1 mixtures of “bulk” P/Sb NCs with 10 wt% 

Cu NWs delivered > 1300 mAh g-1 for 30 cycles and > 1100 mAh g-1 after 50 cycles at 

125 mA g-1. Furthermore, reversible capacities of > 900 mAh g-1 at high current density of 

2000 mA g-1 have been obtained as well.  

 

Reproduced with modifications from:  

M. Walter, R. Erni and M. V. Kovalenko. Inexpensive Antimony Nanocrystals and Their 

Composites with Red Phosphorus as High-Performance Anode Materials for Na-ion 

Batteries. Sci. Rep., 2015, 5, 8418. 
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Chapter 4. Inexpensive colloidal SnSb 

nanoalloys as efficient anode materials for Li- 

and Na-ion batteries  

 

4.1.  Introduction 

 Li-ion batteries (LIBs) with higher energy and power densities are actively sought to 

increase the competitiveness and widespread deployment of electric cars and stationary 

energy storage units, and for enabling new portable electronic devices.134, 177 Great hopes have 

been extended to conceptually similar Na-ion batteries (SIBs)23-25 due to the much greater 

natural abundance of Na and the possibility of replacing copper anode current collectors with 

aluminum foils. The eventual success of SIBs will require this technology to have the same 

energy density as LIBs.  

The energy density of a battery is primarily determined by the charge storage capacity of the 

electrode materials and the overall voltage of the battery. In this regard, SIBs face a critical 

challenge: a lack of efficient anode materials. For instance, graphite, the commercialized 

anode material for LIBs, shows only a negligible Na-ion capacity,80 causing a recent surge of 

research on Na-ion anode materials.27, 28, 30, 141-153 Certain metals and metalloids that alloy 

with Na and Li are especially promising, such as Sb and Sn which both show 2-3 times higher 

gravimetric and volumetric energy densities than graphite (e.g., 992 mAh g-1 or 

~7300 mAh cm-3 for the reversible formation of Li4.4Sn). However, alloying leads to a much 

more intense reconstruction of the host material, as compared to intercalation. Such 

anode materials undergo massive volume changes of 100-300% upon lithiation (even greater 

for Na-ions), causing fast capacity fading due the formation of cracks, loss of electrical 

contacts and eventual disintegration of the electrode. Nanostructuring of the electrode 
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material has been demonstrated to efficiently mitigate the effects of mechanical stress in 

many systems.16, 19, 26, 54, 56, 58, 61, 63, 65, 66, 75, 76 In this chapter it is focused on SnSb as a 

promising anode material and a facile and inexpensive solution-based synthesis of 

nanocrystals (NCs) of this compound with a mean size of 10-30 nm is presented, and their 

efficient performance for Na-ion and Li-ion storage demonstrated.  

The choice of the SnSb system stems from several advantages of this compound. First, both 

components of this alloy contribute to its high theoretical capacity of 824 mAh g-1:178 

 

SnSb + xLi+ + xe- → LixSnSb (0 < x > 1.6)    (4.1.) 

Li1.6SnSb + 1.4Li+ + 1.4e- → Li3Sb + Sn   (4.2.) 

Sn + 4.4Li+ + 4.4e- → Li4.4Sn     (4.3.) 

 

Similarly, the theoretical maximum capacity for Na-ion storage in SnSb is 752 mAh g-1 based 

on the formation of Na3Sb and Na3.75Sn; however, the exact mechanism of this reaction is not 

fully understood, except that it does not occur in analogy to Li and is not a mere combination 

of the separate processes taking place for Sb and Sn.148 Secondly, alloying/dealloying 

reactions of Sn and Sb occur at different potentials, which smoothens the mechanical stress 

somewhat. Finally, Sn and Sb are at least as inexpensive as common cathode materials 

comprising transition metals (e.g., Co and V). Notable examples of SnSb-based anode 

materials for both Li- and Na-ion storage are monodisperse SnSb NCs,64 SnSb-C 

nanofibers,179 CNT-Sn-Sb nanorods,180 and SnSb-C composites.147, 181, 182 

A specific goal of this study was to develop a new synthesis route to SnSb NCs that is orders 

of magnitude cheaper than the previously published procedure for monodisperse particles by 

the Kovalenko Group.64 That previous synthesis route involved the use of expensive, air-

sensitive organic and coordination compounds (alkylamides as precursors, alkylamines as 

solvents, long-chain surfactants and reducing agents), as well as multiple steps of washing and 

removal of surface capping ligands, with a very low overall atomic economy.64 Here a 

surfactant-free synthesis is presented that is at least 1000 times cheaper, by utilizing metal 

chlorides as precursors and NaBH4 as a reducing agent, and which does not require any post-

synthetic purification other than rinsing in water. It is demonstrated that these SnSb NCs 

exhibit electrochemical performance which is the same as or better than the “expensive” NCs 

from the previous study.64 Also results from full-cell experiments are presented. Under anode-

limiting operation, SnSb NCs retain Li-ion capacities of 600 mAh g-1 at an average voltage 



 
 

Chapter 4. Inexpensive colloidal SnSb nanoalloys as efficient anode materials for Li- and Na-ion batteries – 
Marc Dominik Walter 

 

46 
 
 

of 3.0 V when paired with a LiCoO2 cathode, and a Na-ion capacity of 400 mAh g-1 at an 

average voltage of 2.7 V when paired with a Na1.5VPO4.8F0.7 cathode. 

 

4.2.  Experimental section 

Synthesis of SnSb NCs. A solution of NaBH4 (32 mmol, 98%, ABCR) in anhydrous N-

methyl-2-pyrrolidone (NMP, 17 mL, 99.5%, Fisher BioReagents) was heated to 60 ºC under 

nitrogen. Upon reaching 60 oC, a solution of SnCl2 (1 mmol, ≥ 99%, Alfa Aesar) dissolved in 

anhydrous NMP (1.5 mL) was injected, followed immediately by the injection of SbCl3 

(1 mmol, 99%, ABCR) and cooling down to room temperature using a water-ice bath. The 

resulting black precipitate was separated from the solution by centrifugation and washed three 

times with water (30 mL) to remove side products such as NaCl or borates. After drying under 

vacuum at room temperature a fine black powder was obtained with a yield of ~0.2 g (83%).  

Synthesis of bulk SnSb. Micrometer-sized SnSb particles were synthesized by heating a 

mixture of Sn (1 mmol, 99.8%, Sigma-Aldrich) and Sb powder (1 mmol, 99.5%, Alfa Aesar) 

above their respective melting points to 700 ºC under inert atmosphere. After 5 min at 700 ºC 

the material was cooled naturally to room temperature and the resulting product was ground 

using a mortar and pestle. 

Assembly and testing of half- and full-cells. The following battery components were used: 

carbon black (CB, Super C65, TIMCAL), carboxymethyl cellulose (CMC, Grade: 2200, 

Daicel Fine Chem. Ltd.), NaClO4 (98%, Alfa Aesar, additionally dried), propylene carbonate 

(PC, BASF, battery grade), fluoroethylene carbonate (FEC, Solvay, battery grade), 1M LiPF6 

in a mixture of ethyl carbonate and dimethyl carbonate (EC:DMC, 1:1 by volume, Merck, 

battery grade), glass microfiber separator (GF/D, Whatman), and Cu-foil (9 µm thick, MTI 

Corporation). SnSb-containing electrodes were prepared by mixing SnSb (NCs or bulk), CB 

and CMC (64%:21%:15%) with water using a Fritsch Pulverisette 7 classic planetary mill 

(500 rpm, 1 hour). The resulting slurries were coated onto Cu-foil and dried at 80 ºC for 

12 hours under vacuum. The typical loading was ~0.5 mg cm-2. Electrochemical 

measurements were conducted in air-tight coin-type cells assembled in an Ar-filled glove box 

(O2 < 0.1 ppm, H2O < 0.1 ppm). Elemental lithium and sodium were employed as both the 

reference and counter electrode in half-cells. LiCoO2 (MTI Corporation) coated onto Al-foil 

was used as the Li-ion cathode for full-cells (the loading of active material was ~20 mg cm-2). 

For Na-ion full-cell experiments, Na1.5VPO4.8F0.7 was prepared according to Park et al.44 as 

the cathode. Prior to electrode preparation, Na1.5VPO4.8F0.7 was carbon-coated by ball-milling 

with CB (20 wt%) and annealing at 450 ºC for 12 hours.183 Before the assembly of Na-ion 
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full-cells, SnSb electrodes were charged/discharged for 5 cycles vs. elemental Na in the 

potential range of 0.005-2.0 V at a current of 200 mA g-1. As the electrolyte, 1M LiPF6 

in EC:DMC with 3% FEC was used for LIBs and 1M NaClO4 in PC with 10% FEC was used 

for SIBs in this work. One layer of glass microfiber served as the separator in all cases. 

Galvanostatic cycling experiments were carried out at room temperature on a MPG2 multi-

channel workstation (BioLogic). For Li-ion full-cell experiments, the batteries were cycled in 

the potential range of 2.0-3.9 V at a current of 400 mA g-1. Na-ion full-cell experiments were 

conducted within a limited charge and discharge capacity window of 400 mAh g-1, in the 

potential range of 1.5-4.3 V at a current density of 200 mA g-1. All capacities reported in this 

work correspond to the content of SnSb. 

Materials characterization. Transmission electron microscopy (TEM) images were obtained 

using a Philips CM30 microscope operated at 300 kV using carbon-coated Cu grids as 

substrates (Ted-Pella). Powder X-ray diffraction (XRD) was measured on a STOE STADI P 

diffractometer (Cu-Kα1 irradiation, λ = 1.540598 Å). Scanning electron microscopy (SEM) 

and energy-dispersive X-ray spectroscopy (EDX) measurements were carried out using a 

NanoSEM 230 microscope.  

 

4.3.  Results and discussion 

 In the novel synthesis route to SnSb NCs (Figure 4.1.) developed herein, a solution of 

NaBH4 in N-methyl-2-pyrrolidone (NMP) was heated under nitrogen to 60 oC, followed by 

the consecutive injections of SnCl2 and then SbCl3 dissolved in the same solvent. As in the 

previously reported “expensive” organometallic synthesis of SnSb NCs,64 Sb is introduced 

last to prevent the formation of Sb NCs. As seen in TEM images (Figure 4.1.b) the resulting 

SnSb NCs have a size distribution between 10-30 nm. XRD measurements confirm that the 

sole crystalline product is cubic SnSb compound (space group Fm-3m (225), a = 6.13 Å, 

COD entry 9008724), without any traces of Sn, Sb or their respective oxides (Figure 4.1.c).  

 



 
 

Chapter 4. Inexpensive colloidal SnSb nanoalloys as efficient anode materials for Li- and Na-ion batteries – 
Marc Dominik Walter 

 

48 
 
 

 
Figure 4.1. Synthesis and characterization of SnSb NCs. (a) Reaction scheme. (b) Transmission electron 
microscopy (TEM) image. (c) X-ray diffraction (XRD) pattern of SnSb NCs indexed to cubic SnSb (COD entry 
9008724). 
 

Notably, even for storage of eight months under ambient conditions no formation of 

crystalline oxides can be detected (Figure 4.2.). 

 

 
Figure 4.2. XRD patterns for (A) pristine SnSb NCs, (B) SnSb NCs after storage under ambient conditions for 
eight months and (C) electrode material containing SnSb NCs, carbon black and CMC (indexed to cubic SnSb, 
COD entry 9008724).  
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Efficient removal of the main side product NaCl and potentially unreacted NaBH4, SnCl2 or 

SbCl3 is further evidenced by the absence of signals corresponding to sodium and chlorine in 

the energy dispersive X-ray (EDX) spectra of the purified SnSb NCs (Figure 4.3.).  

 

 
Figure 4.3. EDX spectrum of SnSb NCs indicating complete removal of the main side product NaCl. The Al/Si 
signal originates from the substrate. 
 

Together, the use of inexpensive reagents, absence of surfactants, recycling of the solvent 

(NMP), high reaction yield and the non-essentiality of purification of the final product with 

organic solvents all lead to the low estimated overall cost of this synthesis of not more than 

0.3 USD per gram of SnSb (which is essentially only the cost of the starting salts and 

reducing agent). In stark contrast to hydrothermal/solvothermal procedures184, 185 the synthesis 

presented herein is carried out at low temperatures, under ambient pressure and with short, 

sub-minute reaction times, ideal for up-scaling. 

 

 Li- and Na-ion half-cell tests. Half-cell experiments serve to shed initial light on the 

capacity, energy density and rate capability of the anodes investigated in this work (Figure 

4.4.). Working electrodes were prepared by mixing the SnSb NCs with carbon black (CB) 

and carboxymethyl cellulose (CMC) as a binder in water and coating the resulting slurry onto 

Cu-foil (for Li- and Na-ion cells, respectively). In this regard it should be noted that SnSb 

NCs retain their cubic structure after electrode preparation without the formation of 

crystalline oxides (Figure 4.2.). Standard liquid electrolyte formulations were used: LiPF6 in 

EC:DMC for Li-ion and NaClO4 in PC for Na-ion cells. In both cases, FEC was added to the 

electrolyte because of its known beneficial effect on cycling stability due to the stabilization 

of the solid-electrolyte interface (SEI).163, 179, 186, 187 
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Figure 4.4. Electrochemical performance of SnSb NCs. Capacity retention for SnSb NCs in (a) Li-ion and (b) 
Na-ion half-cells at a current of 200, 1000 and 5000 mA g-1. Galvanostatic charge and discharge curves for 
SnSb NCs in (c) Li-ion and (d) Na-ion half-cells at a current of 200 mA g-1. All measurements were performed in 
the potential range of 0.005-2.0 V. 
 

As is apparent in Figure 4.4., SnSb NCs deliver initial capacities close to the theoretical 

maximum at all tested current densities, with values of 980, 850 and 730 mAh g-1 at 200, 

1000, and 5000 mA g-1, respectively, and retain 90%, 80% and 70% of these initial capacities 

after 100 cycles. The observation of capacities that are higher than the theoretical capacity 

(by up to 10%) may arise from the contribution of amorphous carbon of ~100-200 mAh per 

gram of carbon and also, possibly, due to reversible interfacial lithium storage mechanisms as 

previously reported for conversion-type materials188, 189 or even reversible Li-ion storage by a 
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polymeric gel-like layer formed by the electrolyte.190 A significant irreversible capacity is 

observed in the first few cycles, resulting in an initial coulombic efficiency of just 63-70% for 

both Li-ion and Na-ion cells. This irreversible capacity can be attributed to the formation of 

an SEI layer over the large surface area of the nanostructured electrode. During subsequent 

cycles, the coulombic efficiency rises to ~97-98%, indicating that side reactions 

such as SEI reformation or electrolyte decomposition continue to occur, causing the 

remaining 2-3% deficit.  

Despite only a minor difference in theoretical capacity between Na3Sb and Na3.75Sn, 

significantly lower capacities were observed for SnSb NC Na-ion anodes, as in previous 

reports.64, 191 In particular, at currents of 200, 1000 and 5000 mA g-1, initial capacities of only 

560, 420 and 380 mAh g-1 were obtained, respectively. However, contrary to Li-ion half-cells, 

a much higher fraction of the initial capacity was retained (~90-95%) after 100 cycles at these 

current densities. This result is clearly an improvement over previous reports of Na-ion 

storage in SnSb (for a detailed comparison with existing literature reports, see Table 4.1. 

and 4.2.).64, 147, 165, 178-182, 191-195 

 
Table 4.1. Comparison of the electrochemical performance of SnSb NCs as a Li-ion anode material (present 
work) with previously reported results. 

Anode material Current density 
(mA g-1) 

Initial       
capacity 

(mAh g-1) 

Retained 
capacity 

(mAh g-1) 

Cycle    
number Reference 

SnSb NCs 
200 

1000 

5000 

980 

850 

730 

870 

710 

520 

100 
100 
100 

Present 
work 

nano-SnSb/MCMB/carbon 
composite 100 506 423 100 165 

nano-Sn-Sb-Cu 100 ~450 390 30 194 

nano-SnSb/CNT 160 950 860 40 178 

SnSb NPs on SnO2/Sn/C 50 886 515 40 191 

SnSb/amorphous carbon 100 ~550 620 50 182 

SnSb-C 100 915 672 120 181 

SnSb/CNT 100 680 480 50 192 

CNT-Sn-Sb nanorods 180 708 672 80 180 

monodisperse SnSb NCs 330 
2640 

~800 
605 

680 
615 

100 
100 

64 
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Table 4.2. Comparison of the electrochemical performance of SnSb NCs as a Na-ion anode material (present 
work) with previously reported results. 

Anode material Current density 
(mA g-1) 

Initial       
capacity 

(mAh g-1) 

Retained 
capacity 

(mAh g-1) 

Cycle    
number Reference 

SnSb NCs 
200 

1000 

5000 

560 

420 

380 

500 

400 

360 

100 
100 
100 

Present 
work 

SnSb NPs on SnO2/Sn/C 50 385 305 40 191 

SnSb-carbon nanofibers 100 347 345 205 179 

nano-SnSb/C 100 544 435 50 147 

monodisperse SnSb NCs 660 ~350 ~350 100 64 

 

The small size of SnSb NCs enhances the kinetics of the charge/discharge reactions due to 

fast ionic and electronic transport, and also leads to improved cycling stability by more 

effectively accommodating the impact of volume changes during cycling.16, 56 The importance 

of downsizing of the active material is further evidenced by comparison to electrochemical 

experiments using micrometer-sized SnSb particles prepared by melting elemental Sn and Sb 

powders (Figure 4.5.).  

 

 
Figure 4.5. XRD pattern of bulk SnSb prepared by melting elemental Sn and Sb indexed to cubic SnSb (COD 
entry 9008724) with the corresponding SEM image as inset. The small additional peaks most likely correspond 
to impurities of elemental Sn(*) and Sb(♦). 
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Figure 4.6. Capacity retention for bulk SnSb in (a) Li-ion and (b) Na-ion half-cells using a current of 1000 and 
5000 mA g-1. All batteries were measured in the 0.005-2.0 V potential range. 
 

Such bulk SnSb particles show much poorer capacity retention both for Li- and Na-ion half-

cells (Figure 4.6.), despite similar reaction mechanisms as indicated by the similarities of the 

charge/discharge curves (Figure 4.7.).  

 

 
Figure 4.7. Comparison of the galvanostatic charge/discharge curves (10th cycle) for SnSb-based electrodes in 
(a) Li-ion and (b) Na-ion half-cells at a current of 1000 mA g-1. All batteries were measured in the potential 
range of 0.005-2.0 V. 
 

