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The construction of redox electrolyte-enhanced supercapacitors (RE-
SCs) is an effective way to achieve high energy density without sacrific-
ing the power output. However, this kind of device usually bring more
severe self-discharge than the conventional ones. This review compre-
hensively summarizes the recent progress in RE-SCs. We highlighted
the impacts of redox-electrolyte on the self-discharge behavior and
mechanism. The suppression strategies are analyzed in terms of sepa-
rator, electrolyte, electrode modification and the device optimization.
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ABSTRACT

With the continuous advancement in the dual-carbon strategy, the upswell in the demand for renewable
energy sources has motivated extensive research on the development of novel energy storage technologies.
As a new type of energy storage device, carbon-based redox-enhanced supercapacitors (RE-SCs) are
designed by employing soluble redox electrolytes into the existing devices, exploiting the merits of the diffu-
sion-controlled faradaic process of the redox electrolyte at the surface of carbon electrodes, thus leading to
improved energy density without the cost of power density. During the past years, great progress has been
made in the design of novel redox electrolytes and the configuration of new devices. However, the develop-
ment of these systems is plagued by severe self-discharge. Herein, a comprehensive picture of the funda-
mentals, together with a discussion and outline of the challenges and future perspectives of RE-SCs, are
provided. We highlight the impacts of redox electrolytes on capacitance, energy density, and power output.
Notably, the self-discharge behavior owing to the introduction of redox electrolyte and its mechanism are also
discussed, followed by a summary of the strategies from materials to system optimization. Furthermore,
possible directions for future research are discussed.
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inferior energy density due to the electrostatic
adsorption mechanism at the electrode/electrolyte
interface”. Although the energy density of SCs can be
effectively increased by using pseudocapacitive mate-
rials®” via surface-controlled faradaic reactions, it
happens at the cost of power output and lifespan of

1 Introduction

With the rapid advancement of carbon neutrality and
carbon peaking strategy, the storage of large-scale
clean energy and renewal of consumer electronics
have introduced higher requirements for new energy

storage devices. Both secondary batteries and carbon-
based supercapacitors (SCs) are the main energy
storage devices currently in operation'?. Generally,
batteries exhibit high energy density; however, the
energy fails to convert into sufficient utilization
power due to slow ion kinetics, indicating massive
energy support is further needed in a very short
period®. By contrast, SCs with outstanding power
density and ultra-long life expectancy suffer from

the device because of the intrinsic features of poor
electrical conductivity and low structural stability'® .
Therefore, given the increasing demand for a novel
electrochemical energy storage system with high
energy density as well as rapid ion kinetics, it is
urgently required to design a novel device in an expe-
dient manner.

Fortunately, this dilemma can be addressed by
transferring the substances undergoing redox reac-
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tions from solid to liquid electrolyte!”. Reportedly,
the ion diffusion rate of redox-active species is about
seven orders of magnitude higher in liquids than in
solids!"!. Therefore, the construction of a redox elec-
trolyte-enhanced SC (RE-SC) device by introducing
soluble redox-active additive into the insert support-
ing electrolyte is considered a promising approach to
achieve high energy and power densities simultane-
ously?. RE-SC has amassed broad interests due to
the following advantages: (i) redox electrolyte prepa-
ration is simple and easy to scale up and conven-
tional SC assembly process can be directly used to
prepare an RE-SC device; (ii) easy-to-fabricate
carbon-based electrodes can be adopted instead of
complex synthesized solid-state pseudocapacitive
materials; (iii) redox reaction occurs at the
electrode—electrolyte interface, which is conducive to
high power performance and long cycling life; and
(iv) the electrochemical performance can be easily
manipulated by adjusting the concentration and/or
optimizing the chemical structure of redox media-
tors™,

Normally, RE-SC stores energy through both elec-
tric double-layer capacitance and faradaic capaci-
tance streaming from soluble redox couples at the
electrode—electrolyte interface on high-surface-area
electrodes. As shown in Fig. 1, ether-oxidized redox-
active species (Op) or reduced redox-active species
(Rpui) in the bulk solution are first entrapped into
the pores of the carbon electrodes to form O, and
Ryore Via processes 1 and 1', respectively. Subse-
quently, they are transformed into the transition
states (O" and R’) via processes 2 and 2, respectively,
prior to the electron transfer. Subsequently, the O
and R’ species are converted into their adsorbed
states (O,4, and R,4,), which further combine with
electrons through process 4, leading to enhanced
charge storage capacity. Notably, the O,4 and R 4, are
prone to conversion into soluble states and diffusion
into the bulk solution, causing the baffling concern of
self-discharge!'*..
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Figure1 Illustration of the charge storage mechanism of
porous carbon-based redox-enhanced supercapacitors (RE-
SC)il. Copyright 2015, IOP Publishing.

To date, the research studies on carbon-based RE-
SCs have mushroomed rapidly and gratifying results
have been achieved*"”.. However, every coin has two
sides. The fast charge capability offers outstanding
advantages and causes a fatal problem, namely self-
discharge, which remains as a tough nut limiting the
commercial application of carbon-based RE-SCs. In a
sense, self-discharge is a bigger concern than energy
density because it makes RE-SCs unsuitable for appli-
cations where continuous power supply is not
required. Unfortunately, little attention has been paid
to the methods for inhibiting the self-discharge of RE-
SC systems™..

In this review, recent progress on carbon-based RE-
SCs is summarized with an emphasis on the develop-
ment of redox-active species application in different
supporting electrolytes (i.e., aqueous, organic, and
ionic liquid electrolytes). Subsequently, special atten-
tion is paid to the causes of self-discharge and the
corresponding suppression strategies from the sepa-
rator modification, electrolyte modulation, electrode
design, and device optimization comprehensively
(Fig. 2). Finally, the remaining challenges and future
perspectives are identified. This work can motivate
further fundamental research on the development of
RE-SCs and push them toward commercialization.

2 Development of RE-SCs

In 2005, Tanahashi reported the enhancement of the
SC capacitance by adding AgNO; into an aqueous
H,SO, electrolyte; it marked the birth of the first RE-
SCei. Although the development of RE-SC is still in
its infancy, various species with redox activities rang-
ing from inorganic soluble salt to organic small
molecular species were tested to improve the overall
performance of carbon-based SCs®%!. As illustrated
in Fig. 3a, we summarize the major development of
some redox mediators in chronological order, featur-
ing varied ionic conductivity, redox activity, redox
potential, and reversibility. Notably, the number of
published papers related to carbon-based RE-SCs has
rapidly increased in the past decade (Fig. 3b).
Through these meaningful studies, one can infer that
the optimal match between redox-active species and
supporting electrolyte is of vital importance for the
overall performance of an RE-SC device. The pore
size distribution (PSD) and surface functionalization
of the carbon electrode also affect the efficacy of
redox-active species through confinement effect and
bonding. In this section, the electrochemical perfor-
mance of the RE-involved SCs is discussed, and the
synergistic effect of the coupling of RE-porous
carbon electrodes is also emphasized.

