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The electrochemical performance of electrochemical capacitors can be improved with
electroactive quinone molecules. Systems based on redox active electrolyte as well as physisorbed
and chemically grafted molecules have been investigated. In all these cases, carbon materials were
used as substrate and electrode material. This short review will mainly describe work related to
these systems and materials from the authors’ laboratories. Nonetheless, some important studies

from other research groups will be discussed.
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1. Introduction

The improvement of the electrochemical performance
of batteries and electrochemical capacitors is currently the
objective of research groups worldwide. Despite the fact that
electrochemical capacitors, also known as supercapacitors,
can store more energy than conventional dielectric capacitors
and are characterized by a higher specific power density than
batteries, approaches to increase their specific energy density
are being pursued. Most of commercial electrochemical
capacitors are based on two high surface area carbon
electrodes and a nonaqueous electrolyte in a symmetric
configuration.! In these systems, charges are stored and
delivered by the reversible accumulation and depletion of
electrolyte ions at the surface of the negative and positive
electrodes. When a carbon-based electrochemical capacitor
is charged, the excess of charge accumulating at the positive
electrode surface is compensated by adsorption of anions
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from the electrolyte. The reverse process is occuring at the
negative carbon electrode with cations being involved in the
capacitive charge storage process. Cations and anions from
the electrolyte are organized in the so-called electrochemical
double-layers at the interface of the negative and positive
electrodes, respectively. This purely capacitive storage is
a fast process and thus insures high specific power to the
device. Moreover, since chemical reactions are theoretically
not occuring, electrochemical capacitors have high cycle life
and long-term stability.?

Approaches that have been developed to increase the
specific energy of electrochemical capacitors focused
on increasing the operating voltage of the device or the
capacitance of the electrodes. In comparison to commercial
devices using non aqueous electrolyte and that are limited
to cell voltage of up to 3V, room temperature ionic liquids
offer the possibility to reach higher values.’ In aqueous
electrolytes, where the electrochemical stability window
is narrower, an alternative strategy is to use an asymmetric
electrochemical capacitor based on two different electrode
materials to push the limits of aqueous electrolytes.* In this
case, a voltage in the range of 2 V has been demonstrated
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for such device by a judicious choice of the positive and
negative electrode materials.” Unfortunately, these systems
suffer from a low energy density because the voltage
linearly changes from the open circuit potential, which is
near zero, to the limit of the electrolyte, so that the average
voltage remains low. To circumvent this difficulty, a
capacitive electrode was replaced by a polarizable electrode
and a hybrid system is obtained.® Another alternative is to
increase the capacity of high surface area carbon-based
electrodes by organic molecules such as quinone that could
sustain a reversible Faradaic reaction at the carbon electrode
surface. In this case, an electrode having an intermediate
behavior between a capacitive and a battery type electrode
is obtained, the Faradaic charge transfer process occurring
in addition to the capacitive charge storage.

In this short review, we will present a summary of
studies related to quinone-modified carbons. It should be
noted that quinones have been also used to develop organic
rechargeable batteries’ and redox flow batteries.® However,
these two systems will not be discussed in this review.
More specifically, this review will focus on electrochemical
capacitors using quinone as electroactive component either
as redox active electrolyte, physisorbed and chemisorbed
on carbon materials.
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2. Quinones in Electrochemical Capacitors
2.1. Quinone-based redox active compounds

Quinones are a class of molecules that can undergo a
Faradaic reaction involving two protons and two electrons
in acidic electrolyte (top) and two electrons and cationic
species in alkaline electrolyte (bottom),’ as illustrated for
anthraquinone (AQ) in Scheme 1.!° In these compounds,
each carbonyl group can store one electron accompanied
by the insertion of one cation or one proton.

Several quinones have been investigated in
electrochemical capacitors, exchanging from two to four
electrons. The chemical structure of the most often used
quinone-based and tetraone-based compounds and their
theoretical specific charge are presented in Scheme 2.'%-7
The effect of the molecular structure on the electrochemical
properties and the motivation for their selection will be
presented below.

