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Emerging Trends in Anion Storage Materials for Capacitive and
Hybrid Energy Storage and Beyond

Qingyun Dou,t? Nanzhong Wu, ¢ Haocheng Yuan,? Kang Ho Shin,? Yongbing Tang, *<@ David Mitlin,*¢
Ho Seok Park*ab

Electrochemical capacitors charge and discharge more rapidly than batteries over longer cycles, but their practical
applications remain limited owing to their significantly lower energy densities. Pseudocapacitors and hybrid capacitors have
been developed to extend Ragone plots to higher energy density values, but they are also limited by insufficient breadth of
options for electrode materials, which require materials storing alkali metal cations such as Li* and Na*. Herein, we report a
comprehensive and systematic review of emerging anion storage materials for performance- and functionality-oriented
applications in electrochemical and battery-capacitor hybrid devices. The operating principles and types of dual-ion and
whole-anion storage in electrochemical and hybrid capacitors are addressed along with the classification, thermodynamic
and kinetic aspects, and associated interfaces of anion storage materials in various aqueous and non-aqueous electrolytes.
Subsequently, the charge storage mechanism, structure-property correlation, and electrochemical features of anion storage
materials are comprehensively discussed. The recent progress in emerging anion storage materials is also discussed, focusing
on high-performance applications, such as dual-ion- and whole-anion-storing electrochemical capacitors in a symmetric or
hybrid manner, and functional applications including micro- and flexible capacitors, desalination, and salinity cells. Finally,
we present our perspective on the current impediments and future directions in this field.

1. Introduction

Electrochemical energy storage technologies have received
significant attention owing to the ever-increasing demand for
sustainable renewable energy and emerging applications in
electrical vehicles, future electronic systems, and grid power
storage.’* Among various electrochemical energy storage
devices, electrochemical capacitors store and deliver charges
on the surface of electrode materials in a much more rapid
manner over an order of magnitude longer life cycles compared
to batteries do inside the internal structure.3® However, the
practical and emerging applications of electrochemical double-
layer capacitors (EDLCs) are limited because of the low energy
density associated with their intrinsic physical charge storage
mechanism.8® To resolve this issue, high-capacitance
pseudocapacitive materials that store energy via a Faradaic
reaction on an electrode surface have been developed,?18
while hybrid capacitors integrating capacitive electrodes with

high-capacity battery-type or pseudocapacitive electrodes in an
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asymmetric manner have been exploited to further increase the
cell voltage.'®26 Classical pseudocapacitors and hybrid
capacitors are limited to the combination of non-Faradaic and
Faradaic electrodes that store alkali metal cations such as Li*
and Na*? 23 leading to insufficient breadth of options for
electrode materials. Accordingly, very few examples of
successfully commercialized hybrid capacitors are asymmetric
cells of activated carbon (AC) pairing with lithiated graphite,
lithium titanium oxides, and lithium manganese oxides.1? 23,24
Since the pioneering works on anion storage of graphite
cathodes in metal-graphite batteries date back to 1971,%7- 28 in
the past decade, anion storage materials have been extensively
investigated to increase the cell voltage of full cells for the
enhanced energy density.2% 30 Despite previous review articles
on battery-type anion storage materials,?°3* comprehensive
and systematic reviews focusing on battery-capacitor hybrid
cells and functional capacitors have not yet been reported.
Future design of anion storage materials and associated full
cells can be benchmarked to overcome the limited energy
density and functionality of electrochemical capacitors.35-38 In
contrast to metal-cation-storing hybrid capacitors and dual-ion-
storing EDLC-type capacitors, advanced electrochemical and
hybrid capacitors based on dual-ion, and whole-anion cells can
be devised to improve energy density while preserving the
outstanding kinetic and cyclic performances.3% 3841 Such a cell
configuration can be further extended into functional
capacitors such as microcapacitors, flexible or wearable
designs, desalination, and salinity cells.#?5° To maintain the
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kinetic and cyclic features of electrochemical capacitors, high-
capacity (or capacitive) anion storage materials need to be
paired with capacitive (or capacity) materials and balanced both
energetically and kinetically at various rates and for long cycles
at the cell level.2® 2L 51, 52 Gjyen these criteria, this review
focuses on potential anion storage materials that can be applied
in electrochemical and hybrid capacitor design, considering a
wide scope of materials and technologies from EDLC-type and
pseudocapacitive carbon materials,>3-5° to Faradaic graphite,3%
56,57 transition metal hydroxides,38 52 58 59 oxides,%0-65 nitrides, ¢
68 sulfides,®®7t phosphides,’?> 73 selenides,’* 7> carbonate
hydroxides,’® 77 halides/oxyhalides,’3-81 perovskite oxides and
fluorides,3? 82 83 pismuth (Bi)-based materials,3*-8° lead (Pb)-
based materials,®7-8° small molecule- and polymer-based p-type
organics,3 °0 and metal organic and covalent organic
frameworks (MOFs and COFs) and their derivatives,®®> as
shown in Fig. 1. These anion storage materials can store various
anion carriers, such as hydroxyl ion (OH"), nitrate (NOs™), and
sulfate (5S0,4%7), chloridion (CI-), fluorinion (F7), trifluoromethane