2.1 Aqueous redox electrolyte

Aqueous electrolytes have the advantages of high

2
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Figure 2 Illustration of the mechanism of severe self-discharge in redox electrolyte and the strategies for suppressing it.
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Figure 3 (a) Timeline for the development of carbon-based redox-enhanced supercapacitors (RE-SCs); (b) Number of published
papers regarding carbon-based RE-SCs in the past decade. The data were collected from Web of Science with keywords “Redox elec-

trolyte” and “carbon-based supercapacitors”.

ionic conductivity, low viscosity, incombustibility,
and low cost, which ensure high power density at low
cost for the assembled device®. Various
inorganic/organic  redox-active additives were
directly dissolved into aqueous supporting elec-

3

trolytes to augment the RE-SCs’ performance via
different redox reactions!'* 6127,

2.1.1  Inorganic redox mediator

To date, numerous soluble salts, such as KI?, KBr?,
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K;Fe(CN)®, Na,MoO,F, ferrous ammonium
sulfate®, and NH,VO;®), have been dissolved in
aqueous electrolytes to augment the capacity of as-
fabricated devices. For example, Chen et al. intro-
duced K;Fe(CN), to Na,SO, electrolyte and achieved
a five times increase in specific capacitance due to the
additional Faraday reaction of the [Fe(CN)¢]*/
[Fe(CN)¢]* redox couple®. Wang and coworkers
further verified that the redox reaction of
[Fe(CN)s]*/[Fe(CN)¢]* could be enhanced by the
catalytic reaction of hydroxyl and carbonyl func-
tional groups on carbon surface (Fig. 4a)®. A strong
covalent bond formed within S-containing groups,
and the Na,S additive could act as a “bridge” to accel-
erate the Na,S-involved faradaic reactions (Fig. 4b).
Owing to the synergistic action of S-containing
groups on the carbon surface and S* in the Na,S
mediator, a high capacitance of 643 F g' was
obtained even at a high current load of 15 A g.
Furthermore, a high energy density of 12.6 Wh kg,
about 1.8 times that of the cell containing pure KOH
supporting electrolyte was also achieved®.

Similar to using redox-active species with multiple
redox centers, mixing different RE additives could
also improve the capacity through the synergistic
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effect of these redox-active species. Considering the
mixture of Na,MoO, and KI as an example, as shown
in Fig. 4c, the CV integral area is substantially larger
than that of individual systems due to the formation
of (Mo,1,0,,)"C,. After adding the same dosages of
Na,Mo, and KI into H,SO, supporting electrolyte, a
17.4-time  enhancement in capacitance was
achieved®!.

Interestingly, both mass spectroscopy and Raman
spectrometry confirmed the formation of 105 ion
from I~ after charging in KI + KOH electrolyte; the
coexistence of 1057/ catholyte couple and H,O/H,4
redox pair allows the RE-SC to operate safely at 1.6 V
with specific energy and power density comparable
to those of the state-of-the-art nonaqueous electro-
chemical capacitors®.

2.1.2  Organic redox mediator

Organic redox mediators have gained particular
attention due to their designable molecule structure,
which may result in the modulation of redox poten-
tial, solubility, and electrochemical reactivity".
Nowadays, many soluble organic redox-active addi-
tives, such as hydroquinone (HQ)®?, 1, 4-dihydrox-
yanthraquinone (DQ)", pentyl viologen (PV)&,
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Figure4 (a) Illustration of the synergistic interaction between surface-oxygen functional groups and [Fe(CN)¢]*-/[Fe(CN)4]* . Copy-
right 2018, Elsevier. (b) Diagrammatic sketch of the modification of porous carbon with the incorporation of redox additives®. Copy-
right 2020, Elsevier. (c) The synergistic effect of KI and Na,MoO, using the CV curves at a scan rate of 20 mV s': (left) Mo-100 and KI-
100 samples; (right) theoretical value and 100Mo-KI-1:1 samples®!. Copyright 2017, Elsevier.
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2,2,6,6-tetramethylpiperidinyloxy (TEMPO)®), aliza-
rin red S“, p-phenylenediamine (PPD)“!, and
thiourea (TU)"“, are being frequently reported.

Yoon investigated the influence of HQ concentra-
tion on the capacitance of the as-prepared device.
They found that a maximum capacitance value of 513
F g could be realized when 0.38 mol L' HQ was
adopted". Subsequently, Chen’s group evidenced the
feasibility of using HQ and DQ together, and the
results showed that the cooperative effect resulting
from the redox processes of DQ and HQ consecu-
tively occurring in the carbon electrode and aqueous
H,SO,-supporting electrolyte could largely elevate
the capacitive performance of RE-SCs*. An exten-
sively  conjugated indole-based macromolecule
comprising 5,6-dihydroxyindole/5,6-quinoneindole
motifs was prepared and used as a redox additive!**.
The narrow HOMO-LUMO gap of 2.08 eV endows
SC with excellent electronic transfer kinetics. The
assembled RE-SC delivers a high power density of
153 kW kg with a respectable energy density of 8.8
Wh kg along with an outstanding cycling stability
(97.1% capacitance retention after 20,000 cycles).
However, the conjugation degree of the redox media-
tor must be carefully considered to balance the stabil-
ity and power output.

Despite the great process, it is difficult to find a
redox mediator that can increase the capacitance for
two electrodes simultaneously. Hu et al. first intro-
duced ambipolar TEMPO into electrolyte. The
results demonstrated that TEMPO contributed extra
pseudocapacitance via oxidation at the positive elec-
trode and reduction at the negative electrode simul-
taneously. The device with TEMPO additive delivers
a high energy density of 51 Wh kg™, 2.4 times of that
without TEMPO™. This work highlights a new path
to augment the energy density of SCs by exploring
dual-functional redox-active additives.

2.2 Organic redox electrolyte

Considering the wide operating voltage, organic elec-
trolyte is typically utilized in commercial SCs; thus, it
is imperative to develop the redox additives suitable
for organic electrolyte system to further improve the
energy density of such devices.

Kimet al. added redox-active decamethylfer-
rocene (DmFc) in an organic electrolyte, through
which the energy density could be significantly
increased up to 36.8 Wh kg, approximately 27-fold
greater than that of the pristine one. The widened
working voltage (1.1-2.1 V) and additional pseudo-
capacitance stemming from DmFc paved the way for
the enhancement of the overall performance®.
Recently, a new redox mediator, called tetrachlorohy-
droquinone (TCHQ), was used by Chen’s group'.
They found that TCHQ show impressive reversibil-
ity even with a large electrochemical window of 2.7

5

V. In addition, the theoretical calculation authorized
that pyrrole N could catalyze the dehydrogenation
reaction of TCHQ, providing distensible capacitance.
The TCHQ-involved RE-SC delivered a specific
capacity of 140 F g at 0.5 A g7, 1.3 times higher than
without the addition of TCHQ .

However, the characteristics of flammability, toxi-
city, and volatilization have limited the use of tradi-
tional organic electrolytes. Therefore, it is imperative
to develop a cheap and environmentally friendly a
novel organic electrolyte with low toxicity. Bio
organic electrolyte may be a potential competitive
organic electrolyte candidate owing to the advan-
tages of degradability, low cost, and low toxicity.
Chowdhury’s team extracted pivalic acid (PA) from
industrial wastes and bio-sources and further used it
in the research of biological organic electrolyte.
When PA was combined with ascorbic acid (AA)
redox additives, the capacitor could provide an
energy density of 15 Wh kg™ at a current density of 1
A g'. A good coulombic efficiency of ~97% with a
capacitance retention of ~72% could also be achieved
after 10,000 charge-discharge cycles®”’. This work
could widen the applications of bio-based redox elec-
trolytes in electrochemical energy storage applica-
tions.

