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ABSTRACT

Electrochemical capacitors are known for their high power density and cyclability, and various redox reactions can be utilized to improve
their energy density. A great variety of redox materials have been investigated recently for use in electrochemical capacitors, not only
transition metal oxides, which have been studied for many years. In this review, we provide a comprehensive explanation of redox
materials for electrochemical capacitors. Manganese oxides and ruthenium oxides, which are typical metal oxides exhibiting
pseudocapacitance, are first discussed. Nickel oxides used in hybrid capacitors are also covered. Various 0D and 2D nanomaterials are
highlighted. Pseudo-capacitance using nanosized complex materials and metal-organic frameworks is also presented. Furthermore,
electrolyte systems that exhibit redox characteristics for electrochemical capacitors are also reviewed.

© The Author(s) 2024. Published by ECSJ. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY,
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1. Introduction

Research involving the development of redox materials for
electrochemical capacitors has witnessed exceptional growth over
the past decade. The roots of this research area are the prototypical
materials RuO, and MnO,, both of which are based on the change in
oxidation state in aqueous electrolytes. With the extraordinary
development of lithium-ion battery technology over the past two
decades, this has led to the development of redox materials along
with widespread availability of non-aqueous lithium electrolytes. It
was, perhaps, inevitable that there would be crossover as researchers
would begin to create and rediscover materials whose properties
intertwined battery and electrochemical characteristics. The benefit
of this new direction is the prospect of creating new generations of
materials which exhibit redox-based charge storage processes that
operate at the charge and discharge rates typically shown by
electrical double layer capacitors (EDLCs).

As demonstrated in this review, the range of materials has
expanded well beyond the initial group of oxides. RuO, and MnO,
represent the core of the field and continue to be actively studied as
they play an important role in providing benchmarks of material
performance as well as being incorporated in energy storage devices.
However, there are a wide range of inorganics including oxides,

carbides, nitrides and sulfides in which redox reactions occur at high
rates, well above those of typical battery materials. An important
consideration with these materials systems is the layered structures
that occur in transition metal oxides, dichalcogenides and MXenes.
The two-dimensional (2D) crystallographic pathways in these
structures provide a wealth of available sites for mobile ion
intercalation while the blocks adjacent to the layers contain the
transition metals that carry out redox reactions which lead to charge
storage. Organic materials represent another important category
of redox materials for electrochemical capacitors. In the 1980’s
conducting polymer films were widely investigated as they exhibited
finite diffusion properties and played important roles in demonstrat-
ing how increasing electrode potential led to continuous changes in
oxidation state. The more recent development in this area is that of
developing metal-organic framework (MOF) materials. These mate-
rials have extraordinary design capabilities as organic and inorganic
functionalities are integrated and able to form self-assembled
structures with pore networks. Although the MOF-based research
direction has only emerged in the past few years, there have been
some significant advances, leading to the development of systems
whose theoretical capacity is comparable to battery electrodes.
Nanoscale materials constitute another vital contribution to the
field. From a kinetic standpoint, these materials benefit from thin
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layer electrochemistry where / < (Df)!/> where the ion diffusion
length is /, the diffusion coefficient is D and ¢ is diffusion time. In
thin-layer electrochemistry, the faradaic reactions occur within a
finite diffusion space where concentration gradients which occur in
the bulk electrode are negligible and redox kinetics begin to
resemble capacitive processes. The use of thin films, nanoparticles
and even exfoliated layers benefit from redox reactions occurring at
or near the surface. The resulting materials possess fast kinetics in
that charge and discharge reactions occur at a time scale normally
observed with EDLCs, only now the charge storage is at least an
order of magnitude greater.

Although the redox materials being developed for electrochem-
ical capacitors differ in terms of their chemistry and structure, there
are a number of commonly observed features that we often term
‘signatures’. As with any pseudocapacitive material, we expect that
an incremental change in stored charge, Q, will occur with a change
in voltage, V; i.e., dQ/dV; gives a nearly linear response. This gives
rise to a defining feature of a pseudocapacitive material, that a linear
dQ/dVis accompanied by faradaic charge storage that is not limited
by diffusion. Thus, the energy stored E = 1/2 CV? = 1/2 QV. That
is, the stored energy is changing continuously as charge is added
incrementally. In contrast, a battery material is characterized by

having the majority of the charge being stored at a constant
potential. An important consideration for electrochemical capacitors
is that the linear dQ/dV is not susceptible to the concentration
polarization behavior which frequently limits battery materials at the
end of discharge.

The contributions to this review provide a good representation of
the status of the redox materials being investigated for electrochem-
ical capacitors. The contributions by Abdollahifar and Wu on the
MnO, polytypes and Sugimoto on RuO; provide a good sense of the
state of our understanding of structure-property relationships for
these classic materials. The contribution by Brousse and Crosnier
gives an excellent perspective of other oxides which exhibit
capacitive-like electrochemical signatures and how this relates to
the seminal work by Trasatti and Conway. Among the non-oxide
systems, the overview by Okubo on MXenes presents both the
advantages and the limitations of this family of materials. Ogihara’s
review of the recent progress in the energy storage properties of
MOFs underscores the exceptional design capabilities for these
organic-inorganic systems while the discussion by Hu shows the
advantages of using a variety of different nanoscale materials for
energy storage. Finally, the contribution by Fic and co-workers
makes an important point that is easily overlooked. That is, redox
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properties are not limited to solid-state materials and that redox-
active electrolytes represent a viable alternative. Taken together,
these contributions show the rich chemistry that serves as the basis
for creating redox materials for electrochemical capacitors. In
moving beyond the initiall MnO, and RuO, systems to new
generations of materials, the field has emerged as one of the most
promising approaches for achieving energy storage materials
possessing high energy density at high rates. There is little doubt
that the importance of such energy storage materials is certain to
grow in the immediate future.

2. Classification of Surface Redox Active Compounds

2.1 Overview of oxides that exhibit fast/surface redox process

The early research work of Trasatti et al. in 1971' on the use of
RuO; as a potential material to challenge activated carbon electrodes
in electrochemical capacitors led to the main question of how a
“capacitive-like” behavior can find its origins in redox surface
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reactions. B. E. Conway proposed that in such oxides “capacitance
arises on account of the special relation that can originate for
thermodynamic reasons between the extent of charge acceptance
(AQ) and the change of potential (AV), so that a derivative d(AQ)/
d(AV), which is equivalent to a capacitance, can be formulated and
experimentally measured by dc, ac, or transient techniques”. This
triggered the wording « pseudocapacitive charge storage » which
was then used to designate electrodes exhibiting a capacitive-like
signature but with calculated capacitances which exceeded by one or
two order of magnitudes those observed for double layer capacitance
of moderate surface area oxides (10-200m?g~").>*

The faradaic reactions occurring at the surface of the so-called
pseudocapacitive electrodes upon cycling were evidenced by
in-sitt’® and/or operando techniques.'®!! These studies were
especially designed to demonstrate clearly the change of oxidation
state of the electroactive cation in manganese dioxide based
electrodes operated in mild aqueous electrolytes, following the first
report from Lee and Goodenough on the pseudocapacitive behavior
of MnO, in such electrolytes.'>!?

After these early studies, several compounds such as FeWO,'* or
VN3 have been investigated in the same way, leading to the same
conclusions, i.e. that a capacitive like electrochemical signature can
be associated with faradaic reactions taking place over the inves-
tigated potential window instead of occurring at a given potential.
However, at some stage this peculiar charge storage mechanism was
extrapolated to materials that were clearly battery type electrodes,
thus leading to a number of controversial papers in the literature.'%!”
Importantly, for several decades, pseudocapacitive behavior was
associated with the use of aqueous based electrolytes and the role of
protons.'® The story became more confusing when oxides operated
in organic based electrolytes exhibited a capacitive-like behavior,
such as Nb,Os, leading to new wording such as “intercalation
pseudocapacitance” and many others less appropriate. 2

Despite the significant number of electrode materials reported in
the literature, few of them demonstrate “pure” pseudocapacitive
behavior and most of the materials depicted as pseudocapacitive
clearly show a mixture of pseudocapacitance and battery-type
behavior. Very recently, Fontaine and co-workers proposed a method
to determine the percentage of pseudocapacitance vs battery-type
behavior’! and provided the electrochemical evidence of how
pseudocapacitance arises in a given material as well as the factors
promoting such behavior.?? There is no doubt that the tools
developed and proposed to researchers within the framework of
these two studies will greatly help the scientific community to
understand the electrochemical behavior of new electrode materials
and to focus on research directions that can promote either energy
density or power density, or a tradeoff between the two, while
tailoring new electrode materials.