The main motivation for using quinones in
electrochemical capacitor is to increase the specific energy
density of the device by adding a redox contribution to
the double layer capacitance. Figure 1 (left hand side)
presents typical cyclic voltammograms for unmodified and
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Scheme 1. Redox reactions of anthraquinone in acidic (top) and alkaline (bottom) electrolytes.'
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Scheme 2. Chemical structure of electroactive molecules used for electrochemical capacitor applications. From left to right; aminocatechol, aminopyrene-
4,5,9,10-tetraone, amino-9,10-anthraquinone, amino-9,10-phenanthrenequinone and their respective theoretical capacity.
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Figure 1. Cyclic voltammograms of unmodified Black Pearls (—) and anthraquinone modified Black Pearls carbon black recorded in 0.1 M H,SO, at a
scan rate of 10 mV s™'. The loading of anthraquinone is 11 wt.% (- - -)."*!? (Reprinted with permission from Elsevier).

anthraquinone-modified Black Pearls (BP) carbon black
electrodes. The attachment of the quinone molecules (see
section 2.4) allowed an increase of the store charge from
100 C g! for unmodified Black Pearls electrode to 195 C g!
due to the contribution of the redox reaction (see Figure 1)
of grafted anthraquinone molecules. It must be pointed out
that the sum of the capacitive and Faradaic components
does not lead to a capacitive-like behavior for the electrode,
neither to a pseudocapacitive behavior as it is often wrongly
reported in the literature.'®

Interestingly, it is possible to evaluate the charge
contributed by the quinone (Q,q), represented by the
hatched area on Figure 1 (right hand side), by subtracting
the contribution of the double layer charge of the carbon
(Qpy) from the total cyclic voltammetric charge. In these
systems, the current intensity strongly changes with the
potential and as it was explained in detail elsewhere,'® the
capacity (in C g'' or mAh g') is more appropriate to report
performance, than the capacitance (F g'). Indeed, in the
case of the functionalized carbon electrode it is no longer
possible to determine a capacitance since such a value will
no longer be a constant all over the potential window as it
was the case for the pristine carbon electrode.?

2.2. Adsorption of quinones

The adsorption of quinones on carbon has been
investigated on materials such as basal-plane pyrolytic
graphite,”'?? glassy carbon,”? highly-oriented pyrolytic
graphite (HOPG)*2%?" and carbon nanotubes.?® The
adsorption of quinones on these surfaces depends
on hydrophobic, dispersive, electrostatic and dipole
interactions, which are influenced by the chemical nature
of the carbon surface species.” This has been recently
demonstrated in studies dealing with the adsorption of
phenanthrenequinone on graphene, which revealed that

functionalization of graphene by introduction of hydroxyl
and epoxide functionalities improved the stability of the
surface molecule in comparison to pristine graphene.*

The first study reporting the use of quinone to increase
the capacity of a carbon black described the immobilization
of 2-nitro-1-naphthol on its surface.*! Upon cycling in an
appropriate potential range, the reversible interconversion
of the 1,2-naphthaquinone 1,2-naphthahydroquinone
redox system in aqueous H,SO, was observed. The redox
contribution of the organic molecules to the overall
store charge was estimated to be 126 C g' (35 mAh g).
Interestingly, the double layer charge of the carbon was
not affected by the addition of the quinone molecules and
aloss of less than 20% was noticed following 1000 charge/
discharge cycles. It should be noted that in this system the
quinone molecules were only physisorbed at the carbon
black surface. Therefore, it can be anticipated that covalent
immobilization of quinone molecules on a carbon substrate
would improve the charge retention upon cycling.

Interestingly, onion-like carbon (OLC), which consists
of concentrically stacked, multi-shelled fullerenes has
been shown to provide an attractive support for the stable
adsorption of quinones.*> Modification by quinones allows
to significantly increase the intrinsically low specific
capacitance of OLC.

2.3. Redox active electrolyte

An approach that has attracted quite some attention is
to add electroactive quinone molecules in the electrolyte,
popularized as the so-called redox active electrolyte.** The
Faradaic reactions of the quinones that are occurring at the
electrode surface enabled an increase of the charge storage
capacity of an electrochemical capacitor based on two
carbon electrodes. However, and importantly, the practical
usefulness of such approach is greatly hampered by the
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Scheme 3. Grafting reaction of anthraquinone diazonium ions with a carbon substrate by spontaneaous reduction of the diazonium cations."

rapid decrease of the device voltage in the charged state,
a phenomenon known as self-discharge.* Thus, finding a
way to stabilize the electroactive molecules at the electrode
surface or within the porous electrode would be attractive.*

2.4.The grafting of redox groups

Accordingly, quinone-type molecules were chemisorbed
on carbon substrates by spontaneous reduction of the
corresponding diazonium ions for retaining the desirable
redox properties of electroactive molecules by hindering
their release into liquid electrolytes. As a representative
example illustrated in Scheme 3, the grafting reaction
involving 1-anthraquinone diazonium cations is shown.