Notably, compared to monodisperse 20 nm particles,64 the herein presented SnSb NCs, show 

the same or even better electrochemical performance, indicating that narrow size distributions 

are not crucial for obtaining good electrochemical performance. Moreover, the absence of any 

surfactants during the reaction most likely leads to higher capacity levels compared to 

monodisperse 20 nm SnSb NCs, since remaining insulating ligands on the surface can 

decrease the storage capacity. 

Apart from their high storage capacities, SnSb NCs show relatively low delithiation and 

desodiation potentials (Figure 4.4.c and d), making them highly attractive materials for full-
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cell applications. It should also be noted that whereas for Li-ion storage the galvanostatic 

charge/discharge curves are essentially comprised of a combination of the features of the pure 

phase compounds (the delithiation of Sn occurring between 0.8-0.4 V and Sb at ~1.1 V), the 

alloying reaction of SnSb NCs with Na is clearly different.148 The same conclusion can be 

made from cyclic voltammetry measurements, which are fully consistent with previous 

reports on SnSb (Figure 4.8.).178, 179 

 

 
Figure 4.8. Cyclic voltammograms of SnSb NCs tested in (a) Li-ion or (b) Na-ion half-cells using a scan rate of 
0.1 mV s-1 in the potential range 0.005-2.0 V. 
 

Whereas the reaction mechanism of SnSb with Na is not fully clarified due to difficulties to 

analyze the amorphous intermediates and products,196 the reaction mechanism of Sb has been 

elucidated to proceed via the following steps (where c - crystalline, a - amorphous):197 

 

1st sodiation: c-Sb → a-Na3-xSb + c-Na3-xSb → c-Na3Sb  (4.4.) 

1st desodiation: c-Na3Sb → a-Na1.7Sb → a-Na1.0Sb → a-Na1.0Sb + c-Sb (4.5.) 

2nd sodiation: a-Na1.0Sb + c-Sb → a-Na1.7Sb + c-Sb → a-Na1.7Sb + a-Na3-xSb  

→ a-Na3-xSb → c-Na3Sb   (4.6.) 

 

Transition through amorphous phases, helping in mitigating volumetric changes, has been 

hypothesized as one of the reasons for the relatively high cycling stability of Sb-based 

electrodes.197 In the case of Sn, the sodiation mechanism was proposed to take place 

according to the following sequence:198 

 

c-Sn → c-NaSn3 → a-NaSn → c-Na2.25Sn → c-Na3.75Sn  (4.7.) 
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However, it should be noted that this sequence was obtained at low current rates (C/50) with 

an additional potentiostatic step at 5 mV vs. Na+/Na. Under more practical cycling conditions 

at higher rates full sodiation of Sn to Na3.75Sn might in fact not occur,199 as supported by 

significantly lower capacities reported for Sn-based electrodes.200-202 Notably, whereas in the 

case of SnSb electrodes Na3Sb could be crystallized at elevated temperatures, Sn 

environments remain incompletely sodiated, as reported by Baggetto et al.196 Thus, the 

generally lower capacity of SnSb-based anodes for Na-ion compared to Li-ion storage64, 191 – 

which is also observed for the herein presented SnSb NCs – might be attributed to not fully 

sodiated Sn-phases. 

 

 Li- and Na-ion full-cell tests. To evaluate the practical utility of SnSb nanomaterials 

as anodes, Li- and Na-ion full-cells were assembled using standard cathode materials 

(Figure 4.9. and 4.10.). Anode-limited operation of a full-cell allows the assessment of the 

behavior of the anode in more practically relevant conditions. As in half-cell experiments, all 

specific currents and capacities correspond to the mass of the SnSb active material in the 

anode.  

 

 
Figure 4.9. Electrochemical performance of SnSb NCs Li-ion and Na-ion full-cells using LiCoO2 or 
Na1.5VPO4.8F0.7 as cathode material. Capacity retention for SnSb NCs at a current of 400 mA g-1 in Li-ion and at 
200 mA g-1 in Na-ion full cells. Li-ion cells were cycled in the potential range 2.0-3.9 V. Na-ion cells were cycled 
with limitation of charge and discharge capacity to 400 mAh g-1. Displayed capacities and currents are related 
to the mass of SnSb NCs. 
 



 
 

Chapter 4. Inexpensive colloidal SnSb nanoalloys as efficient anode materials for Li- and Na-ion batteries – 
Marc Dominik Walter 

 

56 
 
 

 
Figure 4.10. Galvanostatic charge/discharge curves for SnSb NCs in (a) Li-ion and (b) Na-ion full-cells using 
LiCoO2 or Na1.5VPO4.8F0.7 as cathode material. Li-ion cells were cycled with a current of 400 mA g-1 in the 
potential range 2.0-3.9 V. Na-ion cells were cycled with a current of 200 mA g-1 and limitation of charge and 
discharge capacity to 400 mAh g-1. Displayed capacities and currents are related to the mass of SnSb NCs. 
 

Li-ion full-cells were assembled using commercial LiCoO2 cathodes and then cycled in the 

potential range of 2.0-3.9 V with a current density of 400 mA g-1 (anode). For at least 

60 cycles SnSb NCs deliver an average Li-ion storage capacity of 600 mAh g-1 with an 

average discharge voltage of 3.0 V. Na-ion full-cells were assembled using Na1.5VPO4.8F0.7 as 

the cathode, synthesized according to Park et al.44 and characterized by powder XRD 

(Figure 4.11.a, Table 4.3.) This cathode material exhibits high cycling stability and a high 

sodiation potential (~3.8 V vs. Na+/Na, Figure 4.11.b).44  
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Figure 4.11. (a) X-ray diffraction (XRD) pattern of Na1.5VPO4.8F0.7 and Rietveld refinement with the observed 
pattern (red dots), the calculated pattern (black curve), difference between observed and calculated pattern 
(blue line) and Bragg positions (black bars) (space group P42/mnm, a = b = 9.044 Å, c = 10.627 Å). The inset 
shows a scanning electron microscopy (SEM) image of Na1.5VPO4.8F0.7 after ball-milling and annealing with CB. 
(b) Galvanostatic charge/discharge curve (5th cycle) and (c) capacity retention for Na1.5VPO4.8F0.7 tested as 
cathode material in Na-ion half-cells. Cells were cycled at room temperature with a current of 64.9 mA g-1 
(0.5C) in the potential range 2.5-4.3 V vs. Na+/Na using 1M NaBF4 in EC:PC (1:1 by vol.) as electrolyte. The 
composition of the electrodes was Na1.5VPO4.8F0.7 (72 wt%), CB (18 wt%) and PVdF (10 wt%). 
 
Table 4.3. Rietveld refinement parameters corresponding to the XRD pattern of Na1.5VPO4.8F0.7 in Figure 4.11.a. 
Rietveld refinement was carried out using FullProf Suite (https://www.ill.eu/sites/fullprof/). 

Pattern Phase 
Chi2 Rp Rwp Rexp Rbragg RF-factor 
5.69 13.1 10.9 4.57 1.031 1.320 

 

Prior to full-cell experiments, SnSb anodes were cycled vs. elemental Na at a current 

of 200 mA g-1 in the potential range of 0.005-2.0 V for 5 cycles in order to form a stable SEI 

layer and therefore minimize the charge loss during subsequent cycles. Both charge and 

discharge capacities were limited to 400 mAh g-1 within the potential range of 4.3-1.5 V and 

the cells were cycled at a current of 200 mA g-1. As can be seen in Figure 4.9., the 

SnSb/Na1.5VPO4.8F0.7 Na-ion full-cell delivers a stable capacity of ~400 mAh g-1 for at 

least 60 cycles, with an average discharge voltage of 2.7 V (4.10.b). 
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Based on the anodic capacities obtained for Li- and Na-ion full-cells and the theoretical 

capacities of the cathode materials (140 mAh g-1 for LiCoO2 and 129.7 mAh g-1 for 

Na1.5VPO4.8F0.7)44 the theoretical cell capacities can be estimated, using 

Ccell = CanodeCcathode/(Canode+Ccathode). This cell capacity multiplied by the average discharge 

voltage yields the theoretical energy density of the cell. In this way, the energy density of the 

SnSb/Na1.5VPO4.8F0.7 full-cell battery developed in this work compares favorably to other 

recently reported Na-ion full-cells.203-206 Similarly, the SnSb/LiCoO2 Li-ion full-cell exhibits 

an energy density of 340 Wh kg-1, comparable to the graphite/LiCoO2 system. One possible 

advantage of SnSb over graphite lies in its three-fold higher density compared to graphite 

(6.9 g cm-3 vs. 2.2 g cm-3, respectively). This potentially enables higher volumetric energy 

densities by up to 30%: 1796 Wh L-1 for the SnSb/LiCoO2 full-cell compared to 1339 Wh L-1 

for graphite/LiCoO2, assuming a density of 5 g cm-3 for LiCoO2.207 
 

4.4.  Conclusion 

 In summary, an inexpensive and scalable synthesis of SnSb nanocrystals of 10-30 nm 

in size is reported using metal chlorides as precursors and sodium borohydride as a reducing 

agent. The important advantages of this method over previous solution syntheses are its nearly 

quantitative reaction yield and its avoidance of the use of surfactants. The resulting NCs can 

thus be isolated simply by centrifuging or filtering, and purified by rinsing with water. Li-ion 

storage in such SnSb NCs is characterized by capacities close to the theoretical maximum, 

with an average value of 760 mAh g-1 for 100 cycles at a high current density of 1000 mA g-1. 

For Na-ion storage, lower capacities are obtained, but with higher relative capacity retention 

upon cycling. The first results from Li-ion and Na-ion full-cell experiments, using LiCoO2 

and Na1.5VPO4.8F0.7 as the cathodes, indicate the stable cycling performance of SnSb 

NCs with specific Li- and Na-ion anodic capacities (average voltage in parentheses) of 

600 mAh g-1 (3.0 V) and 400 mAh g-1 (2.7 V), respectively.  

 

Reproduced with modifications from: 

M. Walter, S. Doswald and M. V. Kovalenko. Inexpensive colloidal SnSb nanoalloys as 

efficient anode materials for lithium- and sodium-ion batteries. J. Mater. Chem. A, 2016, 4, 

7053-7059. Published by The Royal Society of Chemistry. 
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Chapter 5. Oxidized Co-Sn nanoparticles as 

long-lasting anode materials for Li-ion 

batteries 

 

5.1. Introduction 

  Despite an intensive research effort to develop new materials for rechargeable Li-ion 

batteries (LIBs) over the past three decades, graphite remains the most common anode 

material in commercial devices. This is a surprising circumstance considering the fact that 

graphite possesses relatively low gravimetric and volumetric capacities (372 mAh g-1 and 

820 mAh cm-3, respectively) compared to a large number of both alloying- (e.g., Si, Ge, 

and Sn) and conversion-type materials (e.g., Fe3O4, MoS2, and SnSb).156, 208 The primary 

reasons for this are the rapid decline in capacity of many of these alternative anode materials 

due to massive volume changes during cycling (e.g., ∆V = 100-300%) causing mechanical 

disintegration of the electrodes, and/or due to irreversible reactions during charge and 

discharge. It has been demonstrated in a variety of case studies that these issues can 

be mitigated by using nanostructuring strategies in the synthesis of the active anode 

materials.16, 19, 53, 54, 56-58, 63-73, 209 Nevertheless, the commercialization of such high-capacity 

alloying- and conversion-type anodes has remained hampered for several reasons. In 

conversion-type anodes, a major fraction of the capacity is often obtained at potentials 

above 1.0 V vs. Li+/Li, reducing the voltage of the full-cell and thus the energy density of the 

corresponding battery. Secondly, the synthesis of nanostructured electrodes is often elaborate 

and therefore costly. Tin remains among the few materials which are realistic candidates to 

replace graphite in commercial LIBs, due to its high gravimetric and volumetric capacities 

(992 mAh g-1 and ~7300 mAh cm-3), low delithiation potential (0.2-1.0 V), high electrical 
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conductivity, low cost and natural abundance. In fact, anodes comprising amorphous Sn-Co-C 

nanocomposites have indeed been employed in commercial rechargeable batteries 

(e.g., NexelionTM, Sony Corp., Japan) since at least 2005. The success of this product has 

triggered further intensive research on Co-Sn-based anodes for LIBs.89, 210-227 The superior 

cycling stability of many Co-Sn-based materials over elemental Sn has been attributed to two 

factors: 1) the effective buffering of volume changes occurring during the lithiation of Sn by 

the inactive Co matrix and 2) the prevention of aggregation of Sn particles during delithiation 

due to the preferred formation of intermetallic Co-Sn phases.87-89 Notable recent examples of 

nanostructured Co-Sn-based materials include, for instance, CoSnO3 NPs in a graphene 

network228 and Sn-Co NPs encapsulated in carbon spheres,229 which both exhibit stable 

capacities over ≥ 100 cycles in a wide potential range of up to 3.0 V vs. Li+/Li.  

In this chapter, a systematic comparison of well-defined Co-Sn nanoparticle (NP) based 

materials as anodes for LIBs is presented. A simple synthetic procedure is introduced which 

can be used to prepare either amorphous Co NPs or crystalline Sn NPs, and subsequently their 

conversion into crystalline non-oxidized CoSn2 NPs or oxidized, nearly amorphous 

CoSn2Ox NPs, by simple mechanochemical methods is demonstrated. Half-cell 

electrochemical experiments were carried out to compare pure Sn NPs to both Co-Sn NP 

systems, indicating superior characteristics of the CoSn2Ox NPs. Finally, full-cell experiments 

were carried out on this most promising system using LiCoO2 as the cathode. Stable cycling 

with anodic capacities of 576 mAh g-1 for 100 cycles could be demonstrated at a current 

of 500 mA g-1, with an average discharge voltage of 3.14 V. Note: in the work described 

herein, “CoSn2 NPs” is used to refer to the highly crystalline, non-oxidized CoSn2 material 

(seen by X-ray diffraction to be phase-pure), while the term “CoSn2Ox NPs” is used for 

oxidized and mostly amorphous NPs (with < 5 nm crystal domain sizes).  

 

5.2.  Experimental section 

Colloidal synthesis of Sn and Co NPs. To prepare Sn NPs, a solution of NaBH4 (96 mmol, 

98%, ACBR) in anhydrous N-methyl-2-pyrrolidone (NMP, 85 mL, 99.5%, Fisher 

BioReagents) was heated to 60 ºC under flowing N2. Then, a solution of SnCl2 (1 mmol, 

≥ 99%, Alfa Aesar) in anhydrous NMP (3 mL) was injected and the reaction mixture was 

immediately cooled to room temperature using a water-ice bath. To prepare Co NPs, a NaBH4 

solution in anhydrous NMP (32 mmol in 15 mL) was heated to 150 ºC under flowing N2, 

followed by the injection of CoCl2 (8 mmol, ≥ 98%, Sigma-Aldrich; in 5 mL anhydrous 

NMP) and immediate cooling to room temperature using a water-ice bath. The obtained Co 
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NPs and Sn NPs were purified by washing once with dimethyl sulfoxide and then two times 

with water after separation from the supernatant by centrifugation. Finally, the reaction 

product was dried under vacuum at room temperature. 

Synthesis of crystalline CoSn2 NPs and oxidized CoSn2Ox NPs. For the preparation of Co-

Sn based NPs, Sn NPs (1.4 mmol) were ball-milled for 4 hours with Co NPs (0.7 mmol) at a 

frequency of 30 s-1 using a Fritsch Pulverisette 23 mill (10 mL ZrO2 vessel, loaded with two 

10 mm ZrO2 balls). In order to prepare crystalline CoSn2 NPs, the vessel was loaded and 

sealed under nitrogen atmosphere. Oxidized CoSn2Ox NPs were obtained when the starting 

materials Co and Sn NPs were loaded in air. 

Electrode fabrication, cell assembly and electrochemical measurements. The following 

battery components were used: carbon black (CB, Super C65, TIMCAL), carboxymethyl 

cellulose (CMC, Grade: 2200, Daicel Fine Chem Ltd.), fluoroethylene carbonate (FEC, 

Solvay, battery grade), 1M LiPF6 in ethylene carbonate: dimethyl carbonate (EC:DMC, 

1:1 by volume, Merck, battery grade), glass microfiber separator (GF/D, Whatman), and Cu-

foil (9 µm, MTI Corporation). For electrode preparation, aqueous slurries were prepared by 

mixing the respective NPs (64 wt%) with CB (21 wt%), CMC (15 wt%) and water using a 

planetary ball-mill (Fritsch Pulverisette 7 mill, 500 rpm, 1 hour), and then coated onto Cu 

current collectors. The electrodes were then dried at 80 ºC under vacuum for 12 hours prior to 

assembling the cells. Material loadings were ~0.5 mg cm-2 for half-cell and ~1 mg cm-2 for 

full-cell experiments. Electrochemical measurements were conducted in air-tight coin-type 

cells assembled in an Ar-filled glove box (O2 < 0.1 ppm, H2O < 0.1 ppm) using elemental 

lithium as the counter electrode for half-cells and LiCoO2 on Al-foil (MTI Corporation, 

~20 mg cm-2) as the cathode in full-cells. Glass microfiber was used as the separator in all 

cases. A standard solution of 1M LiPF6 in EC:DMC with 3% FEC was used as the electrolyte. 

Galvanostatic cycling tests were performed at room temperature on a MPG2 multi-channel 

workstation (BioLogic). Anodic capacities were determined corresponding to the mass of the 

Co-Sn material in both half- and full-cell experiments. 

Materials characterization. Transmission electron microscopy (TEM) images were obtained 

with a Philips CM30 microscope operated at 300 kV, using carbon-coated Cu grids as 

substrates (Ted-Pella). Energy-dispersive X-ray spectroscopy (EDX) measurements were 

carried out using a NanoSEM 230 scanning electron microscope. Scanning transmission 

electron microscopy (STEM) images and EDX spectroscopy maps were collected on a FEI 

Talos F200X microscope operated at 200 kV. Powder X-ray diffraction (XRD) was measured 

on a STOE STADI P diffractometer (Cu-Kα1 irradiation, λ = 1.540598 Å). 



 
 

Chapter 5. Oxidized Co-Sn nanoparticles as long-lasting anode materials for Li-ion batteries 
 – Marc Dominik Walter 

 

62 
 
 

5.3. Results and discussion 

 Inexpensive routes to Co-Sn-based NPs were derived by combining the wet colloidal 

synthesis of unary metallic Co and Sn NPs with dry mechanochemical reactions between 

them (Figure 5.1.a), conducted in or without the presence of air.  

