
Organics and biomaterials for 
batteries

Stéven Renault

Summer school and 3rd meeting of the FrenchSingaporean research 

network on Renewable Energy (SINERGIE) 

Aix-les-Bains, Le Bourget du Lac, France, July 2nd - 5th 2018.



-Introduction

-Biomass-derived carbon materials (BDCMs)

-Reversible redox organic functional groups for

lithium-ion batteries
- Organodisulfures

- Nitroxides

- Conducting polymers

- Carbonyls

- Superlithiation

Outline









ca. 7.6 billions today





ca. 1.2 billion - 2018



















6400 USD/ton of Li in 2015





EU 2006/66 directives:

Collection and recycling schemes should be optimised, in particular in order to

minimise costs and the negative environmental impact of transport. Treatment and

recycling schemes should use best available techniques, as defined in Article 2(11) of

Council Directive 96/61/EC of 24 September 1996 concerning integrated pollution

prevention and control (1). The definition of recycling should exclude energy recovery.

The concept of energy recovery is defined in other Community instruments.

New recycling technologies

1. Member States shall encourage the development of new recycling and treatment

technologies, and promote research into environmentally friendly and cost-effective

recycling methods for all types of batteries and accumulators.



Organic batteries can be seen as a possible 

alternative to stabilize the pressure on redox-

active metals vs global demand

More abundant 

elements

Co, Ni, Mn, 

Fe, Ti, …
C, O, N, H  …

Parallel research: promoting organic electrode materials



Organic batteries can be seen as a possible 

alternative to stabilize the pressure on redox-

active metals vs global demand

More abundant 

elements
C, O, N, H  …

Parallel research: promoting organic electrode materials

Biorefinery and renewable C, O, 

N, H-based raw materials
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Sporadic interest in organic redox materials for E-storage
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Organic 

Radical 

Batteries 

(ORBs)

NEC (Satoh), 

Nishide’s group
Poly(2,2,6,6-tetramethyl-1-piperidinyloxy-4-yl 

methacrylate) (PTMA) composite cathode

Review: 
T. Suga, H. Nishide, in Stable Radicals –

Fundamentals and Applied Aspects of Odd-

Electron Compounds, Chap. 14, Eds: R. G. 

Hicks, WILLEY-VCH, Weinheim, 2010, 507-519

1977

Second “intrusion” with ORBs

Sporadic interest in organic redox materials for E-storage



- Lower energy density values / 

volumetric

- Appreciable solubility in organic  

liquid electrolytes (sometimes LARGE) 

including some polymers too

- Stability, side-reactions, …

 Some negative attributes for organic matter

-S. Tobishima et al., J. Electrochem. Soc., 

1984, 131, 57.

-T. Boschi et al., J. Electroanal. Chem.,1984, 

176, 235.

Inorganic vs Organic electrode materials



 Some positive attributes for organic matter

- Numerous chemical combinations

- Redox potential adjustment

- Multi-electron reaction materials

- Alternative Resource 

BIOMASS (biorefinery  ores; solar 

activity)

- Ease in recycling

Ex: The nitroxide radical undergoes thermal 

runaway with no odor or ash formation (T. 

Suga, H. Nishide)

- Flexible design (polymers)

Inorganic vs Organic electrode materials



Inorganic vs Organic electrode materials

Large tuning of the redox potential / Multi-electron reaction materials / 

Aqueous/Nonaqueous electrolytes / Ease in recycling / Alternative Resource  (BIOMASS)

Quinone: 496 mAh/g (2 e-)

X.-Q. Zhu and C.-H. Wang, J. Org. Chem., 2010, 75, 5037.

