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I. 
CO

2
/oxalate cathodes as safe and efficient
alternatives in high energy density 

metal–air type rechargeable batteries 

II. 
Ultrahigh Energy Density Li-ion Batteries 

Based on α-Li
x
BN

2 
(1≤x≤3)

III. 
Functionalized (h-)BN Species for High 

Energy and High Power Density Batteries 

Objective: Compare CO
2
/oxalate cathodes (2CO2 + 2e- → C2O4

2-) 
as potential alternatives to O

2
/peroxide ones (O2 + 2e-  → O2

2-).
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A flow battery, utilizing a supercritical mixture of CO
2
 and

polar modifiers (glymes, propylene carbonate, etc). The 
mixture allows for the dissolution of the discharge product  
and for very fast ion transport, therefore allows for high 
charge/discharge rates. The orange stripe refers to the 
catalytic CO

2
/oxalate positive electrode. The purple stripe

is the cation selective membrane.

A simple implementation of a Li-CO
2
/oxalate battery.

The electrolyte may be based on glymes, ionic liquids, 
etc. Both cation or anion selective membranes may be 
used. The green circles denote the catalysts (such as 
copper complexes) in the porous positive electrode.
Panel (A) is for discharge, panel (B) for charge.

Objective: Utilize α-Li
3
BN

2
, an existing material, as intercalation 

cathode electroactive species in the discharge reaction 
2 Li + LiBN

2  
 →  Li

3
BN

2
. It is the oxidation number of N that 

changes during the charge/discharge cycles.

The layered structure of α-Li
3
BN

2
. 

Color code: Li – violet, B – magenta, N – blue.

Polymeric strands of -Li-N-B-N- repeating 
units form planes and two additional Li+ ions 
per formula unit are located between these 
planes. 

Li+ ions between the polymeric planes can 
reversibly intercalate.

In the polymers of α-Li
3
BN

2 
(discharged form), 

[N-B-N]3- anions are linearly coordinated to Li+ 
ions. In the charged form, LiBN

2
, there are 

[N-B-N]- anions, the oxidized form of [N-B-N]3-.

Energy Storage Characteristics of α-Li3BN2
As predicted by Density Functional Theory

Cell reaction for discharge:  2Li + LiBN
2
 → Li3BN2

Cell reaction energy: ∆E = -7.22 eV .
Cell voltage: U = -∆E / 2 electrons = 3.61 V (vs Li/Li+) .

Mass-density: ρM(Li3BN2)=1.823 kg/L .
Gravimetric energy density: ρEG(Li3BN2) = 3247 Wh/kg .

Volumetric energy density: ρEV(Li3BN2)=5919 Wh/L .
Gravimetric capacity density: ρCG(Li3BN2)=899 mAh/g.

Volumetric capacity density: ρCV(Li3BN2)=1638 mAh/cm3.
Volume change per 2-electron transfer: 2.8%

Experimental data:
Ionic conductivity: 3 mS/cm (T=400 K)

Activation energy of ionic conduction: 78 kJ/mol (~0.8 eV)

Comparison: 
ρEG(Li-air) = 3450 Wh/kg (including the weight of O

2
)

 ρEG(Li2S) = 2600 Wh/kg (conversion based)
ρEG(Li-FeF3) = 1950 Wh/kg (conversion based)

 ρEG(Li
3
Cr(BO

3
)(PO

4
)) = 1700 Wh/kg (intercalation based, best design of Ceder group at MIT)

ρEG(LiCoO
2
) = 600 Wh/kg (intercalation based)
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Figure 2: Band structures of Li
3
BN

2
 and its de-lithiated derivatives.

Li
3
BN

2
 is insulator, while its de-lithiated derivatives are metallic conductors. 

Objective: Functionalization of the surface of monolayer h-BN 
or BN-nanotubes is a way to to tune the electrochemical 
potential and to create intercalation/conversion sites on the 
surface.

 Functionalized BNs (FBNs) are a very rich field and present an entirely new platform for   
 energy storage applications.

 They are universal intercalation materials and can intercalate Li+, Na+, K+, Mg2+, and Al3+ 
cations.

 These materials are very light because they totally eliminate the use of transition metals, 
leading to large specific capacities and high energy densities. 

 The majority of FBNs are monolayer (or nanotube) materials and thus have fast charging 
and discharging rates because intercalation does not require diffusion within a crystal; 
it is just one step directly from the electrolyte. 

Figure 3: A monolayer of cyano (-CN) functionalized h-BN, with intercalated Na+ ions 
(3x3 supercell). Color code: Na – violet, B – magenta, N – blue, C – gray . Note that -CN 
groups are attached only to B atoms in the h-BN surface. The Na-deintercalated species
are metallic conductors, the Na intercalated ones are semiconductors.

Cell reaction for discharge:   Na + BN(CN) → BN(CN)Na

Cell reaction energy: ∆E  = -2.87 eV
Cell voltage: U= -∆E / 1 electrons = 2.87 V (vs Na/Na+) .

Mass-density: ρM(BN(CN)Na)≈3.406 kg/L .
Gravimetric energy density: ρEG(BN(CN)Na) = 1042  Wh/kg.

Volumetric energy density: ρEV(BN(CN)Na)= 3547 Wh/L.
Gravimetric capacity density: ρCG(BN(CN)Na)=363 mAh/g.

Volumetric capacity density: ρCV(BN(CN)Na)=1236 mAh/cm3.

Energy density depends on the functional group! 

Comparison: 
 ρEG(NaFe0.5Co0.5O2) = 425 Wh/kg (intercalation based)

 ρEG(Na1.5V(PO4.8)F0.7) = 521 Wh/kg (intercalation based)

Synthesis of functionalized (h-)BN-s: 
Many possibilities exist, such as nucleophilic or electrophilic attack by functionalization agents, or 
radicals based functionalization. Nucleophilic attack based functionalization attaches functional 
groups to the B atoms only, while electrophilic ones link groups to the N atoms. The known 
radicals based functionalizations attach groups to the B atoms. Many functionalized (h-)BN-s 
already exist but have not been tested as electroactive species in batteries yet.
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Other examples of functionalized (h-)BN-s: 
It is possible to achieve an energy density of 1532 Wh/kg (6130 Wh/L) using Al3+ cations, at an 
OCV of 1.72 V (vs Al/Al3+) with a specific functionalized h-BN. [3b]

Why BN monolayer, instead of graphene or doped graphene?
The BN monolayer is uniquely well suited for functionalization as:

1. It contains highly polarized atoms with +/- 0.5 partial charges → good target for 
nucleophile/electrophile attack based functionalization.

2. The high electronegativity of N in B-functionalized BN helps to store electrons on the 
monolayer. The N in B-functionalized BN also helps to complex the intercalated cation.

3. Either only the B or the N sites are typically functionalized, leaving space for ion intercalation 
in the surface.

4. h-BN or BN-nanotubes allow for maximum density surface intercalation, as the patterned BN 
surface is optimal for both functionalization and intercalation site densities.

Selection of functional groups:
For cathode materials, the functionalization should make the FBN a strong electron acceptor, for 
anode materials a strong electron donor. Such functional groups are well known in organic 
chemistry, for example in aromatic functionalization  and in organic charge transfer complexes 
(Bechgaard salts).