2.2 Manganese oxides

Manganese (Mn), being a transition metal, has the unique
property of existing in various forms of stable oxides, including
MnO,” Mn;04%* Mny05,2° and MnO,'>?¢ with remarkable
pseudocapacitive behavior, which makes them ideal for use in
energy storage applications. In particular, MnO, has gained
significant interest because of its excellent electrochemical perform-
ance. As mentioned in section 2.1, in 1999, Lee and Goodenough'?
demonstrated that amorphous MnO, electrodes exhibit excellent
pseudocapacitive behavior in mild electrolytes, which was followed
in 2002 by Hong et al.”” who developed a 2.0 V aqueous capacitor
using MnO, and activated carbon as the electrode materials.
Subsequent studies by Toupin et al.,'* encouraged the research
community to explore high-performance electroactive MnO, as a
highly attractive electrode material. MnO, is a low-cost, abundant
resource, which is environmentally benign and possesses a high
theoretical specific capacitance of 1370 F g~!, based on the single-
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electron redox reaction between Mn™) to Mn™ that is responsible
for its pseudocapacitive behavior. In addition, a wide electrochem-
ical potential window of about 1.0 V (with surface modifications can
be extended from —1.0 to 1.0 V)?® while the ability to use neutral
aqueous electrolytes, reduces chemical corrosion of the current
collectors compared to strong acid/basic electrolytes. Although
MnO,-based electrodes have the potential to be a safe and cost-
effective substitute for current commercial EDLCs, MnO, often
shows lower specific capacitances for thick electrodes?®’ made
with powders. However, for thin films with very low electrode
loading, the capacitance can achieve values close to the theoretical
capacitance.”!'33132 Besides electrode design and loadings, the low
real capacitance of MnO, could be also attributed to its crystalline
structure, electrolyte properties, material morphologies, and elec-
trode conductivity (which depends on the amount and type of
conductive carbon and binder).

MnO; Structures: The diversity of MnO, structures and valence
is a result of the basic MnOg octahedron, which can be linked
together to form endless chains of MnOg octahedral subunits, and
connect to neighboring chains to construct 1D, 2D, or 3D tunnels
among other structures (Fig. 1a). These tunnels could be filled with
foreign cations or water molecules,’>** which force Mn™) ions
to become Mn"™ jons to balance the charge. Thus, the cationic
properties of MnO,, coupled with the reversible transition between
Mn™ and Mn™), makes it an ideal material for electrochemical
energy storage (EES).

Charge Storage Mechanism: The reaction mechanism for MnO,
involves surface and/or bulk redox/Faradaic reactions that occur in
two stages: (i) adsorption/desorption of alkali metal cations (A™),
including Lit, Na*, and K*, on the material surface (Reaction 1).
This mechanism typically occurs with amorphous and poorly
crystalline structures. In stage (ii), there is insertion/extraction (or
intercalation/deintercalation) of A* and protons (H™) into/out of the
bulk material (Reaction 2, Reaction 3) as usually occurs with
crystalline structures. As a result, the pseudocapacitive behavior of
MnO, polymorphs is greatly impacted by their crystallographic
structures, as well as the type of cations involved in the charge
storage process (Fig. 1). Toupin et al.” demonstrated that the charge
storage mechanism for thick MnO, composite electrodes is based on
electrostatic effects, similar to carbon electrodes, as only a thin layer
is involved in the charge storage process in which the Mn oxidation
state varied from (III) to (IV) during (dis)charge in thin film
electrodes. They also showed that Na®t cations from electrolytes
were involved in charge storage, but the Na/Mn ratio was low for
reduced electrodes, suggesting the involvement of protons in the
pseudo-faradaic mechanism. More information regarding the charge
storage mechanism is shown in Figs. 1g—1i. In aqueous electrolytes,
the general (dis)charge mechanism for MnO,-based electrodes could
be explained by the following reactions:’

(Mno2)surface + A+ +e <« (Mn027A+)surface (1)
MnO; + A" + e~ < MnOOA ()
MnO, + H" + ¢~ <+ MnOOH 3)

Recently, defect engineering has emerged as a useful method to
modify the fundamental physicochemical properties of MnO, and
other oxide materials.®3® Among various methods, introducing
oxygen vacancies through different techniques has been found to
have a significant effect as it enhances electrical conductivity and
creates a local electric field, which helps to facilitate the transfer of
interfacial electrons/ions.3”~4

2.3 Ruthenium oxides
2.3.1 Background

Ruthenium oxide (RuO;) is considered as a ‘model’ electrode
material for the mechanistic understanding behind the pseudocapa-
citive properties of oxide electrodes. RuO, is one of the few oxides

with metallic conductivity, electrocatalytic activity, and excellent
corrosion resistance in both acidic and basic electrolytes, thus has
found use as the main component of chlorine generation anodes for
industrial electrolysis. Trasatti and Buzzanca*> were the first to
recognize that the rectangular box-like shaped CV curve of a RuO,
film resembled that of the carbon-based EDLC. Porous carbons are
electrochemically inert due to the absence of redox process and thus
behave as an ideally polarizable system, i.e. charge storage
originates only from the non-Faradaic electrical double layer
charging. On the other hand, the presence of surface or near-
surface-confined redox for RuO, leads to additional charge storage.
If the charge transfer resistance of the surface-confined redox
process is small, the kinetics are extremely fast and exhibits
reversible or pseudo-reversible behavior leading to the term and
concept “pseudo-capacitor”.

A quarter of a century after the discovery of pseudocapacitive
behavior of RuO,,' Zheng et al. reported record-breaking specific
capacitance with hydrous RuO, nanoparticles prepared by a sol-gel
method.*>* This epoch-making study activated a world-wide surge
in the study of RuO,-based electrodes for electrochemical capacitor
application and RuO, nanomaterials are considered as the ‘gold
standard’ of pseudocapacitive materials. If RuO, is made into
nanoparticles of 1 to 2nm to increase the surface area (theoretical
specific surface area of c.a. 200m?g™'), a specific capacitance
of 600 to 800Fg~!, or in some cases over 1,000Fg~! can be
obtained.*4° As a result, much of the research and development
effort has emphasized structure-property relations. Higher capaci-
tance and enhanced power capability has been achieved by material
design, and sophisticated characterization methods have contributed
to the understanding of the Faradaic (and non-Faradaic) charge
storage of RuO,-based electrodes. Owing to such extensive studies,
the fundamental charge storage properties of RuO, are now much
better understood.

2.3.2 Theoretical capacitance of RuO,

After 50 years of fundamental research, we now have a fairly
clear picture on the charge storage mechanism behind the
pseudocapacitive charge storage mechanism of RuO,-based elec-
trodes. As the charge storage is surface confined, the mass specific
capacitance depends on the specific surface area and therefore is a
function of the particle size.** The most widely reported specific
capacitance value for RuO, is 80 uFem 247" which is consid-
erably larger than the value of ~20pFcm™2 observed with a
mercury electrode in a diluted aqueous electrolyte solution.>! Using
this 80 uF cm~2 value as a probe and assuming spherical particles,
the mass specific capacitance can be calculated from the specific
surface area. As shown in Fig. 2a, the calculated mass specific
capacitance for RuO, particles with a diameter of 1nm is
680F g1 # This matches with the experimentally reported mass
specific capacitance of sol-gel derived RuO, nanoparticles of 1 to
1.5nm in diameter.*>*>%%3 It should be noted that the probe value
of 80uFcm™2 should include contribution from both electrical
double layer charging (non-Faradaic) and surface confined redox
processes (Faradaic). It is quite challenging to experimentally
differentiate between the contribution from the electric double-layer
capacitance Cy and redox-related Faradaic capacitance Cieqox, as the
(surface) redox related pseudo-capacitance for RuO, is a fast and
reversible process. Such efforts have been reported using various
electrochemical measurements including rotating disk electrodes
(RDE),**** electrochemical impedance spectroscopy,> and step
potential electrochemical spectroscopy (SPECS)*® methods.

The theoretical mass specific capacity can be calculated from
Faraday’s equation assuming a bulk reaction, i.e. all Ru ions in the
crystal structure participate in the reaction.
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Figure 1.