sulfonate (OTf), bis(fluorosulfonyl) imide (FSI),

bis(trifluoromethanesulfonyl) imide (TFSID),

hexafluorophosphate (PFg7), perchlorate (ClOg),
d e———— Anion Carriers b
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tetrafluoroborate (BF;”), and tetrachloroaluminate (AICl;7), in
either non-Faradaic or Faradaic manner or both.% 2° 30, 33, 38, 84,
%699 Anjon storage systems in aqueous electrolytes have
advantages in terms of their high ionic conductivity, low cost,
easy practical fabrication process, and environmental
friendliness,33 38 58, 6567, 96, 97 gnd they are compatible with
desalination and salinity cells that use salt water
electrolytes.*8-50, 84, 100-102 Anjon storage in non-aqueous
electrolytes provides an unique opportunity to enlarge cell

as

voltage by means of different operating potentials in the two
electrodes and the kinetic stability of the passivating interface
layers, allowing greatly improved energy density.2% 30, 35,36, 41,103
More research attention may be beneficial for the design of
electrochemical capacitors considering the
electrochemical features of anion storage materials, which are
otherwise difficult to achieve with cation-storing systems of
identical electrode materials. For instance, negative graphite

abnormal

electrodes storing Li* cations are kinetically sluggish, limiting the
charging rate, while positive graphite electrodes storing anions
are kinetically rapid, reaching an operating potential >4.5 V
versus Li*/Li, despite a lack of clear understanding of their

mechanism.>6 104, 105
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Fig. 1 Schematic representation of the structures of typical (a) anion carriers, (b) anion storage materials, (c) configurations of performance-oriented dual-ion
and whole-anion-storing electrochemical capacitors, and (d) functionality-oriented applications including micro- and flexible capacitors, desalination, and

salinity cells.
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Motivated by this fundamental and technical importance of
anion storage materials, we report a comprehensive and timely
review on energy storage mechanisms, chemical and physical
features, and electrochemical performances of various anion
storage materials for performance- and functionality-oriented
applications in electrochemical and hybrid capacitors. First, the
classification and operating principles of dual-ion and whole-
and the
correlation between anion storage materials with anion carriers

anion-storing hybrid capacitors are discussed,
and electrolytes is discussed in Section 2. In Section 3, the
mechanisms and physical and chemical/electrochemical
characteristics of various anion storage materials are discussed,
including (1) capacitive carbon materials storing various anions
via electrostatic adsorption; (2) transition metal hydroxides,
oxides, sulfides, phosphides, selenides, nitrides, oxygen-anion
intercalated perovskite oxides, metal organic frameworks and
their derivatives, and zinc (Zn) metals storing OH~ ions; (3) anion
intercalation graphite, p-type organics, metal organic, and
covalent organic frameworks storing large-sized polyatomic
anions (PFg~, ClO4~, AICl,7); and (4) Pb-based materials storing
S0,4% ions and metal halides/oxyhalides storing CI- and F~ ions.
In Section 4, the cell configurations and performances of anion-
storing electrochemical and hybrid capacitors are introduced,
including high-performance dual-ion-storing hybrid capacitors
(a combination of a Faradaic anion storage positive electrode
with a capacitive negative electrode, or a capacitive positive
electrode with a Faradaic cation storage negative electrode)
and whole-anion-storing electrochemical capacitors (a
combination of a Faradaic anion storage negative electrode
with a capacitive positive electrode, or two pseudocapacitive
anion storage electrodes). Moreover, we discuss the recent
progress in functional capacitive applications, such as
micro/flexible capacitors, desalination, and salinity cells. Finally,
we discuss the present challenges and potential future
directions for anion storage-based electrochemical capacitors
and hybrid devices in Section 5.