The same grafting reaction has been applied
to attach molecules such as anthraquinone,!*!!13-15
chloroanthraquinone,'? catechol**3* and phenanthrene-
quinone (PQ)* on various carbon substrates and more
recently on a binder.* The grafting reaction was achieved
by spontaneous reduction using in situ generated
corresponding diazonium ions,'"1%141¢ a reducing agent
such as H;PO,* and an acid-assisted diazotization.*>*
For these modifications, the carbon substrate (e.g.,
carbon powder, carbon felt) was left to react in a solution
containing the diazonium ions. An alternative procedure
developed to improve the grafting efficiency is based on the
adsorption of 2-aminoanthraquinone on a high-surface area
carbon powder, followed by the subsequent diazotization
and spontaneous grafting.'® Interestingly, the loading of
electroactive molecules (nitrophenyl) can be controlled
(from multilayer to monolayer) by using a radical scavenger
during the grafting process.*

2.5. Energy enhancement of quinone-based supercapacitors
electrodes

The increase of the charge storage properties of a
carbon electrode by a two-electron redox process of
quinone molecules is not the only important parameter.
A first important factor is the redox potential of grafted
molecules, since the energy stored in the system can be

maximized by positioning the formal potential of redox
molecules near the lower or/and upper limits of the potential
window. Therefore, reversible electrochemical couples
with very high or very low formal potentials are preferred
at the positive or negative electrode, respectively. It will be
shown below that the redox potential of quinones can vary
over a potential range of 1 V, which makes them suitable
for either positive or negative electrodes. This is presented
schematically in Scheme 4 where the Faradaic contribution
of two different electroactive molecules (shown in red and
green) is superimposed on the double layer contribution

of a carbon.
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Scheme 4. Schematic cyclic voltammograms of carbon-based electrodes
in the potential range swept during operation as negative and positive
electrode in an electrochemical capacitor. The figure on the right hand
side shows the additional Faradaic contributions of suitable molecules for
the negative (red) and positive (green) electrodes.

This is especially true for dual-redox asymmetric
systems where both positive and negative electrodes are
modified, and for which the electrochemical storage at
the level of molecules ideally should occur with high
voltage swings.'**7 Figure 2 shows the electrochemical
behavior of an asymmetric carbon-based system with
redox-functionalization of both the cathode and the anode.
A potential separation of 2 V between the two fast and
reversible surface redox reactions produces an increase in
specific capacity up to 51% in propylene carbonate and an
energy density 2.5 times higher.*

Another important consideration illustrated in Figure 2
is related to the balance of charge between the positive and
negative electrodes, which should be identical in a practical
device. Figure 2 depicts the useful potential range of the
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Figure 2. Illustration of a fully organic asymmetric charge storage system composed of two carbon-based electrodes modified with N-(2-aminoethyl)-
1,8-naphthalimide and 4-amino-2,2,6,6-tetramethylpiperidine-N-oxyl. Cyclic voltammograms were recorded in propylene carbonate + 1 M Bu,NBF, at a
scan rate of 1 mV s! (curves in dotted lines refer to unmodified carbon electrodes). (Adapted from Lebegue et al.).*

cyclic voltammogram of carbon electrodes for the negative
and positive electrodes. Obviously, adding a Faradaic
contribution to, for example, the negative electrode will
have the consequence that a similar charge will be required
for the positive electrode. This could be achieved by either
increasing the mass of the positive electrode or adding,
as well, a redox contribution to the positive electrode by
grafting an appropriate molecule, as illustrated in Figure 2.
It will be shown below that not only quinone-modified can
be used as positive electrode and more specifically a metal
oxide such a ruthenium dioxide" or nickel oxide*® of an
asymmetric electrochemical capacitor.