Properties of Mn-based pseudocapacitive electrodes: (a) MnO, crystallographic structures, (b) Comparison of MnO, structures:

capacitance, conductivity, and BET surface area, (c and d) CV curves of various MnO, structures at 5SmVs~! in aqueous 0.5 M K,S0,,%!
reprinted with permission from Ref. 31. Copyright 2009 American Chemical Society. CV curves of some MnO, structures at SmVs~! in
aqueous (¢) 1M KCI and (f) 1M LiCL? reprinted with permission from Ref. 8. Copyright 2012 Elsevier. (g) Operando synchrotron XRD
patterns of MnO, 'nH,O electrodes during CV cycling in aqueous 1.0 M NaCl. Here, Ti current collector’s reflections act as internal standards.
The (100) peak shifts to a lower angle during the cathodic scan, indicating lattice expansion, and returns to its original position during the
anodic scan. Pseudocapacitance involves the intercalation of cations into the bulk of the oxide structure.>* Reproduced with permission from
Ref. 34. Copyright 2006 The Electrochemical Society. (h) Diagram illustrating various charge storage mechanisms for surface modified Mn-
based electrodes as a function of potential. The battery behavior is represented by B, and PC stands for pseudocapacitance. The red
(2.0mVs™!) and blue (100mV s~!) lines on the graph show the dQ/dV (current/scan-rate) plots of the Mn-based composite electrode,?®
reprinted with permission from Ref. 28. Copyright 2015 John Wiley and Sons. (i) In-situ Raman spectra of the MnO, electrode at different
stages of (dis)charging in 1.0M Na,SOy4. The three (vi, va, v3) peaks correspond to the Mn-O bond stretching vibration of the MnOg
octahedron. During charging, the v; peak increases with an observed blue shift, indicating Mn-O bond shortening due to the increase in
valence state of Mn. In contrast, during discharge, the v; peak weakens with a red shift. Both Raman peaks become sharper at high voltages,
attributed to the insertion/extraction process of Na™,*! reprinted with permission from Ref. 41. Copyright 2021 Elsevier.

Here, M is the formula weight of the electrode material, F' is
Faraday’s constant 96,500 C mol~!, AV is the potential window, and
n is the number of reaction electrons. In the case of rutile RuO,
(M=133.07gmol™"), n=1 (Ru**/Ru**") within the potential
range (AV = 0.2-1.2V) can be adopted, so the theoretical capacity
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can be calculated as 725Cg~! (200mAhg™!). Note that this is
assuming 100 % utilization (e.g. Ru**0, + HT + ¢~ — HRu3*0,)
and the contribution from electric double layer (EDL) charging is
neglected here. This 100 % reaction is actually not realistic for well
crystallize RuQO, as proton insertion into the rutile-type RuO, occurs
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80 uF cm~2,* reprinted with permission from Ref. 44. Copyright 2006 Elsevier. (b) The featureless ‘box-like’ CV curve of Ru0,*0.58 H,0.

Measured in 0.5M H,SO, at a sweep rate of 2mVs~!,>

reprinted with permission from Ref. 53. Copyright 2002 American Chemical

Society. (c) Schematic illustration of the variation of the percolation volumes of the RuO, nanocrystals and the hydrous grain boundaries with

changes in water content,>

reprinted with permission from Ref. 53. Copyright 2002 American Chemical Society. (d) A schematic of the fractal

trunk-root model for (a) anhydrous RuO,, (b) hydrous RuO,, and (c) layered Hy,RuO, ;*nH,0,3 reprinted with permission from Ref. 55.

Copyright 2005 American Chemical Society.

only at <OV vs RHE and even then, the amount is limited to less
than 10 %.%7 Thus, the use of the theoretical capacity of RuO, based
on the Faraday equation should be taken with care. Nonetheless, this
value can be a measure for surface utilization; for example, if RuO,
has a specific capacity of 180 C g~!, one can say that 25 % of the Ru
ions contributed to the redox reactions.
2.3.3 Synthesis, chemical and physical properties

RuO, in nanostructured forms such as nanoparticles and
nanosheets represent one of the best-known electrode materials
for aqueous supercapacitors providing mass specific capacitance
ranging from a few hundred to ~1,000F g='3%%® In addition to
the high mass specific capacitance, RuO, nanostructures represent
materials with significantly improved specific capacitance per
volume owing to the high density of 6.97 gecm™ (for rutile-type

Ru0,), which is much greater than the density of ~0.5gecm™ for
typical activated carbons. The high gravimetric and volumetric
capacitance of RuO,-based electrodes is appealing, especially where
size and weight are a deciding issue such as micro-power sources
and other high value-added devices.’*%

The specific capacitance, as well as the cycle and rate perform-
ance are affected by the various parameters including surface area,
crystal structure, water content, etc., which are related to the particle
size, preparation procedures and measurement conditions. High-
surface area RuO, nanoparticles are typically synthesized by low-
temperature processing methods including sol-gel reactions,*-%!
hydrothermal treatment,®? electro-oxidation of Ru metal®*®* and
electrodeposition.®>® Heat treatment at relatively low temperatures
(150-200°C) is often necessary to convert all Ru ions to the

7
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m\m AL Ni metal layer

A Cross section view

Figure 3. (a and b) SEM images of the NiO electrode prepared with CBD methods in different magnitudes. (c¢) Top and (d) cross section
SEM images of the direct converted NiO electrode,'* reprinted with permission from Ref. 100. Copyright 2015 Elsevier.

electrochemically stable Ru** state. As mentioned in the previous
section, the high surface area is an important factor since most of the
fast redox process occurs at the surface of the material.

Material hybridization by synthesis of RuO,-MO, composites
(solid solutions or physical mixtures) and A,RuO,, complex oxides
(pyrochlores and perovskites)®’~"! or mixing with various carbona-
ceous materials’>”> are classical approaches to increase the
utilization of RuO,. Even a simple physical mixture of acetylene
black and sol-gel derived hydrous RuO; can drastically improve the
rate performance, where the carbon black helps to increase porosity to
supply extra pores for electrolyte permeation.”” The use of buffered
solutions allows high specific capacitance at near neutral pH.”®

High capacitance can also be achieved by using a water swellable
layered oxide (~400 F g~!) or by exfoliation of the layered structure
into nanosheets (~800F g~!).”77® The exceptionally large capaci-
tance of the layered oxide considering the micrometer size of the
particles can be understood by the ability of the interlayer to swell
thereby allowing electrolyte permeation into the 2D structure. These
2D materials exhibit unique electrochemical properties with
remarkably large contribution from pseudocapacitance (as much as
50 %). Due to the high conductivity and polycationic nature of RuO,
nanosheets they also can be used as redox active binders.”’

2.3.4 Charge storage mechanism

RuO, nanoparticles with disordered structures exhibit featureless
and principally rectangular shaped CV curves in comparison to well-
crystalline particles (Fig. 2).>°® Ellipsometry, impedance spec-
troscopy, and RDE studies have revealed that the fast and slow
charging modes in porous RuO, electrodes can been attributed to
the utilization of more accessible, mesoporous surfaces and less
accessible, microporous inner-surfaces, respectively.’*>*8%81 The
fast-and slow-charge storage have been ascribed to the charging of
the grain surfaces and incorporation of protons into the oxide grains,
respectively.

Hydrous RuO, nanoparticles enable high capacitance due to the
large surface area at the expense of power performance (volcano-
plot behavior). X-ray absorption near-edge structure (XANES) and
atomic pair-density function (PDF) analysis of synchrotron X-ray
scattering measurements revealed that hydrous RuO, is composed of
disordered rutile-like RuO, nanocrystals dispersed by boundaries of
structural water.>>>3 A mixed percolation model (parallel electron-
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proton conduction model), where the rutile-like RuO, nanoparticles
support electronic conduction and structural water as the boundaries
transport protons, was proposed to interpret the volcano-plot
behavior (Fig. 3). Based on impedance spectroscopy and X-ray
photoelectron spectroscopy (XPS), a trunk-root model (Fig. 4) was
proposed to explain the frequency response (power capability).3>$
Proton conduction within the hydrated micropores between the
RuO; nanoparticles and the presence of weakly bound physically
adsorbed water and strongly bound chemically bound water were
suggested to be the determining factors.