 

 
Figure 5.1. (a) Schematic of the preparation of Co-Sn NPs. (b) X-ray diffraction (XRD) patterns of colloidally 
synthesized Co and Sn NPs and mechanochemically prepared CoSn2Ox and crystalline CoSn2 NPs. Reference 
patterns: tetragonal SnO2, space group P42/mnm (136), a = 4.7391 Å, c = 3.1869 Å, ICDD PDF entry 00-077-
0448; tetragonal CoSn2, space group I4/mcm (140), a = 6.363 Å,  c = 5.456 Å, ICDD PDF entry 00-025-0256. 
 

Unary metallic NPs of Co (amorphous) and Sn (crystalline) were synthesized by an extension 

of the method that has been previously reported for Sb NPs26 (also described in Chapter 3) 

based on the borohydride reduction of metal chlorides in NMP. In contrast to the reduction 

reactions of SbCl3
26 and SnCl2 which exhibited suitable kinetics at 60 ºC, a higher 

temperature of 150 ºC was required for CoCl2. The resulting Co NPs were amorphous 

(Figure 5.1., see also Figure 5.2.), whereas the Sn NPs were highly crystalline in the form of 

β-Sn (Figure 5.1.b, indexed as phase-pure tetragonal Sn, space group I41/amd (141), a = 5.831 

Å, c = 3.182 Å, ICDD PDF entry No.: 00-004-0673).  
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Figure 5.2. EDX spectrum of amorphous Co NPs. The peak denoted as S (corresponding to ~1 wt% of the 
sample) could be attributed to residual DMSO, left over after washing. 
 

Mixtures of Co and Sn NPs (molar ratio 1:2) were then ball-milled either in air or under 

nitrogen atmosphere with the intention of intimately mixing and alloying these materials and 

to study the effects of oxidation. Synthesis in air yielded a largely amorphous/poorly 

crystalline product, with broad and weak XRD reflections corresponding to SnO2 and CoSn2. 

For simplicity, the resulting product is denoted as CoSn2Ox NPs throughout this 

chapter. In agreement with the XRD results, high-resolution transmission electron microscopy 

(HR-TEM) investigations indicate the presence of small crystalline domains mainly in the 

range of < 5 nm. Elemental mapping with energy-dispersive X-ray spectroscopy in scanning 

TEM (EDX-STEM) studies indicate oxidation throughout the material, with a rather 

homogeneous distribution of Co, Sn, and O (Figure 5.3.).  
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Figure 5.3. (A) Elemental EDX-STEM maps, (B) HAADF-STEM, and (C) HR-TEM images of CoSn2Ox NPs.  

 

Ball-milling under inert conditions, however, resulted in the formation of highly 

crystalline CoSn2 NPs, with only a minor content of SnO2. In all cases, the NPs obtained were 

small: 4-7 nm for Co NPs, 5-10 nm for Sn NPs and 6-20 nm for CoSn2Ox NPs and CoSn2 NPs 

(Figure 5.4.).  

 

 
Figure 5.4. Transmission electron microscopy (TEM) images of colloidally synthesized Co and Sn NPs and 
mechanochemically prepared CoSn2Ox and CoSn2 NPs. 
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Importantly, as control experiments, attempts to synthesize Co-Sn nanomaterials with 

commercial microcrystalline powders of Co and Sn did not result in the formation of the 

CoSn2 phase (Figure 5.5.).  

 

 
Figure 5.5. XRD pattern of a mixture of bulk Co and Sn powders (molar ratio 1:2) after ball-milling for 4 hours 
under nitrogen indexed to Sn (ICDD PDF entry No.: 00-004-0673) and Co (ICDD PDF entry No.: 00-005-
0727). 
 

 Li-ion half-cell experiments. In order to compare the electrochemical properties of 

Sn, CoSn2Ox NPs and CoSn2 NPs, Li-ion half-cells were assembled. Electrodes were 

composed of NPs, carbon black (CB), and CMC binder (in a ratio of 64:21:15 by weight), and 

were tested against elemental lithium using 1M LiPF6 in EC:DMC. FEC was added to the 

electrolyte to improve cycling stability by forming a stable SEI layer.61, 163, 186, 187, 230 All 

specific capacities and currents presented herein correspond to the combined mass of Sn and 

Co, excluding CB and CMC. Figure 5.6. shows the capacity retention performance of 

CoSn2Ox NPs compared to Sn NPs over 1500 cycles at a high current density of 1984 mA g-1 

in the potential range of 0.005-1.0 V vs. Li+/Li. 
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Figure 5.6. (a) Cycling stability measurements of Sn NPs, CoSn2 NPs and CoSn2Ox NPs in Li-ion half-cells at a 
current of 1984 mA g-1 within the potential range of 0.005-1.0 V. Galvanostatic charge/discharge curves for (b) 
Sn NPs, (c) CoSn2 NPs, and (d) CoSn2Ox NPs corresponding to the half-cells in Figure 5.6.a. 
 

Since lithium is reversibly stored in all of the systems studied herein primarily via the Sn → 

Li4.4Sn conversion reaction (theoretical capacity: 992 mAh g-1), a current density 

of 992 mA g-1 was designated as the 1C rate.231 Assuming that Co does not contribute to any 

Li-ion capacity, the theoretical capacity of CoSn2 is 795 mAh g-1. During galvanostatic 

cycling of the half-cells, the upper cut-off potential was limited to 1.0 V in order to include 

only the region relevant for full-cells. As can be seen in Figure 5.6., at a high current density 

of 1984 mA g-1 (“2C”), Sn NPs, CoSn2Ox NPs, and CoSn2 NPs initially show similar 

capacities of 550-600 mAh g-1, with the highest values typically reached after 50-100 cycles. 

Upon extended cycling, Sn NPs exhibit significant capacity fading after 400 cycles, while Co-

Sn-based NPs show a much better retention of their capacity. Specifically, CoSn2 NPs retain a 

capacity of 462 mAh g-1 after 1500 cycles (corresponding to a reduction of 18%). CoSn2Ox 

NPs exhibit even better cyclability, retaining a capacity of 525 mAh g-1 (a reduction of 8%) 

after 1500 cycles. It should be noted that for all three systems, the average coulombic 

efficiency (CE) is 99.6% during cycling. The 1st cycle CE is, however, as low as ~30%, which 

can be attributed to the formation of solid electrolyte interface (SEI) and the reduction of 

surface oxides to their corresponding metals with Li2O as a byproduct. 

With such a high cycling stability, the CoSn2Ox NPs in this work compare favorably to the 

majority of recently investigated Sn-based Li-ion anode materials (see Table 5.1. for detailed 
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comparison), especially when considering that the cycling performed herein was restricted to 

potentials below 1.0 V vs. Li+/Li in order to obtain values that are truly relevant for full-

cells.58, 65, 74, 75, 86, 228, 232, 233 

 
Table 5.1. Comparison of the electrochemical performance of CoSn2Ox NPs (present work) with other reported 
systems as anode materials for LIBs. 

Anode material Current density 
(mA g-1) 

Initial        
capacity   

(mAh g-1) 

Retained   
capacity 

(mAh g-1) 

Cycle    
number 

Potential range 
(V vs. Li+/Li) 

CoSn2Ox NPs 
(present work) 1984 450 (570 at 

cycle 100) 525 1500 0.005-1.0 V 

CoSnO3@GN228 2000 ~708 566 1500 0.005-3.0 V 

nano Sn-C75 3000 ~450               
(at cycle 50) 536.5 1000 0.01-2.5 V 

nano Sn-C232 4000 ~390 410 1000 0.02-3.0 V 

nano Sn-C233 200 757 722 200 0.01-2.0 V 

Ni3Sn2 
microcages65 570 ~304 ~304 1000 0.01-2.0 V 

Sn NCs58 1000 ~800 550 100 0.005-2.0 V 

nano Sn-C86 200 ~710 ~710 130 0-3.0 V 

Sn-carbon/silica74 300 ~440 ~440 100 0-2.5 V 

 

This superior cycling stability of NPs incorporating Co and Sn compared to pure Sn NCs 

might be attributable to two effects. Firstly, due to the fact that it does not form lithium alloys, 

Co can serve as an inactive matrix during cycling and therefore buffer the volume changes 

caused by the lithiation/delithiation of Sn. Secondly, the presence of Co can prevent Sn NCs 

from aggregating upon delithiation and therefore further improve the retention of the starting 

structure of the active anode material.87-89 Further, cyclic voltammetry (CV) measurements 

indicate a third possible effect: lithiation/delithiation occurs through fewer (most likely 

amorphous) phase transitions for Co-Sn-based NPs compared to Sn NCs (Figure 5.7.). It is 

well known that pure Sn forms a multitude of intermediate crystalline phases during lithiation, 

leading to increased anisotropic strain in the particles during cycling and therefore lower 

cycling stability.231 
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Figure 5.7. Cyclic voltammograms of (a) crystalline Sn NPs, (b) CoSn2 NPs and (c) CoSn2Ox NPs in Li-ion half-
cells using a scan rate of 0.1 mV s-1 in the potential range of 0.005-1.0 V. 
 

The difference between CoSn2 NPs and CoSn2Ox NPs in terms of cycling stability might be 

attributed to the fact that CoSn2Ox NPs are highly oxidized. The surface oxides are likely 

converted into Li2O during the first cycle(s), which is also known to inhibit the sintering of Sn 

domains during cycling.231 It should be noted that the average delithiation potentials for Sn 

NCs, CoSn2 NPs, and CoSn2Ox NPs are equally low, with an average value of ~0.5 V vs. 

Li+/Li (Figures 5.6.b-d).  

Apart from by the mechanical ball-milling of Co and Sn NPs, crystalline CoSn2 NPs can also 

be synthesized by the same colloidal method as used herein to synthesize the pure Co and Sn 

NPs by simultaneous injection of SnCl2/CoCl2 into a solution of NaBH4 in NMP. However, 

such a synthesis strategy suffers from an imbalance between the reactivities of the two metal 

chlorides. A high temperature of 150 ºC is necessary to reduce Co2+, and the resulting CoSn2 

NPs are larger than 20 nm, which is significantly larger than the Co-Sn based NPs prepared 

by ball-milling (see Figure 5.8.). 

 

 
Figure 5.8. (a) XRD pattern and (b) TEM image of CoSn2 NPs prepared by wet-chemical synthesis. The two 
unindexed peaks at 30o and 43o might correspond to SnO and CoO. For synthesizing CoSn2 NPs wet-chemically 
SnCl2 (1.33 mmol) and CoCl2 (0.67 mmol) dissolved in NMP (3 mL) were injected into a solution of NaBH4 in 
NMP (16 mmol in 17 mL) at 150 ºC and kept at this temperature for 1 hour. 
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Most likely as result of the larger size of colloidally synthesized CoSn2 NPs, much poorer 

capacity retention was observed: the capacity reduced to < 200 mAh g-1 after 100 cycles (see 

Figure 5.9.). 

 

 
Figure 5.9. Cycling stability of CoSn2 NPs prepared by wet-chemical synthesis in Li-ion half-cells using a 
current of 1984 mA g-1 in the potential range of 0.005-2.0 V. 
 

To evaluate the rate capability of the Co-Sn based NPs developed in this work, galvanostatic 

cycling was performed at current rates between 0.2C to 10C (Figure 5.10., 1C = 992 mA g-1). 

Due to the similar particle sizes of these systems, and therefore similar reaction kinetics in 

all cases comparable rate capabilities were observed. The only exception was at currents of 

0.5C-2C where Sn NPs showed ~50 mAh g-1 lower capacities compared to CoSn2 NPs. Even 

at rates as high as 10C, all three materials still retained a capacity of ~350 mAh g-1. 

Interestingly, it was observed that at such high currents, Li-ion capacities increased during 

cycling, resulting in the same or even higher capacities during the stepwise decrease of the 

rate back to 0.2C. Especially for CoSn2Ox NPs, the slight difference in capacity compared to 

CoSn2 NPs initially observed at rates of 0.5C-2C becomes fully diminished during cycling. 

For comparison, graphite is known to exhibit poorer rate capability,234, 235 which was 

confirmed in this work by control experiments using graphite anodes (TIMCAL) tested under 

identical conditions (Figure 5.10.b). 
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Figure 5.10. Rate capability tests for (a) Sn, CoSn2, and CoSn2Ox NPs and (b) graphite in Li-ion half-cells within 
the potential range of 0.005-1.0 V. 
 

 Li-ion full-cell experiments. In order to investigate the applicability of Co-Sn-based 

NPs as anode materials for commercial batteries, anode-limited full-cells using LiCoO2 as the 

cathode were assembled (Figure 5.11.). Based on the results of the half-cell experiments, 

CoSn2Ox NPs were selected for primary investigation in full-cell experiments. Herein, all 

specific capacities and currents correspond to the mass of CoSn2Ox NPs.  

 

 
Figure 5.11. Electrochemical performance of a Li-ion full-cell battery with CoSn2Ox NPs as the anode and 
LiCoO2 as the cathode material. (a) Capacity retention and coulombic efficiency. (b) Galvanostatic 
charge/discharge curves. (c) Specific energy density and discharge voltage. Cells were cycled at a current of 
500 mA g-1 in the potential range of 2.0-3.9 V. Specific capacities and currents correspond to the mass of 
CoSn2Ox NPs. 
 

Full-cells of CoSn2Ox/LiCoO2 were cycled galvanostatically at a current of 500 mA g-1 in the 

potential range of 2.0-3.9 V. Under such conditions, CoSn2Ox NPs exhibit an average 

capacity of 576 mAh g-1 upon extended cycling, similar to the values observed in half-cell 

experiments. Neglecting the excess of cathode material used in this work, the theoretical 

charge storage capacity of the cell is estimated as 112.6 mAh g-1 based on: 

Ccell = CanodeCcathode/(Canode+Ccathode). Taking the average discharge voltage of 3.14 V into 

account, the resulting average specific energy density for the CoSn2Ox/LiCoO2 cell is 
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353 Wh kg-1 and, most importantly, it remains stable at this value for 100 cycles. This specific 

energy density is comparable to that of the state-of-the-art graphite/LiCoO2 system 

(~360 Wh kg-1 based on 140 mAh g-1/3.7 V vs. Li+/Li for LiCoO2 and 372 mAh g-1/0.15 V 

vs. Li+/Li for graphite).236 However, considering the much higher density of bulk β-Sn 

(7.3 g cm-3) and Co (8.9 g cm-3) compared to graphite (2.2 g cm-3), CoSn2Ox NPs can 

theoretically exhibit improved volumetric energy densities by up to ~40%. In fact, for a large 

variety of portable electronic devices, the importance of volumetric energy density is greater 

than that of gravimetric energy density.237 For comparison, the improvement of the volumetric 

energy density of the Sony NexelionTM battery is 20% over identical cells using graphite 

anodes.238 

 

5.4.  Conclusion 

 Co and Sn NPs with diameters of ≤ 10 nm were synthesized via the simple reduction 

of their respective chlorides using NaBH4 in NMP, and were subsequently converted into 

intermetallic Co-Sn NPs by ball-milling. The resulting nanostructured materials can be seen 

as model systems suited for investigating the effects of crystallinity and composition on 

electrochemical properties upon lithiation/delithiation cycling. Despite the fact that Sn and 

CoSn2 NPs show good cycling stability for several hundred cycles, CoSn2Ox NPs show the 

most outstanding retention of capacity, losing only 8% of their initial capacity over 1500 

cycles at 1984 mA g-1. In addition, in Li-ion full-cell experiments with LiCoO2 as the cathode 

material, CoSn2Ox NPs provide capacities of on average 576 mAh g-1 with an average 

discharge voltage of 3.14 V. This system therefore exhibits stable specific energy densities 

comparable to state-of-the-art LIBs based on graphite, and potentially much higher volumetric 

energy densities due to the higher density of CoSn2Ox. Considering that high rates were used 

in both half- and full-cell experiments, the CoSn2Ox NPs presented herein offer a potential 

improvement in power density over cells assembled using conventional graphite anodes and 

also over Sony’s commercialized NexelionTM battery which has been designed specifically for 

low power (e.g., camcorder) devices.238 

 

Reproduced with modifications from: 

M. Walter, S. Doswald, F. Krumeich, N. P. Stadie and M. V. Kovalenko. Oxidized Co-Sn 

Nanoparticles as Long-Lasting Anode Materials for Lithium-Ion Batteries. In preparation. 
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Chapter 6. Pyrite (FeS2) nanocrystals as 

inexpensive high-performance Li-ion cathode 

and Na-ion anode materials 

 

6.1. Introduction 

 High-performance batteries are increasingly needed for numerous applications such as 

portable electronics, electric cars or stationary storage systems in tandem with renewable 

sources of electrical energy.134, 177 Due to their high energy density Li-ion batteries (LIBs) are 

often considered the storage system of choice for such applications. However, in the light of 

limited abundance and the thereby constantly increasing costs of Li-salts, there is growing 

interest to develop conceptually identical Na-ion batteries (SIBs) as a potentially less 

expensive alternative for large-scale applications.23-25, 134 Importantly, technology 

transition from LIBs to SIBs will require not only a (rather obvious) replacement of Li-ions 

with Na-ions, but also choosing electrode materials composed exclusively of comparably 

abundant elements. Herein the attention is drawn to pyrite (FeS2) as a promising low cost, 

non-toxic rechargeable electrode material for both LIBs and, for the first time, also for SIBs. 

The quest for new electrode materials is primarily driven by the need to increase the energy 

density. The latter, in turn, is a product of charge storage capacity and voltage of operation. 

FeS2 has a high theoretical specific charge-storage capacity of 894 mAh g-1, assuming full 

lithiation/sodiation forming Li2S/Na2S+Fe. With these appealing attributes, FeS2 is already in 

use as cathode material in commercial primary (non-rechargeable) Li-ion cells produced, for 

instance, by Energizer®. Yet the development of secondary (rechargeable) LIBs with FeS2 has 

been hampered by the poor reversibility of its lithiation/delithiation at room 

temperature. So far, only several reports have dealt with FeS2 as a cathode material in 
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secondary LIBs.239-251 For instance, Liu et al. demonstrated FeS2 nanooctahedra with a 

capacity retention of 495 mAh g-1 after 50 cycles at 0.5C-rate (1C is current density of 894 

mA g-1).248 Very little work has so far concerned mechanisms of room-temperature 

sodiation of FeS2,252-255 and high-capacity Na-ion storage, at high current densities and long-

cycling life are still to be demonstrated.  