2. Classification and mechanism of anion storage
materials
the

electrochemical capacitors and the associated anion storage
mechanisms, we classify their cell configurations as dual-ion-

To discuss operating principles of anion-storing

and whole-anion-storing electrochemical capacitors (Fig. 1c).
When two electrodes in an asymmetric full cell operate in
different charge storage mechanisms, including one capacitive
electrode, this cell is defined as a hybrid electrochemical
capacitor. In the case of dual-ion-storing full cells, anion storage
materials can be either (D-1) Faradaic (pseudocapacitive or
battery-type) or (D-2) capacitive electrodes, while cation
storage counterparts can be (D-1) capacitive or (D-2) Faradaic
electrodes in hybrid capacitors. Conventional symmetric EDLCs
also store both cations and anions on the surface of oppositely
charged carbon electrodes. Whole-anion-storing capacitors can

This journal is © The Royal Society of Chemistry 20xx
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be divided into two types of cell configurations. When one
electrode is capacitive and the other is Faradaic, whole-anion-
storing capacitors become (A-1) hybrid capacitors.
Alternatively, (A-2) two-electrode anion storage shows Faradaic
pseudocapacitance in a symmetric manner. In this review, dual-
ion- and whole-anion-storing full cells consisting of two battery-
type electrodes are excluded because this review focuses on
capacitor-based cells. The fundamentals of these anion storing
capacitors are addressed in terms of the thermodynamic and
kinetic aspects of electrode and electrolyte materials. The
mechanisms and features of anion-storing electrodes are
discussed in detail in Sections 2.2 and 3.

2.1 Thermodynamic & kinetic aspects of anion storing capacitors
and materials

Operating principles and thermodynamics of anion storing
capacitors and materials. Figs. 2a and 2b show schematic
illustrations of the operating principles and thermodynamic
aspects of representative dual-ion and whole-anion-storing
hybrid capacitors. On charging, electrons are transferred from
the positive electrode to the negative electrode via an external
circuit, while the ion carries are captured or released by the
electrodes to retain charge neutrality. For the (D-1) dual-ion
hybrid capacitors (Fig. 2a), the anions are transported to the
Faradaic positive electrode, where charge transfer occurs at the
electrode/electrolyte interface. Cations are electrostatically
adsorbed on the capacitive negative electrode to balance the
accumulated negative charge. For the (A-1) whole-anion hybrid
capacitors (Fig. 2b), the anions are released from the negative
electrode to the electrolyte, and the active anions are adsorbed
on the positive electrode. On discharging, the electrochemical
processes are reversed in the dual-ion- and whole-anion-storing
capacitors. The electrochemical stability window (ESW) of the
electrolyte is defined by its oxidative potential limit (Po) and
reductive potential limit (Pg) for electrolyte oxidation and
reduction, respectively. The redox potentials of the positive and
negative electrodes need to be located within the ESW of the
electrolyte, unless a stable solid electrolyte interface (SEl) (or a
cathode electrolyte interphase (CEl) for the positive electrode)
is formed to provide kinetic stability for electrolyte
decomposition. The cell voltage, which is the potential gap
between the positive and negative electrodes, can be
particularly enlarged in a dual-ion hybrid cell.
For Faradaic (pseudocapacitive or battery-type) anion
storage materials, the half reaction can be expressed as:
([Al*anion)% + e~ <> [A]° + anion- (1)
where the solid-state [A]° and ([A]*anion~)? have a unit activity.
The anion storage process follows the Nernst equation:

E = E° = (RT/nF)In(Aanion-1) (2)
where apanion-] is the activity of anion; E and E° are the real-time
potential and standard potential of the redox couple; R is the
gas constant; T is the absolute temperature; n is the mole
number of transferred electrons (n = 1); and F is the Faraday
constant.