2.3 Ionic liquid redox electrolyte

Similar to organic electrolytes, ionic liquid elec-
trolytes with a wide operating voltage window also
couple with RE mediators to improve the electro-
chemical performance of SCs. Navalpotro et al.
added p-benzoquinone (p-BQ) to N-butyl-N-
methylpyrrolidinium bisimide as a redox electrolyte,
and the results showed the capacity and energy
density of 156 F g and 30 Wh kg, respectively,
which were increased by 36% and 10% compared
with those of SC without p-BQ*.

Besides being directly mixed with redox additives
and ionic liquid electrolytes, redox-active groups can
also be grafted onto the anion or cation of the ionic
liquid"”. For instance, two novel ionic liquid elec-
trolytes containing ferrocene (Fc) imidazolium
cations ([FcEmim][TFSI]) and bis(trifluoromethane-
sulfonyl)imide anions ([Emim][FcTFSI]) were
designed by Xie, who investigated the effects of
[FcEmim]* and [FcTFSI]- on the performance of SCs.
The results affirmed the positive role of the Fc group
in broadening the operating voltage (2.5 V) of the
device. Consequently, the device delivers a high
energy density of 13.2 Wh kg, which is an 83%
increase over using unmodified ionic liquid*.

Inspired by Xie” work, You and coworkers studied
the influence of Br and I substitution of ionic liquid
anions on the electrochemical properties of the
devices. In their work, 1-ethyl-3-methylimidazolium
halide ([Emim]X) was prepared and used as an elec-

(B) TRINGHUA | Sci®@pen
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trolyte, where X = Br or I, Br-, and I" act as redox-
active ingredients to provide pseudocapacitance. The
RE-SCs containing [Emim]-I and [Emim]-Br exhib-
ited the energy densities of 175.6 and 161.2 Wh kg™
at a current density of 1 A g, respectively, closing to
the level of Li ion batteries. Unfortunately, the high
viscosity and low ionic conductivity due to the dual
ionic liquids involvement led to poor power perfor-
mance. The maximum power densities of [Emim]-I
and [Emim]-Br containing device were only 4994.5
and 5267.0 W kg, respectively®. Therefore, improv-
ing the overall performance of RE-SCs by modifying
ionic liquids with redox species remains farfetched.

Table 1 summarizes the performance of some RE-
SCs using aqueous, organic, and ionic liquid redox
electrolytes. Though notable progress has been made,
the low decomposition voltage of water (1.23 V)
limits further development of aqueous RE-SCs.
Meanwhile, the safety issues caused by the intrinsic
nature of flammability, volatility, toxicity, and the
high viscosity of organic electrolytes and ionic liquids
hinder their application in areas requiring high safety
factor and power output. Therefore, a novel design of
redox additives or device configuration, which can
broaden the stable working voltage of water as well as
nonflammable and low-viscosity  high-voltage
supporting electrolyte, is urgently needed.

3 Self-discharge suppression strategy
for RE-SC

Driven by Gibbs free energy, the charged SC under-
goes spontaneous voltage drop under an open circuit,
which, similar to Achilles heel, limits the wide appli-
cation of the capacitor. The energy loss depending on
the self-discharge rate varies for different types of

redox-active species used in the device. To greatly
diminish the harmful effects of self-discharge, it is
necessary to understand the mechanism of self-
discharge formation first. Ohmic leakage, Faraday
reaction, and charge redistribution are perceived as
three widely accepted mechanisms of self-
discharge!™.

In general, charge redistribution is inevitable in
SCs assembled via porous electrodes unless a special
charging protocol is chosen®™ because the potential
tested includes the charges located around the tip of
the pores. After the external power supply is
removed, some charges will move toward the pore
depth driven by the concentration difference, caus-
ing the decline of measure voltage®. PSD affects the
charge redistribution due to difference in the ion
diffusion resistance. The resistance in small pores is
bigger; therefore, the charge redistribution could also
be adjusted via optimizing the PSD of an electrode.

Ohmic leakage is typically derived from an inter-
nal short circuit or parasitic redox reactions near the
electrode/electrolyte interface. The relationship
between the voltage and duration time can be
described by the following equation®:

V= V,exp <—th> (1)

where V, V;, t, and RC represent the self-discharge
voltage, initial voltage, self-discharge duration, and
time constant on behalf of the resistance, respec-
tively.

The Faraday reaction originates from the reac-
tants (oxygen-functional groups on the carbon
surface, redox mediator, and dissolved oxygen in the
electrolyte) that can accept or lose electrons. Accord-
ing to the reactant concentration levels, it can be

Table 1 Comparison of the electrochemical performance of the RE-involved SCs

Type Electrolyte Potential (V) Capacitance Energy density Ref.
H,S0, + AgNO; 1.0 82—248 Fg' (1 mA) - [21]
Na,SO, + K;Fe(CN)g 1.6 93—475 mF cm™ (20 mA cm) 169 yWh cm* [33]
KOH + K;Fe(CN), 0.6 152.9—207.7Fg'(1Ag") 23.9 Wh kg [30]
KOH + Na,$ 1.0 207643 F g (1A g™) 12.6 Wh kg™ [34]
Aqueous redox electrolyte H,SO, + Na,MoO,/KI 1.0 27—470Fg' (3Ag") 65.3 Wh kg [31]
KOH + KI 1.0—1.6 - 71 Whkg'(3Ag?) [35]
H,S80,+HQ 1.0 220—412 F g (5 mA cm?) 14 Whkg [43]
TEMPO 1.6 ~30—~60mAh g (0.5A g") 51 Whkg* (39]
KOH + KCl + TU 1.4 194 —1154 mF cm™ (4 mA cm™) 314.2 yWh cm? [42]
TBAP + DmFc 1.1-2.1 83—613Fg'(1Ag") 36.76 Wh kg™ [45]
Organic redox electrolyte SBPBF, + TCHQ 2.7 ~107.7—140 Fg* (0.5 A g™") 35.7 Whkg [46]
SP + AA 1.2 156—308 Fg' (1A g") 15 Wh kg [47]
PYR,,TESI+p-BQ 30 23.3—»17;4;; tiﬁllc:agr;; ((glrcr?z)x cm?) 10.330\/\/\;[;1 li{ggil((\f:l:in) [48]
Tonic liquid redox electrolyte CH,CN + [FcEMIm][NTS] 2.0 - 9 Whkg' (2 mA)

CH,CN + [EMIm][FeNT5] 20 - 132Whkg' 2mA)  [49]

2.5 - 23.7 Whkg' (2mA)
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divided into activation- and diffusion-controlled
reactions. An activation-controlled reaction is domi-
nant when the concentration of impurities is high or
the charging potential exceeds the decomposition
potential of the solvent. The corresponding voltage
after self-discharge can be expressed as the following
formula®®:

ve_"1y
oF "RTC _ aF

)

RT, aFi, RT |: CT:|
— —In|t+ -0
Iy

where R, T, a, F, ip, C, and 7 represent the gas
constant, temperature, transfer coefficient, Faraday
constant, exchange current density, interfacial capac-
itance, and integration constant, respectively.

