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Figure 1 | Comparison of charge storage in EDLC with IL electrolyte and the biredox IL-enhanced pseudocapacitor. a, Structure of the herein used
BMImTFSI IL and the biredox IL comprising a perfluorosulfonate anion bearing anthraquinone (AQ–PFS�) and a methyl imidazolium cation bearing
TEMPO (MIm+–TEMPO·). b,c, Charge storage in a purely capacitive EDLC comprising porous carbon electrodes and an IL electrolyte (b) and the herein
developed concept of capacitors with additional Faradaic processes at the redox active ions of the biredox IL electrolyte (c).

new opportunities to develop high-energy supercapacitors and a
wide new field in redox materials.

The concept of the biredox IL-enhanced capacitor in comparison
to the purely capacitive EDLC is illustrated in Fig. 1. The
biredox IL comprises a perfluorosulfonate anion bearing
anthraquinone (AQ–PFS�) and a methyl imidazolium cation
bearing TEMPO (MIm+–TEMPO·). Cells comprise carbon
electrode materials and either pure butylmethyl imidazolium
bis(trifluoromethylsulfonimide) (BMImTFSI) IL, biredox IL
dissolved in BMImTFSI or pure biredox IL (at 60 �C) as the
electrolyte. Since the biredox IL shown here melts above 9 �C (see
di�erential scanning calorimetry, DSC, in Supplementary Fig. 6)
it could be used only at room temperature as a salt dissolved
in non-active BMImTFSI or at 60 �C when pure. When the cell
is charged with pure BMImTFSI, electrolyte cations and anions
are drawn into the negative and positive electrodes, respectively,
and are adsorbed at the carbon surface without undergoing a
Faradaic reaction. In the case of the biredox IL-containing cell,
the same processes apply to the BMIm+ cation and TFSI� anion.
Additionally, as the redox active AQ–PFS� and MIm+–TEMPO·

ions are electrosorbed at the surface of the carbon electrodes, they
undergo fast Faradaic reactions. Their bulky size, in combination
with the high viscosity of the electrolyte, impedes self-discharge, as
further discussed below. Since either redox species is ionic in either
oxidation state, the solubility greatly exceeds the typical solubility
of neutral redox species. Here we attach the reducible moiety to
the anion and the oxidizable moiety to the cation, which results
in bi-anions and bi-cations being generated at the anode and the
cathode, respectively. However, the opposite combination would
also be conceivable, which would result in zwitterionic species.

We prepared the biredox IL by first separately synthesizing a
methyl imidazolium cation bearing a TEMPO moiety, and the
lithium salt of a perfluorosulfonate anion bearing an AQ moiety,
and then carrying out the metathetic reaction to obtain the
biredox IL (Fig. 2). The first involves a Williamson ether synthesis
from 4-hydroxyl-TEMPO and ↵-↵0-dibromo-p-xylene, followed
by a quaternization reaction with 1-methylimidazole to yield
MIm+–TEMPO·Br�(1). The synthesis of the Li perfluorosulfonate
bearing an AQ moiety (Li+AQ–PFS�, 2) follows an analogous
path via ether synthesis from chloromethyl anthraquinone and the
appropriate alkoxide. Finally, the two intermediates are combined,
yielding the biredox final IL. More experimental details are given in
the Supplementary Information.

IR analysis confirms the presence of the characteristic bands
for TEMPO and AQ at around 2,900 and 1,300 cm�1, respectively
(Supplementary Fig. 7). The spectrum of 3 does not correspond
to a simple addition of the spectra of the constituent precursors 1
and 2 before the metathesis reaction. This suggests that, after ion
exchange and removal of LiBr, the resulting moieties experience a
di�erent environment than in the initial salts 1 and 2 (with Li+
and Br� counter ions, respectively). The additional bands in the
spectrumof 3 indicate new interactions that probably originate from
specific interactions between the sulfonate anion and the imida-
zolium cation. Biredox IL, precursors and intermediates were char-
acterized by mass spectrometry (Supplementary Figs 2, 4 and 5),
di�erential scanning calorimetry (DSC) (Supplementary Fig. 6) and
thermogravimetric analysis (TGA) (Supplementary Fig. 8). Nuclear
magnetic resonance (NMR) (Supplementary Fig. 3) was used for
the characterization of the anion bearing anthraquinone (TEMPO
is actually a paramagnetic compound). The water content of the
final biredox IL in BMimTFSI electrolyte was measured by Karl
Fischer titration (80 ppm and 100 ppm respectively). These data
demonstrate the composition and purity of the prepared biredox IL.