J. Name., 2013, 00, 1-3 | 3
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According to the Nernst equation (2), an increase in
electrolyte concentration leads to an increase in Qpanion-), thus
negatively shifting the electrode potential of the anion storage
materials and vice versa.14116 As 3 side note, the potential of
cation storage materials shifts positively with increasing
electrolyte concentration. This behavior can be used to
distinguish anion storage materials from cation storage

ciety-Reviews 1
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Because liquid electrolytes consist of anion carriers and
solvents, their physical and chemical properties affect
thermodynamic aspects of anion-storing capacitors. Fig. 1a
shows various anion carriers, including OH-, ClI~, F~, ClO4~, NOs",
S0,%-, PFg-, AICl,~, FSI-, TFSI-, BF,~, and OTf, which can be
dissolved in aqueous, organic, and ionic liquid (IL) solvents.
Accordingly, the ESWs of electrolytes are dependent on the

materials. types and concentrations of anion carriers and solvents, as

shown in Figs. 2c and 2d.
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Fig. 2 (a) Schematic showing the working principles of the dual-ion-storing hybrid capacitor combining a Faradaic positive electrode and a capacitive negative
electrode, and (b) whole-anion-storing hybrid capacitor combining a Faradaic negative electrode and a capacitive positive electrode. (c) Schematic showing
the thermodynamic ESW of water (1.23 V) dependent on pH values, and potential ranges of selected anion storage materials in alkaline aqueous electrolytes
and neutral aqueous electrolytes. (d) Schematic showing the potential limits of selected anions, solvents, and electrolytes determined by experimental or
computational methods, and the potential ranges of selected anion storage materials in non-aqueous electrolytes. @ The oxidative potential limits of 0.65 M
NEt,-BF, in different solvents, or 0.65 M NEt,*-based salts in PC solvent, measured on glassy carbon electrode.1% 197 b The oxidative voltage limits of 1 M Li*-
based salts in EC+DMC (1:1) solvent, measured on LiMn,0, composite electrode.'®® ¢ The reductive voltage limits of 0.1 M LiClO, in different solvents, measured
on Pt electrode.'® 9 The oxidative and reductive voltage limits of the 1 M LiPF¢ EC/DEC electrolyte (1).1%% 110 ¢ The oxidative and reductive voltage limits of the
LITFSI+EMIM-TFSI IL electrolyte (2).1'1f The oxidative voltage limit of the 7.5 m LiFSI in EC/DMC electrolyte (3).112 9 The HOMO and LUMO of the solvents and
K*-based salts calculated from the B3LYP/6-31G.13

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 5 of 56

In aqueous electrolytes, the thermodynamic ESW of water is
1.23 V, where the hydrogen and oxygen evolutions respectively
occur at -0.42 and 0.81 V versus standard hydrogen electrode
(SHE) at a pH of 7.177 The potentials of hydrogen and oxygen
evolutions shift to lower values as the pH values of solutions
increases, while the thermodynamic ESW of water remains 1.23
V as shown in Fig. 2c. The measured ESWs of aqueous
electrolytes can exceed 1.23 V due to the kinetic suppression of
water decomposition and decreased water activity.118122 OH-
anion carriers are typically used in alkaline aqueous electrolytes
with a high pH >14. SO4%~ can be used as anion carriers in sulfuric
acid (H,SO,4) aqueous electrolyte. Compared to alkaline and
acidic aqueous electrolytes, neutral aqueous electrolytes have
advantages in terms of their wider ESW values, more
combinations of ion carriers (e.g., CI-, F-, NO3~, SO,2, and ClO,4~
anions coupled with Li*, Na*, and K* cations), and less
corrosion.123-126
the

Simplicity'lls-lzo, 127

Despite benefits of safety and manufacturing

the major disadvantage of aqueous
electrolytes is the narrow ESW that limits the energy density of
full cells. To resolve this limitation, highly concentrated aqueous
electrolytes, also called “water in salt” (WiS) electrolytes, are
prepared by dissolving high-solubility salts, such as imide-based
salts and zinc chloride (ZnCl,), in extremely small amounts of
water.114 121, 122, 128-130 These WIS electrolytes (e.g., 21 m (mol
kg™!) LiTFSI and 35 m NaFSI) exhibit widened ESWs, which is
attributed to the absence of free water molecules, leading to
reduced water activity.121 122,128,129 Hyprid electrolytes, where
the salts are dissolved in mixed aqueous/organic solvents,131-133
could widen ESWs further than those of WiS electrolytes owing
to the extremely low water content in the major organic
solvent.132 133 Gjven the widened electrolyte ESWs and a
negative shift in the electrode potential (equation 2), WiS and
hybrid electrolytes allow more anion storage materials with
high potential to be used as positive electrodes, as compared to
dilute aqueous electrolytes.tt> 130, 134-136 Thjs rationale is also
applied to anion storage electrodes in highly concentrated
organic electrolytes (as discussed below).