ONE RELEVANT EXAMPLE

 Quinonic-type structures: POSITIVE electrode application (RS2E)



199119791977 2002

“Renewable” Li-

ion Organic 

Batteries

2008

IDEALLY:

Search for “green” 

Organic solids to 

elaborate low-polluting 

organic LIBs

ChemSusChem, 2008

Energy Environ. Sci., 2011

Organic materials for “greener” LIBs



Benchmark study on the solid state electrochemical stability of carbonyl-

based crystallized organic structures

Li+ Insertion = 

Reduction
Li+ Release = 

Oxidation

Our first APPROACH

Interest in quinonic-type structures
 Connection with Natural substances

 Involved in the Chemistry of Life

(-) (+)

Positive electrode 

application

Negative electrode 

application





Biomass-derived carbon 

materials (BDCMs)
Ideal BDCMs should be:

- Renewable/sustainable/environmentally-friendly 

(including their precursors)

- Low-cost

And possess

- Good electrical conductivity

- High specific surface area

- Hierarchical porous structure (combination of macro-, 

meso-, and micropores)

- Heteroatoms doped into it (e.g. incorporation of N, O, 

S, and P into the carbon lattice).



Biomass-derived carbon 

materials (BDCMs)

Large contact surface area can guarantee a large 

capacitance and high energy density.

Macropores (< 50 nm) are equivalent of an ion-buffering 

reservoir 

 Minimization of the distance for ionic diffusion to the 

interior surfaces of materials, 

Mesoporous channels (2 -50 nm) can endow electrolyte 

ions with a low-resistant pathway. 

Macro- and mesopores facilitate ion transport

 Improved rate capability and power density



Biomass-derived carbon 

materials (BDCMs)

Heteroatoms doped into carbonaceous materials can 

increase the electrical conductivity, surface wettability, 

and chemical activity

 enhance the electrochemical performance and energy 

storage ability

They can also serve as nucleation and anchoring sites for 

better dispersion.



Biomass-derived carbon 

materials (BDCMs)
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Organic electrode materials, in short

More abundant elements (C, H, O, N, S in particular)

Potentially generated from renewable resources (biomass)

Low Temp. synthesis / Recyclability

Numerous chemical combinations

Multi-electron reaction materials



Organic electrode materials, in short

TWO electrochemical mechanisms

More abundant elements (C, H, O, N, S in particular)

Potentially generated from renewable resources (biomass)

Low Temp. synthesis / Recyclability

Numerous chemical combinations

Multi-electron reaction materials

A- = PF6
-, ClO4

-,… C+ = Li+, Na+,…

 ACS Appl. Mater. Interfaces, 6, 10870 (2014).
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Organic electrode materials, in short

TWO electrochemical mechanisms

More abundant elements (C, H, O, N, S in particular)

Potentially generated from renewable resources (biomass)

Low Temp. synthesis / Recyclability

Numerous chemical combinations

Multi-electron reaction materials

 Aqueous or Non-aqueous electrolyte

sometimes with soluble redox species (RFB)
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All-organic Li-ion battery with 2.5 V as output voltage: 
The CHALLENGE of the positive electrode

Few examples of all-organic Li-ion cells have been reported in the literature

 difficult to design efficient lithiated organic cathode materials

 difficult to reach high formal redox potentials



Reversible redox organic functional 

groups for lithium-ion batteries

Conducting polymers:

Nitroxides:

Organodisulfures:

Carbonyls:



Reversible redox organic functional groups 

for lithium-ion batteries: Organodisulfures

Organodisulfures:

High capacity 

Low conductivity

Slow reaction kinetics

High solubility



Organodisulfures: Case of polyDMcT

M. Liu , S. J. Visco , L. C. D. Jonghe , J. Electrochem. Soc. 1991 , 138 ,1896 .

Low redox reaction rate 

Cycling at very high temperature



Organodisulfures: why not so much 

development lately?

Y. Liang, Z. Tao, J. Chen, Adv. Energy Mater. 2 (2012) 742

Despite good to excellent obtainable specific capacities, 

it is clearly inferior to Li-S technology...



Reversible redox organic functional groups 

for lithium-ion batteries: Nitroxides

Nitroxides:

Ultrafast kinetics

Low conductivity

High solubility

Moderate capacity



Nitroxides: Case of PTMA

K. Nakahara , S. Iwasa , M. Satoh , Y. Morioka , J. Iriyama , M. Suguro ,

E. Hasegawa , Chem. Phys. Lett. 2002 , 359 , 351 .

Kinetic studies in solution 

revealed eletron-transfer 

rate constants higher than 

that for ferrocene 

12C rate



Nitroxides: Other examples



Nitroxides: Other examples

 Organic radical batteries (ORBs) are expected to reach the market in the near future 

– for incorporation in integrated circuits (ICs) smart cards – primarily due to their low 

thickness and mechanical flexibility. 