2.4 Nickel oxides

EDLCs, which exhibit high power density and long-term cycling
characteristics, are being commercialized for applications different
from those of rechargeable batteries, which have high energy density
but suffer from lower power density and poorer cycling behavior.
Due to these limitations, there is interest in developing electrochem-
ical capacitors that utilize various redox reactions for a range of
applications. In particular, hybrid capacitors that combine electrodes
used in rechargeable batteries with activated carbon electrodes have
the potential to realize energy storage devices that combine the
energy density of rechargeable batteries with the power density of
EDLCs.#84

Various transition metal oxides have been investigated as
electrode materials for rechargeable batteries, and nickel oxide
(NiO) is known to have a similar composition and reaction
mechanism as that demonstrated by the nickel hydroxide (Ni(OH),)
positive electrode in nickel-metal hydride rechargeable batteries
which exhibit high capacity and extended cycling properties. The
research by Anderson et al. in which nano-size NiO particles were
prepared on a nickel metal substrate by the sol-gel method®
exhibited a capacity of over 200F g~!. This research has led to
the investigation of electrochemical capacitors using various nickel
oxide positive electrodes.

Nanosized nickel oxide electrodes have been investigated for use
in electrochemical capacitors as these electrodes exhibit very high-
rate capability, It should be noted that NiO electrodes do not exhibit
pseudo-capacitance even when they are nanosized.’® Most of the
currently studied NiO electrodes for hybrid capacitors clearly show
a plateau voltage in the charge-discharge curve, which indicates a
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nanocomposites.''?> Reproduced with permission from Ref. 112. Copyright 2016 the Royal Society of Chemistry.

battery-like reaction where the diffusion of ions inside the bulk of
NiO is the rate-limiting factor. In contrast, for a hybrid capacitor
combining NiO electrodes and activated carbon electrodes, the
device functions as a capacitor with an activated carbon electrode
that exhibits EDLC performance.

The reaction mechanism of NiO electrodes depends on the
electrolyte. In neutral and acidic aqueous electrolytes, it follows the
following equation.’’

NiO + H,0 2 NiOOH + H' + e~ (5)

On the other hand, with a basic electrolyte, NiO reacts as
follows; 8389

NiO + OH™ & NiOOH + e~ (6)

Furthermore, since NiO is transformed by hydration to Ni(OH), in
basic electrolyte, the following reaction mechanism is considered to
occur after the initial discharge.

Ni(OH), + OH™ < NiOOH + H,O + e~ @)

In aqueous Li,SO;, solutions, the charge/discharge process proceeds
through the insertion of protons as follow;®’

Ni(OH), = NiOOH + H" + e~ (8)

Although a limited amount of lithium is also inserted during
discharge, there is an indication that charge-discharge proceeds by
adsorption and desorption of ions contained in the supporting
electrolyte in organic electrolyte.”® DFT calculations suggest that the
adsorption energy of lithium ions on the (111) plane is higher than
that on other planes. Therefore, after lithium ions are adsorbed on

the (111) plane as the first step, they diffuse to other surface
orientations, and after the surface is saturated, diffusion to the bulk
interior occurs.

In order for NiO electrodes to achieve the high-rate capability
needed for hybrid capacitors, it is important to reduce the ion
diffusion distance by reducing the size of electrode active materials.
Geometrically, miniaturization can be classified into 0D, 1D, 2D,
and 3D.”1?

Zero-dimensional microstructure represents NiO nanoparticles.
Although nanoparticles exhibit a large surface area, they are easily
aggregated during charge/discharge reactions, resulting in a
reduction of the electrode surface area. In addition, the relatively
low conductivity of NiO results in low electron conductivity and
requires a significant amount of conductive additive to ensure
sufficient electronic conductivity.”%?

Typical 1D microstructures are nanorods and nanowires. These
shapes are mainly fabricated by hydrothermal/solvothermal meth-
ods and electrospinning. 1D NiO has several advantages including
sufficient space for electrolyte to penetrate, which results in good
ion diffusion, continuous contact with the current collector and
conductive agent, which facilitates utilization of the active material.
On the other hand, the energy density per volume may be low due to
its small density.%>*

2D microstructures are generally in the form of nanoplatelet
structures. Such structures are realized by microwave irradiation
methods, precipitation methods, and chemical bath deposition
(CBD) methods.”> The CBD method is a unique approach used
for the preparation of NiO electrodes. The current collector was
simply immersed in a bath of Ni(OH), solution and mixed with

9
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potassium peroxodisulfate solution for 15 minutes. Figures 3a and
3b shows the SEM image of a NiO electrode fabricated by the CBD
method. Flower-like NiO layers were modified on a nickel foam
substrate. The flower-like structure avoided restacking of the 2D
nanomaterials and achieved long cycle life. Nanoplatelet structures
can achieve a higher surface area in a smaller volume. On the other
hand, a continuous platelet structure may impede the path of ion
diffusion or the penetration of electrolyte.’®%’

Three-dimensional microstructures are porous structures in which
micropores or regularly arranged pores exist in the bulk material.
Such structures are fabricated by hydrothermal/solvothermal or
template-assisted methods, etc. In 3D microstructures, it is possible to
control the surface area per volume and ion diffusion by controlling
the diameter and volume of pores.’®* NiO electrodes are generally
fabricated using nickel foam as a metal current collector. Although
nickel foam has a large surface area, its weight per area is typically
heavier than the active material. This is because active materials for
capacitors require high ion diffusion, making it difficult to load active
materials at high density as occurs in rechargeable batteries. To solve
this problem, electrodes were fabricated by directly converting the
surface of a thin nickel foil to NiO. Since nickel is not a valve metal, it
is generally difficult to form a thick oxide layer on the surface by
anodic oxidation, but by using nickel fluoride, it is possible to create a
NiO layer with a thickness of 2-3 microns. By applying this
technique to a 10 micrometers thick nickel foil, it is possible to
fabricate a structure in which a 3 to 4 micrometer thick current
collector layer made of metallic nickel is sandwiched by a 2 to 3
micrometer thick NiO layer (Figs. 3¢ and 3d).'% Such NiO positive
electrodes are widely used in electrochemical capacitors.

3. Non-oxides and Emerging Materials

3.1 Complex materials

Supercapacitors have emerged as pivotal energy conversion and
storage systems in contemporary renewable and sustainable nano-
technology, providing a cost-effective and environmentally friendly
solution.!”! Their unique material properties, characterized by
exceptional high-power capabilities and longevity, distinguish them
from conventional batteries, rendering them versatile for a wide
range of applications. Their attractive features, including extended
cycle life and high-power capabilities, make them particularly
appealing for advanced hybrid configurations, catering to both
mobile and stationary needs across diverse sectors. The pursuit of
shaping the next generation of energy technologies drives the
development of composite materials, which integrate elements such
as nanocarbon and metal oxides to enhance electrochemical
performance. Material selection plays a crucial role in optimizing
supercapacitors, as different materials used in electrodes and
electrolytes significantly impact functionality and characteristics,
especially in terms of electrochemical and electrical properties.

Innovative techniques such as “Ultracentrifugation”!%1%3 and
“Spray-Dry Quenching”!%* are instrumental in engineering nano-
architecture electrode materials. Ultracentrifugation, for instance,
facilitates the rapid generation of nano-sized precursors followed by
instantaneous post-heat treatment, resulting in optimized “nano-nano
composites” capable of delivering energy at the highest sustained
power performance across varying temperatures and rates. This
method enhances the rate of most of the Li-insertion compounds,
making them viable alternatives for enhanced hybrid supercapacitors.

A good example of the use of Ultracentrifugation is when it
produces nanosheets composed of Ti;O7;-Edged LisTisO;, nano-
sheets, which demonstrates ultrafast electrochemistry in a composite
nanoarchitecture material (Fig. 4a). This unique material config-
uration exhibits inherently high electrical conductivity, making it
suitable for commercialized ‘“NanoHybrid Capacitors (NHC)”
configured as UC-LisTisO1,//Activated Carbon.'? Ultracentrifuga-
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tion has also been successfully applied to enhance various lithium
intercalation materials such as LisTisO1,,'%>!% Sn0,,'% TiOy(B),'"
LisVO,, 0410811 [ iFePQ,,1>-115 and Li3V,(POy)s3.!1% '8 For exam-
ple, the development of core-shell LiFePO, nanocomposites
synthesized via Ultracentrifugation enables ultrafast symmetric
charge-discharge rates, overcoming inherent diffusion limitations
(Fig. 4b).""> This advancement presents new opportunities for
designing hybrid supercapacitors with unprecedented performance.