On the contrary, if the impurity concentration is
low, they will require a long duration to pass through
the electric double layer and to be oxidized or
reduced. In this case, the diffusion-controlled reac-
tion dominates the reaction process and can be
remarked as follows'**:

VeV— 2zFAD'* /¢, s
' C
where V;, z, D, ¢, and A represent the initial voltage,
charge of redox-active species, diffusion coeftficient,
initial concentration, and electrode area, respectively.
Notably, the aforementioned factors do not exist
alone in a real situation. They may occur
synchronously, thus causing complex self-discharge
behavior. By combining them together, the real self-
discharge process can be depicted as follows!**:

3)

V= V,exp <—th> —mt”? —a—bln {H— CIUK] 4)
where a, b, and K represent the constants of the
Faradic activation process and the integration
constant, respectively.

Based on the self-discharge mechanism, various
inhibition strategies have been proposed. Herein, we

mainly summarize the strategies from the separator,
electrolyte, electrode modification, and device opti-
mization. Moreover, we primarily focus on the influ-
ence of interaction between porous carbon and redox-
active species on the shuttle effects of soluble redox
mediators.

3.1 Separator modification

In general, the separator plays a dual role in insulat-
ing the negative electrode from the positive electrode
and providing ion transport channels for the move-
ment of electrolytic ions. Therefore, through reason-
able design/modification of the separator, including
ion selectivity modification, pore size optimization,
and polarity modulation, it can play a role in inhibit-
ing ion shuttle for controlling self-discharge’®.

The suppression of capacitor self-discharge can be
achieved by using ion exchange membranes (IEM).,
For example, Lee et al. used a cation exchange
membrane instead of a porous hydrophilic polyte-
trafluoroethylene separator (ONP) to inhibit the
shuttle crossing of [Fe(CN)g]*/[Fe(CN)g]* couples.
As shown in Fig. 5a, the addition of K;[Fe(CN)]q
significantly accelerated the self-discharge of the
capacitor; however, when IEM was used, the self-
discharge rate was significantly reduced. The open
circuit voltage (OCV) maintained over 75% of its
initial voltage after 10 h while that of the device using
ONP almost reduced to 0 V under 1 h*¥’.. Unfortu-
nately, the high cost of IEM has deterred many stud-
ies.

A polyacrylonitrile coated by sodium dodecyl
benzene  sulfonate  (PAN@SDBS)  nanofiber
membrane was fabricated and further used as a sepa-
rator for SC. Na* can be released in the KOH elec-
trolyte, and this process impart a negative charge to
the separator. In this case, the anions on the positive
electrode are electrostatically repelled by the negative
charges on the separator, thereby their migration is

a 0.8 b
~1 mol L' Na,SO, + 0.1 mol L' PFC (IEM)/ F1.5%SDS _
CC) J.u o0 L‘O 0 d.:) L) :J‘z. L)
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o Off B00@ OO BOOE BOOE WO
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= _ —— Celgard
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Figure 5 (a) Time dependence of the open circuit voltage (OCV) for 1 mol L' Na,SO, with and without 0.1 mol L' PFC. Data are
provided for the use of a porous separator (ONP) and an ion exchange membrane (IEM)®”. Copyright 2016, American Chemical Soci-
ety. (b) Illustration of the possible orientation of the SDS molecules in the hybrids and the contact angle and energy change in different

systems'®.. Copyright 2023, Wiley-VCH.
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suppressed®. The voltage remains at 0.58 V after
12,000 s when the PAN@SDBS membrane is used,
while it is higher than those of the commercial sepa-
rator-used (0.38 V) and pure PAN-used (0.34 V)
devices.

Based on a similar principle, Buxton et al. induced
polarity of the separator by tailoring the amount of
sodium dodecyl sulfate (SDS) in a polyvinylidene
fluoride (PVDF) nanofiber membrane®®. As
displayed in Fig. 5b, the dosage of SDS affects the
surface hydrophilicity of the separator, which is an
important index for aqueous-based SCs. This polar-
ized separator successfully suppresses self-discharge
by dropping the initial voltage of 1.6 to 1 V after 10 h,
compared to 0.3 V for the nonpolarized separator
with the energy retention of 37% and 4%, respec-
tively.

The shuttle of polysulfides has been reportedly
suppressed in lithium-sulfur batteries by adjusting
the PSD of separators'*’. Thus, we believe that the self-
discharge of SC can also be suppressed by a similar
approach. In general, when the size of the hole in the
separator is smaller than the redox mediator
molecules, they will be completely blocked from
passing. Liang et al. assembled graphdiyne
oxide/polyvinyl alcohol (GDYO/PVA) membrane to
alleviate serious self-discharge by benefiting from
intrinsic selective nanopores of GDYO. The smaller
PSD of GDYO (ca. 0.38 nm) than those of I (0.39
nm) and I;~ (0.63 nm) plays a critical role in inhibit-
ing the diffusion of redox-active species. In addition,
the hydrogen bonding between the GDYO and PVA
molecules also plays an important role in inhibiting
ion diffusion. Consequently, the SC with
GDYO/PVA separator takes 37,160 s to drop the
voltage from 1 to 0.3 V, about 153 times longer than
the device with commercially available PP film®'.

Although  self-discharge can be effectively
suppressed by membrane modification, this method
could significantly increase the ion diffusion resis-
tance and limit the ion transport, thereby reducing
the power characteristics and rate capability of the
SCs.

3.2 Electrolyte modulation

Similar to separator modification, the core purpose
of electrolyte regulation is to suppress the irre-
versible shuttle of ions. By choosing a special redox
electrolyte or adjusting its molecular structure, an
electrode—electrolyte interface emerges with differ-
ent strengths; consequently, the self-discharge can be
suppressed. In this section, we summarize several
common strategies to suppress self-discharge by
regulating the electrolyte.

3.2.1 Solid complexation

Li’s study found that when CuSO, was used as the
redox medium instead of BQ, insoluble Cu formed

https://doi.org/10.26599 /EMD.2023.9370009

on the negative electrode surface during charging,
thereby inhibiting the shuttle of redox-active species.
In the OCV-time curve, the capacitor with the
CuSO,/H,SO, electrolyte has a considerably slower
self-discharge process than the capacitor with the
BQ/H,SO, electrolyte. It requires 7727 s for the
CuSO,/H,S0, system and 1462 s for the BQ/H,SO,
device to decrease from 0.8 to 0.3 V, which indicates
an effective suppression of self-discharge (Fig. 6a)<?.
Although the deposition of Cu on the negative elec-
trode serves to suppress self-discharge, insoluble Cu
inevitably leads to the pore-clogging effect and dete-
rioration of cycling stability, which can cause serious
capacity degradation.