Reversible redox organic functional 

groups for lithium-ion batteries

Y. Liang, Z. Tao, J. Chen, Adv. Energy Mater. 2 (2012) 742



Reversible redox organic functional groups for 

lithium-ion batteries: Conducting polymers

Fast kinetics

High conductivity

Low energy density

Low stability

Conducting polymers:



Reversible redox organic functional groups for 

lithium-ion batteries: Conducting polymers



Reversible redox organic functional groups for 

lithium-ion batteries: Conducting polymers



Reversible redox organic functional groups for 

lithium-ion batteries: Conducting polymers



Reversible redox organic functional 

groups for lithium-ion batteries

Z. Song, H. Zhou, Energy  Environ. Sci. 6 (2013) 2280

Comparison of the comprehensive electrochemical performance 

between different types of organic electrode materials



Reversible redox organic functional groups for 

lithium-ion batteries: Carbonyls

Fast kinetics

High Capacity

Low conductivity

High solubility

Carbonyls :

Abundant in nature



A very robust structure for a low molecular weight

// Chemically & thermally stable (> 300°C) //

Well-known linker in the field of MOFs

The Terephthalate unit

Conjugated dicarboxylate (permanent negative 

charges):

= Poor solubility in common liquid battery electrolytes



With an inner electroactivity at low potential vs. Li+/Li

 SEMINAL work in Li-half cell:  Nat. Mater., 8, 120 (2009).

with Na, see:  EES (2012); Adv. Mater. (2012); Adv. Energy Mater. (2012).

As NEGATIVE electrode material
Aromatic carboxylates are the best organic insertion 

materials for negative electrode (to date)

From acidic form

+LiOHH2O in ethanol (5% excess)

Dried at 150°C in vacuum

The Terephthalate unit

n-type mechanism / Li+ uptake-release



























Alexandru Vlad, Kevin Arnould, Bruno Ernould, Louis Sieuw, Julien Rolland and 

Jean-François Gohy, J. Mater. Chem. A, 2015, 3, 11189.







Terephtalate + Li-enolate functional groups = Li4-p-DHT

75

As POSITIVE Lithiated electrode material

n-type mechanism / Li+ uptake-release too BUT 

 Li4-p-DHT: Dilithium (2,5-dilithium-oxy)-terephthalate

The Terephthalate unit

 OUR SEMINAL work in Li-half cell: Energy Environ. Sci., 6, 2124 (2013).

Possibility of new chemistries?





Li4-p-DHT Li2-p-DHT

Redox function (I) : high potential reactivity

Average potential: 2.6 V vs Li+/Li



Li4-p-DHT Li6-p-DHT

Redox function (II) : low potential reactivity

Average potential: 0.8 V vs Li+/Li

Li4-p-DHT Li2-p-DHT

Redox function (I) : high potential reactivity

Average potential: 2.6 V vs Li+/Li
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 Possibly synthesized from RENEWABLE Material:

n-type Li cathode: case of Li4-p-DHT 
Dilithium (2,5-dilithium-oxy)-terephthalate

 Energy Environ. Sci., 6, 2124 (2013).



n-type Li cathode: case of Li4-p-DHT 
Dilithium (2,5-dilithium-oxy)-terephthalate

•Good electrochemical performance upon cycling including at high rate with no optimization 

(no binder, no complex formulation)

 only 1e-/ring (120 mAh/g and NOT 240 mAh/g)? Checked by Li MAS NMR calibration

Rate: 1Li/10 h

Carbon: 33 wt%

2.55 V

 Energy Environ. Sci., 6, 2124 (2013).



n-type Li cathode: case of Li4-p-DHT 
Dilithium (2,5-dilithium-oxy)-terephthalate

•Good electrochemical performance upon cycling including at high rate with no optimization 