The “SuperRedox Capacitor (SRC),” introduced as the 3rd-
generation supercapacitor, adopts ultrafast electrodes fabricated via
ultracentrifugation for both positive and negative terminals.
Structurally akin to batteries, the SRC is aptly dubbed the “Super
Battery.” Notably, an investigation into the SRC(UC-Liz;VO,//UC-
Li3V,(POy);) configuration yielded unprecedented performance,
boasting an energy density 5.7 times higher than that of EDLCs
operating at 3.5 V.!'? Li;V,(POy); emerges as a prominent candidate
for positive SRC electrodes due to its exceptional high-rate
performance. Ultracentrifugation-derived UC-LizV,(POy);/CNT
composites facilitate high C-rate operation, achieving 96 mAh g
@300C.'"'® However, full cells based on Li;V,(POg4); experience
capacity degradation during cycling, attributed to -electrolyte
decomposition on the negative electrode resulting from minute
quantities of vanadium dissolution.!?*!?! Efforts to mitigate this
issue involve substituting vanadium with various elements, leading
to the composition of Lip gV ¢Tig1(PO4)3, which notably enhances
capacity retention to 88.6 % after 10,000 cycles.!!” For the negative
electrode, a novel double capsule structure of nanocrystalline
lithium superionic conductor (LISICON)-type 7v-Li32V(§Sig204
has been developed using a straightforward spray-drying method.'%*
This structure exhibits a highly efficient network of electrons/ions,
featuring graphitic carbon on the surface of 7y-Liz;V(gSig,04
nanoparticles and an amorphous carbon network among them
(Fig. 5). Consequently, this nanoarchitecture facilitates outstand-
ingly fast discharge performance.

Innovative techniques such as “Ultracentrifugation” and “Spray-
Dry Synthesis” are leveraged to engineer nanoarchitecture electrode
materials, leading to significantly improved performance and safety
standards. These advancements propel the evolution of super-
capacitors towards greater efficiency and reliability in energy storage
applications.

3.2 Metal-organic frameworks

Significant progress has been made in the field of organic-based
electrode materials for energy storage in recent years. This research
area started with the discovery of electrically conductive polymers in
which the doping of anions or cations were shown to enhance
conductivity in electrode materials.'??> Scientists also investigated
organic molecular materials utilizing oxygen or sulfur redox
reactions to further increase energy storage. Notable examples of
materials include those that are quinone-based, radical-based, or
have disulfide-based functions.'>* More recent studies have shifted
to MOFs, a type of material composed of organic molecules and
metal ions that form self-assembled structures with pore net-
works.!>* MOFs are known for their gas adsorption and separator
applications, and some of these materials exhibit electrical activity
and intercalation reactions, making them interesting candidates for
electrode materials.'?>!?® The self-assembly in MOFs can solve
several problems which limit conventional organic electrode
materials. This includes such as physical properties related to
electronic conduction, chemical stabilities related to electrolyte
dissolution during charging and discharging,'?” and low density due
to polymerization.'

A number of recent studies have focused on the fast-charging
performance of MOF electrodes for lithium-based capacitor
applications and establishing the relationship between the crystal
structure of MOFs and their electrochemical properties. A set of
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framework materials composed of Li* ions and aromatic dicarbox-
ylates forms an organic—inorganic layered structure consisting of
aromatic m-stacks and a tetrahedral LiO, network of carboxylate
groups (Fig. 6a).'?%13° The material shows reversible Li intercala-
tion via carboxylate anion redox inside self-assembled structures at
the potential range from 0.5V (vs. Li/Li*) to 1.0 V. Thus, these
materials are classified as Li-intercalated MOFs (iMOFs).!3! The
operating potential, reversible capacity, and charge—discharge
polarization depend on the type of organic structures (Fig. 6b).
For example, terephthalate dilithium (Ph), one of the first reported
electrode materials,'>? exhibits approximately half of its theoretical
capacity because of its high polarization which would lead to high
resistance in a practical battery electrode.'’! 2,6-Naphthalene
dicarboxylate dilithium (Naph) exhibits high capacity utilization
that is almost equal to the theoretical capacity of the practical battery
electrode, 31133 but it also exhibits relatively high polarization and
internal resistance.'>* 4,4’-Biphenyl dicarboxylate dilithium (Bph)
also exhibits appealing theoretical capacity and low internal
resistance.'**!3> As shown in Fig. 6¢, the operating potential of
iMOF electrodes extends between the potentials of graphite carbon
(0.05V) and LiyTisOpp (1.55V). This intermediate operating
potential in iIMOF electrodes can be expected to overcome both
the internal short-circuit risk due to Li dendrite in graphite carbon
and the low cell voltage in LisTisO1,. In addition, the ability to use
Al instead of Cu as a current collector allows the design of high-
voltage bipolar batteries.'3! In the case of constructing non-aqueous
Li-ion capacitors by combining iMOF negative electrodes with
activated carbon positive electrodes, a high energy density design
can be achieved.'**!3¢ This is due to the reduction of Li dendrites
caused by the operating potential, which increases the utilization of
the negative electrode capacity.

Detailed crystal structure analysis during Li intercalation shows
that the volume change during charge-discharge is 0.33 %
(Fig. 6d),'3! which is very small compared to nearly all inorganic
electrode materials. This low level is expected to suppress
mechanical electrode degradation due to volume change. Analysis
of the crystal structure change and Li diffusion behavior during
charge-discharge revealed that the phase transition mechanism

during the reaction is a two-phase coexistence reaction for Naph'>!
and a solid solution reaction for Bph.'**> Although iMOF is initially
a white powder, it turns black when doped with Lit ions
(Fig. 6e)."*7 Computations indicate that Li* ion doping leads to
hopping electron conduction at the n-stacking in the aromatic unit,
resulting in a change from insulating to electron conducting
(Fig. 6f).

To achieve fast charging with iMOF electrodes, hollow particles
consisting of nano-sized thin flakes were synthesized using spray-
drying (inset in Fig. 6g)."*® This method takes advantage of iMOF’s
ability to easily crystallize at low temperatures of around 200 °C.
These particles are crushed during electrode fabrication to form an
electrode structure in which the flakes are uniformly dispersed,
resulting in much lower internal resistance as determined by
electrochemical impedance spectroscopy,'®>!'*" as compared to
existing electrode materials (Fig. 6g).'’® Although Bph exhibits
the lowest resistance in a single aromatic frame, it leads to relatively
large charge—discharge polarization at the completion of Li
deintercalation.'3*!%! Therefore, iMOFs composed of heterogeneous
organic structures with fast-charging performance were synthesized
using a combination of optimal compositions predicted by machine
learning'*? and the use of spray-dry synthesis (Fig. 7a).'*> Optimally
composed heterogeneous iMOF samples exhibit strain within the
crystal structure, which improves Li diffusivity within the crystal by
suppressing bending vibrations that disrupt planarity and affect -
electron conjugation in aromatics.'®® This results in significant
improvements in fast charging performance, as shown in Figs. 7b
and 7c. This sample exhibits no change in charge-discharge
polarization across a wide capacity range, which enhances the
utilization of the negative electrode in Li-ion capacitors and
improves their high-temperature self-discharge characteristics.'*3
There are two other features which make iMOFs a promising
research direction. One is the low-temperature crystallization of
these electrode materials which reduces energy consumption during
fabrication compared to existing materials that require high-
temperature processing.'*> A second advantage is the low risk of
resource depletion that makes MOF electrode materials appealing
for sustainable production.