The cyclic voltammograms (CVs) of 2mM biredox IL and
0.1 M TBAPF6 solutions in acetonitrile (MeCN) when using a
glassy carbon disc electrode are shown in Supplementary Fig. 9.
The peak couple around 0.6V versus Ag/AgCl is assigned to
the oxidation of the TEMPO radical (MIm+–TEMPO·) to the
TEMPO cation (MIm+–TEMPO+) and its reverse reaction. The
reduction of the AQ–PFS� moiety to the anthraquinone radical
anion (AQ·�–PFS�) and di-anion (AQ2�–PFS�) is characterized
by two peak couples around �0.7 and �0.9V versus Ag/AgCl
(refs 38,39). The CV confirms equally reversible electrochemistry
of the redox moieties when attached to the ions as in the well-
known unsupported substances (see Supplementary Fig. 16 for the
redox reactions). The electrochemical stability window with glassy
carbon electrodes is 3.7 V for the 0.5M biredox IL solution in
BMImTFSI (Supplementary Fig. 10). In the asymmetric PICA/PICA
device it still exceeds 2.8V, demonstrating the advantage of using
IL electrolytes to expand the potential window to nearly 3V
(ref. 36). This stands in contrast to previously reported dissolved
redox species in supercapacitors such as AQ or iodide in aqueous
media, where the electrochemical stability window is limited to
⇡1.2V (refs 37,38). The dissolution of biredox IL in BMImTFSI up
to saturation slightly increased the conductivities (Supplementary
Table 1 and Supplementary Fig. 11). The conductivity of the pure
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les chimistes ont synthétisé des maté-
riaux d’électrode à surface spécifique de 
plus en plus élevée. Très vite, ils se sont 
tournés vers des matériaux poreux en 
carbone, comme le charbon actif.

Ceux-ci  agissent comme des 
«  éponges » électriques : plus leurs 
pores sont petits, plus la surface spé-
cifique est grande, permettant ainsi 
de stocker une plus grande quantité 
d’énergie. Celle-ci est actuellement 
de 5 wattheures par kilogramme pour 
des supercondensateurs commerciaux, 
c’est-à-dire 100  fois plus élevée que 
dans les condensateurs classiques, 
mais 3 à 30 fois plus faible que celle des 

batteries utilisées dans les téléphones 
portables ou les voitures électriques.

Taille des pores. Une différence qui 
s’explique. Chercheurs et ingénieurs 
avaient estimé que le diamètre effectif 
des ions utilisés était de 2 nanomètres. 
L’idée admise était donc que les micro-
pores de diamètre inférieur à 2 nanomè-
tres ne participaient pas au stockage de 
l’électricité : pour que les ions rentrent 
dans l’électrode poreuse, ils ne doivent 
pas être plus gros que les trous.

En solution, les ions sont entourés 
de molécules de solvant, dont ils ne se 
séparent que difficilement. Par consé-

quent, les efforts de toutes les équipes 
ont visé à obtenir des carbones méso-
poreux, avec des pores de diamètre 
compris entre 2 et 5 nanomètres, pour 
permettre aux ions entourés de solvant 
d’accéder à ceux-ci.

Cette idée n’a été contredite qu’en 
2006. Des chercheurs des universités 
de Toulouse et de Drexel, aux États-
Unis, ont alors montré que la capacité 
de stockage était maximale dans les 
carbones microporeux exclusivement 
composés de pores de taille inférieure 
ou égale au nanomètre [1] !

Plusieurs techniques capables de 
sonder les matériaux à l’échelle >>>
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Électrode positive Électrode négative

La charge d’un supercondensateur

UN SUPERCONDENSATEUR  se compose de deux électrodes dont la structure est en carbone nanoporeux (en gris), et d’un électro-
lyte, où se mélangent des cations, de charge positive (en rouge), et des anions, de charge négative (en bleu) dans un solvant (non 
représenté). Pour une différence de potentiel nulle (en haut), autant de cations que d’anions se fixent à la surface des pores, à l’intérieur 
des électrodes. Mais lorsque l’on polarise le dispositif (en bas), un mécanisme d’échange se met en place : à l’électrode négative, les 
anions sont progressivement remplacés par des cations, et vice versa à l’électrode positive. © INFOGRAPHIE BRUNO BOURGEOIS
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