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Scope of project

In light of the impeding depletion of fossil fuels and necessity to lower carbon dioxide emissions, ec-
onomically viable high-performance batteries are urgently needed for numerous applications rang-
ing from electric cars to stationary large-scale electricity storage. Sodium-ion batteries (SIBs) are 
potential low-cost alternatives to lithium-ion batteries (LIBs) because of the much greater natural 
abundance of Na salts. However, developing high-performance electrode materials for SIBs is a chal-
lenging task, especially due to the ~ 50 % larger ionic radius of the Na+ ion compared to Li+, leading 
to vastly different electrochemical behavior. Herein we summarize our recent work on exploring 
novel nanostructured conversion-type electrode materials for LIBs and SIBs. 

Status	of	project	and	main	scientific	results	of	workgroups	

rate-capability, with capacity 
of more than 900 mAh g-1 at a 
high charge/discharge current 
density of 2000 mA g-1.

Metal phosphide NCs 
as Na-ion anodes3

Metal phosphides such as FeP, 
CoP, NiP2, and CuP2 remain es-
sentially unexplored as elec-
trode materials for SIBs, de-
spite their high theoretical 
charge storage capacities of 
900–1300 mAh g-1. We have 
developed the synthesis of 
metal phosphide NCs and as-
sessed their electrochemical 
properties as anode materials 
for SIBs, as well as for LIBs. 
We also compared the elec-
trochemical characteristics of 
phosphides with their corre-
sponding	 sulfides,	 using	 the	
environmentally benign iron 
compounds, FeP and FeS2, as a 
case study (see Figure 1). We 
show that despite the appeal-
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LIB  Lithium-Ion Battery

NC Nanocrystal

SIB Sodium-Ion Battery

Colloidal Bi nanocrys-
tals as conversion-type 
cathodes for Li-ion 
batteries1

BiF3 is a highly promising 
cathode material due to its 
conversion to Bi0 + 3 LiF via a 
three-electron reduction reac-
tion (during discharge), oc-
curring at an average voltage 
of	 ~	3	V.	 Due	 to	 high	 specific	
weight of Bi, the theoreti-
cal	 specific	 capacity	 of	 BiF3 is 
very high (302 mAh g-1), cor-
responding to an energy den-
sity of ~ 900 Wh kg-1, almost 
two times higher than that of 
commercial LiFePO4 (one-elec-
tron reduction, 169 mAh g-1, 
~3.5 V and 590 Wh kg-1) and 
LiCoO2 (half-electron reduc-
tion, 135 mAh g-1, ~ 3.9 V and 
560 Wh kg-1). We developed a 
facile colloidal synthesis of BiF3 
nanocrystals (NCs) via thermal 
decomposition of bismuth(III) 
trifluoroacetate	 in	 oleylamine.	
The NC size can be tuned from 
6 to 40 nm by the adjustment 
of synthesis parameters. After 
removal of the capping surfac-
tant molecules, BiF3 NCs were 
tested as a cathode material 
for Li-ion batteries. Close to 
theoretical Li-ion storage ca-
pacities of up to 300 mAh g-1 at 
an average voltage of 3 V were 
obtained at current densities of 
50 mA g-1.

Inexpensive Sb NCs 
and their composites 
with phosphorus as 
Na-ion anodes2

Two Na-ion anode materials – 
antimony (Sb) and phospho-
rus (P) – have been recently 
shown to offer excellent cy-
cling stability (Sb) and highest 
known Na-ion charge storage 
capacity (P). In this work we 
reported on the synergistic 
Na-ion storage in a P/Sb/Cu-
nanocomposite, produced by 
mixing inexpensive colloidal 
Sb nanocrystals with red P and 
with copper (Cu) nanowires. 
In comparison to electrodes 
composed of only phospho-
rus, such P/Sb/Cu-composite 
shows much greater cycling 
stability providing a capacity 
of above 1100 mAh g-1 after 50 
charge/discharge cycles at a 
current density of 125 mA g-1. 
Furthermore, P/Sb/Cu-com-
posite also exhibits excellent 

Figure 1: 

Galvanostatic charge and 
discharge curves for the 
first	 cycle	 for	Na-ion	 (left)	
and Li-ion (right) half-cells 
with working electrodes 
made of metal phosphides.
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ing initial charge storage ca-
pacities of up to 1200 mAh g-1, 
enabled by effective nanosiz-
ing of the active electrode ma-
terials, further work toward 
optimization of the electrode/
electrolyte pair is needed to 
improve the cycling perfor-
mance of FeP and other phos-
phides. 

Pyrite (FeS2) nano-
crystals as inexpensive 
lithium-ion cathode 
and sodium-ion anode 
materials4 

Due to its low raw material 
cost, non-toxicity and poten-
tially high charge-storage ca-
pacity pyrite (FeS2) is a highly 
promising electrode material. 
We have studied the electro-
chemical performance of FeS2 
NCs as lithium-ion and sodium-
ion storage materials. First, we 
found that nanoscopic FeS2 is 
a promising Li-ion cathode ma-
terial, delivering a capacity of 
715 mAh g-1 and average ener-
gy density of 1237 Wh kg-1 for 
100 cycles, twice higher than 
for commonly used LiCoO2 
cathodes (see Figure 2). Then 
we	demonstrated,	for	the	first	
time, that FeS2 NCs can serve 
as highly reversible sodium-
ion anode material with long 
cycling life. As sodium-ion an-
ode material, FeS2 NCs provide 
capacities above 500 mAh g-1 
for 400 cycles at a current 
rate of 1000 mA g-1. In all our 
tests and control experiments, 

the performance of chemically 
synthesized nanoscale FeS2 

clearly surpasses bulk FeS2 as 
well as large number of other 
nanostructured	metal	sulfides.	