In this study the aim was to enhance the reaction kinetics and reversibility of Na-ion and Li-

ion storage using nanostructured FeS2. Starting with an inexpensive solution-phase chemical 

synthesis of nano-sized FeS2 particles, the performance of nano-FeS2 as LIB and SIB 

electrode material is systematically studied and compared to the results with bulk FeS2. It is 

found that owing to shorter diffusion path lengths for both electrons and ions, the nanoscopic 

counterpart exhibits highly reversible insertion of Li- and Na-ions, with near theoretical 

capacities. The corresponding voltage profiles indicate that nano-FeS2 has great potential as 

cathode material for LIBs and as anode material for SIBs. As LIB cathode, FeS2 NCs exhibit 

outstanding capacities of 720 and 600 mAh g-1 after 50 cycles at current densities of 200 or 

1000 mA g-1, respectively. Further, using FeS2 NCs for the first time as anode material in 

SIBs, high cycling stability with capacities of > 500 mAh g-1 for 400 cycles at a high current 

density of 1000 mA g-1 are demonstrated, making FeS2 NCs one of the best performing SIB 

anodes identified so far. 

The mechanism of lithiation and delithiation of FeS2 has been established as:247, 251 

 

FeS2 + 2Li+ + 2e- → Li2FeS2     (6.1.) 

Li2FeS2 + 2Li+ + 2e- → 2Li2S+Fe    (6.2.) 

 

Fe + 2Li2S → Li2FeS2 + 2Li+ + 2e-    (6.3.) 

Li2FeS2 → Li2-xFeS2 + xLi+ + xe-  (0.5< x >0.8)  (6.4.) 

Li2-xFeS2 → FeSy + (2-y)S + (2-x)Li+ + (2-x)e-  (6.5.) 

 

More specifically, the final oxidation step was proposed to yield orthorhombic FeS2 and 

pyrrhotite Fe7S8:256 

 

Li2-xFeS2 → 0.8ortho-FeS2 + 0.2FeS8/7 + 0.175S + (2-x)Li+ + (2-x)e-  (6.6.) 
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6.2. Experimental section 

Synthesis of FeS2 NCs. FeS2 NCs were synthesized by a modified procedure of the synthesis 

published by Li et al.257 FeCl2 (6.7 mmol, 99.5%, ABCR) was added to olelylamine (160 mL, 

80-90%, Acros) and the mixture was kept for 1 hour at 100 ºC under vacuum. Then the flask 

was set under nitrogen, the temperature was increased to 120 ºC and elemental sulfur 

(40 mmol, 99.998%, Sigma-Aldrich) previously dissolved in oleylamine (40 mL) was 

injected. The resulting black reaction mixture was subsequently heated to 220 ºC and kept at 

this temperature for two hours. After two hours the reaction mixture was cooled to room 

temperature and the resulting material was washed with chloroform and ethanol. Typically, 

0.8 g of FeS2 NCs were obtained using this procedure corresponding to a relative yield of 

ca. 99%. The main difference to the procedure of Li et al. is in the upscaling of all quantities 

by a factor of 16. Further, the injection of the S-oleylamine solution was carried out at 120 ºC, 

not at 100 ºC, in order to obtain all FeS2 NCs in 50-100 nm size range. For comparison, at 

100 ºC Li et al. obtained sizes of 150-250 nm. 

Synthesis of CoS2 and NiS2 NCs. CoS2 and NiS2 NCs were synthesized using the same 

procedure as for FeS2 NCs, but with CoCl2 or NiCl2 instead of FeCl2. 

Synthesis of PbS NCs. PbS NCs of were provided by Dr. Loredana Protesescu (ETH 

Zurich/Empa). 

Synthesis of SnS, CuS, ZnS and Cu2ZnSnS4 NCs. SnS, CuS, ZnS and Cu2ZnSnS4 NCs 

were synthesized according to literature-known procedures.258-261 

Electrode fabrication, cell assembly and electrochemical measurements. Prior to electrode 

preparation the insulating capping ligands were removed by stirring the respective metal 

sulfide NCs in a 1M solution of hydrazine in acetonitrile (ca. 1 mL per 2 mg sample) for two 

hours as commonly carried out for quantum dot solids.262 After washing three times with 

acetonitrile (ca. 20 mL) materials were dried at room temperature for 12 hours under vacuum 

before electrode preparation. Electrodes were prepared by mixing the respective NC powders 

(64 wt%) with carbon black (21 wt%, Super C65, TIMCAL), carboxymethyl cellulose 

(15 wt%, Daicel FineChem Ltd.) and water using a Fritsch Pulverisette 7 planetary ball-mill 

(500 rpm, 1 hour). The resulting aqueous slurries were coated onto copper current collectors 

(9 μm, MTI Corporation) and dried for 12 hours at 80 ºC under vacuum. Coin-type cells were 

assembled in an Ar-filled glove box (O2 < 0.1 ppm, H2O < 0.1 ppm) using polished elemental 

lithium or sodium as the counter and reference electrodes. Glass microfiber (GF/D, Whatman) 

was used as a separator. A solution of 1M NaClO4 (98%, Alfa Aesar) in propylene carbonate 

(battery grade, BASF) with 10% fluoroethylene carbonate (battery grade, Hisunny 
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Chemical Co.) served as the electrolyte for Na-ion half-cells. For Li-ion half-cells as 

electrolyte 1M LiPF6 in ethylene carbonate/dimethyl carbonate (1:1; Merck, battery grade) 

with 3% fluoroethylene carbonate was used. All galvanostatic cycling tests were carried out at 

room temperature on an MPG-2 multi-channel workstation (BioLogic). Specific capacities 

and currents were quantified with respect to the mass of metal sulfide respectively.  

Materials characterization. TEM images were obtained with a Philips CM30 TEM 

microscope at 300 kV using carbon-coated Cu grids as substrates (Ted-Pella). SEM was 

performed using a NanoSEM 230. Powder XRD was measured on a STOE STADI P powder 

X-ray diffractometer (Cu-Kα1 irradiation, λ = 1.540598 Å). Attenuated total reflectance 

Fourier transform infrared spectroscopy (ATR-FTIR) measurements were carried out on a 

Nicolet iS5 FTIR spectrometer (Thermo Scientific). For ex-situ XRD measurements half-cells 

were transferred to and opened in an Ar-filled glovebox. The electrode material was removed 

carefully from the current collector and enclosed between two stripes of adhesive tape.  

 

6.3. Results and discussion 

 FeS2 NCs were prepared via adaptation of the synthesis proposed by Li et al.257 In 

short, FeCl2 and elemental S were mixed at 120 ºC in oleylamine (OLA), acting as 

both solvent and surfactant, and reacted at 220 ºC for two hours delivering highly crystalline 

50-100 nm large FeS2 NCs (Figure 6.1.) with high reaction yield (99%). No traces of 

unreacted reagents, marcasite FeS2 or other iron sulfides of different stoichiometry (FeS or 

Fe3S4) could be detected. Moreover, no traces of oxides were observed, indicating that FeS2 

NCs can be readily handled in air. Based on the low-cost, inexpensive and environmentally 

benign precursors, scalable heating-up reaction, and recyclable coordinating solvent (OLA), 

this synthesis can be readily implemented on industrial scale as well.  
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Figure 6.1. Synthesis and characterization of FeS2 NCs: (a) SEM and (b) TEM) images. (c) X-ray diffraction 
(XRD) pattern indexed to pure-phase pyrite FeS2 (ICDD database, PDF no.: 00-071-2219; space group N205, 
Pa3, a = 5.4179 Å) with the schematic representation of the unit cell of pyrite FeS2 as inset. 
 

The electrochemical properties of the as-synthesized FeS2 NCs were investigated in air-tight 

coin type half-cells using either elemental lithium or sodium as both counter- and reference 

electrodes. The remaining surface-bound OLA molecules were removed from the NC surface 

by treatment with hydrazine, as commonly applied for colloidal quantum dots for improving 

their electronic connectivity.262 The removal of ligands was confirmed by ATR-FTIR 

spectroscopy (Figure 6.2.). 

 

 
Figure 6.2. ATR-FTIR spectra of FeS2 NCs before and after hydrazine treatment. 
 

It should be noted that no changes of the XRD pattern were observed upon removal of 

residual OLA ligands and after electrode preparation (Figure 6.3.). All electrodes containing 

FeS2 NCs were prepared by mixing the active material (64 wt%) with carbon black 

(CB, 21%) as conductive additive and with carboxymethyl cellulose (CMC, 15%) as a binder, 
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forming a homogeneous aqueous slurry which was coated onto Cu-foil and dried. 

Fluoroethylene carbonate (FEC) was added to the electrolyte to improve the cycling 

stability.163, 186, 187 

 

 
Figure 6.3. XRD pattern of (A) pristine FeS2 NCs, (B) FeS2 NCs after ligand removal and (C) electrodes 
containing FeS2 NCs (indexed to pure-phase pyrite FeS2, ICDD database, PDF no.: 00-071-2219; space group 
N205, Pa3, a = 5.4179 Å). 
 

The results for measurements of FeS2 NCs as cathode material in Li-ion half cells are shown 

in Figure 6.4.. Cells were initially discharged to 0.02 V and then cycled in the potential range 

between 1.0-3.0 V vs. Li+/Li. The capacities above the theoretical value for the first cycle can 

be explained by the irreversible formation of the solid electrolyte interface (SEI), seen also as 

low coulombic efficiency (CE), that is the ratio between charge and discharge capacity, of 

75% in the first cycle. Upon subsequent cycling at 200 mA g-1 FeS2 NCs deliver initial 

capacities close to the theoretical maximum with 800 mAh g-1 and show only minor capacity 

fading during cycling (Figure 6.4.a). Namely, after 100 cycles of charging/discharging FeS2 

NCs still deliver 630 mAh g-1 corresponding to capacity retention of 80%. In contrast, bulk 

FeS2 shows both significantly lower initial capacities and much faster fading. Despite the fact 

that the average lithiation potential for FeS2 NCs is moderately low – 1.73 V (for 1.0-3.0 V 

range, Figure 6.4.c) or 2.0 V (for 1.5-3.0 V range) – the high capacities result in energy 

densities more than twice higher than of commercially established LiCoO2 or LiFePO4 

(Figure 6.4.b, Table 6.1.). 
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Figure 6.4. Electrochemical performance of FeS2 NCs tested as cathode material for LIBs. (a) Capacity 
retention for FeS2 NCs and bulk FeS2. (b) Comparison of the energy density of FeS2 NCs, bulk FeS2 and LiCoO2. 
(c) Galvanostatic charge and discharge curves for FeS2 NCs corresponding to the graph in (a). All cells were 
cycled with a current rate of 200 mA g-1. (d) Capacity retention for FeS2 NCs cycled at 1000 or 200 mA g-1. All 
batteries were measured in the 1.0-3.0 V potential range after initial discharge to 0.02 V. 1M LiPF6 in a 1 : 1 
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) with 3% fluoroethylene carbonate (FEC) 
served as electrolyte for Li-ion half cells. 
 
Table 6.1. Comparison of Li-ion cathodic performance of FeS2 NCs, with commercial LiCoO2 and LiFePO4 
materials. Energy density is calculated as product of the specific capacity and average voltage during discharge. 
For Li-ion full cells the lack of Li in FeS2 might be compensated by either electrochemical prelithiation of the 
material or using Li-containing anode materials.263  

Material Capacity 
(mAh g-1) 

Potential 
(V vs. Li+/Li) 

Energy density 
(Wh kg-1) 

FeS2 NCs 715 (397) 1.73 (2.0) 1237 (794) 
LiCoO2 140 3.9 546 
LiFePO4 170 3.4 578 

 

Even when the current is increased to 1000 mA g-1, more than 600 mAh g-1 can be retained 

for 50 cycles (Figure 6.4.d). At all current rates CE is ≥ 99%. This excellent performance in 

terms of obtaining high capacities at high currents is unprecedented for FeS2 as cathode in 

LIBs (for detailed comparison with literature, see Table 6.2.). 
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Table 6.2. Li-ion cathodic performance of FeS2 NCs: Comparison of the electrochemical performance of the 
herein presented FeS2 NCs with previously reported results by others. 

Cathode Current density 
(mA g-1) 

Initial capacity 
(mAh g-1) 

Retained capacity 
(mAh g-1) 

Cycle 
number Reference 

FeS2 NCs 
200 

200 

1000 

800 

800 

800 

720 

630 
600 

50 
100 
50 

Present 
work 

PAN-FeS2 89.4 729 470 50 251 
submicron FeS2 89.4 ~600 420 30 246 
FeS2  nanowires 89.4 ~400 350 50 247 
FeS2@C porous       
nanooctahedra 447 550 495 50 248 

 

Contrary to LIBs, cycling of FeS2 NCs as cathode material in Na-ion half cells delivers only 

approximately half the expected capacity and suffers from both faster capacity fading and 

poorer coulombic efficiency with values ranging from 98 to 96% (Figure 6.5.). Although the 

performance of such FeS2 NCs as cathode for SIBs is still superior to previous reports (for 

detailed comparison with literature, see Table 6.3.),252-255 it shows a drastic difference 

between Li-ion and Na-ion chemistries.  

 

 
Figure 6.5. Capacity retention for FeS2 NCs in Na-ion half cells. Cells were cycled in the potential range 1.0-
3.0 V, except for the first discharge to 0.02 V. 
 
Table 6.3. Na-ion cathodic performance of FeS2 NCs: Comparison of the electrochemical performance of the 
herein presented FeS2 NCs with previously reported results by others. 

Cathode Current density 
(mA g-1) 

Initial capacity 
(mAh g-1) 

Retained capacity 
(mAh g-1) 

Cycle 
number Reference 

FeS2 NCs 200 

1000 
430 

400 
240 

240 
50 
50 Present work 

FeS2 40 ~500 ~350 9 255 
FeS2 50 ~280 ~70 50 253 
FeS2 50 ~450 ~85 50 252 

  



 
 

Chapter 6. Pyrite (FeS2) nanocrystals as inexpensive high-performance Li-ion cathode and Na-ion anode 
materials – Marc Dominik Walter 

 

80 
 
 

Considering that in case of Na-ion cells a much higher fraction of the charge storage capacity 

is gained at lower potentials (Figure 6.6.b), galvanostatic cycling measurements in the range 

0.02-2.5 V were carried out to analyze the applicability of FeS2 NCs as an anode material. In 

particular, it is found that FeS2 NCs deliver capacities of 600 mAh g-1 after 200 cycles at a 

relatively high current of 1000 mA g-1, and capacity of 500 mAh g-1 after 400 cycles 

(Figure 6.6.a). After 600 cycles, FeS2 NCs still deliver capacities of 410 mAh g-1, 

corresponding to 50% of the initial capacity. In contrast electrodes composed of bulk FeS2 

show much lower capacities, presumably due to slower reaction kinetics. Furthermore, for 

FeS2 NCs the CE increases from approximately 97% for the first 100 cycles to an average of 

99% for the subsequent cycles demonstrating good reversibility of Na-ion storage. Addition 

of FEC to the electrolyte was found to be crucial, since cells without FEC showed extremely 

poor CE of 95-83% (Figure 6.6.c). Moreover, cycling tests with limitation of the charge 

capacity to 500 mAh g-1 were carried out to restrict the desodiation to lower potentials, which 

is a preferred scenario for the full cell as it will retain largest possible potential difference 

between the cathode and anode and hence the energy density. No capacity fading was 

observed for 500 cycles at current density of 1000 mA g-1 (Figure 6.6.e). 
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Figure 6.6. Electrochemical performance of FeS2 NCs tested as anode material for SIBs. (a) Capacity retention 
for FeS2 NCs and bulk FeS2. (b) Galvanostatic charge and discharge curves for FeS2 NCs corresponding to the 
graph in (a). (c) Capacity retention for FeS2 NCs cycled with the same conditions as in (a) but without the 
addition of FEC to the electrolyte. (d) Capacity retention for FeS2 NCs cycled with 5000 or 1000 mA g−1. 
(e) Capacity retention for FeS2 NCs cycled with limitation of the charge capacity to 500 mAh g-1. All batteries 
were measured in the 0.02-2.5 V potential range at a current of 1000 mA g-1 unless noted otherwise. 1M 
NaClO4 in propylene carbonate (PC) with 10% fluoroethylene carbonate (FEC) served as electrolyte in Na-ion 
half-cells. 
 

In addition, electrodes with FeS2 NCs can be cycled with a current as high as 5000 mA g-1 and 

still deliver capacities above 600 mAh g-1 for at least 50 cycles corresponding to a retention of 

86% of the initial capacity (Figure 6.6.d).  

To elucidate the phase evolution during sodiation and desodiation of FeS2, ex-situ XRD 

measurements were carried out (Figure 6.7.) at various stages of electrochemical cycling. 

Starting from the pristine pyrite structure of FeS2, no intermediate crystalline phases were 

observed and no crystalline FeS2 was restored during charging. It is a possibility that 

crystalline intermediate phases exist, but cannot be detected due to very small crystallite 

domain size in the nanometer range. 
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Figure 6.7. Ex-situ XRD measurements for the first discharge and charge cycle of FeS2 NCs in Na-ion half-cells. 
Cells were cycled with a current of 200 mA g-1. 
 

Based on the observed capacities close to the theoretical value of 894 mAh g-1 and the 

aforementioned reports it is assumed that the sodiation of FeS2 NCs leads to the formation of 

Na2S involving most likely only amorphous phases according to the following mechanism:  

 

FeS2 + 2Na+ + 2e- → Na2FeS2   (6.7.) 

Na2FeS2 + 2Na+ + 2e- → 2Na2S+Fe   (6.8.) 

 

Amorphous state during cycling may explain the apparently low kinetic restraints for fast 

charging/discharging and reduced mechanical stress upon expansion and contraction, 

similarly to the earlier observations with Sb NCs as Na-ion anode material.57  

The performance of FeS2 compares very favorably with other metal sulfides reported up to 

date (for detailed comparison with literature, see Table 6.4.).  
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Table 6.4. Comparison of the electrochemical performance of the herein presented FeS2 NCs with previously 
reported results obtained with metal sulfides as anode in SIBs. 