Inspired by the interesting work mentioned above,
a new strategy based on the concept of solid
complexation was proposed by Stucky and cowork-
ers through the research of viologen molecules and
bromide!®®!. They discovered that the branched
chains in viologen molecules played an important
role in tuning the overall performance of
viologen/bromide-involved hybrid electrolytes. For
example, when coupling heptyl viologen (HV) with
KBr, an energy density of 11 Wh kg at a specific
power of 122 W kg along with a slow self-discharge
rate can be achieved. When the HV was replaced by
methyl viologen (MV), a higher specific energy of 14
Wh kg and fast self-discharge were found, indicat-
ing that the electrochemical performance varies as a
function of the chemical and molecular structures of
viologen'®. To deeply understand the reason of the
self-discharge, they investigated the behavior of
viologen molecules and bromides (Br/Br;-) with
different branched chains. As shown in Fig. 6b,
during charging, the viologen (V*) and the
tribromine anion (Br;") formed an insoluble complex
[V>*2Br;7] at the positive electrode, while a solid
complex [V*Br]was formed at the negative elec-
trode, leading to the deposition of charged products
on the porous carbon electrode. When discharging,
the opposite process occurs, and the solid complexes
dissolve from the electrode surface into the native
electrolyte. The solid complexes generated during the
charging process can suppress the diffusion of redox-
active couples in the charged state to prevent any side
reactions and self-discharge. Consequently, the
assembled device delivers a high specific energy of
48.5 Wh kg along with amazing stability, maintain-
ing 97% of energy after 10,000 cycles at a current
density of 2.5 A g4,

Subsequently, they brought tetrabutylammonium
cation (TBA*) to the bromide cathode electrolyte to
induce the formation of reversible solid-state
complexes of Br,/Br; . Since these solid-state
complexes can be confined in the pores of electrodes,
this approach can be perceived as a “killing two birds
with one stone” strategy that can achieve the dual
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(a) Conversion of Cu* into insoluble species during the charging process and the self-discharge curves®?. Copyright 2008,

Royal Society of Chemistry. (b) Mechanism of reversible solid complex formation based on viologen and bromine during
charging/discharging!*’. Copyright 2016, American Chemical Society.

purpose of high redox activity and high stability.
Based on this mechanism, the as-fabricated RE-SC
delivers high energy density (64 Wh kg™), impressive
power density (3 kW kg™), long cycling life, and slow
self-discharge rate.

3.2.2  Molecular structure control

As mentioned in Section 2.3, by reasonably design-
ing the molecular structure of the ionic liquid, a
stable passivation layer appears during charging,
leading to a low self-discharge rate. However, the
limited ion/electron transport caused by the passiva-
tion layer deteriorates the power output and cycling
life*). To address this problem, Mourad designed a
biredox ionic liquid where the anion was functional-
ized with AQ and the cation was modified with
TEMPO moieties'"!. The ionization of redox groups
contributes to the increased density of the redox
groups in the liquid state approaching the bulk
density of redox solids, thereby resulting in higher
capacity and faster redox kinetics than surface-
immobilized redox-active species. Interestingly, the
reduced/oxidized species are doubly charged and can
be electrosorbed at the charged electrode, thereby
reducing free diffusion and self-discharge. The leak-
age current in the biredox ionic liquid involved elec-
trolyte is between 30 and 40 pA F'V-, two or three
times lower than the cell with a conventional elec-
trolyte (100 pA F'V-1).

3.2.3 Electric field induction

The ion diffusion can also be retarded by introduc-

9

ing extra electrorheological molecules, which could
affect the viscosity when an electric field is applied®’.
Precisely, when an electric field is applied, liquid
crystal molecules undergo directional alignment,
leading to a significant increase in the fluid viscosity
near the electrode surface.

Xia et al. introduced the nematic liquid crystal 4-n-
pentyl-4"  -cyanobiphenyl  (5CB) to  the
TEMABE,/acetonitrile electrolyte to probe its effect
on the suppression of self-discharge®. The principle
of the function of 5CB is shown in Figs. 7a and 7b.
Upon charging, the 5CB molecules undergo rear-
rangement to form an ordered arrangement that is
perpendicular to the electrode surface due to the elec-
trorheological effect, resulting in higher viscosity
near the electrode/electrolyte interface. Owing to the
well-tuned fluid rheological properties of the elec-
trolyte, the diffusion of ions and redox substances in
the electrolyte could be hindered, resulting in slower
self-discharge rate. Notably, the 5CB molecules
would be turn into a disordered state, and the elec-
trorheological effect would disappear during the
discharge process. Accordingly, it takes 16.5 h for the
SC containing 5CB to drop from 2.0 to 1.5 V, almost
seven times longer than that of the one without 5CB
(Fig. 7c). Moreover, the leakage current of the capaci-
tor with 5CB is only 2.2 pA, substantially smaller
than that of the other one (12 pA). A similar effect
can also be found when the supporting electrolyte is
altered as an aqueous electrolyte!*.

In addition to using a single species to inhibit self-
discharge, multi-species hybridization is another
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Figure 7 (a) Illustration of the electrode-electrolyte interface with 5CB added to the electrolyte. In the discharged state, cations, anions,
and 5CB molecules in the electrolyte are uniformly distributed. (b) When the electrode is charged, the electric field near the electrode
surface causes the 5CB molecules to align toward the electric field and enhances the flow viscosity. (c) Potential-time plots with and

without the 5CB®. Copyright 2018, Elsevier.

effective approach to improve self-discharge perfor-
mance. For example, a new hybrid liquid crystal E7
composed of 5CB (51%), 7CB (21%), 80CB (16%),
and 5CT (12%) monomers was prepared by Su et al.
and further used as an additive to the electrolyte to
suppress the self-discharge of activated carbon-based
SC, In this mixture, 7CB, 8OCB, and CT are 4-n-
heptyl-4' -cyanobiphenyl, 4-octyloxy-4'
cyanobiphenyl, and cyanotriphenyl, respectively. The
OCYV of the device with E7 decreased from 3to 1.4 V
after 24 h. The leakage current was also reduced from
10 to 2.2 pA due to the presence of E7. Even at 60°C,
E7-added electrolytes still exhibited a remarkable
suppression of self-discharge, thus providing a useful
strategy to improve the performance of SCs.

In addition, the electric field can also be affected
by the high concentration of the electrolyte via
changing the electron transfer between the electrode
and electrolyte. When 14 mol L instead of 1 mol L
LiCl was adopted as an electrolyte, 40 times longer
time was needed to drop the OCV to the same volt-
age®l. They found that the self-discharge mechanism
turns from an activation-controlled to a diffusion-
controlled faradaic reaction due to the increased
number of hydration clusters and decreased number
of free water molecules, which leads to a reduced rate
of electron transfer.

3.2.4  Gellsolid-state electrolyte

A proven efficacious method to alleviate self-
discharge involves using solid or gel electrolytes. The
voltage dropped rapidly from 1 to 0.5 V in 1720 s for
the RE-SC using an aqueous CuCl,/H,SO, elec-
trolyte. In contrast, a substantially slower voltage
decay was observed when the PVA/CuCl,/H,SO, gel
electrolyte was adopted. It takes 18,465 s to drop
from 1 to 0.5 V, which is 10 times longer than the
voltage change in the aqueous one!®. However, low
ionic conductivity leads to insufficient power density.
To solve this problem, Hashmi et al. immobilized KI
and  1-ethyl-3-methylimidazolium  bis(trifluo-

romethylsulfonyl)imide into poly(vinylidene fluoride-
co-hexafluoropropylene) to prepare a gel electrolyte
with high ionic conductivity. The assembled all-solid-
state capacitor exhibited excellent rate performance
and cycle stability while maintaining a slow self-
discharge rate!™.

Based on a similar concept to gel electrolytes, solid-
state electrolytes can reduce the self-discharge rate by
weakening the ion transport rate. Wang et al.
proposed a “playing mud pies” strategy to fabricate
bentonite clay@ionic liquid-based solid-state elec-
trolyte (BISE). The BISE-based SC displays an
extremely low self-discharge rate with an OCV drop
of only 28.9% within 60 h, which is significantly
better than that of conventional SC (40.1%@12 h).
Moreover, even at 75°C, the device can present a low
voltage decline of 40% within 12 h and can stably
provide a high voltage of >1.5 V. The confinement
effect of Si-O bonds of the clay is responsible for
suppressing the shuttle effect of Fe ions and promot-
ing selective penetration of electrolyte anions.