A first study reporting an increase of the energy and power
densities of an electrochemical capacitor with a quinone
modified electrode made use of a negative carbon fabric
electrode modified by immobilization of anthraquinone by
chemical reduction of 1-diazoanthraquinone with H,PO,
and a positive electrode consisting in the unmodified
carbon fabric.!" The redox potential of the immobilized
anthraquinone molecules in 1 M H,SO, as electrolyte
is —0.1 V vs. saturated calomel electrode (SCE) and
therefore is very well-suited for negative electrode in
aqueous acid electrolyte. A 40% increase of the average
capacity and a higher energy density ranging between 55
and 85% was observed as a result of quinone grafting.
Subsequently, combining an anthraquinone-modified
carbon fabric (Spectracarb 2225) as a negative electrode
and ruthenium oxide as positive electrode in an asymmetric
electrochemical capacitor yielded improved energy
and power density relative to those of a symmetric

ruthenium oxide device."> Noteworthy is the fact that the
anthraquinone-carbon/ruthenium oxide electrochemical
capacitor requires a smaller loading of RuO, (64%) than
a symmetric RuQ, electrochemical capacitor. Algharaibeh
and Pickup'® also reported the modification of the carbon
surfaces by catechol and cyclic voltammetry measurements
also revealed an increase of the specific capacity.

As mentioned above (see Figure 1), an increase of the
stored charge has been observed by the covalent attachment
of anthraquinone molecules on the surface of Black Pearls
carbon black. Interestingly and similarly to the case when a
quinone was only physisorbed on carbon,* the double layer
capacitance of the carbon black was only slightly affected,
even if the covalent attachment of the molecules caused a
major loss of the surface area of the carbon determined by
nitrogen gas adsorption. This apparent discrepancy can
be explained by the fact that an important fraction of the
micropore volume, which was blocked by accumulation of
a small amount of molecules at the pores entrance, does not
contribute to the electrochemical double-layer capacitance.
Due to such constriction effect, microporous carbons are
particularly sensitive to grafting even when a small amount
of molecules is introduced. Indeed, a drastic decrease in
specific surface area of carbons is systematically observed
upon grafting and most of the decrease can be related to
the loss of ultramicropores.' Due to that, recent works
suggest that the porosity of the carbon must be adapted to
the grafting strategy so that the activated carbon keeps its
high electrolyte-accessible surface in the hybrid composite
material obtained.*
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2.6. Stability of the Faradaic contribution over long-time
cycling

The electrochemical stability of electrodes made with
quinone-modified carbon has also been examined by cyclic
voltammetry and constant current charge/discharge cycling
experiments,'* although this last technique is more suitable
for the investigation of two-terminal devices.” Typically,
the stability profile consists of the evolution of the specific
charge with the number of cycles. In acidic electrolyte, only
a 17% loss of the Faradaic charge of the quinone molecules
has been observed following 10000 charge/discharge
cycles.' An important part of the loss in specific charge
occured during the first 2000 cycles, due to the release of
physisorbed molecules, followed by a more progressive
decrease of approximately 1.3% of the Faradaic charge
per 1000 charge/discharge cycles. Note that in specific
cases, attached molecules can also undergo irreversible
degradation under oxidation.®® Nonetheless, the specific
charge of this anthraquinone modified electrode was found
to be superior to that of the unmodified carbon up to about
84000 cycles.

Covalent attachment of electroactive catechol groups
achieved by spontaneous reduction of in sifu generated
catechol diazonium ions in aqueous solution from the
corresponding amine on Black Pearls carbon black and from
acid-assisted diazotization on 9,10-phenanthrenequinone-
grafted on activated carbon (Norit)’' has also been
shown to improve the charge storage performance of the
resulting modified carbon electrode. Indeed, due to the
Faradaic contribution of the catechol units, the modified
electrode can store a higher specific charge (215 C g*)
than pristine carbon (130 C g') between —0.4 to 0.75 V
in 1 M H,SO, as shown in Figure 3. The stability of the
catechol-modified electrode was tested by galvanostatic
charge/discharge experiments and by cyclic voltammetry
over 10000 cycles. The beneficial effect of catechol
groups was observed even after long time cycling. Note
that recently, the catecholdiazonium cations were used
under a protected form due to the strong instability of the
3,4-dihydroxybenzenediazonium ions, which evolves in
solution to give side-products.’?