Anode Current density 
(mA g-1) 

Initial capacity 
(mAh g-1) 

Retained capacity 
(mAh g-1) 

Cycle 
number Reference 

FeS2 NCs 

1000 

1000 

1000 

5000 

820 

820 

820 

700 

606 

500 

410 

530 

200 
400 
600 
100 

Present 
work 

MoS2 
nanosheets 20 ~160 ~160 100 91 

MoS2/rGO 25 ~250 ~220 25 92 

MoS2 
nanoflowers 

50 

200 

1000 

~230 

~220 

~220 

~350 

~310 

~300 

300 
600 

1500 
99 

nano MoS2-C 1000 854 484 100 94 
nano TiO2-MoS2 100 740 474 30 29 
WS2@graphene 20 ~584 329 500 95 

SnS 125 ~520 370 30 96 
Nano SnS-C 100 486 548 80 97 

SnS@graphene 810 ~500 492 250 98 
SnS2-rGO 1000 594 500 400 99 
rGO/Sb2S3 50 670 ~637 50 100 

 

For the sake of fully objective and unbiased comparison, colloidal NCs of a vast variety of 

prime metal sulfide candidates for Na-ion storage, composed of earth-abundant elements, 

such as NiS2, CoS2, PbS, SnS, CuS, ZnS and Cu2ZnSnS4 were synthesized and carefully 

studied under identical testing conditions (Figures 6.8., 6.9. and 6.10., see also 

Experimental Section). 

 

 
Figure 6.8. TEM-images of various metal sulfide NCs tested as Na-ion anode materials. 
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Figure 6.9. XRD patterns of various metal sulfide NCs tested as Na-ion anode materials. 
 

With the exception of SnS all of these sulfides had not been previously tested for Na-ion 

storage, judging from the available literature. Clearly, in comparison with all these sulfides, 

FeS2 shows both higher initial capacity and better long-term cycling stability. 

 

 
Figure 6.10. Electrochemical performance of various metal sulfide NCs tested as anode material for SIBs. All 
batteries were measured in the 0.02-2.5 V potential range at a constant current of 1000 mA g-1. 1M NaClO4 in 
propylene carbonate (PC) with addition of 10 wt% of fluoroethylene carbonate (FEC) served as electrolyte. 
 

6.4. Conclusion 

 In conclusion, the great potential of FeS2 NCs as inexpensive, environmentally benign 

and, most importantly, high-energy-density and long-cycling electrode material for LIB 

cathodes and SIB anodes was demonstrated, outperforming bulk FeS2 and other metal 

chalcogenide NCs under identical testing conditions. Cathodic Li-ion storage by FeS2 NCs is 

characterized by high specific capacity of ≥ 630 mAh g-1 for 100 cycles (at a current 
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of 200 mA g-1), delivering more than twice the energy density of LiCoO2 or LiFePO4. Anodic 

Na-ion storage exhibits even better overall performance, with capacities of ≥ 500 mAh g-1 

retained after 400 cycles at a current density of 1000 mA g-1. It should be noted that very 

standard, thus possibly suboptimal for nanostructures, testing conditions were used in terms of 

selected binder, electrolytes and (most simple) electrode formulation. Future work on FeS2 as 

electrode material should focus on smart electrode engineering, involving recent specific for 

alloying or conversion nanostructured anodes developments such as design of three-

dimensional nanoarchitectures or elaborate encapsulation of nanoparticles into conductive 

carbons.264-268 

 

Reproduced with modifications from: 

M. Walter, T. Zünd and M. V. Kovalenko. Pyrite (FeS2) nanocrystals as inexpensive high-

performance lithium-ion cathode and sodium-ion anode materials. Nanoscale, 2015, 7, 9158 - 

9163. Published by The Royal Society of Chemistry.   
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Chapter 7. Evaluation of metal phosphide 

nanocrystals as anode materials for Na-ion 

batteries 
  

 

7.1. Introduction 

 Li-ion batteries (LIBs) have become the battery technology of choice for applications 

demanding high energy and power densities, such as portable electronics and mobile vehicles, 

and also show great promise for the large-scale grid storage of electricity. Yet, the irregular 

geographic distribution and relatively low natural abundance of lithium salts raise doubts as to 

the future security and cost of supply. In this regard, conceptually identical Na-ion batteries 

(SIBs) are a favorable alternative due to the much greater abundance (by a factor of 103) and 

therefore lower price of sodium salts.23-25, 134, 269 However, the seemingly simple replacement 

of the Li-ion with its 50% larger group I neighbor has drastic consequences for the resulting 

electrochemistry. For instance, both silicon and graphite, which are well-known 

anode materials with outstanding Li-ion storage properties, show negligible capacities for Na-

ions.80, 81, 270 Extensive research toward new electrode materials is needed to advance the 

development of high-performance SIBs.  

Of all possible anode materials for SIBs, red phosphorus (P) is probably the most appealing 

candidate due to its low cost, non-toxicity and, most importantly, extremely high sodium 

capacity (2596 mAh g-1 for P↔Na3P, one of the highest Na-ion capacities known) at a low 

desodiation potential (~0.6 V vs. Na+/Na). However, similarly to other 

alloying/conversion type materials, P suffers from massive volume changes during 

sodiation/desodiation (∆V = 291%, by molar volume) leading to the mechanical disintegration 
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of the electrodes and therefore rapid capacity fading due to loss of electrical contact. The 

other main disadvantage of P is its relatively low electronic conductivity, causing slow 

reaction kinetics. Although noticeable progress has been demonstrated for P-based 

SIB anodes,26-28, 76, 146, 271 typically very large amounts of conductive carbons are used to 

provide sufficient conductivity as well as mechanical stability of the electrodes, and often 

high capacities with good cycling stability can only be achieved at low charge/discharge 

currents of < 100 mA g-1 (< 0.05C).  

This study was motivated by the possibility of addressing the aforementioned issues facing P-

based SIB anodes by using metal phosphide nanocrystals (NCs) as the active material. 

Generally, nanostructured materials often show improved electrochemical performance over 

their bulk counterparts due to mitigation of the effects caused by volumetric changes and 

improved ionic and electronic conductivities upon homogeneous mixing with conductive 

carbon additives.16, 19, 54, 56-58, 63-66 Moreover, metallic inclusions, which form in-situ upon 

electrochemical conversion of the transition metal phosphide to alkali metal phosphide, are 

also expected to improve the electronic connectivity within the electrode. Despite the 

additional mass of the transition metal, theoretical specific charge-storage capacities of metal 

phosphides are still extremely high (900-1300 mAh g-1), surpassing all of the main 

alternatives to P such as Sn (847 mAh g-1) and Sb (660 mAh g-1). Herein, the sodium and also 

lithium storage properties of highly uniform FeP, CoP, NiP2 and CuP2 NCs prepared via 

colloidal synthesis methods are presented. It should be noted that, with the exception of a 

previous study on FeP,101 the work presented in this chapter was the first report on the 

electrochemical performance of such metal phosphides in SIBs. All of the phosphide NCs 

investigated in this chapter show high charge-storage capacities, close to the theoretically 

expected values. In comparison to the corresponding metal sulphide NCs, the phosphides 

exhibit lower desodiation potentials and are hence better suited as SIB anode materials, but 

suffer from very fast capacity loss upon cycling. Further work on the optimized formulation 

of the electrodes and the selection of suitable electrolytes and electrolyte additives is needed 

to improve long-term cycling stability. 
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7.2. Experimental section 

Synthesis of FeP nanowires (NWs). In a typical experiment, 2.5 g tri-n-octylphosphine oxide 

(TOPO, 99%, Strem) and 3 mL tri-n-octylphosphine (TOP, ≥ 97%, Strem), previously dried 

at 100 ºC under vacuum for 1 hour, were heated to 300 ºC under Ar. At 300 ºC, 0.5 mL of Fe 

stock solution, prepared by mixing 1 mL TOP and 0.25 mL Fe(CO)5 (99.99%, Strem), was 

injected into the TOP/TOPO mixture. After 30 min, a second injection of 0.5 mL of stock 

solution was carried out. The reaction was stopped after an additional 30 min. FeP NWs were 

precipitated by adding hexane and ethanol, separated by centrifugation, and re-dispersed in 

chloroform containing 1 wt% oleic acid. The second precipitation was induced by adding 

ethanol. After centrifugation, the FeP nanowires were re-dispersed in chloroform and stored 

under ambient conditions. 

Synthesis of NiP2 NCs. In a typical experiment, 4.5 mL octadecene (ODE, 90%, Sigma-

Aldrich), 6.4 mL oleylamine (OLA, 95%, Strem) and 0.25 g (1 mmol) nickel (II) 

acetylacetonate (≥ 98%, Merck) were dried at 110 ºC under vacuum for 1 hour to remove 

water and low-boiling point impurities. Then, 2 mL of TOP were added to the flask under Ar 

and the reaction mixture was heated to 320 ºC and held at this temperature for 1 hour. The 

flask was cooled to 200 ºC by flowing air and then 105 mg (3.4 mmol) of red phosphorous (≥ 

97%, Sigma-Aldrich) were added. The reaction mixture was then heated again to 330 ºC and 

held at this temperature for 22 hours. NiP2 NCs were precipitated twice by adding chloroform 

and ethanol, separated by centrifugation, and re-dispersed again in chloroform. After 

centrifugation, the NiP2 NPs were re-dispersed in chloroform and stored under ambient 

conditions. 

Synthesis of CoP NCs. In a typical experiment, 4.5 mL ODE, 6.4 mL OLA and 0.25 g 

(1 mmol) cobalt (II) acetylacetonate (≥ 98%, Merck) were dried at 110 ºC under vacuum for 

1 hour to remove water and low-boiling point impurities. Then, 2 mL of TOP were added to 

the flask under Ar and the reaction mixture was heated to 320 ºC for 65 min. The flask was 

cooled to 200 ºC by flowing air and then 105 mg (3.4 mmol) of red phosphorous were added. 

Then the reaction mixture was heated again to 330 ºC and held at this temperature for 

22 hours. CoP NCs were isolated and purified identically to the NiP2 NCs above. 

Synthesis of CuP2 NCs. In a typical experiment, 4.5 mL ODE, 6.4 mL OLA and 0.262 g 

(1 mmol) copper (II) acetylacetonate (≥ 97%, Sigma-Aldrich) were dried at 110 ºC under 

vacuum for 1 hour to remove water and low-boiling point impurities. Then, 2 mL of TOP 

were added to the flask under Ar atmosphere and the reaction mixture was heated to 320 ºC 

for 75 min. The flask was cooled to 200 ºC by flowing air and then 200 mg (6.4 mmol) of red 
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phosphorous were added. The reaction mixture was then heated again to 330 ºC and was held 

at this temperature for 22 hours. CuP2 NCs were isolated and purified identically to the NiP2 

NCs above. 

Electrode preparation, cell assembly and electrochemical measurements. In order to 

evaluate the electrochemical properties of FeP, CoP, NiP2 and CuP2 NCs, Na-ion and Li-ion 

half-cells were assembled. Prior to electrode preparation, organic ligands were removed from 

the surface of the NCs by stirring them in a 1M solution of hydrazine in acetonitrile for 

2 hours at room temperature, as is commonly performed for colloidal quantum dots.262 

Electrodes were prepared by mixing the respective metal phosphide NCs (63.75 wt%) with 

carbon black (21.25 wt%, TIMCAL), carboxymethyl cellulose (CMC, 15 wt%) and water as a 

solvent using a planetary ball-mill at 500 rpm for 1 hour. The aqueous slurries were coated 

onto Cu current collectors, which were dried at 80 ºC under vacuum overnight prior to cell 

assembly. For electrochemical testing, coin cells with elemental Na or Li were assembled in 

an Ar-filled glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm) using either 1M NaClO4 in propylene 

carbonate (PC) with 10% fluoroethylene carbonate (FEC) or 1M LiPF6 in a 1:1 mixture of 

ethylene carbonate (EC) and dimethyl carbonate (DMC) with 3% FEC. FEC was added to the 

electrolyte in both the Li and Na coin cells to improve capacity retention.146, 163, 186, 187, 272 All 

electrochemical tests were carried out at room temperature and the capacities were reported 

relative to the mass of the metal phosphide NCs. 

Materials Characterization. Transmission electron microscopy (TEM) was performed using 

a JEOL JEM-2200FS instrument operated at 200 kV, using carbon-coated Cu grids as 

substrates (Ted-Pella). Powder X-ray diffraction (XRD) was measured using a STOE STADI 

P diffractometer (with Cu-Kα1 irradiation,  λ = 1.540598 Å).  

 

7.3. Results and discussion 

 Synthesis and characterization of metal phosphide nanocrystals. FeP NWs were 

synthesized according to the procedure reported by Qian et al.273 In order to obtain NiP2 NCs, 

a two-step procedure was developed. First, Ni2P NCs were synthesized according to a known 

protocol reported by Popczun et al.274 A second step was added to the procedure: conversion 

of the as-prepared Ni2P NCs into NiP2 NCs by adding red P to the reaction mixture, followed 

by heating at 330 ºC for 22 hours. Analogously, this two-step approach was also applied in 

the synthesis of CuP2 and CoP NCs, simply by replacing nickel (II) acetylacetonate with the 

respective copper or cobalt salt (for details, see the Experimental Section). Figure 7.1. 

summarizes the characterization of the metal phosphide NCs obtained by these methods. 
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FeP NCs were on average ~300 nm in length and ~7 nm in width. CoP, NiP2 and CuP2 NCs 

exhibited diameters of 25, 10 and 60 nm, respectively. All materials showed phase-pure XRD 

patterns, indexed according to the standard ICSD files for these compounds. 

 

 
Figure 7.1. Characterization of metal phosphide NCs. Transmission electron microscopy (TEM) images, X-ray 
diffraction (XRD) patterns and schematic representations of the crystal structures (from left to right) of FeP, 
CoP, NiP2 and CuP2 NCs (a-d). The XRD patterns are indexed according to the ICSD database: to 
orthorhombic FeP (PDF No.: 00-071-2262, space group Pna21 (33), a = 5.193 Å, b=5.792 Å, c = 3.099 Å), 
orthorhombic CoP (PDF No.: 00-029-0497, space group Pnma (62), a = 5.077 Å, b = 3.281 Å, c = 5.587 Å), 
cubic NiP2 (PDF No.: 00-073-0436, space group Pa3 (205), a = 5.4706 Å) and monoclinic CuP2 (PDF No.: 00-
076-1190, space group P21/c (14), a = 5.8004 Å, b = 4.8063 Å, c = 7.5263 Å, β = 112.7o). 
 

 Electrochemical performance of metal phosphide nanocrystals. Figure 7.2. shows 

the electrochemical performance of the metal phosphide NCs in Na-ion and Li-ion half-cells. 

Na-ion cells were cycled at a current rate of 100 mA g-1 in the potential range of 0.02-2.5 V. 
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For Li-ion cells, current rates of 300 mA g-1 and a potential range of 0.02-2.0 V were used. 

Assuming the formation of Na3P or Li3P via the general conversion reaction MPx + 3xe- + 

3xA+ ↔ xA3P + M (M=Fe, Co, Ni, Cu; A=Li, Na), the metal phosphides FeP, CoP, NiP2 and 

CuP2 have theoretical capacities of 926, 894, 1333 and 1282 mAh g-1 respectively. In close 

agreement, CuP2 indeed showed the highest capacity in the first cycle. However, the 

capacities of all studied materials rapidly faded during cycling. The compounds with higher P 

content, NiP2 and CuP2, showed higher initial capacities but poorer capacity retention. 

Namely, for CuP2 NCs the charge capacity decreased from 1140 mAh g-1 to 570 mAh g-1 

within the first 16 cycles. For the FeP, CoP and NiP2 NCs, the capacities fell below 

600 mAh g-1 after just the first 10 cycles, and faded to less than 400 mAh g-1 during 

subsequent cycling. Similar observations were made when testing the metal phosphide NCs in 

Li-ion half-cells (Figure 7.2.b). Due to the high surface area of the nano-sized materials, low 

coulombic efficiencies (20-70%) were obtained for the first cycle as result of the irreversible 

decomposition of the electrolyte forming the solid electrolyte interface (SEI) 

(see Figures 7.2.c and d). Notably, rather poor coulombic efficiencies of 92-95% for Na-ion 

and 96-98% for Li-ion cells were also obtained during subsequent cycles, indicating 

continuous deterioration and reformation of the SEI caused by pulverization of the electrode 

material.  

Figures 7.2.e and 7.2.f show the galvanostatic charge and discharge voltage profiles for the 

first cycle for all tested metal phosphide NCs. For Na-ion storage a desodiation plateau can be 

identified in all cases at ~0.6 V vs. Na+/Na, which is at the same potential as reported for the 

electrochemical reaction of red P with Na.26 This implies that metal phosphides rather convert 

into elemental P and that cycling proceeds mainly by the reaction P + 3e- + 3Na+ ↔ Na3P, as 

has been suggested for FeP.101 In Li-ion half-cells the majority of delithiation occurs at a 

potential of more than 1.0 V showing that metal phosphides are generally better suited as SIB 

anode materials due to lower voltages of desodiation. 
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Figure 7.2. Electrochemical performance of metal phosphide nanocrystals. Galvanostatic cycling of metal 
phosphide NCs in Na-ion (a) and Li-ion half-cells (b) with the respective coulombic efficiency plots (c, d). 
Galvanostatic charge and discharge curves for the first cycle for Na-ion (e) and Li-ion (f) half-cells. Electrodes 
were composed of  63.75% metal phosphide NCs, 21.25% CB and 15% CMC. 1M NaClO4 in PC with 10% FEC 
served as the electrolyte for Na-ion and 1M LiPF6 in EC:DMC (1:1) with 3% FEC for Li-ion half-cells. 
Galvanostatic cycling tests were carried out with a current of 100 mA g-1 in the potential range of 0.02-2.5 V for 
Na-ion and 300 mA g-1 in the potential range of 0.02-2.0 V for Li-ion half-cells. 
 

 Comparison of FeP and FeS2 NCs as anode materials for Na-ion batteries. 

Clearly, from the prospects of low cost and low toxicity, iron-based Na-ion storage electrode 

materials are the most interesting candidates, in particular when the other chemical 

constituents of the compound comprise equally abundant elements such as phosphorus and 

sulfur. Hence, iron sulfides can be seen as a main alternative to phosphides. Similar 

difficulties with capacity fading have been reported for FeS2 (pyrite) due to its large (~280%) 

volume expansion upon Na2S formation.90 In order to compare the electrochemical 

performance of Fe phosphides and sulfides, pyrite FeS2 NCs with sizes from 50-100 nm were 

synthesized and tested under the same conditions as the FeP NCs. The synthesis, 
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characterization and electrochemical properties of FeS2 NCs have been detailed in Chapter 6. 

Assuming the formation of Na2S, FeS2 NCs possess a theoretical maximum capacity of 

894 mAh g-1, similar to the value for FeP (926 mAh g-1). However, as can be seen in 

Figure 7.3., the electrochemical performance of FeS2 and FeP NCs is in fact very different. 