(no binder, no complex formulation)

 only 1e-/ring (120 mAh/g and NOT 240 mAh/g)? Checked by Li MAS NMR calibration

 Full capacity can be achieved with nanosheet particles, according to Chen’s works:

Nano Lett., 13, 4404 (2013); Nano Research (2017)

Rate: 1Li/10 h

Carbon: 33 wt%

2.55 V

 Energy Environ. Sci., 6, 2124 (2013).
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n-type Li cathode: case of Li4-p-DHT 
Dilithium (2,5-dilithium-oxy)-terephthalate

Chen’s group, Nano Res. 10, 4245–4255 (2017)

Symmetric 

organic Li-ion 

battery, output 

voltage = 2 V



Li4-p-DHT: Spontaneous oxidation upon air 

Recharge of the battery without electricity

 Discovery of a interesting reactivity:

Renault, S.; Gottis, S.; Barrès, A.-L.; Courty, M.; Chauvet, O.; Dolhem, F.; Poizot, P., Energy and Environmental Science, 2013, 6, 2124-2133. 

n-type Li cathode: case of Li4-p-DHT

Self-recharge 



S. Renault, S. Gottis, A.-L. Barrès, M. Courty, O. Chauvet, F. Dolhem, P. 

Poizot, Energy Environ. Sci., 2013, 6, 2124.



How to increase the operation potential of the 
cathode side?

85

STRATEGY #1: Common approach in organic chemistry, i.e. playing with electronic effects at the 

organic skeleton level, position and chemical nature of substituent groups



How to increase the operation potential of the 
cathode side?

86

Li4-o-DHTLi4-p-DHT

Ortho-regioisomer (positive potential shift)

 Known in the field of Molecular 

Electrochemistry

STRATEGY #1: Common approach in organic chemistry, i.e. playing with electronic effects at the 

organic skeleton level, position and chemical nature of substituent groups

 Possibly synthesized from 

RENEWABLE Material too:

 ACS Appl. Mater. Interfaces, 6, 10870 (2014).
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Rate: 1Li/10 h

Carbon: 33 wt%

Dilithium (2,3-dilithium-oxy)-terephthalate

 AGAIN only 1e-/ring (2e-/ring expected with nanostructured electrodes according 

to Chen’s group)

 BUT a voltage gain at least of + 300 mV

 Can we increase more the potential? Reaching LiFePO4?

+300 mV

 ACS Appl. Mater. Interfaces, 6, 10870 (2014).

n-type Li cathode: case of Li4-o-DHT 



88

How to increase the operation potential of the 
cathode side?

STRATEGY #2: Mitigating the Donor Inductive Effect (+I) of carboxylates by cation substitution
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How to increase the operation potential of the 
cathode side?

STRATEGY #2: Mitigating the Donor Inductive Effect (+I) of carboxylates by cation substitution

“The chemical nature of M influences the M–O bonds and this effect is transferred to the

C–O bonds causing changes in the electronic distribution in the ligand. The stabilization

(or destabilization) of the aromatic system depends therefore on the choice of the cation

M and its relative electronegativity (or ionic potential).” Lewandowski et al., 2005

Towards less ionic M–O bonds, a way for mitigating the inductive donor 

effect (+I) and to reduce the electron enrichment of the ring making the 

enolate moieties less reducing (what we want to increase the formal redox 

potential!)

+I due to CO and COO



90

How to increase the operation potential of the 
cathode side?

Voltage gain

+ 800 mV

Close to LFP

Only 1e-/ring 

herein

(electrode not 

nanostructured) 

Rate: 1Li/5 h

Carbon: 33 wt%



Idealized life cycle of an organic electrode issued from
renewable materials

Battery
recycling

Battery
utilization

Battery
processing

Biomass

CO2

release
CO2

assimilation

Thermal 
destruction of 
spent batteries

Battery marketing using
advanced packaging 

technologies

Elaboration of active 
materials using green 

chemistry concepts

Elaboration of 
organic raw

materials

Biorefinery

Lithium 
« ashes »