Efficient and inex-
pensive Na-Mg hybrid 
battery5 

We have shown a hybrid bat-
tery based on a sodium/ 
magnesium (Na/Mg) dual salt 
electrolyte, metallic magne-
sium anode and a cathode 
based on FeS2 NCs presented 
in previous section (see Fig-
ure 3 for the working prin-
ciple). Importantly, compared 
to lithium or sodium, metallic 
magnesium anode is safer due 
to dendrite-free electroplat-
ing and offers extremely high 
volumetric (3833 mAh cm-3) 
and gravimetric capacities 
(2205 mAh g-1). Na-ion cath-

odes, FeS2 NCs in the present 
study, may serve as attractive 
alternatives to Mg-ion cath-
odes due to higher voltage of 
operation and fast, highly re-
versible insertion of Na-ions, 
as demonstrated in previous 
section. In this proof-of-con-
cept study, electrochemical cy-
cling of the Na/Mg hybrid bat-
tery was characterized by high 
rate capability, high coulombic 
efficiency	 of	 99.8	%	 and	 high	
energy density. In particular, 
with an average discharge 
voltage of ~1.0 V and a ca-
thodic capacity of 189 mAh g-1 
at a current of 200 mA g-1, the 
presented Mg/FeS2 hybrid bat-
tery delivers energy densities 
of up to 215 Wh kg-1, compa-
rable to commercial Li-ion bat-
teries and approximately twice 
as high as state-of-the-art Mg-
ion batteries based on Mo6S8 
cathodes.	 Further	 significant	
gains in the energy density 
are expected from the devel-
opment of Na/Mg electrolytes 
with broader electrochemical 
stability window. Fully based 
on Earth-abundant elements, 
hybrid Na-Mg batteries are 
highly promising for large-
scale stationary energy stor-
age.
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Figure 3: 

Left: Schematic depiction of the working principle of a Na/Mg hybrid bat-
tery. During discharge, metallic Mg is oxidized releasing magnesium ions 
into the electrolyte. Electrons are shuttled through the external electrical 
circuit from the magnesium 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. 

Right: Galvanostatic charge / discharge curves.

Figure 2: 

Left: Galvanostatic charge 
and discharge curves for 
FeS2 NCs tested in Na-ion 
half-cells. 

Right: Capacity retention 
for FeS2 NCs and milled 
bulk FeS2. 
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Scope of project

The Fromm group develops 1) LiMnPO4 nanomaterials as cathode, 2) nanoscale transition metal 
oxide precursors as cathode, and 3) Sn/C composite as anode for alkali (Li+/Na+)-ion batteries. And 
we synthesize silver nanoparticle doped titania nanoparticles and –containers for CO2 reduction in 
the collaboration with the team working on synthetic fuels (WP 4).

Status	of	project	and	main	scientific	results	of	workgroups	

List of abbreviations

TEM Transmission Elec-
tron Microscopy

THF  Tetrahydrofuran

optimizing the washing condi-
tions and are testing reactions 
with cobalt sulfate, nickel sul-
fate, Ni(OH)2, NiBr2, NiI2 and 
Ni(CH3CO2)2 to obtain new na-
noscale mixed oxides. 

For a high-energy alkali ion 
battery anode, tin and carbon 
composites are studied. The 
theoretical	specific	capacity	of	
a Sn anode is about 3 times 
higher than that of commercial 
graphite anodes [2]. However, 
Sn suffers from the extreme 
volume expansion versus Li+ or 
Na+ insertion. Therefore, the 
structure morphology is criti-
cal. Tin encapsulated carbon 
composites were synthesized 
by reverse micelle formation 
and by the template method. 
While one nanoparticle of tin 
is encapsulated in a shell via 
the reverse micelle formation 
method, the template method 
yielded particles containing 
several Sn-nanoparticles (Fig-

ure 2). Further characteriza-
tion and the carbon shell syn-
theses are on-going.  

In collaboration with the Broek-
mann group from the Universi-
ty of Berne, we synthesize sil-
ver nanoparticle doped titania 
nanoparticles and –containers 
for studying the CO2-reduction 
[3].

Conventional transition metal 
oxide materials suffer from the 
dissolution of transition metal 
ions in the electrolyte [1]. For 
safer and high energy Li-ion 
cathode material, nanosized 
LiMnPO4 particles were investi-
gated. LiMnPO4 cathodes con-
taining various shapes of na-
no-LiMnPO4 particles showed 
that not necessarily the small-
est particles of LiMnPO4 have 
the highest ionic diffusion co-
efficient	 but	 rather	 the	 ones	
with the shortest path length 
of Li+ diffusion in a particle. 
Similar analyses are ongoing 
for nanoscale LiCoO2. 

Nanomaterials are known to 
lead to poor loading of active 
material in the electrode due 
to their high volume. We in-
creased the loading of active 
nanomaterial from 0.2 – 0.5 mg 
to 5 mg per cm2 via a ball mill-
ing process and via controlling 
the shape of nanoparticles of 
LiMnPO4. The rate capabil-
ity test for the best electrode 
showed 120 and 80 mAh g-1 at 
C/20 and 1C (Figure 1). 

For Li+ and Na+ battery cath-
ode materials, heterometallic 
single source precursors were 
explored. For example, sodi-
um phenoxide (NaOPh) reacts 
with CoCl2 in THF to provide 
Na0.67CoO2 after calcination at 
600 °C. However, after wash-
ing to remove the residues, 
the structure of Na0.67CoO2 
was destroyed. We are now 

Figure 2: 

TEM image of Sn nanoparticles 
(black dots) and polystyrene par-
ticles (large spheres).
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Figure 1: 

Rate capability of thin rod 
shaped nano-LiMnPO4 elec-
trode.
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