Whereas FeP NCs show rapid capacity fading upon cycling, FeS2 NCs exhibit stable 

capacities of ≥ 800 mAh g-1 (near the theoretical value), clearly demonstrating that the 

identity of the anion in a conversion-type electrode material plays a critical role in 

determining its electrochemical properties. The only relevant previous investigation of FeP as 

a SIB anode material is the recent report by Li et al.;101 in that work, anodes prepared by ball-

milling FeP showed much faster capacity fading, from 460 mAh g-1 to ~200 mAh g-1 within 

40 cycles at a current of 50 mA g-1. Compared to FeP NCs, the only obvious drawback of 

FeS2 NCs is the higher desodiation potential (Figures 7.3.b and 7.3.c), that is, however, well 

compensated by good capacity retention.  

  

 
Figure 7.3. Comparison of the electrochemical performance of FeP and FeS2 NCs. Galvanostatic cycling of 
FeS2 and FeP in Na-ion half-cells (a) and the respective charge/discharge curves (b, c). Galvanostatic cycling 
tests were carried out with a current of 100 mA g-1 in the potential range of 0.02-2.5 V. 
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7.4. Conclusion 

 In conclusion, NCs of FeP, CoP, NiP2 and CuP2 were prepared using colloidal 

synthesis methods. Motivated by their high theoretical capacities, the low electrochemical 

potentials needed for the anodic side of the battery, and the high natural abundance of their 

constituting elements, the potential of these nanomaterials as SIB anode materials was 

explored. Also their sodium storage properties were compared with that of lithium. It is found 

that with conventionally formulated electrodes (by mixing with amorphous carbon and water-

soluble binders), metal phosphide NCs deliver high sodium capacities, but exhibit low 

capacity retention upon cycling. The direct comparison of FeP and FeS2 as SIB anode 

materials indicates the much better cyclability of the latter. Thus, it is concluded that metal 

phosphides are inherently less stable than their corresponding sulfides and this instability is a 

combined effect of large volumetric changes and phosphorus-specific processes such as the 

reactivity of Na3P towards the electrolyte.146 Further progress towards high performance 

phosphide-based electrodes is expected to result from smart electrode engineering by 

designing secondary structures in which the metal phosphide NPs are encapsulated into 

conductive carbons,264-268 thereby eliminating the direct large-area contact with the 

electrolyte. Furthermore, a sensible choice of the electrolyte and electrolyte additives might 

enable the higher stability of the SEI layer in future studies.  

 

Reproduced with modifications from: 

M. Walter, M. I. Bodnarchuk, K. V. Kravchyk, and M. V. Kovalenko. Evaluation of Metal 

Phosphide Nanocrystals as Anode Materials for Na-ion Batteries. CHIMIA International 

Journal for Chemistry, 2015, 69, 724-728. Copyright©Swiss Chemical Society. 
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Chapter 8. Efficient and inexpensive Na/Mg 

hybrid battery 

 

8.1. Introduction 

 One of the most fundamental challenges for rechargeable lithium (Li)-ion batteries is 

that their energy densities are still limited by the fact that metallic Li – a lightweight, 

concentrated and simple source of Li-ions – cannot be safely employed as the negative 

electrode material (anode).9, 10 Due to the formation of dendrites during multiple cycles of 

electrodeposition/dissolution, which can result in dangerous runaway thermal reactions, 

metallic Li has been replaced in commercial rechargeable batteries by the safer alternative – 

graphite – which absorbs Li+ at similar potentials, but with a 10-fold lower capacity.  

Analogous issues with dendrite formation have also been encountered with metallic sodium 

(Na) as an anode material.46 Emerging anode materials that alloy with Li or Na (primarily Sn, 

Si, P and their compounds)16, 25, 26, 61, 65, 237, 275-279 suffer from reduced cycling stability due to 

large volumetric expansion upon alloying (∆V = 100-400%), and often require prohibitively 

expensive and elaborate synthetic procedures and, for mitigation of volumetric effects, 

hierarchical nanostructuring methods. In contrast to metallic Li and Na, metallic magnesium 

(Mg) can be safely employed as an anode material in conceptually analogous rechargeable 

Mg-ion batteries (MIBs),36-40 exhibiting both dendrite-free electroplating and, due to less 

negative redox potential, lower flammability and safer handling. The quest for non-Li-based 

batteries is further motivated by concerns regarding the future security of the supply of this 

element and its price development as a result of its geographically uneven natural 

occurrence.23 In this regard, Mg-based batteries might become an ideal alternative, owing to 

the high natural abundance (2.3 wt% in the earth’s crust,  ~1100 times higher than Li)280 and 

low cost (4 USD kg-1, 15 times lower than Li) of Mg. Significant cost benefits may also arise 
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from the replacement of copper foils, the standard current collector in commercial Li-

ion anodes, by inexpensive aluminum (not suitable for Li-ion anodes due to the formation of 

Al-Li alloys). Importantly, Mg offers high volumetric (3833 mAh cm-3) and gravimetric 

capacities (2205 mAh g-1), comparing favorably with metallic Li (2062 mAh cm-3, 

3861 mAh g-1) and Na (1128 mAh cm-3, 1166 mAh g-1), as well as a relatively low standard 

electrode potential (0.69 V vs. Li+/Li or 0.35 V vs. Na+/Na).37, 39, 48, 281 In addition, Mg-anodes 

do not suffer from irreversible capacity loss due to the formation of a solid-electrolyte 

interface, a common issue facing all emerging Li-ion and Na-ion anode materials arising from 

the reduction of electrolyte at low anodic potentials. However, despite these advantages, the 

development of rechargeable MIBs remains hindered by the lack of suitable cathode materials 

and electrolytes, and overall anode-electrolyte-cathode incompatibilities. Since pioneering 

work in 2000,36 Chevrel-phase Mo6S8 has remained the benchmark cathode material,  

exhibiting a potential of ~1.1 V vs. Mg2+/Mg and practical capacities of 80-100 mAh g-1 (with 

a maximal theoretical value of 128 mAh g-1 for the Mo6S8 + 2Mg2+ + 4e-↔Mg2Mo6S8 

insertion reaction). In recent years, theoretical and experimental investigations of novel 

cathode materials for MIBs have increased tremendously.102-110 These studies have shown that 

the discovery of cathode materials is mainly inhibited by the nature of Mg-ions:  their high-

charge density (a double charge divided by a small radius of 0.74 Å) leads to reduced 

diffusivity within common polar crystalline hosts due to strong Coulomb interactions and 

causes issues with respect to the electrolyte chemistry,37, 39, 40, 282-285 such as the balancing of 

solvation/desolvation energies for efficient electrodeposition/stripping. For instance, the 

electrolytes which support reversible stripping and deposition of Mg-ions on the metallic Mg-

anode employ highly reducing compounds or solvents, which are then inadvertently oxidized 

at the cathodic side, restricting the practical operational cathodic voltage to 

2 V vs. Mg2+/Mg.37, 51 On the contrary, cheap, conventional electrolytes based on oxidatively 

stable salts (e.g., Mg(ClO4)2, Mg(TFSI)2) in an appropriate solvent (e.g., acetonitrile, ionic 

liquids), cannot be used together with a metallic Mg-anode due to irreversible 

deposition/stripping of Mg and the formation of a non-conducting passivation layer.286 Only a 

concerted research and development endeavor on the entire system (metallic Mg-anode, 

electrolyte and cathode) will determine whether MIBs will reach their expected potential in 

terms of cost and energy density. An alternative battery concept that takes full advantage of 

the metallic Mg-anode, but bypasses the need for an efficient Mg-cathode material, is the 

hybrid Li/Mg battery. This design, incorporating a Li-cathode material and a Mg anode 

material has been investigated in several recent proof-of-concept reports.48, 111-116 An 
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electrolyte in such a battery comprises one of the common MIB electrolyte formulations with 

the addition of the suitable Li-salt (e.g., LiCl or LiBH4). Since the Mg redox potential is 

higher than that of Li, exclusively Mg-ions are favored to be reduced as well as dissolved 

during charge and discharge, respectively. The cathode in this type of battery consists of a 

known Li-ion cathode compound such as TiO2,113 TiS2,111, 115 Mo6S8,112, 116 or LiFePO4,48 

providing the benefits of fast, reversible and highly cycleable Li-insertion. For most of these 

compounds, clear evidence has been presented for the preferred lithiation over magnesiation 

of the cathode, as expected from the lower charge and higher mobility of Li-ions in metal 

oxides and sulfides. Overall good reversibility and promising charge-storage capacities of 

100-200 mAh g-1 within a potential range of typically 0.4-1.9 V were shown, paving the way 

for future developments, in particular, on the electrolyte component of the battery with hopes 

of achieving higher operation voltages. 

In order to fully exploit the cost benefits of a metallic Mg-anode for hybrid battery concepts, a 

shift from Li-electrolyte and Li-cathode chemistries to Na-based alternatives is clearly 

desirable. With this motivation in mind, herein a hybrid Na-cathode – Mg-anode 

(Na/Mg) battery is presented that is based exclusively on earth-abundant and inexpensive 

materials: metallic Mg as the anode, a Na/Mg electrolyte and pyrite (FeS2) as a Na-ion 

cathode (see Figure 8.1.a).  
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Figure 8.1. (a) Schematic depiction of the working principle of a Na/Mg hybrid battery. During discharge, 
metallic Mg is oxidized releasing Mg-ions into the electrolyte. Electrons are shuttled through the 
external electrical circuit from the Mg-anode to the cathode side, where reduction is accompanied by the 
insertion of Na-ions into FeS2. Upon charging of the battery, the processes are reversed. (b) Comparison of the 
electrode potentials vs. Li+/Li for positive and negative electrode materials. The operational voltage window of 
Mg-ion batteries and Na(Li)/Mg-ion batteries is set by the oxidative stability of the electrolyte in which highly 
efficient electroplating/stripping of metallic Mg can be carried out. Medial discharge potential of FeS2 falls into 
this voltage window, while more traditional Li- and Na-ion intercalation cathodes operate at much higher 
voltages 
 

Similar to the corresponding Li/Mg electrolyte284 the oxidative stability of the chosen 

electrolyte – 2M NaBH4 + 0.2M Mg(BH4)2 in diglyme – is limited to ~2.3 V vs. Mg2+/Mg, as 

confirmed in control experiments using a stainless steel current collector as a the working 

electrode in three-electrode glass cells, and does not improve when switching to other metals 

(Figure 8.2.).  

 

 
Figure 8.2. Cyclic voltammograms for Mg-plating/stripping tests in three-electrode glass cells using Mg as a 
quasi-reference and counter electrode with a rate of 5 mV s-1 and 2M NaBH4 + 0.2M Mg(BH4)2  in diglyme as 
electrolyte. 
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Other electrolytes which are reported to have higher oxidative stability with Pt electrodes, 

such as organometallic reagents287, 288 or all inorganic compounds51, do not adequately 

dissolve Na-salts or, when containing Cl-, form insoluble NaCl. In other cases, such 

electrolytes were less attractive due to their either higher cost or highly pyrophoric 

(e.g., Grignard compounds and other organometallics) and volatile nature (e.g., when THF is 

used as the solvent). 

 

8.2. Experimental section 

Synthesis of FeS2 NCs. FeS2 NCs were synthesized according to Li et al.257 with slight 

modifications as described in Chapter 6.  

Preparation of CMK-3/sulfur composite. The CMK-3/sulfur composite was reproduced 

according to the procedure of Ji et al. by melt-diffusion of elemental sulfur into CMK-3 

(purchased from ACS MATERIAL).264  

Mechanochemical preparation of FeS2 NCs. FeS2 NCs were prepared by mechanical 

milling of iron and sulfur powders following the procedure of Chin et al.289 

Electrode fabrication, cell assembly and electrochemical measurements. Electrodes were 

prepared by mixing FeS2 NCs (64 wt%) with carbon black (21 wt%, Super C65, 

TIMCAL), carboxymethyl cellulose (15 wt%, Daicel FineChem Ltd.) and water using a 

planetary ball-mill (500 rpm, 1 hour). The resulting aqueous slurries were coated onto 

stainless steel current collectors and dried for 12 hours at 80 ºC under vacuum. Electrode 

preparation for the CMK-3/S composite was carried out analogously, but using a different 

composition (84 wt% CMK-3/S, 8 wt% carbon black, 8 wt% PVdF) and cyclopentanone as 

the solvent following the original procedure of Ji et al.264 For electrodes composed of bulk 

FeS2, FeS2 powders and carbon black (ratio 3:1) were ball-milled prior to slurry preparation 

for 4 hours. Stainless steel coin-type cells were assembled in an Ar-filled glove box (O2 < 0.1 

ppm, H2O < 0.1 ppm) using polished elemental magnesium (99.95%, GalliumSource) as the 

counter and reference electrodes. Glass microfiber (GF/D, Whatman) was used as a separator. 

A solution of 2M NaBH4 (98%, ABCR) and 0.2M Mg(BH4)2 (95%, Sigma-Aldrich) in 

anhydrous diglyme (99.5%, Sigma-Aldrich) served as the electrolyte, unless noted 

otherwise. All galvanostatic cycling tests were carried out at room temperature on an MPG-2 

multi-channel workstation (BioLogic). Specific capacities and currents were quantified with 

respect to the mass of FeS2. Typical electrode loading was ~0.5 mg cm-2.  

Materials characterization. Scanning electron microscopy (SEM) and energy-dispersive X-

ray (EDX) spectroscopy measurements were carried out using a NanoSEM 230. Powder X-
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ray diffraction (XRD) was measured on a STOE STADI P powder X-ray diffractometer (Cu-

Kα1 irradiation, λ = 1.540598 Å). 

 

8.3. Results and discussion 

 Choice of Na-ion cathode material. The theoretical (thermodynamic) difference in 

electrode potentials between Na and Mg, ignoring possible polarization effects, is just 0.35 V 

(Figure 8.1.b), implying that with the upper electrolyte stability limit of ca. 2 V vs. Mg2+/Mg, 

the Na-ion cathode must be chosen from the subset of materials with a standard potential of 

not more than 2.35 V vs. Na+/Na (or 2.69 V vs. Li+/Li). The selection of FeS2 as a cathode 

material in this proof-of-concept study stems from the previous work in Chapter 6 on its Li-

ion and Na-ion storage properties,32 where highly reversible (≥ 100 cycles) insertion of Li- 

(1.0-3.0 V range) and Na-ions (0.02-2.5 V range) was observed with capacities close to the 

theoretical value of 894 mAh g-1 (for full transformation into Fe + Li2S/Na2S) at high currents 

of 200-1000 mA g-1. Up to 50% of these capacities lie in the suitable potential range for 

Na/Mg or Li/Mg batteries. Importantly, such higher capacities were achieved using solution 

synthesized FeS2 nanocrystals (NCs), whereas much lower capacities were obtained with bulk 

micron-sized commercial FeS2 powders. Therefore, FeS2 NCs were used in this 

study to benefit also from their compositional and phase purity, well-defined crystallite sizes 

(50-100 nm), and facile solution processing for easy miscibility with other electrode 

components. Alternatively, perhaps more scalable and lower cost methods of nanostructuring 

of FeS2 can also be envisioned, such as via commonly used high-energy ball-milling 

methods.290-296 FeS2 has also been investigated as the cathode material for Na-ion batteries by 

others,252-255, 297, 298 wherein high capacities of up to 530 mAh g-1 for 100 cycles at a current of 

60 mA g-1 298 and outstanding cyclability up to 20000 cycles at a current of 1000 mA g-1 with 

a capacity of 200 mAh g-1 297 have been reported.  

In this chapter, FeS2 NCs were synthesized using a modified procedure based on that of 

Li et al.257 (for details see also Chapter 6). In short, elemental sulfur dissolved in oleylamine 

was added to a hot solution of iron(II) chloride in oleylamine, and the resulting suspension 

was held at 220 ºC for 2 hours. After the removal of the insulating organic ligands by 

treatment with a 1M solution of hydrazine in acetonitrile, electrodes were prepared by mixing 

FeS2 NCs (64 wt%) with carbon black (21 wt%) and carboxymethyl cellulose binder 

(15 wt%), followed by coating onto stainless steel current collectors.   
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 Electrochemical properties of the Na/Mg hybrid battery. Figure 8.3. summarizes 

the electrochemical performance of the resulting Na/Mg hybrid batteries.  

 

 
Figure 8.3. Electrochemical performance of Na/Mg hybrid batteries comprised of a Mg-anode and FeS2 
cathode: (a) Galvanostatic charge/discharge curves. (b) Capacity retention and coulombic efficiency over 40 
cycle, at a current of 200 mA g–1 (∼0.2C-rate). (c) Specific energy density and average discharge voltages over 
40 cycles. (d) Rate capability tests. All batteries were cycled in the potential range of 0.4-1.95 V after initial 
discharge to 0.005 V with 2M NaBH4 + 0.2M Mg(BH4)2 in diglyme as electrolyte. Specific currents and 
capacities were determined with respect to the mass of FeS2 NCs. 
 

Galvanostatic cycling was carried out at a current density of 200 mA g-1 in the potential range 

of 0.4-1.95 V after initial discharge to 0.005 V. Good synergy between the anode, cathode and 

electrolyte is evidenced by high coulombic efficiency (CE) of on average 99.8%. The FeS2 

cathode provides a high initial capacity of 225 mAh g-1 and delivers for 40 cycles 

an average capacity of 189 mAh g-1 (Figures 8.3.b). Taking the capacity of the Mg-anode to 

be 2205 mAh g-1, the theoretical cell capacity is Ccell = CanodeCcathode/(Canode+Ccathode) = 

174.1 mAh g-1. Given the average discharge voltage of 1.03 V, the average energy density of 

the battery is 179.3 Wh kg-1 (Figure 8.3.c). The energy density in the initial cycles is at least 

215 Wh kg-1. Even though the energy density (based on active materials only) of the Na/Mg 

hybrid battery is approximately half the value of the state-of-the-art Li-ion batteries 

(422 Wh kg-1 for graphite/LiCoO2, 362 Wh kg-1 for graphite/LiFePO4, 315 Wh kg-1 for 
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graphite/LiMn2O4), 48 it is twice that of the Mg/Mo6S8 system, which at room temperature 

does not exceed 100 Wh kg-1. 

Rate capability tests were carried out to further demonstrate that the Na/Mg hybrid battery 

system shows excellent rate performance (Figure 8.3.d). Cells were initially charged and 

discharged for 20 cycles with a current of 200 mA g-1, and the current was then increased to 

500, 1000 and 2000 mA g-1 for five cycles each. Even at such high rates, FeS2 NCs deliver 

stable capacities of 180, 170 and 145 mAh g-1 respectively. Most notably, once the current is 

decreased again to 200 mA g-1 the capacity returns to the initial level demonstrating that 

nanostructured FeS2 is a robust electrode material capable of withstanding high mechanical 

stress caused by rapid cycling.  