3.3 Electrode modification

As an important part of RE-SCs, the basic character-
istics (pore structure and surface polarity) of elec-
trode materials not only affect the quantity of energy
storage processes but also have a considerable impact
on the quality of their energy storage capability
(cycling stability and self-discharge behavior). The
works of separator modification and electrolyte regu-
lation to directly or indirectly inhibit self-discharge
prove that strengthening the interaction between
electrolytic ions and the electrode interface is helpful
in inhibiting the occurrence of self-discharge and
weakening the side effects of self-discharge on the RE-
SC system. In this part, we focus on the influence of
the possible interaction between the redox-active
species and the typical nature of the electrode materi-
als, including the pore structure and surface func-
tional groups, on the construction of a strong elec-
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trode—electrolyte interface to inhibit the ion shuttle.
3.3.1 Pore structure

The intrinsic pore properties, such as the size and
shape of carbon-based electrodes, play an important
role in ion adsorption and diffusion. To investigate
the influence of PSD on charge redistribution, Wang
et al. proposed a novel controlled current-source-
based ladder equivalent circuit model (ECM)
expressed in Fig. 8a. The ECM has tree branches
representing the macro, meso, and micropores. The
resistances in each branch stand for the electrolyte,
electrode, and self-discharge resistances, respectively.
Based on the experimental data and simulation
results, the percent relative error of the proposed
ECM is within 0.8%, confirming the important influ-
ence of PSD on the self-discharge process.

Pore shape is another important factor affecting
ion transport and diffusion. To analyze the impact of
pore shape structure on self-discharge, stacked
carbon nanosheets (S-CNS), double-layer carbon
nanosheets (DL-CNS) and flower-like carbon
nanosheets (FL-CNS) with similar pore diameters
but different pore shape structures were prepared.
As expected, due to the different pore structures and
correspondingly different ion transport resistances,
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the rate performances increased from S-CNS, FL-
CNS to DL-CNS SCs (Fig. 8b). However, for the pore
shape with fast ion transport, it is difficult to main-
tain higher energy at the OCV due to the rapid ion
diffusion; therefore, the voltage drop is more
pronounced. As presented in Fig. 8b, the OCV of S-
CNS-, FL-CNS-, and DL-CNS-based SC drops from
2V to0 0.99, 0.74, and 0.53 V after 24 h, respectively.
Simulations of the OCV decays indicate that the self-
discharge processes of the three carbon materials
were jointly controlled by a diffusion-controlled
process and an ohmic leakage process. Therein, the
diffusion-controlled process corresponding to the
faster self-discharge rate dominates in the first several
hours, while an ohmic leakage process is responsible
for the subsequent slower self-discharge. The results
of this study indicate that balancing the rate perfor-
mance and energy loss caused by self-discharge must
be greatly emphasized.

Regarding the effect of pore diameter on self-
discharge behavior, Zhang et al. conducted related
research by using multi-walled carbon nanotubes
(MWCNTs) with different diameters of 20, 30, and
50 nm as the research object. The self-discharge rate
was found to reduce with the decreasing diameter of
MWCNTs due to the augmented diffusion resistance.
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Figure 8 (a) Equivalent circuit model (ECM) based on the macro, meso, and micropore structures’. Copyright 2020, Elsevier. (b)
Pore structures as a function of specific capacity and open-circuit voltage”. Copyright 2021, Elsevier. (c) Illustration of the charge stor-
age mechanism involving multiple physical transfer processes in porous carbon electrodes and native solutions. Iodide is used as a redox
mediator. Self-discharge is denoted by the abbreviation “s-d”¢.. Copyright 2021, American Chemical Society.
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Specifically, the degree of OCV decay always
increases with the pore diameter regardless of the
adopted initial voltage™. Lee et al. found that after 12
h under an open circuit, the devices assembled by
electrodes with pore diameters under 1 nm (i.e., 0.7
and 0.8 nm) had a higher charge retention rate of
87% than 69% for the one with pore diameters
exceeding 1 nm (1.1 nm) due to the strong adsorp-
tion behavior of <1 nm micropores on the redox elec-
trolyte ions I and I, Zhao et al. reported an inves-
tigation of a range of commercial and laboratory-
synthesized carbon materials for RE-SCs with KI as a
demo focusing on the fundamental analysis of how to
optimize a specific carbon for RE-SC". In their
work, the fastest rates are typically observed with
pore-sizes >1 nm, while slow self-discharge requires
pores <1 nm (Fig. 8c). Thus, carbon with substantial
hierarchy in pore size, including smaller, <0.8 nm
pores and larger, 1.1-3 nm pores, showed the best
overall performance, illustrating key design princi-
ples.

By using density functional theory calculations,
Schweizer et al. studied the interaction between the
pore diameter of the carbon-based electrode material
and the electrolyte. In this work, CNTs with differ-
ent diameters ranging from 6.7 to 13.5 A were chosen
as a model to study the effect of pore diameter on
ionic interactions by confining the cation TEA inside
the CNTs. Combining the experimentally deter-
mined pore confinement effects and calculated inter-
action energies, it was found that pore diameter
notably affects the interaction with the electrolyte.
After complete geometric optimization, the interac-
tion energies were calculated. For the cationic TEA
system, the interaction energy ranges from —33.5 to
—228.7 k] mol'", CNTs (7,7) with a diameter of 9.5
A showed the strongest interaction with TEA. The
actual normalized capacitance-average pore diame-
ter relationship exhibited the highest capacitance at
an average pore diameter of about 8.3 A, which
tended to shift toward a larger value compared to the
simulated calculated data. This is possibly because
CNTs are a simplified model with two open ends and
a highly regular structure compared to the real cavity
in the electrode. The results indicated that an opti-
mal pore size exists for limiting ions, and the more
the pore size fits the ion size, the stronger the interac-
tion, in which case the self-discharge behavior will be
suppressed effectively.

3.3.2  Surface functionalization

Carbon electrodes are nonpolar; thus, they exhibit a
weak affinity for redox mediators, which causes a
large fraction of redox mediators to move away from
the solid-liquid interface and shuttle between the
cathode and anode”. The functional groups on
carbon electrodes acting as a bridge between the elec-

https://doi.org/10.26599 /EMD.2023.9370009

trode and redox mediator can effectively enhance
their interaction. Furthermore, functionalization can
also contribute to fast charge transfer, provide addi-
tional redox-active sites, and accelerate the redox
reactions involving some ions. More importantly,
some redox molecules can be anchored to the elec-
trode through the functional groups on the carbon
electrode surface, which can inhibit their shuttling
and thus suppress capacitor self-discharge!™.

Zhai et al. reported a simple and effective
solvothermal method to functionalize ethylenedi-
amine (EDA) on porous carbon to form surface-
functionalized carbon materials modified with basic
groups (-NH,/-NH-)“. This functionalized porous
carbon was used as electrodes to construct RE-SCs
with p-phenylenediamine (PPD) + KOH and HQ +
H,SO, redox electrolytes, respectively. As shown in
Fig. 9a, PPD and HQ can be attached to the amino
group (-NH,/-NH-) of the EDA-functionalized
porous carbon through hydrogen bonding, resulting
in energy densities of up to 8.3 and 8.8 Wh kg in the
electrolytic systems of PPD and HQ, respectively.
This hydrogen bonding between functional groups
leads to enhanced electrode-electrolyte interface
interactions, which in turn favors considerably
higher cycling stability of the capacitors. After 10,000
cycles at 4 A g, the stability of PPD and HQ can be
maintained at 94% and 97%, respectively.