1
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synthesis,'

4. Nanosize Effects and 2D Materials

4.1 Zero-dimensional nanomaterials

The size reduction of redox-active materials can provide multiple
effects on the performance of energy storage systems, especially for
the electrochemical capacitors and high-power devices. First, the
exposed surface area or the so-called specific surface area of
electrode materials is linearly increased with decreasing the particle
size, which leads to an increase in the double-layer capacitance.
Second, the surface-to-volume ratio of electroactive materials is also
increased with decreasing the particle size, commonly promoting the
utilization and specific capacitance of active materials due to the
enhanced exposure to electrolyte. This effect is especially important
for pseudocapacitive materials with their charge storage reactions

12

reprinted with permission from Ref. 138. Copyright 2021 American Chemical Society.

occurring at the electroactive materials surface or near surface, such
as anhydrous RuO,'* and amorphous MnO,.'# Third, the Faradaic
charge-transfer reactions of battery-type materials generally involve
ion diffusion during the redox transitions. The reduction in particle
size can shorten the diffusion length of ions and increase the power
performance of the resulting electrodes. Fourth, when the solid-state
diffusion distance of battery-type materials is located within the
“thin-layer” diffusion domain, ion diffusion transport is believed to
involve the entire volume of the active materials (similar to the thin-
layer diffusion phenomenon in liquid media). Accordingly, there
will be no semi-infinite diffusion limitations, making the simple
linear dependence between the voltammetric current density and
scan rate of CV/linear sweep voltammetry, leading to the ideal
capacitor responses. This phenomenon has been described as the
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“extrinsic” pseudocapacitive behavior of nanosized T-Nb,Os,
initially demonstrated by Dunn et al.,'*® very different from the
“intrinsic” pseudocapacitive materials with a confined superficial
redox layer. Similar phenomena have been found for various redox-
active materials, such as 0-MoO3,'¥” TiO, (B),'*® LiC00,,'*’ etc.,
somewhat confusing the definition of pseudocapacitive materials'>
although the hybrid capacitors exactly consist of one capacitor-like
electrode and one battery-type electrode to further enhance the
device energy density.

In fact, certain nonporous carbon materials with an amorphous
microstructure and/or other microstructures also show pseudocapa-
citive responses involving both anion and cation intercalation/
deintercalation mechanisms in organic electrolytes when a proper
electrochemical activation process has been applied to create the
sub-nanometer space for ion storage. These special carbon materials
include alkali-modified soft carbon,'’!' reduced graphene oxide,'?
and expanded mesocarbon microbead.'>® For example, Morita
et al.'** investigated the capacitive behavior of alkali-treated soft
carbon with a relatively small specific surface area (ca. S0m?g~!)
for anion storage in organic electrolytes. The use of a hard carbon
negative electrode with Li-ion electrolytes makes the cell into a
4.6V hybrid capacitor with an extremely high-volumetic energy
density. The ion storage in the created confined sub-nanometer/
nanometer space of such nonporous carbons exhibits intrinsic
pseudo-capacitive characteristics.

From the high value for Li-ion storage capacity, and the high-rate
characteristics, Li-ion intercalation/deintercalation behavior on the
surface or near surface of soft carbon and hard carbon enable them
to be considered as pseudocapacitive materials (see Fig. 8). It should
be noted that the initial coulombic efficiency of both redox-active
materials is relatively low as these materials need the pre-lithiation
step for constructing Li-ion capacitors. The hard carbon behavior in
Fig. 8a shows two intrinsic regions for Li-ion storage: the slope and
plateau regions. The unusual plateau region has been revealed to be
a micropore filling mechanism with pore size <0.7nm.!>> The
commonly observed slope region is regarded as the adsorption of Li

ions on the nonporous hard carbon (i.e., Li* + e = Li; also valid
for soft carbon) because of its high-rate characteristics from a
comparison of all curves shown in Fig. 8a. This Li-ion storage step
on the hard carbon surface is not attributable to the double-layer
process since the reversible capacity of Li-ion storage is as high as
200mAh g~! and the open pore surface area of hard carbon is very
low (<5m?g~'). However, if the surface redox reactions are
regarded as the underpotential deposition (UPD) of Li, the Gibbs
free energy for this UPD reaction will be as high as 1.06 eV per Li
ad-atom, which is too large to be acceptable because the slope
region commences at ~1.1V (vs. Li*/Li). Consequently, this ion
storage process on the hard carbon and soft carbon surface (i.e., the
slope region) is considered to be superficial Li-ion intercalation/de-
intercalation process at the disordered nanosized graphene layers,
giving rise to an intrinsic pseudocapacitive characteristic similar to
the cation intercalated into randomly distributed nano-sized layers of
3-Mn0,.!%6

4.2 Two-dimensional nanomaterials

MXenes are an emerging family of capacitive electrode
materials, which were first synthesized by the research group led
by Gogotsi and Barsoum.!>!3® At the early stage of their
development, layered MAX phases (M,+1AX,, M=Ti, V, Cr,
Nb, Mo, etc.; A = Al, Sn, Ga, etc.; X=C, N, B; n = 1-3) were
treated with etching solutions such as hydrofluoric acid to remove A
layers for the synthesis of MXenes. Lewis bases (F~, Cl=, OH™,
etc.) in the etching solution are nucleophilically attached on
remaining M, 11X, layers as surface termination groups, thus the
general formula of MXenes is M, X, T, (T =F, O, OH, Cl, etc.)
(Fig. 9a). After a decade of effort, MXenes are synthesized by (i) a
solution-etching method,'>® (ii) a molten-salt method,'®*!1%! (iii) a
direct method and (iv) a chemical vapor deposition method.'®> The
composition of the surface termination groups can be controlled by
synthetic conditions. For example, the solution etching using the
mixture of lithium fluoride and hydrochloric acid gives T =F, O,
OH, and C1'%® while the molten-salt etching using CdCl, or CdBr;,
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gives T = Cl or Br, respectively.'®' Furthermore, post treatment
using ammonium persulfate (APS) solution transforms Cl termi-
nation to O/OH termination.'®! Importantly, the surface termination
groups T as well as the chemical composition M and X strongly
influence electrochemical properties.'®*!%5 MXenes can be delami-
nated to nanosheets, which also affects electrochemical proper-
ties, 166,167

MXene electrodes in aqueous electrolytes exhibit a capacitive
behavior (Fig. 9b).!1%® Although their specific capacitance depends
on various experimental conditions, machine-learning assisted data
clarified that it generally increases in the order of H* > Lit >
Na* > K*+.19%170 One possible explanation is the increase in orbital
hybridization between alkali cation and surface termination groups
to give larger charge transfer (pseudocapacitance or quantum
capacitance).!”! Another explanation is the change in the dielectric
response (overscreening) of a hydration layer confined in interlayer
space.'®® Delamination of MXenes frequently improves the rate
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capability owing to faster ion migration in expanded interlayer space
while the larger surface area of delaminated MXene contributes to
larger capacitance.'®»!7> The influence of the surface termination
groups on electrochemical properties has yet to be fully understood.
For example, molten-salt synthesized MXenes show no elec-
trochemical activity in aqueous electrolytes'’”® while the trans-
formation of Cl termination to O/OH termination using the APS
solution significantly increases the capacitance.'’* Density func-
tional theory calculations combined with reference interaction site
model calculations suggested that the specific capacitance with an
aqueous K* electrolyte increases in the order of I > Br > Cl > F
due to the decrease in the electric double-layer thickness.!”

MXene electrodes in nonaqueous electrolytes exhibit complex
behavior due to the formation of solid-electrolyte interphase. The
specific capacity increases in the order of Lit > Na® > K"
presumably because smaller cations can be accumulated more
densely in the interlayer space.'’®"'7® Note that the electric double-
layer capacitance in nonaqueous electrolytes is negligible because
the intercalation of desolvated ion mainly gives rise to battery-type
reaction (large charge transfer) (Fig. 9¢).!” However, polar solvents
such as dimethyl sulfoxide co-intercalate to decrease the specific
capacity.'®® From a practical application viewpoint, MXene
electrodes show a large irreversible capacity upon the first charge
and hence low initial Coulombic efficiency of typically <70 %.
Most likely, the irreversible reactions of defects'®! and/or surface
termination groups in addition to electrolyte decomposition (SEI
formation) occur. Although many papers have reported that
implementing redox-active elements such as Sn achieves the large
specific capacity of >600mAhg','® such decoration further
degrades initial Coulombic efficiency, which would severely impede
their application in EES devices. Thus, control of defects and
surface termination groups are important steps towards the develop-
ment of practical MXene electrodes.

5. Electrode-electrolyte Interfaces

5.1 Halide systems

EES can be realised by either EDL or Faradaic (i.e. charge
transfer) processes which can follow either a Nernstian or a
pseudocapacitive mechanism, or a combination of the two.!33:184
The Nernstian storage process is governed, at least broadly
considering kinetic complications, by the Nernst equation and is
commonplace in rechargeable batteries. It causes peaks on CVs and
plateaus on galvanostatic charge-discharge curves (GCDs). How-
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ever, in the context of supercapacitor research, pseudocapacitance
corresponds to the same or comparable performance features as
EDL charge/discharge that presents typically rectangular CVs and
triangular GCDs.