Dilithium trans-trans Benzene Diacrylate (Li2BDA)

Soluble in water
Insoluble in organic solvents (ethanol, carbonates,…)

Formula weight: 230.07 g mol-1

Theoretical capacity: 116.5 mAh g-1 per electron
Average Potential: 1.2 V

Water-soluble model compound

Could be prepared from sustainable resources:



Expected electrochemical insertion/deinsertion processes in dilithium trans-trans benzenediacrylate:

C/20

Electrochemical performances when 

carbon-coated in the liquid state

S. Renault, D. Brandell, T. Gustafsson, K. Edström, Chem. Commun., 2013, 49 (19), 1945-1947.

S. Renault, A. Mihali, D. Brandell, Electrochem. Commun., 2013, 34, 174-176.



Battery
recycling

Battery
utilization

Battery
processing

Thermal 
destruction

Elaboration of 
active materials

Lithium 
carbonate 
« ashes »

Benzene diacrylic acid
prepared from biomass

Conductive
additive, binder

Elimination of the binder 
and the conductive additive

Extraction with water, 
filtration

Elimination of 
electrolyte residues

Washing with
ethanol, drying

Post-mortem 
opening

S. Renault, D. Brandell, K. Edström, ChemSusChem, 2014, 7, 2859-2867.



30˚C

100%

250˚C

98.6%

450˚C

38.3%

Li2CO3

Formula Weight C12H8Li2O4: 230.07 g.mol-1

Formula Weight Li2CO3 : 73.89 g.mol-1

Ratio Li2CO3/C12H8Li2O4 theo.: 32.1%

Ratio Li2CO3/C12H8Li2O4 exp.: 32.5%

Thermal decomposition of Dilithium
trans-trans Benzene Diacrylate



Reference sample « Li-Recycled » sample

Li recovery yield: 79%

3% capacity loss only after recycling

Recycling performance comparison
from a DMC LiTFSI 1M battery :

S. Renault, D. Brandell, K. Edström, ChemSusChem, 2014, 7, 2859-2867.



Reversible redox organic functional 

groups for lithium-ion batteries

Y. Liang, Z. Tao, J. Chen, Adv. Energy Mater. 2 (2012) 742



Reversible redox organic functional groups 

for lithium-ion batteries: Superlithiation

Slow kinetics

Very High Capacity

Low conductivity



Carbon/Lithium ratio in 

lithiated graphite

C/Li: 6/1
Theoretical capacity: 372 mAh g-1



X. Han, G. Qing, J. Sun, T. Sun, Angew. Chem. Int. Ed., 2012, 51, 5147.

Electrochemical performances of 1,4,5,8-

naphthalenetetracarboxylic dianhydride

C/Li: 1/1



1st

1st

2nd

2nd

3rd

3rd

Electrolyte: 1 M LiPF6 dissolved in DEC/EC 1/1 (LP40).

1 Li+ / 5 h

Electrochemical performances of 

Li2BDP



Super-lithiation of Li2BDP:

After carbon additive contribution subtraction: 1363 mAh g-1

11.5 lithiums inserted

 64% of the theoretical capacity

Electrolyte:1 M LiPF6 dissolved in DEC/EC 1/1 (LP40). 

0.1 mV s-1 1 Li+ / 50 h



Super-lithiation of Li2BDP:

Coulombic efficiency: 93% for the first cycle, then stabilize at 99%

Good reversibility but poor cyclability

Electrolyte:1 M LiPF6 dissolved in DEC/EC 1/1 (LP40). 

1 Li+ / 20 h



Proposed mechanism

Theoretical capacity: 2135 mAh g-1



Proposed mechanism

Theoretical capacity: 2135 mAh g-1

Geometry optimized structures for (a) Li4BDP, (b) Li10BDP, (c) Li12BDP and (d) Li14BDP. 



A path opened up for ’hyper-lithiation’?

 Super-lithiation

 Hyper-lithiation

C/Li: 1/1

C/Li: 1/2



Other super-lithiated materials from the 

literature:



Many unsolved questions...

Why some materials react according to ’superlithiation’ 

and some do not?
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