Isikli et al. covalently grafted p-BQ onto the
surface of a carbon electrode via the Friedel-Crafts
reaction with FeCl; as a catalyst and investigated its
bioelectrochemical properties as a supercapacitor'®?.
Shul et al. chemically grafted AQ molecules onto the
negative surface of carbon black electrodes in the
same way and studied the self-discharge of redox
mediator®. Compared with the capacitor adding
quinone in the electrolyte directly, the self-discharge
of the RE-SC based on chemically grafted redox
molecules was significantly slower, as shown in Fig.
9b. In the fully charged capacitors, when the voltage
drops by 50%, the device assembled by functional-
ized electrode takes 6 h, ten times longer than the
other device. The redox mediator migration is
severely restricted due to the grafting of AQ
molecules on the negative electrode.

Cao et al. introduced the oxygen-functional group
to electrochemically activated carbon nanotubes
(EACNTs). The oxygen-containing functional
groups on the carbon electrode surface were
anchored to the K-EACNTs through strong interac-
tions of the redox mediator with [Fe(CN)]*/
[Fe(CN)g]* 1. As shown in Fig. 9c, this enables an
effective confinement of redox ions around the
carbon electrode and enhances the electron transfer
between the electrode and redox electrolyte. Owing
to this interface, this system exhibits a low self-
discharge rate and no decay in specific capacitance
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2016, Royal Society of Chemistry. (c) Schematic diagram of electrochemically activated carbon anchoring redox mediator [Fe(CN)4]* by
oxygen-containing functional groups®!. Copyright 2021, Elsevier. (d) Schematic diagram before and after the CuCl layer formation on

the surface near the pores®?. Copyright 2013, Springer Nature.

after 32 h in the open-circuit state, thus achieving
suppressed self-discharge. As shown in Fig. 9d, the
oxygen-functional groups (C=0) can also be used to
adsorb Cu** to form a CuCl layer on the electrode
surface to inhibit ion diffusion and accelerate charge
transfer, leading to enhanced capacitance and cycle
lifetime!*®?.,

This oxygen-functional-group-induced chemical
grafting can also be extended to other metal
compounds. For example, by combining the strate-
gies of space confinement and chemical bridging,
Sheng et al. constructed an RE-SC with ultra-high
power density (79.1 kW kg') and ultra-long cycling
life (100% capacitance retention after 20,000 cycles),
wherein [Fe(CN)¢]*-grafted honeycomb carbon
framework and Na,SO, were used as electrode and
electrolyte!®.

3.4 System optimization

In addition to the modifications of the separator,
electrolyte, and electrode, system design is another
choice for modulating ions. Herein, special device
designs, including adding a functional barrier layer
and asymmetric design using two different elec-
trodes and/or electrolytes, are discussed.

3.4.1 Addition of a barrier layer

The application of a barrier layer with an insulating
material on the electrode surface is another good
strategy to suppress self-discharge, wherein the
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barrier layer increases the distance between ionic and
electronic charges, hinders electron transfer, and
mitigates leakage currents. Tevi et al. reduced the
leakage currents by electrodepositing a thin layer of
polyphenylene oxide (PPO) as a barrier layer on a
glassy carbon substrate®!. Figures 10a and 10b illus-
trate the electrode-electrolyte interface and the
corresponding equivalent electrical circuits with and
without the PPO layer. The OVC-time plots depicted
in Fig. 10c demonstrate the positive effect of the PPO
layer on suppressing the self-discharge. The applica-
tion of the PPO layer reduced the leakage current by
78%. However, the specific capacitance was
decreased by 56% when the blocking layer was
applied. Subsequently, they systematically studied the
effect of the barrier layer thickness on self-discharge
and specific energy via a mathematical model
composed of simple quantum mechanical and elec-
trochemical phenomena occurring during self-
discharge. Recently, Hamedi et al. found that a
constant parallel resistance cannot accurately model
the nonlinear characteristic of the self-discharge
behavior. Therefore, they improved Tevi’s model and
found that the new time-varying model is more suit-
able for the fitting analysis of the self-discharge
curves!®,

3.4.2 Asymmetric design

In the RE-SCs, the redox reaction generally occurs at
one electrode; thus, the total capacitance of such SCs
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Figure 10 Schematic diagram of the electrode-electrolyte interface in supercapacitors (SCs) and their equivalent electrical circuits (a)
without and (b) with a blocking layer. (c) Open circuit voltage (OCV)-time plots with and without the polyphenylene oxide (PPO)

blocking layer®!. Copyright 2013, Elsevier.

will be limited by the low-capacitance electrode.
Therefore, a proper asymmetric design to balance the
capacity between two electrodes is of great impor-
tance to construct a high-performance device with
high total capacitance, long lifetime, and low self-
discharge. In this section, the aforementioned asym-
metric design contains two meanings: (i) asymmetric
devices based on different positive and negative elec-
trode materials and (ii) asymmetric devices based on
different structures of positive and negative elec-
trolytes.

Frackowiak et al. reported a carbon-based asym-
metric SC that integrates 1 mol L' KI solution and 1
mol L VOSO, solution as an electrolyte, separated
by a Nafion membrane. The supercapacitor achieved
a high specific energy of approximately 20 Wh kg
with a maximum power density of 2 kW kg,
Inspired by this work, Lee et al. assembled an asym-
metric SC based on an aqueous electrolyte contain-
ing SnSO, and VOSO, with activated carbon'®.
Benefiting from the unique synergy of concurrent
electric-double layer formation, reversible tin redox
reactions, three-step redox reactions of vanadium,
and the involvement of IEM, the asymmetric device
exhibited a broad and stable window up to 1.4 V with
a high specific energy of 75.4 Wh kg as well as a
long cycling life and low level of self-discharge rate.
Particularly, after 10 h of OCV measurement, the
initial voltage dropped by approximately 17%, which
is only half that of the device operated in 1 mol L
H,SO,.

In general, the coupling of an electrode and a
redox additive possesses weak electrode/RE interac-
tion and weak adsorption of redox moieties on the
electrode, which is responsible for the low-capacity
contribution and fast self-discharge. To mitigate
these shortcomings in RE-SCs, a synergistic interface-
assisted electrode-electrolyte coupling strategy was
proposed®!. In this work, Fe(CN)s* groups are
grafted on the surface of the Co;0, electrode via the
formation of Co-N bonds, creating a synergistic
interface between the electrode and redox mediator,

which favors efficient electron transfer during the
charge/discharge process. The unique interface can
also introduce dipole-dipole interaction for the
greatly enhanced adsorption of redox-active
molecules. Consequently, the HCO-PFC//FG cell,
retaining 38% of full energy after 4.7 h, exhibited
significantly reduced self-discharge than the CO-
PEC//FG cell, reserving only 24% of full energy after
1.5 h.

For a more intuitive understanding of the effects of
different self-discharge suppression strategies, Table
2 is prepared, from which one can find that all the
aforementioned strategies could improve the voltage
retention under the OCV and superior performance
is desired for a high-performance RE-SC.