Control experiments were carried out to determine whether Na-ions were the species reacting 

with the FeS2 cathode (Figure 8.4).   

 

 
Figure 8.4. (a) Energy-dispersive X-ray (EDX) spectra of pristine, charged, and discharged FeS2 electrodes 
cycled in a Na/Mg hybrid battery. (b) Comparison of the 1st cycle galvanostatic charge/discharge curves of FeS2 
NCs cathodes cycled either vs. metallic Na with 1M NaCF3SO3 in diglyme as electrolyte or vs. metallic Mg using 
2M NaBH4 + 0.2M Mg(BH4)2 in diglyme as electrolyte. All batteries were cycled at a current of 200 mA g–1 
(∼0.2C-rate). Na-ion cells were cycled in the potential range of 0.7-2.5 V vs Na+/Na, whereas Na/Mg hybrid 
cells were cycled in the range of 0.005-1.95 V vs Mg2+/Mg. (c) Electrochemical performance of FeS2 NCs cycled 
vs. Mg using 0.2M Mg(BH4)2 in diglyme as the electrolyte. Batteries were cycled with a current of 200 mA g-1 in 
the potential range 0.4-1.95 V after initial discharge to 0.005 V. 
 

When FeS2 NCs were cycled vs. Na+/Na, the rescaled voltage profile perfectly matched that 

of the Na/Mg hybrid battery system. It should be noted that the voltage curves for Na and 

Na/Mg cells are shifted by ~0.7 V, approximately twice the value one would expect based on 

the thermodynamic difference of electrode potentials Na+/Na and Mg2+/Mg (Figure 8.1.b), 

most likely due to the relatively large overpotential for Mg-plating/stripping also observed in 

reference three-electrode cell tests (Figure 8.2.). Moreover, essentially no capacity was 

observed in cells with a metallic Mg-anode and FeS2 cathode without the addition of NaBH4 

to the electrolyte (Figure 8.4.c). Elemental analysis of FeS2 electrodes after 20 cycles using 

energy-dispersive X-ray (EDX) spectroscopy (Figure 8.4.a) showed that upon switching from 
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the charged to the discharged state of the FeS2 cathode, the only compositional change was a 

4-fold increase in Na content. 

For comparison, analogous Li/Mg hybrid batteries were also assembled, simply by replacing 

NaBH4 in the electrolyte with LiBH4, and tested under identical electrochemical conditions 

(Figure 8.5.).  

 

 
Figure 8.5. (a) Galvanostatic charge/discharge curves and (b) capacity retention for FeS2 NCs as the cathode in 
Li/Mg hybrid batteries. Batteries were cycled with a current of 200 mA g-1 in the potential range of 0.4-1.95 V 
after initial discharge to 0.005 V, using 2M LiBH4 + 0.2M Mg(BH4)2 in diglyme as the electrolyte. 
 

The initial charge/discharge curves exhibit features reported for FeS2 in Li-ion half-cells, 32, 

248, 251 however, again with notable polarization. Interestingly, Li/Mg dual-salt electrolytes 

show much faster capacity fading compared to the Na/Mg hybrid battery system, resulting in 

a decrease of the reversible capacity from 300 mAh g-1 to less than 100 mAh g-1 within 

20 cycles, indicating fundamentally different electrochemistry. The exact mechanism of 

the Na-ion insertion into FeS2 at room temperature is not fully established, because only 

amorphous states can be seen as discussed in Chapter 6. For Li-FeS2 system, it has been 

reported that Li/FeS2 batteries can essentially be understood as the combination of Li/S and 

Li/FeS batteries according to the following reaction mechanism:299  

 

FeS2 + 4e- + 4Li+ → Fe + 2Li2S  (8.1.) 

Fe + Li2S → FeS + 2Li+ + 2e-   (8.2.) 

Li2S → 1/8S8 + 2Li+ + 2e-   (8.3.) 
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To this end, elemental sulfur is known to react with borohydrides forming sulfurated 

borohydride,300 which might explain the rapid capacity fading observed for Li/Mg hybrid 

batteries. In a control experiment, a Na/Mg cell was assembled with elemental sulfur 

embedded into mesoporous carbon (CMK-3, for improving electronic transport, as 

previously demonstrated for Li-S batteries, Figure 8.6.).264 Very low, rapidly fading capacities 

of 20-80 mAh g-1 were obtained (Figure 8.6.), presumably due to the aforementioned high 

reactivity of borohydrides towards elemental sulfur. 

 

 
Figure 8.6. (a) EDX spectrum (Cu signal is from the substrate) and (b) XRD pattern of the CMK-3/sulfur 
composite prepared by melt-diffusion of sulfur into the CMK-3 matrix. (c) Galvanostatic charge/discharge 
curves for CMK-3/S as the cathode material in Na/Mg hybrid batteries. Batteries were cycled with a current of 
200 mA g-1 in the potential range of 0.4-1.95 V after initial discharge to 0.005 V, using 2M NaBH4 + 0.2M 
Mg(BH4)2 in diglyme as the electrolyte. 
 

8.4. Conclusion 

 In conclusion, the first demonstration of a Na/Mg hybrid battery was presented, which 

can be operated with high reversibility and with high coulombic efficiency. With energy 

densities approaching those of state-of-the-art Li-ion batteries, such batteries may eventually 

be a system of choice for terawatt-hour-scale grid-level energy storage, where 

environmentally benign and earth-abundant compositions are crucial and present-day Li-ion 

batteries are unrealistically expensive. In this regard, it should be noted that further potential 
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for cost-reduction by switching from the herein colloidally synthesized FeS2 NCs to solvent-

free dry preparations of FeS2 nanostructures is fully feasible. Figure 8.7. presents such 

preliminary tests with FeS2 nanopowders synthesized by mechanochemical means (see also 

Figures 8.8. for characterization), e.g., by simple ball-milling of elemental iron and sulfur 

powders according to the procedure reported by Chin et al.289 At least 80% of the capacity of 

colloidal FeS2 NCs can be obtained with such inexpensive and high-throughput method. Even 

electrodes containing grinded bulk FeS2 show initial capacities of only ~30% lower than 

colloidally synthesized FeS2 NCs, presumably due to slower reaction kinetics.  

 

 
Figure 8.7. (a) Comparison of the electrochemical performance of Na/Mg hybrid batteries using FeS2 prepared 
by wet colloidal synthesis, dry mechanochemical synthesis (ball-milling of Fe and S powders, and by coarse 
grinding of bulk FeS2. (b) Corresponding charge/discharge curves for FeS2 NCs prepared by dry 
mechanochemical synthesis. All batteries were cycled in the potential range of 0.4-1.95 V after initial discharge 
to 0.005 V at a current of 200 mA g-1 (~0.2C-rate) with 2M NaBH4 + 0.2M Mg(BH4)2 in diglyme as electrolyte. 
 

In addition, important future work remains in optimizing electrolyte formulations in order to 

extend the voltage window to harness an even greater proportion of the FeS2 charge storage 

capacity. Further economic and safety advantages over borohydride and organometallic-based 

electrolytes may be achieved by switching to boron-free salts comprising exclusively stable 

anions such as trifluorosulfonyl imide (TFSI). In fact, preliminary tests (Figure 8.9.) show the 

full feasibility of operating a boron-free Na/Mg battery with, for instance, a 

NaTFSI/Mg2AlCl7
51 electrolyte. 
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Figure 8.8. (a) XRD patterns of bulk FeS2, FeS2 NCs prepared by wet-chemical (colloidal) synthesis and FeS2 
NCs prepared by dry mechanochemical synthesis (ball-milling of Fe and S powders). (b) TEM-image of 
mechano-synthesized FeS2 NCs. 
 

 
Figure 8.9. (a) Galvanostatic charge/discharge curves and (b) capacity retention for FeS2 NCs as the cathode. 
Batteries were cycled with a current of 200 mA g-1 in the potential range of 0.005-2.0 V, using 0.5M NaTFSI + 
0.27M Mg2AlCl7 in THF as the electrolyte. 
 

Adapted with permission from: 

M. Walter, K. V. Kravchyk, M. Ibáñez and M. V. Kovalenko. Efficient and Inexpensive 

Sodium-Magnesium Hybrid Battery. Chem. Mater., 2015, 27, 7452-7458.  Copyright 2015 

American Chemical Society. 
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Chapter 9. Pyrene-based polymers as high-

performance cathode materials for Al-ion 

batteries 

 

9.1. Introduction 

 In order to allow a shift from fossil fuels to renewable energy sources, efficient and 

inexpensive storage solutions are urgently required.134, 177 Despite the fact that lithium-ion 

batteries outperform any other battery technology in terms of energy and power density, they 

are rather unsuitable for large scale energy storage due to their relatively high cost, which has 

triggered the search for more inexpensive battery systems based on earth abundant elements 

such as sodium-,23-28, 30-35, 47, 301, 302 magnesium-,36-40 sodium/magnesium hybrid-303 or 

aluminum-ion batteries39, 41. Aluminum (Al) is especially interesting to use as anode material 

due to its high abundance (3rd most abundant in the earth’s crust)42 and hence low cost as well 

as its extremely high specific (2980 mAh g-1) and volumetric capacity (8046 mAh cm-3) 

higher than metallic lithium (3861 mAh g-1, 2062 mAh cm-3) or magnesium (2205 mAh g-1, 

3833 mAh cm-3).39 Importantly, unlike metallic lithium, aluminum can be safely used as 

anode material in a rechargeable battery due to smooth, dendrite-free electrodeposition in 

appropriate electrolytes (typically haloaluminate ionic liquids).39 However, commercialization 

of Al-ion batteries has been hampered mainly by the difficulty to develop 

suitable high voltage cathode materials (note that the potential for Al3+/Al is relatively 

positive with -1.7 V vs. SHE).39 Among the materials that have been explored as potential 

cathode materials for Al-ion batteries are Mo6S8,304 V2O5,305, 306 sulphur-based307, 308 and 

graphite-based electrodes.41, 309, 310 For graphite electrodes, it has been suggested that during 

discharge in fact not Al3+-ions are inserted in the cathode material, but AlCl4
- is removed 
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accompanied by the reduction of graphite (Cx
+ + e- → Cx).41 Accordingly, the question, which 

triggered the herein presented work, was, if molecular compounds composed similarly to 

graphite of sp2-hybridized carbons, yet only few condensed aromatic rings, can serve in 

analogy as cathode material. In particular, the molecule pyrene (C16H10) is of interest in 

monomeric and polymeric form, because of its reported p-type redox-activity at relatively 

high voltages for lithium- and sodium-ion batteries.117, 118 In addition, the theoretical capacity 

of pyrene, for the formation of the radical cation by extracting one electron from the four 

condensed aromatic rings, is with 133 mAh g-1 comparable to classical cathode materials, for 

instance LiCoO2 (140 mAh g-1). However, unlike cathode materials based on relatively costly 

transition metals (e.g., Co, Ni), pyrene is inexpensively available by distillation of coal tar and 

used already commercially in large quantities for dyes and dye precursors.119 Herein, it is 

demonstrated that unlike monomeric pyrene, polypyrene and its copolymer with 1-

nitropyrene, as example for polycyclic aromatic hydrocarbons, can serve as excellent cathode 

materials for Al-ion batteries. 

 

9.2. Experimental section 

Synthesis of polypyrene and poly(nitropyrene-co-pyrene). Polypyrene was synthesized 

and purified according to the reported procedure of Li et al.311 For synthesizing 

poly(nitropyrene-co-pyrene) the same procedure was used with both pyrene and 1-nitropyrene 

(molar ratio 1:1) as starting materials. The resulting material was additionally purified with 

acetonitrile and chloroform to remove unreacted 1-nitropyrene completely. 

Electrode fabrication, cell assembly and electrochemical measurements. The following 

battery components were used: carbon black (Super C65, TIMCAL), poly(vinylidene 

fluoride) (PVdF, Sigma-Aldrich), N-methyl-2-pyrrolidone (NMP, 99%, Sigma-Aldrich), 

anhydrous AlCl3 (99.99%, ABCR), 1-ethyl-3-methylimidazolium chloride ([EMIm]Cl, 99%, 

ABCR; additionally dried at 130 ºC under vacuum), glass microfiber separator (GF/D, 

Whatman).  

Electrodes were prepared by mixing the material with PVdF and NMP using a Fritsch 

Pulverisette 7 classic planetary mill (500 rpm, 1 hour). The composition of the slurry was 50 

wt% pyrene-based polymer, 40 wt% CB and 10 wt% PVdF. Slurries were coated onto 

tungsten current collectors and were dried at 80 ºC for 12 hours under vacuum (typical 

loading ~0.5 mg cm-2). For measurements with pyrene, slurries were prepared using 

cyclopentanone instead of NMP as solvent and current collectors were dried at room 

temperature for 12 hours under vacuum. Electrochemical measurements were conducted in 
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homemade, reusable, air-tight cells assembled in an Ar-filled glove box (O2 < 0.1 ppm, H2O < 

0.1 ppm). Aluminum foil was used as both reference and counter electrode. A mixture of 

[EMIm]Cl and AlCl3 (1:1.3 molar ratio) served as electrolyte. A piece of glass fiber was used 

as separator. Galvanostatic cycling tests were carried out at room temperature on MPG2 

multi-channel workstation (BioLogic). Capacities were normalized by the mass of the 

respective pyrene-based polymer. 

Materials characterization. Powder X-ray diffraction (XRD) was measured on a STOE 

STADI P powder X-ray diffractometer (Cu-Kα1 irradiation, λ = 1.540598 Å). Scanning 

electron microscopy (SEM) measurements were carried out using a NanoSEM 230. 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy 

measurements were carried out on a Nicolet iS5 FT-IR spectrometer (Thermo Scientific). Gel 

permeation chromatography was carried out using Agilent GPC 1100 with tetrahydrofuran as 

eluent. CHN analysis was carried out using a LECO TruSpec Micro by the Micro-laboratory 

at ETH Zurich. 

 

9.3. Results and discussion 

 Polypyrene was synthesized according to the oxidative polymerization procedure 

reported by Li et al.311 As shown in Figure 9.1.b, the obtained product is almost fully 

amorphous in contrast to the crystalline pyrene precursor. Polymerization of pyrene is further 

evidenced by the changes in the Fourier transform infrared (FTIR)-spectra (Figure 9.1.c). In 

particular, the significantly lower intensity of the signals at 1184, 748 and 706 cm-1, which are 

mainly associated with C–H deformation, and the C–H stretching vibration at 3040 cm-1, 

indicate fewer C–H bonds as result of the polymerization.133, 311  
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Figure 9.1. (a) Reaction scheme for the synthesis of polypyrene according to Li et al.311 (b) XRD pattern 
(indexed to monoclinic pyrene PDF Entry No. 00-024-1855) and (c) FTIR-spectra of pyrene and polypyrene.  
 

For electrochemical tests electrodes were prepared by mixing polypyrene with carbon black 

(CB), polyvinylidene fluoride (PVdF) and N-methylpyrrolidone (NMP) and casting the 

resulting slurries on tungsten current collectors. It should be noted that despite the use of 

NMP as solvent for the binder and a temperature of 80 ºC used for drying the current 

collectors, no crystallization of polypyrene was observed after electrode preparation 

(Figure 9.2.). 

 
Figure 9.2. Comparison of the XRD-patterns of (A) pristine polypyrene and (B) electrode material containing 
polypyrene, CB and PVdF prior to battery assembly. 
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Al-ion batteries were assembled using, in addition to the polypyrene cathode, regular Al-foil 

as anode material and a chloroaluminate ionic liquid (1:1.3 molar ratio mixture of 1-ethyl-3-

methylimidazolium chloride or [EMIm]Cl with AlCl3) as electrolyte. In such mixture AlCl3 

acts as halide ion acceptor readily forming AlCl4
- and Al2Cl7

-. The working principle of the 

herein presented Al-ion battery is shown in Figure 9.3. 

 

 
Figure 9.3. Schematic working principle of a rechargeable Al-ion battery with an Al-anode, polypyrene cathode 
and chloroaluminate ionic liquid electrolyte. 
 

During discharging of the battery the radical cation of polypyrene would be reduced to its 

pristine neutral state and AlCl4
- would react with the metallic Al anode forming Al2Cl7

- 

according to:312  

 

7AlCl4
- + Al → 4Al2Cl7

- + 3e-  (9.1.) 

 

Upon charging the processes are then reversed. Figure 9.4. shows the electrochemical 

performance of electrodes composed of either pyrene or polypyrene as cathode material in Al-

ion batteries at a current of 200 mA g-1. In case of polypyrene for 300 cycles a stable capacity 

of ~70 mAh g-1 is obtained, corresponding to more than half of the theoretical value based on 

one e- per pyrene ring (134 mAh g-1). It should be noted that no formation of dendritic 

structures was observed even after 300 cycles (Figure 9.5.). 
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Figure 9.4. Electrochemical performance of Al-ion batteries with pyrene or polypyrene as cathode material: (a) 
capacity retention and (b) corresponding charge/discharge curves for the 100th cycle. Cells were cycled at room 
temperature with a current of 200 mA g-1 in the potential range 1.05-2.2 V using Al-foil as anode and 
[EMIm]Cl : AlCl3 (molar ratio 1:1.3) as electrolyte. (c) Schematic representation of the structural differences of 
pyrene and polypyrene possibly leading to different AlCl4

- storage behavior. 
 

 
Figure 9.5. SEM images of the Al-anode after cycling for 300 cycles at a current of 200 mA g-1. Cells were 
cycled at room temperature in the potential range 1.05-2.2 V using [EMIm]Cl : AlCl3 (molar ratio 1:1.3) as 
electrolyte. 
 

Galvanostatic charge/discharge curves reveal that the storage capacity corresponds to a 

relatively high voltage process (on average 1.7 V) (Figure 9.4.b). In comparison to 
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polypyrene, the performance of monomeric pyrene is very different. In particular, for pyrene 

the initial discharge capacity is only 20 mAh g-1 and decreases rapidly to values of 

~10 mAh g-1. This difference in the electrochemical performance of pyrene and polypyrene 

can be attributed to several factors. Compared to its polymeric counterpart, pyrene is not only 

more prone to dissolution in the electrolyte, but also more electronically insulating due to the 

lack of an extended conjugated π-system. Moreover, insertion is most likely hindered by the 

simple fact that the intermolecular distances in crystalline pyrene (3.5-4 Å)313 are shorter than 

the relatively large AlCl4
--ion (diameter of 5.341-5.9314 Å). In contrast, due to the potentially 

larger space between disorderly arranged polypyrene chains, AlCl4
--ions can be readily 

inserted into the amorphous polymer, which is further supported by the relatively porous 

structure of the latter (Figure 9.6.). 