In addition to highly concentrated aqueous and hybrid
electrolytes, organic and IL electrolytes increase cell voltage due
to wide ESWs and kinetic stability by passivating layers (SEl and
CEl).103,137, 138 A5 shown in Fig. 2d, the oxidative and reductive
potential limits also depend on the combination of anions and
solvents, as determined by experimental or computational
methods. It notes that the experimentally determined potential
limits are influenced by measurement conditions and
evaluation methods. For instance, oxidative potentials can be
higher on less catalytically active surfaces owing to kinetic
suppression of electrolyte decomposition.’3® The highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies are correlated with the
electronic properties (e.g., ionization potential and electron
affinity) of isolated solvents and salts, which roughly predict
their oxidative and reductive potential limits.113 140 Among the

This journal is © The Royal Society of Chemistry 20xx
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organic electrolytes, carbonate-based electrolytes show a
suitable combination of oxidative and reductive stabilities.
Acetonitrile (ACN)-based electrolytes exhibit high oxidative
stability, but they are incompatible with low-potential negative
electrodes (as discussed below).141 142 Ether-based electrolytes
exhibit stability but
stability.137 In case of anions, PFg~ and BF,~ are high-oxidation-

superior reductive poor oxidative
tolerant anions. The oxidative and reductive stabilities of the
electrolytes can be altered because they are determined by
various factors, including solvent, salt, solvation/ion-pairing,
and concentration.

It is known that anion intercalation into graphite occurs at
high potentials (>4.5 V versus Li*/Li) beyond the oxidative limit
of conventional carbonate electrolytes, causing

electrolyte decomposition. In an analogous manner to WIS

severe

aqueous electrolytes, highly concentrated organic electrolytes
are beneficial for anion intercalation in graphite owing to their
wide ESW and reduced anion-intercalation potential, which
enhance the anion intercalation stability.112 143, 144 Despite the
high dielectric constant (¢,=89.8) of ethylene carbonate (EC), it
is difficult to dissolve a high concentration (>1 M) of PFg-based
salts in EC-based solutions, and the tight binding between EC
and PFg~ prevents the intercalation of PFg~ in graphite
electrodes.1#5 146 Accordingly, ethyl methyl carbonate (EMC) is
commonly used as a solvent for high-concentration electrolytes
for PFg~ anion intercalation into graphite.>® 105,144, 147-150 EMC is
capable of achieving high concentrations and resolving strong
bindings with anions.105 147, 148, 151 For instance, when the
electrolyte concentration increases from 1to 4 M (mol L™%) in a
with LiPFs/EMC electrolytes,
intercalation potential decreases from 4.45 to 4.34 V, while the

Li—graphite cell the anion
specific capacity increases from 54 to 84 mAh g 1147 In sharp
contrast to PFg-based salts, FSl-based salts can achieve high
concentrations in an EC-dimethylene carbonate (DMC) solution.
112,152 |n 3 5 M KFSI EC-DMC electrolyte, FSI- anions were
intercalated into graphite within a potential range of 3.2-5.25V
versus K*/K.132 While in a 5 m KFSl-tetramethylene sulfone
(TMS) electrolyte, the capacity fading over 300 cycles was
negligible for a K—graphite cell in a potential range of 3.0-5.4 V
versus K*/K.133 Along with the graphite positive electrode, highly
concentrated organic electrolytes can be applied for p-type
organic materials.'® 14 When the concentration of LiClO,4 in the
EC-DMC electrolyte increases, the dissolution of small-molecule
p-type organic materials is suppressed, and the potential of the
organic positive electrode decreases within the ESW of the
electrolyte, thereby improving cycling performance and specific
capacity.!'® Despite the benefits of cycling stability and capacity
enhancements, concentrated electrolytes have disadvantages
in terms of their low conductivity, high viscosity and density,
and high cost of salts, which should be considered in their
practical application.