4 Conclusion and outlook

The construction of carbon-based RE-SCs by replac-
ing the inert electrolyte with a redox-active elec-
trolyte has stormed academic research due to numer-
ous significant advantages of achieving high energy
density and impressive power output simultaneously
in one device, thereby filling the gap between
conventional SCs and secondary batteries. In the past
few years, considerable endeavors have been made
regarding the exploration of new types of redox-
active species, and substantial progress has been
achieved, especially in the enhancement of energy
density. However, compared with the conventional
electrical double-layer capacitors, the research on the
RE-SC systems is still at an infant stage; more exten-
sive and thorough investigations are desired for their
applications. Therefore, more attention should be
paid to alleviating the severe self-discharge concern
in RE-SCs.

In this review, we summarize the recent progress
of RE-SCs, starting from the redox-active mediators
suitable for different supporting electrolytes,
followed by the self-discharge suppression strategies
recently used from the aspects of modulation of the
separator, electrolyte, electrode, and system construc-
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Table 2 Self-discharge suppression effect of different strategies

Type Strategy Electrolyte OCV decay Ref.
IEM replace ONP Na,SO, + K;Fe(CN), 0 (10 h)¢0.8—0.6 V (10 h) [57]
KOH 0.34 (~3.33 h)«1.0—0.58 V (~3.33 h)) [58]

Separator modification Polarity modulation
Na,SO, 0.4 (10 h)¢1.6—1.0 V (10 h) [59]
Pore size optimization ,S0,4 + KI 0.3 (~7.54 h)<1.0—0.3 V (~10.32 h)) [61]
H,SO, + CuSO, 0.3 (~0.41 h)<0.8—0.3 V (~2.15 h) [62]

Solid complexation
EVBr, + TBABr + NaBr —<1.35-1.13V (6 h) [65]
Molecular structure control Biredox ionic liquid 1.4 (~45h)<2.8—1.4V (~50 h) [11]
5CB + TEMABF, 0.9 (24 h)¢2.0~1.42 V (24 h) [55]

Electrolyte modulation Electric field induction
E7 + TEMABF, 1.1 (24 h)<3.0-1.4V (24h) [67]
PVA + CuCl, + H,SO, 0.5 (~0.51 h)¢1.0—0.5 V (~5.13 h) [69]
Gel/solid-state electrolyte PVDF-HFP + EMITEFSI + KI ~0.8 (16 h)¢2.75—~0.95 V (16 h) [70]
BISE ~1.78 (12 h)<3.0—~2.13 V (60 h) [71]
TEABF, + PC 0.53 (24 h)€2.0—0.99 V (24 h) (73]
Pore structure
Electrode modification MeEt;NBF, + AN 0.18 (24 h)<1.5—0.44 V (24 h) [74]
Grafted redox molecular H,SO, + HQ 0 (~3.61 h)¢1.0>~0.1 V (~11.11 h) [80]
o Adding barrier layer TBAP 1.23 (1 h)¢2.0—~~1.44V (1 h) [85]
System optimization

Asymmetric design SnSO, + VOSO, 0.92 (10 h)¢1.4—~1.16 V (10 h) [88]

Note: “0 (10 h)<0.8—0.6 V (10 h)” indicates that the OCV without and with the strategy of suppressing self-discharge decreases from 0.8 V to 0 and 0.6 V

after 10 h, respectively.

tion. From this review, one can find that an impact-
ful RE-SC must possess the features of high capacity,
high power density, long lifespan, and low self-
discharge in a broad temperature range. To achieve
this goal, it is necessary to bridge a robust interac-
tion around the electrolyte-electrode interface to
balance the common electrochemical performance
and self-discharge, which still remains a critical chal-
lenge. Herein, several future research directions are
suggested.

For separator modification, among ion selectivity
modification, charged polarity and PSD optimiza-
tion, IEM is one of the facile choices to alleviate the
shuttle effect. However, the wide applications of [IEM
are constrained by the high cost. Similar to the block-
ing layer, the dramatically increased resistance
inevitably hinders ion transportation in IEM, thus
decreasing the overall electrochemical performance
of the device. In contrast, the separators based on
electrostatic properties are more effective than PSD
adjustment because the interaction between elec-
trode and electrolyte might be tuned easily without
pore blocking. More emphasis could be laid on tailor-
made polarization of separators and the correspond-
ing effect on the overall electrochemical perfor-
mance.

Redox additives are extremely important in
constructing high-performance RE-SCs. Although
numerous redox-active species have been investi-
gated for application in aqueous supporting elec-
trolytes, the narrow potential range and rapid ion
transport result in medium energy density levels as
well as severe self-discharge. Organic electrolytes and
ionic liquids can introduce higher voltage and high
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base energy density. When coupled with suitable
redox-active species, the hybrid electrolytes could
impart impressive energy density and lower self-
discharge rate. Unfortunately, these nonaqueous
supporting electrolytes suffer from low ionic conduc-
tivity and high viscosity, resulting in higher equiva-
lent series resistance. Therefore, for the intrinsic
nonaqueous electrolyte, one option is the chemical
modification on the molecular level to reduce side
effects caused by conductivity and viscosity. More-
over, the design and synthesis of new redox-active
species with multiple redox centers to match well
with the nonaqueous supporting electrolyte must be
conducted. The ability of simultaneous reaction on
both positive and negative electrodes to balance their
energy storage capabilities is urgently required.

A suitable PSD in a porous electrode is important
to achieve a high electrochemical ion accessible area,
essential for high capacitance and long cycling stabil-
ity for RE-SCs. Proper PSD is helpful in entrapping
redox-active ions inside the pores without obvious
pore blocking, conducing to stable energy storage
and slow ion shuttle. However, there is not a solid
conclusion about the accurate relationship between
PSD and the RE-SC’s overall performance. It is diffi-
cult to separate the impact of different pores on the
electrochemical performance of the device.
Compared with the physical confinement by adjust-
ing the PSD of carbon electrodes, the interface inter-
action between the redox-active ion and electrode
surface induced by surface functional groups has a
more considerable effect on inhibiting the irre-
versible shuttle of RE. Different functional groups
have different adsorption capabilities for redox
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molecules. Therefore, it is of great significance to
conduct research on matching between the func-
tional groups and redox molecules. In this respect,
accurate  control and  characterization  of
electrode-redox additive interaction and how to eval-
uate the trapping mechanism of redox mediators are
needed to get a comprehensive insight into the inter-
face reaction process between the electrode proper-
ties and redox species.

Although various indices, namely, capacitance,
rate capability, energy/power density, and leakage
current or OCV, have been calculated in fundamen-
tal research, standardized or universal methods to
characterize the RE-SC performance are still missing.
Standardization of performance characterization still
needs substantial research and development. In addi-
tion to ensuring their own basic characteristics, RE-
SC systems must also have the potential to integrate
with other systems to achieve a wider range of appli-
cations. For example, multifunctional RE-SCs can be
assembled with the integration of thermal heaters,
batteries, piezoelectric, and so forth.

In conclusion, we believe that with the possibility
to obtain high energy/power density and long life-
time simultaneously, RE-SCs have the potential to be
used as alternative power suppliers for future society
if a low self-discharge rate could be achieved through
continuous mechanism research and industrial engi-
neering.
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