The electrochemical performance of these carbon-
quinone composite materials are closely linked to the
charge/discharge rate. Electrochemical impedance
measurements of the catechol functionalized activated
carbon electrode material in 1 M H,SO, suggested that
the grafting of the catechol molecules inhibits the ion
diffusion to a certain extent.’’ This was explained by both
a reduced accessibility of the electrolyte inside the pores
of the carbon material and to a higher contact resistance

J. Braz. Chem. Soc.
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Figure 3. Cyclic voltammograms of unmodified BP (solid line)
and catechol-modified carbons using aminocatechol two different
concentrations of the amine precursor for the grafting reaction (dashed
lines for the modification with 0.1 eq and dotted lines for 0.2 eq).*
(Reprinted with permission from American Chemical Society© 2012).

between the active material and the current collector, as
well as between the active material particles. This has
important consequences at high charge/discharge cycling
rate because in these conditions all the quinone units are
not electrochemically accessible.
Anthraquinone-modified Black Pearls electrodes were
also investigated in alkaline electrolyte (1 M KOH) and
their stability upon potential cycling (by cyclic voltammetry)
was found to be inferior to that found in acidic media.’* An
unconventional grafting procedure permitted a significant
economy of time and solvents, yielding a slightly improved
stability attributed to a smaller amount of weakly physisorbed
and ungrafted molecules.!® A potential drawback of
anthraquinone-modified carbon electrode is due to the close
proximity of the potential of the reduction of the quinone
groups with the hydrogen evolution reaction. Indeed,
anthraquinone-modified carbons are characterized by a set
of redox waves centered at about—0.9 V in 1 M KOH, which
is close to the onset of the hydrogen evolution reaction.
To circumvent this difficulty, electrodes prepared with
phenanthrenequinone-modified carbon were investigated
because they displayed electroactivity at more positive
potentials along with a significant increase of the stored
charge relative to the unmodified carbon.*-* In addition to
alkaline and acidic electrolyte, Norit carbon has been shown
to be electroactive as well in neutral buffered electrolyte. A
significant increase of the charge stored has been observed
in biphthalate (pH 4) and phosphate (pH 7.2) buffers.>
The grafting of 9,10-phenanthrenequinone on Black
Pearls has been shown to lead to a significant improvement
of the charge storage performance of a carbon/Ni(OH),
hybrid electrochemical capacitor.®* This is illustrated in
Figure 4 by the increase of the voltammetric charge of the
negative carbon electrode. Interestingly, a good charge
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recovery can be maintained at relatively high cycling rate.
For example, the total stored charge of a device assembled
with a PQ-grafted BP negative electrode having a PQ
loading of 20 wt.% (11.2 mAh g) for a charge/discharge
time of 200 s was found to be 2.5 times higher than that of
a corresponding device using pristine BP carbon electrode
(4.5 mAh g").
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Figure 4. Schematic representation of the cyclic voltammograms of both
positive and negative electrode in: a carbon/carbon symmetric (top) and
both carbon and phenanthrenequinone (PQ)-modified carbon as negative
electrode and Ni(OH), as positive electrode.** (Reprinted with permission
from Elsevier).

Microporous carbide derived carbon (CDC) films
have been recently modified by electrochemical grafting
of anthraquinone for applications in on-chip micro-
supercapacitors.” CDC film electrodes can be efficiently
grafted with AQ moieties for pore size larger than 2 nm
while the CDC with smaller pore size led to a poorly
functionalized electrode. As for other carbon materials, a
significant increase of the charge storage properties was
observed with an appropriate loading of anthraquinone
molecules when cycled in alkaline electrolyte. The
decrease of the Faradaic charge of the quinone molecules
was attributed to electrostatic repulsion of the reduced
dianionic anthraquinone species (Scheme 1) confined in
narrow micropores in the alkaline media.”

Brousse et al. 995

3. Conclusions

The addition of electroactive molecules to a carbon-
based electrochemical capacitors can significantly improve
their charge storage properties. Organic moieties such as
anthraquinone, 9,10-phenanthrenequinone and catechol,
which all involve a 2-electron Faradaic redox reaction,
significantly contribute in improving the charge strorage
properties of the resulting carbon based electrodes. The
addition of electroactive molecules to the electrolyte
improved the charge being stored, but its usefulness
in a practical device is limited unless the issue of self-
discharge is solved. Interestingly, molecules such as
9,10-phenanthrenequinone are known to be strongly
adsorbed on carbon surfaces. Grafting of electroactive
molecules by the diazonium chemistry can lead to a
significant improvement of the stability of the modified
carbons. Another interesting feature of quinones is related
to the fact that they are electroactive in acidic, neutral and
alkaline electrolytes as well as in organic media.
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