Historically, the concept of pseudocapacitance was used as a
measure of electro-adsorption which is Nernstian in nature.'3>1%¢ As
a result, the pseudocapacitance attributed to electro-adsorption (or
more recently Nernstian storage) does not show rectangular CVs or
triangular GCDs. Further, such pseudocapacitance offers a non-
linear relationship between the charge stored and the applied
electrode potential, which leads to the term nonlinear pseudocapa-
citance. In contrast, the rectangular CV corresponds to pseudoca-
pacitance that offers a linear charge-potential relation and is
consequently termed as linear pseudocapacitance.'®” The funda-
mental difference between the two is that materials of linear
pseudocapacitance can be described by a single capacitance value,
but their non-linear counterparts cannot.

Unfortunately, the literature on pseudocapacitance has remained
confusing'®!87-1%8 and it is necessary to describe linear pseudoca-
pacitance as Faradaic capacitance or redox capacitance. It can help
not only avoid unnecessary confusion with those literatures claiming
pseudocapacitance for Nernstian or battery electrode materials, but
also remove any ambiguity because Faradaic capacitance is not a
pseudo-property. Instead, it is an intrinsic nature of most, if not all,
semi-conductor materials in which zone-delocalisation of valence
electrons occurs.'® This understanding agrees well with the
capacitive properties of properly doped semi-conducting metal
oxides and sulfides, and conjugated conducting polymers. On the
other hand, materials with non-linear pseudocapacitance store
charge follow the Nernstian mechanism and hence are the same as
battery electrode materials. In other words, non-linear pseudocapa-
citance fits well with battery electrochemistry and should be
distinguished from supercapacitors.

Nevertheless, it should be pointed out that both linear and
nonlinear pseudocapacitances or Faradaic and Nernstian charge
storage mechanisms can be effectively employed in EES devices.
The selection of which mechanism is responsible is less important
than whether optimal performance of the device is achieved. In line
with this principle, research and commercial efforts have been made
to combine any two or even all three of the EDL, Faradaic and
Nernstian charge storage mechanisms into one device. Examples
include (1) asymmetrical supercapacitors that combine EDL and
Faradaic capacitances, (2) lithium or other metal ion capacitors and,
more generically, (3) “supercapatteries” that merge capacitive and
Nernstian storage mechanisms. Figure 10 illustrates schematically
these charge storage mechanisms and their relationships and
possible combinations. (NB: The terms of metal ion capacitor and
hybrid supercapacitor may lead to the impression that such devices
belong to the capacitor or supercapacitor categories, but they are
not.)

Such combinations do not necessarily guarantee a better hybrid
in terms of performance, cost, safety and sustainability. A successful
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Figure 10. Relationship between different electrochemical charge
storage mechanisms and their possible combinations.

combination must start from careful considerations of both
theoretical and practical feasibilities. Theoretical analyses can be
applied well to predict the specific charge capacity and maximum
cell voltage, and hence the energy storage capacity. However, power
capability and cycle life are, to a large extent, engineering issues in
relation to materials, electrode and cell structures and dependent on
fabrication and device operation.

Among the various reported and successful combinations is a
technically simple and hence cheaper but highly effective approach:
the use of redox electrolytes in supercapacitors.'®*-1>* Because
redox reactions contribute to enhancing the charge storage capacity,
the mechanism is no longer purely capacitive. Consequently,
supercapacitors with redox electrolytes are in fact supercapat-
teries.'%*

Various redox active molecules and ions have been tested in the
electrolytes of supercapacitors with e.g. porous carbon electrodes.
An imperative property of the added redox species is that both of its
oxidised and reduced forms can remain in the electrode via a certain
mechanism, such as chemical or physical adsorption or electrostatic
attraction. Otherwise, shuttling of the redox species between the
two electrodes may occur unless a suitable separating membrane is
used.

Activated carbons are the best electrode materials in this case
because they offer various pore structures and oxygen containing
groups on their internal wall surfaces, offering favourable reactive
sites for the adsorption of the redox active species. Another
favourable mechanism for the retention of the redox species in the
porous electrode is to select those whose oxidised and reduced
forms have the same type of charge. A good example is the
reversible electro-oxidation of iodide (I7) to tri-iodide (I37) in an
aqueous electrolyte. Similar electrode reactions occur to with other
halide ions (X™) as expressed by reactions (9) and (10).

2X~ =X, +2 (X=1I, Br, Cl) ©)
X+ Xy = X5~ (10)

The standard potential of reaction (9) is 0.54, 1.06 and 1.36 V for X,
being I, (solid), Br, (liquid) and Cl, (gas), respectively. The
occurrence of reaction (10) shifts the potential negatively with the
magnitude of change depending on the nature and composition of
the solution. For example, in aqueous solutions, both I3~ and Br;™
can form via reaction (9) which however does not occur to CI™
whose anodic oxidation produces Cl, gas that escapes from the
solution. In other words, reaction (10) either does not occur or is
insignificant if present.

Interestingly, a study of the energetics of the trihalide ions has
revealed the stability order of I3~ > Br;~ > Cl;™ in water but the
reverse is true in acetonitrile.!”® Further, the formation of the
trichloride ion (Cl3™) was found to lead to the absence of Cl, gas
evolution on a platinum (Pt) anode during electrolysis of 1-butyl-
3-methylimidazolium hexafluorophosphate ([BMIM]PFs) with
high concentrations of 1-butyl-3-methylimidazolium chloride
([BMIM]CI).1%

Figures 11a and 11b show the CVs of a Pt micro-disk electrode
recorded in [BMIM]PF; containing different chloride and bromide
salts.!7 It can be seen that in all cases both oxidation and reduction
current peaks appear on the CVs, although the reduction peaks are
noticeably smaller than the oxidation ones. This observation reflects
not only viable kinetic contributions but also the expected effect of
the micro-disk electrode. It can also be noted that a large single peak
results from Cl~ oxidation, but two peaks are recorded for Br~
oxidation. Further detailed electrochemical analyses indicate the
second peak being highly likely from the oxidation of Br;~ to Br,
according to reaction (11). This finding actually agrees with the
claim that Br;~ is less stable than Cl;~ in acetonitrile.!®

2Br;~ = 3Br, + 2e (11)
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The higher stability of Cl;~, together with the more positive
potential for CI~ oxidation, make the CI~/Cl;™ couple a favourable
choice for enhancing the charge storage performance of a positive
electrode of porous carbon via electrostatic adsorption.

In addition, a number of chloride salts of “soft metals”, e.g. FeCl;
and AICl;, are able to form intercalation compounds with graphitic
carbons. This property has been employed in the relatively new
ionic liquid based aluminium ion battery'*®!* in which the graphite
positive electrode is the host for the fast de-/intercalation of the
anionic AlCl;~ complex according to reaction (12).

C, + AICl,™ = C,[AICl4] +¢ (12)

This reaction is expected to occur in layer-structured materials
such as graphite and MXenes that can accommodate intercalation.
Interestingly, it has also been recently claimed for the positive
electrode of activated carbon that possessed a specific surface area
(2070 m? g~') which would have given a specific capacitance of up
to 207 F g~! assuming the EDL capacitance to be 10 uF/cm? on an
ideal carbon surface. However, the reported specific capacitance was
twice as large (419 F g™!) in an inorganic ionic liquid, i.e. the molten
eutectic mixture of AlCl;-NaCl-LiCl at 125°C. This increase in
specific capacitance was attributed to reaction (12) because the
XRD pattern of the activated carbon did exhibit a broad peak
indicating the presence of graphitic structures.??