ILs are entirely composed of ions in a liquid state at
temperatures less than 100 °C.1>> They considered promising
candidates for anion-intercalating graphite owing to their wide

J. Name., 2013, 00, 1-3 | 5
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electrochemical stability, high oxidative stability, negligible
volatility, low flammability, and exclusion of solvent co-

intercalation.35 57, 156-159

IL-based electrolytes for anion
intercalation in graphite are generally in a mixed form,
physically integrated with metal salts.>”- 157-15° For instance, the
intercalation of TFSI™ into graphite occurs over 5 V versus Li*/Li
using 1 M LiTFSI+N-butyl-N-methylpyrrolidinium (Pyry4)-TFSI
with an ethylene sulfite (ES) additive.>” The eutectic solvents, an
analogue of ILs, have been investigated for anion storage.104 160,

Table 1 Physical features of anion carriers and aqueous electrolyte.

Journal Name

161 A typical example is a mixture of aluminum chloride (AICl3)
with 1-ethyl-3-methylimidazolium chloride (EMIMCI) that
provides AICl;~ anions.1%% 160 This EMIMCI-AICI; electrolyte was
applied to an Al-graphite battery operating through
electrochemical Al deposition in the anode and intercalation of
AlCl,™ into graphite cathode.!%* AICl,™ intercalation into graphite
occurs at a relatively mild redox potential of approximately 2 V
versus Al anode

Anions Me R® Ry® /A 0 ? Electrolytes o
Lit/1 M 134.5
Na*/1 M 160
OH- 17 1.76 3.0 198
K*/1M 184
K*/6 M ~600
F- 19 1.36 3.52 55.4 Na*/1 M 60
cl- 35.5 1.81 3.32 76.3 Na*/1 M 74.3
NO;~ 62 2.64 3.35 56.7 71.4 Na*/1 M 65.9
SO, 96 2.90 3.79 77.7 80.0 Na*/1 M 50.8
Clo,~ 99.5 2.92 3.8 77.1 67.3 Na*/1 M 65

a M (g molt) is the molar mass of anion. ® R (A) and Ry (A) are the bare and hydrated anion size, respectively.162 ¢ V, (A3) is the cosmo volume of
anion.®3 9 g, (S cm? mol™) is the equivalent ionic conductivity of anion.1%* ¢ g (mS cm™) is the ionic conductivity of electrolyte.%*

Table 2 Physical features of anion carriers in non-aqueous electrolyte.

BMIM*-based IL Li salt/EC+DMC

Anions Ma Rb V,© D7 D7 o°
PFs 145 3.5 69 15 1.8 10.7
BF, 87 2.6 49 14 2.8 4.9
TFSI- 280 8.0x3.9 147 11 1.3 9.0
oTf- 149 - 80 0.8 1.8 -
clo, 99.5 2.92 54 - - 8.4
Alcl, 169 5.28 9% - - -

@ M (g mol-t) is the molar mass of anion. ? R (A) is the estimated sizes of anion (HyperChem. 7.52). < V, (A3) is the Van der Waals volumes of anion.¢5 D ,, and
D,, (107 cm? s71) are the diffusion coefficients of cations and anions, respectively, in BMIM*-based ILs.1%6 167 ¢ g (mS cm™) is the ionic conductivity of Li

salts/EC+DMC (1:1) electrolytes (1 M).138

Table 3 Physical features of organic solvents.

Solvents Ma p?t £° nd Tm€ Tp¢
Acetonitrile (ACN) 41 0.78 36.0 0.34 -49 82

Propylene carbonate (PC) 102 1.20 64.9 2.5 -49 242
Ethylene carbonate (EC) 88 1.32f 89.8f 1.9/ 36.4 248
Dimethylene carbonate (DMC) 90 1.06 3.1 0.59 4.6 91

Diethylene carbonate (DEC) 118 0.97 2.8 0.75 -74 126
Ethyl-methyl carbonate (EMC) 104 1.01 2.9 0.65 -53 110
1,2-Dimethoxyethane (DME) 90 0.86 7.2 0.46 -58 84

Tetraethylene glycol dimethyl ether (TEGDME) 222 1.01 7.5 3.4 -30 275
Tetramethylene sulfone (TMS) 120 1.2679 43.39 10.28¢ 28 287

a M (g mol) is molar mass. ? p (g cm™3) is the density. ¢ &, is the relative dielectric constant. 9 n (cp) is the viscosity. ¢ T,, and T, (°C) are the melting point and
boiling point, respectively. f At 40 °C. 9 At 20 °C. Physical properties are cited from ref.’38 and 113,
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Kinetic aspects of anion storing capacitors and materials. In addition
to the thermodynamic aspects of anion storage materials, such as
and ESW,

electronic and

theoretical capacity, electrode potential, kinetic

parameters such as charge transfer, ionic
conductivities, and ion access to the active sites need to be
considered because they significantly affect the kinetic (rate and
power) performance, stability (vide infra), and efficiency of anion-
storing capacitors.