 

 
Figure 9.6. SEM images of polypyrene. 
 

Conceptually, the great advantage of polymeric electrode materials are the numerous 

possibilities to tune the electrochemical properties by smart engineering of chemical 

composition and structure. In order to evaluate impact of electron withdrawing substituents on 

the electrochemical performance, a copolymer of 1-nitropyrene and pyrene was synthesized 

using the aforementioned procedure, but with both compounds as starting materials 

(molar ratio 1:1). The resulting reaction product is amorphous (Figure 9.7.) and shows almost 

the same FTIR-spectrum as polypyrene with the main difference being additional vibrations 

for wavenumbers of ~1510 and 1330 cm-1 (Figure 9.8.). This additional 

vibrations can be attributed to NO2-groups, particularly, the N=O asymmetric stretch 

(typically 1660-1490 cm-1) and N=O symmetric stretch (typically 1390-1260 cm-1) 
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vibrations315 (see also Figure 9.9. for comparison), indicating successful formation of a 

copolymer of pyrene and 1-nitropyrene.  

 

 
Figure 9.7. Comparison of the XRD patterns of poly(nitropyrene-co-pyrene) and 1-nitropyrene. 
 

 
Figure 9.8. FTIR-spectra of polypyrene (blue) and poly(nitropyrene-co-pyrene) (green). 
 

 
Figure 9.9. FTIR-spectrum of 1-nitropyrene. 
 

CHN analysis delivered an atomic ratio C:N of 45:1 corresponding to approximately 

three pyrene rings per NO2-group. Hence, the number of nitropyrene units in the 

poly(nitropyrene-co-pyrene) is lower than one would expect based on the starting materials, 
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which were used with a molar ratio of 1:1.With regards to the molecular weight determination 

it should be noted that similar to polypyrene,311 the poly(nitropyrene-co-pyrene) is only 

partially soluble in common organic solvents. Gel permeation chromatography 

(GPC) with tetrahydrofuran (THF) as eluent reveals that both for polypyrene and 

poly(nitropyrene-co-pyrene) the soluble fraction contains mostly oligomeric species with less 

than 10 repeating units (Figure 9.10.).  

 

 
Figure 9.10. Gel permeation chromatography for the in THF soluble fractions of (a) polypyrene and (b) 
poly(nitropyrene-co-pyrene) 
 

Figure 9.11. summarizes the electrochemical tests with poly(nitropyrene-co-pyrene) as 

cathode material in Al-ion batteries carried out at 200 mA g-1 in the potential range 1.05-2.2 V 

using Al-foil as anode and [EMIm]Cl : AlCl3 (molar ratio 1:1.3) as electrolyte. Similar to 

polypyrene almost no capacity fading was observed for 1000 cycles with a stable average 

discharge voltage of ~1.7 V. Relatively high coulombic and energy efficiencies were 

observed with values of on average 97% and 86% respectively. For comparison, inorganic 

cathode materials for Al-ion batteries such as Mo6S8
304 or V2O5,305, 306 show much lower 

energy efficiencies due to drastic voltage hysteresis. Furthermore, even at a high rate of 

2000 mA g-1 the poly(nitropyrene-co-pyrene) shows only little capacity fading over 

500 cycles with an average capacity of ~48 mAh g-1 (Figure 9.12.). 

 



 
 

Chapter 9. Pyrene-based polymers as high-performance cathode materials for Al-ion batteries 
 – Marc Dominik Walter 

 

116 
 
 

 
Figure 9.11. Electrochemical performance of Al-ion batteries with poly(nitropyrene-co-pyrene) as cathode 
material: (a) capacity retention and average discharge voltage, (b) corresponding charge/discharge curves for 
the 100th, 200th and 500th cycle and (c) coulombic and energy efficiency. Cells were cycled at room temperature 
with a current of 200 mA g-1 in the potential range 1.05-2.2 V using Al-foil as anode and [EMIm]Cl : AlCl3 
(molar ratio 1:1.3) as electrolyte. 
 

 
Figure 9.12. Capacity retention of poly(nitropyrene-co-pyrene) as cathode material in Al-ion batteries. Cells 
were cycled at room temperature with a current of 2000 mA g-1 in the potential range 1.05-2.2 V using Al-foil as 
anode and [EMIm]Cl : AlCl3 (molar ratio 1:1.3) as electrolyte.  
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Interestingly, the poly(nitropyrene-co-pyrene) shows significantly higher capacities than the 

polypyrene sample, yet the profile of the galvanostatic charge and discharge curves remains 

almost the same (Figure 9.11.b) indicating that the introduction of NO2-groups is possibly not 

significant enough to affect the overall redox potential. Possible explanations for the higher 

observed capacity are that the poly(nitropyrene-co-pyrene) shows better dispersibility in NMP 

than the homopolymer and therefore potentially better contact with the conductive additive 

carbon black or structural differences between homo- and copolymer (e.g., space between 

polymer chains) that lead to utilization of a higher fraction of active material. However, it 

should be noted that much poorer battery performance was observed for materials obtained by 

polymerization of 1-nitropyrene only (Figure 9.13.). In the presently only other report on 

polymers as cathode materials for Al-ion batteries, namely polythiophene and polypyrrole,316 

poorer performance compared to poly(nitropyrene-co-pyrene) was reported in terms of 

discharge voltage, cycle number and rate performance (see Table 9.1. for detailed 

comparison). 

 

 
Figure 9.13. (a) FTIR-spectrum and (b) capacity retention for polynitropyrene prepared using the same 
conditions as for polypyrene and poly(nitropyrene-co-pyrene) with only 1-nitropyrene as starting material. Cells 
were cycled at room temperature with a current of 200 mA g-1 in the potential range 1.05-2.2 V using Al-foil as 
anode and [EMIm]Cl : AlCl3 (molar ratio 1:1.3) as electrolyte. 
 
Table 9.1. Comparison of the electrochemical performance of the herein presented polypyrene and with other 
polymeric materials reported as cathode materials for Al-ion batteries. 

Cathode material Current density 
(mA g-1) 

Average capacity 
(mA g-1) 

Cycle 
number 

Average 
discharge 

voltage (V) 
Poly(nitropyrene-co-pyrene)       

(present work) 200 ~100 
~94 

500 
1000 ~1.7 

Polypyrrole316 20  ~55 100 ~1.2 

Polythiophene316 16 ~75 100 ~1.4 
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Further, the energy density of the cathode was estimated roughly as product of average 

discharge capacity (94 mAh g-1) and voltage (1.70 V) leading to values of approximately 

160 Wh kg-1, which is higher than the state-of-the-art cathode material for Al-ion batteries 

pyrolytic graphite (~132 Wh kg-1 based on 66 mAh g-1 as capacity and 2.0 V 

discharge voltage),41 exemplifying the great utility of polymeric materials, and, in particular, 

copolymers, as cathode materials for Al-ion batteries. In fact, polycyclic aromatic carbons in 

general offer numerous possibilities to tune the electrochemical properties such as redox 

potential and conductivity thanks to extensive studies on these materials for organic 

electronics.119, 317 In addition, general technological and economic advantages over classical 

inorganic compounds as cathode materials for Al-ion batteries, are their better processability, 

lower cost due to absence of expensive transition metals and non-essentiality for high-

temperature annealing, since high crystallinity is not an requirement.318 

 

9.4. Conclusion 

 In summary, a proof-of-concept high-performance Al-ion battery was demonstrated 

with inexpensive pyrene-based polymers as cathode materials. Whereas, crystalline 

monomeric pyrene shows insignificant capacities, good electrochemical performance was 

obtained for amorphous polypyrene as cathode material in Al-ion batteries, which could be 

improved further by using a copolymer of pyrene and nitropyrene. In particular, stable cycling 

with an average capacity of 94 mAh g-1 and a discharge voltage of 1.70 V for 1000 cycles at a 

current of 200 mA g-1 was demonstrated for poly(nitropyrene-co-pyrene) with high coulombic 

(97-98%) and energy efficiencies (86%). In light of the vast possibilities polymeric 

compounds, in particular polymeric aromatic hydrocarbons, offer in terms of compositional 

and structural tunability, this work illustrates the great utility of such compounds as electrode 

materials for emerging electrochemical energy storage solutions.  

  

Reproduced with modifications from: 

M. Walter, C. Böfer, K. V. Kravchyk, and M. V. Kovalenko. Pyrene-based polymers as high-

performance cathode materials for Al-ion batteries. In preparation.  
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Chapter 10. Conclusions and outlook 

 

10.1. Conclusions 

 This dissertation encompassed seven different projects, with three focusing mainly on 

the development of simple synthetic procedures for metallic and intermetallic nanostructured 

anode materials for Li- and Na-ion storage (Chapters 3-5) and two on the evaluation metal 

sulfide and phosphide nanocrystals as potential Na-ion anode materials (Chapters 6-7). In the 

last two chapters conceptually very novel battery systems were explored with the first 

demonstration of a Na/Mg hybrid battery (Chapter 8) and a high-performance Al-ion battery 

enabled by a polymeric cathode material (Chapter 9). The main results are the following: 

 

(1) Sb NCs can be inexpensively synthesized with high reaction yield by simple reduction 

of the metal chloride with NaBH4 in NMP and subsequent purification with water. Such Sb 

NCs show outstanding rate performance and cycling stability as Na-ion anode material with 

capacities close to the theoretical value of 660 mAh g-1. The typically poor cycling stability of 

red P was significantly improved by devising a P/Sb/Cu composite via simple mechanic 

mixing of Sb NCs with “bulk” red P and Cu NWs with capacities resulting in 

capacities of > 1300 mAh g-1 for 30 cycles and > 1100 mAh g-1 after 50 cycles at 125 mA g-1.  

 

(2) The same inexpensive, surfactant-free procedure to synthesize Sb NCs can be adopted 

for the synthesis of intermetallic SnSb nanoalloys, notably with the same short reaction time 

and very moderate reaction temperature of 60 oC. Such SnSb NCs deliver stable capacities 

close to the theoretical capacity for Li-ion storage with a value of 760 mAh g-1 for 100 cycles 

at a high rate of 1000 mA g-1. For Na-ion storage lower capacities are obtained, most likely 

due to the incomplete sodiation of Sn phases, however, the relative capacity retention is at 

high rates even better than for Li-ion storage. Full cell experiments show generally better 
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performance of the Li-ion cells (with LiCoO2 as cathode) compared to the Na-ion 

counterparts (with Na1.5VPO4.8F0.7 as the cathode) with an anodic capacity of 600 mAh g-1 

and discharge voltage of 3.0 V. 

 

(3) To evaluate Co-Sn based NPs as anode material for LIBs, it was shown that NPs of Co 

and Sn with diameters of ≤ 10 nm can be synthesized via simple reduction of their respective 

chlorides using NaBH4 in NMP and subsequently converted into intermetallic Co-Sn NPs by 

ball-milling. CoSn2Ox NPs prepared by ball-milling in air show outstanding cycling stability 

as anode material tested in Li-ion half-cells with only 8% capacity loss over 1500 cycles at a 

high cycling rate of 1984 mA g-1. In Li-ion full-cells with LiCoO2 as cathode 

material CoSn2Ox NPs provide a capacity of ~580 mAh g-1 with an average discharge voltage 

of 3.14 V. 

 

(4) Pyrite FeS2 NCs were investigated for the first time as potential inexpensive, high-

capacity anode material for Na-ion batteries. Whereas also very high specific capacities of 

≥ 630 mAh g-1 for 100 cycles (at a current of 200 mA g-1) were obtained for testing FeS2 NCs 

as Li-ion cathode material, even higher capacities were obtained as Na-ion anode material 

with capacities of ≥ 500 mAh g-1 retained after 400 cycles at a current density of 1000 mA g-1. 

Notably, FeS2 NCs not only surpass bulk FeS2 in terms of capacity level, but also numerous 

other nanostructured metal sulfides such as NiS2, CoS2, PbS, SnS, CuS, ZnS and Cu2ZnSnS4. 

 

(5) Based on the very high theoretical capacities (~1000 mAh g-1) the first row transition 

metal phosphides FeP, CoP, NiP2 and CuP2 were investigated as potential anode materials for 

Na-ion batteries in form of colloidal NCs. Despite high initial capacities, rather poor capacity 

retention was obtained. The direct comparison of the FeP and FeS2 NCs, which have similar 

theoretical capacities, illustrates the generally better cyclability of the metal sulfide. Most 

likely the large volume changes occurring during sodiation and reactivity of the carbonate-

based electrolyte towards the discharge product Na3P146 explain the relatively poor cycling 

stability of the metal phosphide NCs. 

 

(6) For the first time a proof-of-concept Na/Mg hybrid battery was presented using 

metallic magnesium as anode material, FeS2 NCs as cathode material and an electrolyte 

containing both Na- and Mg-ions. FeS2 NCs as cathode material deliver an average discharge 

capacity of ~190 mAh g-1 with a discharge voltage of ~1.0 V and high coulombic efficiency 
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of ~99.8% in this hybrid battery. Based on earth-abundant elements only such Na/Mg hybrid 

battery can potentially be an option in the future for applications requiring rather low cost 

than high energy density such as large-scale energy storage. 

 

(7) A proof-of-concept high-performance Al-ion battery with an inexpensive polypyrene-

based cathode material was presented to demonstrate the great utility of such compounds as 

electrode materials for emerging electrochemical energy storage solutions. Compared to 

monomeric crystalline pyrene, amorphous polypyrene shows significantly improved 

electrochemical properties, which can be further tuned by using a copolymer of pyrene and 1-

nitropyrene. In particular, the electrochemical properties of poly(nitropyrene-co-pyrene) are 

characterized by a high discharge voltage of ~1.7 V, a stable capacity of ~100 mAh g-1 and 

energy efficiency of ~85% for at least 1000 cycles at a current of 200 mA g-1.  

 

10.2. Outlook 

 In light of the numerous requirements batteries need to fulfill in terms of performance, 

cost and safety, predicting, which type of battery might be commercialized in the future, is 

almost impossible, especially for such technologically immature systems such as Na-, Mg- or 

Al-ion batteries. In case of the inexpensively synthesized metallic and intermetallic NPs 

(Chapters 3-5), which also resulted in two patent applications, upscaling of the procedure and 

electrochemical testing is currently carried out by Belenos Clean Power Holding Ltd. in order 

to evaluate, if the higher capacity and high rate performance can be translated to practical 

cells. A major remaining challenge in this regard, and for nanomaterials in general, will be to 

find solutions for the large irreversible charge loss caused by the SEI formation in the first 

cycle(s). 

As potential anode materials for Na-ion batteries numerous different materials ranging from 

metallic nanocrystals to metal sulfides and metal phosphides have been investigated 

(Chapters 3-4, 6-7). Particularly, in case of metal phosphides and phosphorus containing 

composites, the cycling stability is not sufficient requiring the development of superior 

electrolytes. However, it should also be noted that for practical applications concerns 

regarding toxicity of phosphorus containing materials for practical cells exist, since in the 

charged state phosphorus is converted into Na3P, which would in case of cell breakage readily 

react with water to form highly toxic and flammable PH3. An important consideration for 

future work on anode materials must also be the overall cost of the entire system, since 

conceptually the only advantage of Na-ion batteries lies in the lower cost of sodium-salts and 
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the fact that cheaper aluminum-current collectors can be used on the anode side (because 

sodium unlike lithium does not alloy with aluminum). Hence, in order to have an overall 

economic advantage the employed electrode materials must not be more expensive than their 

Li-ion counterparts. In case of Sb-based materials, which were shown to be excellent anode 

materials for Na-ion storage, a future question will be, if this material is truly a good choice as 

commercial anode material, since it is geographically just as unequally distributed as lithium-

salts (with China holding the main reserves). In terms of economic and environmental 

considerations “fool’s gold” FeS2 NCs of Chapter 6 are probably the most promising anode 

materials for Na-ion storage presented in this thesis. Despite the very high capacity and rate 

capability of FeS2 NCs a future question will be, if this material can be useful for practical 

cells due to its relatively high desodiation voltage. 

In fact, as low-cost batteries for large-scale energy storage possibly the herein presented 

proof-of-concept Na/Mg hybrid battery (Chapter 8) or Al-ion battery (Chapter 9) might 

emerge as more viable candidates than Na-ion batteries. However, both of these battery 

systems are still in their infancy and require much more extensive work with regards to 

electrolyte formulations and high-loading electrodes. Particularly, the development of 

electrolytes with higher oxidative stability is ultimately the key to improve both Na/Mg 

hybrid and Al-ion batteries in terms of energy density, since it will allow the use of materials 

with higher operating voltages. In light of the significant interest the work on Na/Mg hybrid 

batteries303 has received (highlighted in > 20 news outlets including NZZ, Blick, American 

Chemical Society News; among Top 20 most downloaded Chemistry of Materials articles for 

the previous 12 months as of May 2016), further exploration and evaluation of this novel 

battery type is expected in the future. 
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Appendix A. Abbreviation list 

Abbreviation Full name 
AIB Al-ion battery 
ATR attenuated total reflectance 
CB carbon black 
CE coulombic efficiency 
CMC carboxymethyl cellulose 
CNT carbon nanotube 
COD Crystallography Open Database 
CTI Commission for Technology and Innovation 
CV cyclic voltammetry 
DMC dimethyl carbonate 
EC ethylene carbonate 
EDX energy dispersive X-ray (spectroscopy) 
EMIm 1-ethyl-3-methylimidazolium 
FEC fluoroethylene carbonate 
FTIR Fourier transform infrared (spectroscopy) 
HAADF high angle annular dark field 
HR high-resolution 
ICDD International Centre for Diffraction Data 
LIB Li-ion battery 
MH metal hydride 
MIB Mg-ion battery 
NC nanocrystal 
NMP N-methyl-2-pyrrolidone 
NP nanoparticle 
NW nanowire 
ODE octadecene 
OLA oleylamine 
PVdF polyvinylidene fluoride 
PC propylene carbonate 
rpm revolutions per minute 
SEI solid electrolyte interface 
SEM scanning electron microscope 
SHE standard hydrogen electrode 
SIB Na-ion battery 
STEM scanning transmission electron microscope 
TEM transmission electron microscope 
TFSI bis((trifluoro)sulfonyl)-imide 
THF tetrahydrofuran 
TOP trioctylphosphine 
TOPO trioctylphosphine oxide 
XRD X-ray diffraction 
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