On the other hand, CVs of the full cell of the molten salts
exhibited typical EDL capacitance at low cell voltages, and
additional Faradaic storage at higher cell voltages.??® Such features
have been observed on the CVs of activated carbon supercapacitor
cells containing aqueous iodide or bromide electrolytes as
exemplified in Fig. 11c. Instead of intercalation, the enhanced
storage at high voltages was attributed to the X~ /X3~ couple
according to reactions (9) and (10).'%1:1%4

An interesting phenomenon related to CVs similar to those in
Figs. 11c and 11d is that such cells show two apparent capacitive
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storage mechanisms. It is reasonable to attribute the low voltage
storage to EDL, but the high voltage storage should have involved
the Nernstian mechanism according to either reactions (9) and (10)
or reaction (12). However, it is not yet clear how these Nernstian
reactions behave in a capacitive manner. It may be hypothesised that
the porous activated carbon electrodes may offer widely distributed
and energetically different Nernstian reaction sites, leading to the
apparent capacitive behaviour. Alternatively, because both the X~
and X3~ ions are adsorbed on the reaction sites of the carbon
surface, they become part of the EDL structure, and hence are
“conjugated” electronically and two-dimensionally inside the EDL,
contributing to capacitive charging and discharging. The interfacial
conjugation hypothesis seems to agree with the observation of
current peaks at low cell voltages, as shown in Fig. 11d, when an
electrolyte of higher iodide concentration was used in the same
activated carbon supercapacitor.!®® In such a case, because the
surface reaction sites are already fully occupied, the excess amounts
of X~ and X3~ ions undergo the electrode reaction in the
conventional Nernstian manner.

Further studies are obviously needed to confirm the reasons
behind the additional capacitive behaviour at high cell voltages due
to the added halide ions. The additional storage capacity gained and
the extended cell voltage are both practically meaningful. For
example, combining the specific capacitance of over 400 F g~! for
activated carbon in the molten mixture of AlICi3-NaCl-LiCl at
125°C, and the high specific charge capacity of alkali metals, the
specific energy of the supercapattery with a positive electrode of
activated carbon and a negative electrode of sodium (Na) or lithium
(Li) can reach 445 or 1111 Whkg™!, respectively.2%!

The above discussion has not considered the service durability of
activated carbon supercapatteries with halide ions as the redox
additives. One expected consequence of repeated cycles of de-/
intercalation according to reaction (12) is the fatigue-induced
degradation of the porous activated carbon. Also, the very positive



Electrochemistry, 92(7), 074002 (2024)

potential needed for oxidising C1~ to Cl3~ means a high oxidising
power of Cl;~. This property was exploited for the oxidative
dissolution of metals and alloys in ionic liquids?®> and can in
principle affect the durability of activated carbon in supercapacitors.
Further, the anodic formation of Cl;~ is not favoured in aqueous
electrolytes, nor in many organic solutions and ionic liquids, which
means the need for better understanding to guide the selection of a
desirable electrolyte. Last, but not the least, the specific capacitance
and the correlated microstructure of activated carbon can vary
significantly, depending on the manufacturing method, the electro-
lyte and its working temperatures.

In using an alkali metal negative electrode, it is desirable to select
a working temperature at which the metal remains as a liquid to
avoid the deposition of metal dendrites. The melting points are
180.5, 97.8 and 63.5°C for Li, Na and K metals, respectively.
Therefore, the prospect of using Na metal on the negative electrode
and activated carbon on the positive electrode is very attractive in
terms of performance, resources, cost, and working conditions.
Alkaline earth metals have also relatively high charge capacities, but
the melting points are much higher with 650.0 and 842.0 °C for Mg
and Ca metals, respectively. There are many inorganic molten salts
that are stable at the needed working temperatures in which carbon
anodes are commonly used for electrolysis. The next step should be
to study the structural stability of activated carbons so that their
capacitive storage performance can be enhanced, maintained or at
least is not compromised significantly.

5.2 Redox-active electrolytes

There is no doubt that the electrolytic solution is one of the
crucial components of each electrochemical system. As a source of
ions, this is even more profound in the case of electrochemical
capacitors that are supposed to store charge by arranging ions in the
so-called electric double-layer, formed at the electrode/electrolyte
interface. Of course, the specific energy of traditional capacitors,
based on double-layer storage, is not impressive, as it is a direct
consequence of the double-layer capacitance, being estimated as up
to 50 uFcm™2.2% Activated carbons as the electrodes with well-
developed surface area (~1800m?g~") and suitable micro/meso-
porosity can ensure up to 20 Whkg™! at the device level.>*> On the
one hand, this value is still far below the energy density for batteries.
On the other hand, the specific power delivered by capacitors
is remarkably higher than for the batteries (quite often up to
10kW kg™, as there are no kinetic and diffusion-related limitations
in the charging process. Furthermore, the cyclability of electrochem-
ical capacitors is another factor that envisages them as a reasonable
solution for fast and efficient energy storage.

As the electrode/electrolyte interface is a basic feature for all
electrochemical processes, both components require thorough
attention in the further development of device performance.?**
Interactions between the electrolytic solution and the electrode
surface, especially surface functionalities, the interplay of electrode
microtexture and electrolyte composition, electrolyte viscosity,
reactivity, and thermal stability cannot be neglected in terms of
many important aspects such as final capacitance value, operating
voltage, self-discharge, leakage currents, or cyclability.'”?> In
addition, specific energy/power, rate handling, and charge prop-
agation are derived from these parameters.

Redox-active electrolytes have been proposed as an alternative to
pseudocapacitive electrode material such as RuO, or MnO, that
allows high capacitance values and specific energy to be reached.
Since the first work by Ishikawa et al. on brominated carbons
and bromine’®2%7 as well as Frackowiak et al. and others on
iodides,?%%-212 great progress has been made in the field. Research
has expanded to other anionic redox-active electrolytes that contain
halides (pseudohalides such as thiocyanate,>'3 selenocyanate®'4),
organometallic complexes (ferricyanide and ferrocyanide?'>-22?) and
organic anion — like indigo carmine’®® and many others.!%%224-226
Selected couples with their redox potentials have been presented in
Fig. 12.27

There is widespread recognition that redox-active electrolytes
have several advantages. The charge delivered by redox-active ions
dissolved in the solution (or just a component of the redox-active
ionic liquid without solvent) can be easily adjusted by the
concentration of the specimen. This also impacts the conductivity
of the solution and can have an impact on the redox potential.
Furthermore, several redox-active species are soluble both in protic
and aprotic media; therefore, they can boost the capacitance values
for water-based systems and increase their specific energy, but also
can serve as charge balancers in the organic environment and allow
for a wider operating voltage window.

In addition to several advantages, redox-active electrolytes also
have limitations. The redox-based charge storage mechanism on one
electrode quite often induces faster self-discharge and triggers
leakage currents, as the charged species are prone to the shuttling
effect. In such a case, specially designed membranes or viscosity-
modulated media that prevent the contact of species at different
oxidation states are required.??*?2622822% In certain cases, mass
balancing of the electrodes can be used to diminish the self-
discharging process and retain the benefits from increased capacity.

Recently, it has been demonstrated that redox-active electrolytes
could be successfully applied to hybrid metal-ion capacitors.?3
Their role in these systems is a bit different as the increased capacity

L Ty i T ' y T - T -
1 Ky . !
o H, evolution | ! \f@\%\( Thermodynamic é 0, evolution
o PR stability of water R
[7)] 1 %® Qu\- 1
© g AR
Ky 2
B e &S
N 1 ¥
@© 0‘5;»\ I c®
8 ) ; | o‘;:\
9o & Dz . R X P A 9
o) ¥ 1 O ¥ .gi\ 1 ]
= & &l & €& g & g
of 9 e 9 o O
L 2 . 9
! . : , . . . . - ; !
-1.0 -0.5 0.0 0.5 1.0 15 2.0

Redox couple standard potential vs. NHE, V
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Ref. 227. Copyright 2015 Aurhors, CC BY 4.0.

227 reprinted with permission from
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of one (positive) electrode allows for full insertion of a negative
electrode by Li, Na, or K. In the past, it was required either to
preinsert the negative electrode in one cell and then combine it with
a (positive) capacitive electrode in another cell or to use a composite
electrode of increased capacity (e.g. composed of sacrificial
materials) to counterbalance the insertion charge. In the latter case,
the sacrificial material produced a so-called ‘dead mass’ that affected
the final specific energy. In the case of a redox-active electrolyte, the
capacitor could be assembled in one step, without external pre-
insertion or adding additional mass to the system.

The development of redox-active electrolytes is just emerging
and a number of issues need to be addressed. For each system, the
right concentration of redox active components must be verified and
optimized, especially in terms of electrolyte viscosity, conductivity,
and corrosion. The latter, in particular, could be very problematic,
especially for highly concentrated formulations. In summary, redox-
active electrolytes are an interesting alternative for pseudocapacitive
materials, providing additional charge from the electrolytic solution.
They allow higher capacitance values and specific energy to be
reached, however, it is evident that further study and optimization
are needed in order to benefit from full spectrum of their advantages.
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