The physical features of the selected anions and solvents in
aqueous and non-aqueous electrolytes are summarized in Tables 1,
2, and 3. Similar to the ESWs of electrolyte solutions, their kinetic
properties also depend on the combination of ion carriers and
solvents. In aqueous electrolytes, OH™ carriers have a much higher
ionic conductivity than other carriers (Table 1). The ionic conductivity
of OH™ carriers is dependent on the types of counter cations and the
solution concentrations; this is evident by the fact that the highest
ionic conductivity performance of approximately 600 mS cm! was
achieved in a 6 M KOH electrolyte among various alkaline aqueous
electrolytes.154

In EDLCs,
ammonium salts (e.g., tetraethylammonium (NEt,)-BF,;, Pyri4-BF,)
and imidazolium-based salts (e.g., EMIM-BF,) dissolved in ACN or

organic electrolytes usually consist of ternary

propylene carbonate (PC) solvents.168 169 ACN-based electrolytes
exhibit higher ionic conductivity than PC-based electrolytes due to
the lower viscosity and higher solvating power despite lower
dielectric constant (Table 3).142 170 However, ACN is more flammable
and toxic than PC.1%8 For solutes, BF,~-based salts (e.g., NEt4-BF,4, and
EMIM-BF,) are preferred owing to their wide ESW and high ionic
conductivity,127, 171

In faradaic anion storage systems, carbonate-based electrolytes
are widely used owing to the formulation of cyclic carbonate (with a
high dielectric constant) and linear carbonate (with low viscosity) and
the formation of a stable SEl. The physical properties of these
carbonate electrolytes, including metal salts such as LiPFg, NaPFg,
KPFg, LiClO4, NaClO4, and LiBF,, are dependent on the type of anions
(Table 2). Although BF, itself has high mobility, BF;-based metal
salts (e.g., LiBF;) have low solubility and high viscosity in carbonate
solutions, thereby demonstrating low ionic conductivity. ClIO4 -based
salts exhibit satisfactory solubility and relatively high ionic
conductivity. However, the strong oxidation of ClO, arising from the
high valence state of Cl (VIl) may result in safety issues.!38 PFg™
based salts are preferred because of their balanced properties such
as ionic conductivity, viscosity, stability against oxidation, and stable
SEIl formation.'3® The PFs-based carbonate electrolytes generally
require a mixture of EC and linear carbonates (e.g.,, DMC and
diethylene carbonate (DEC)) owing to the melting point depression
of EC (T,=36.4 °C) with a high dielectric constant and less viscous
linear carbonate (Table 3).24 172175 At an appropriate ratio of the two
carbonate solvents, the resultant mixture has advantages in terms of
high conductivity, low viscosity, and wide ESW.

Along with the thermodynamic ESWs of organic electrolytes, the
electrode/electrolyte interface should be considered because the
formation of SEl affects the kinetic stability and transportation

This journal is © The Royal Society of Chemistry 20xx
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properties. Because organic electrolytes are thermodynamically
unstable at low-potential negative electrodes (e.g., Li, Na, and K
metals and Li-intercalation graphite), SEls are formed to operate
beyond the thermodynamic limit of the electrolytes, as shown in Fig.
2. Likewise, stable CEls are sometimes required for high-potential
positive electrodes. Among various organic electrolytes, most
carbonate-based electrolytes can be used for low-potential negative
electrodes by forming stable SEls, which, coupled with their high
oxidative stability, can be expected to achieve high energy. In
contrast, ACN-based electrolytes are not extensively applied because
of the poor reductive stability of ACN and the failure of stable SEI
formation on the negative electrodes.'#% 142 Thus, the anion storage
materials as positive electrodes are coupled with high-potential
negative electrodes (e.g., Li-storage LisTisO;,, Mg-storage organics,
and EDLC-type electrodes) in ACN-based electrolytes.’>* 176 Ether-
based electrolytes are suitable for low-potential negative electrodes
because the associated SEI layers offer high ionic conductivity and
stability.1’7-17° However, ether-based electrolytes are incompatible
with high-voltage anion storage materials because of their intrinsic
oxidative instability.116 137 151 For  example,  using
LiTFSI/tetraethylene glycol dimethyl ether (TEGDME) electrolyte, the
organic positive electrode for TFSI- storage yields a moderate
average potential of 3.4 V versus Li*/Li.1>*

2.2 Mechanisms of anion storage materials

Fig. 3 illustrates the energy storage mechanisms,
electrochemical reaction formula, operating potential, and
charging/discharging profiles of anion storage materials for
dual-ion and whole-anion-storing electrochemical capacitors.
EDLC-type materials such as porous carbons can
electrostatically adsorb all of the anions in both aqueous and
non-aqueous electrolytes when the electrode is positively
charged (Fig. 3a).8 These materials are characterized by surface-
confined electrochemistry, demonstrating linear galvanostatic
charge/discharge (GCD) curves and rectangular cyclic
voltammetry (CV) shapes.

The OH~ ions in aqueous electrolytes can be stored in various
anion storage materials, such as porous carbon materials,
transition metal compounds, and MOFs, with different
mechanisms. For Faradaic OH- storage in alkaline aqueous
electrolytes, the OH" ions can react with Lewis acidic groups of
functionalized carbon materials and organic ligands of MOFs,
demonstrating pseudocapacitive behavior within relatively
negative potential ranges.>> %3

In contrast, nickel (Ni)-, cobalt (Co)-, and manganese (Mn)-
based hydroxides,38 58 oxides,® 62 65 180 nitrides,® sulfides,”® 71
phosphides,’? 73 selenides,’* and carbonate hydroxides,’® 77
MOFs (with active sites of metal centers),181182 Zn metals,183-186
and Bi-based and iron (Fe)-based materials®3 6% 85 86 can store
charge under OH™ ions via a conversion reaction in alkaline
aqueous electrolytes. Among these, Ni and Co-based
hydroxides and oxides demonstrate a battery-like behaviorin a
positive potential range of 0—0.7 V versus SHE (Fig. 3b). Their
charge storage mechanism is based on the conversion reaction
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between hydroxide (M'"(OH),), oxy-hydroxide (M"OOH), and
even oxide (M'VO,) via the breaking and formation of O—H bonds
in the presence of OH- ions from alkaline aqueous
electrolytes.>® 6> 187 The other Ni, Co-based materials show a
change in the valence states of metal centers during the
charging/discharging process in an analogous manner to the
battery-like behavior of Ni, Co-based hydroxides/oxides.
Although the observed behaviors of Zn metals, Bi- and Fe-based
materials also show battery-like characteristics, they operate in
negative potential ranges of approximately -1.2 to 0 V versus
SHE. In particular, early transition metal nitrides, such as
vanadium nitrides (VN), titanium nitride (TiN), and tungsten
nitride (WN), exhibit a pseudocapacitive behavior in alkaline
aqueous electrolytes, demonstrating a sloped GCD profile
within negative potential ranges.*? 4> 6. 67,188 Eor example, the
surface nitride of VN is easily oxidized to form vanadium oxide
in aqueous electrolytes, where the surface redox reactions
occur on a few atomic layers of surface vanadium oxide
interacting with OH- ions (Fig. 3c).*% %% 67 The valence state of V
varies from Il to IV depending on the selected potential
window.4? 67

The oxygen vacancies of perovskite oxides (ABOs) act as
storage sites and migration path for the oxygen anion (0%7).3%
189 The anion storage of substoichiometric perovskite oxides
such as LaMnO3_s, Lag »Srg.sMn0Os_s, and SrCog gNig 103_5 is based
on the oxygen anion intercalation mechanism in alkaline
aqueous electrolytes.3% 82,83 Upon charging, 0%~ ions transferred
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from the adsorbed OH- ions are intercalated into the oxygen
vacancy and diffused to the lattice, along with the oxidation of
transition metals (B sites) (Fig. 3d). In particular, the type of B
sites available determines the electrode potentials of
perovskite oxides. For instance, the potential of La;_,Sr,BO3_5
perovskite oxides changes from negative to positive in the order
B = Fe, Mn, Co.83 Other polyatomic anions such as PFs", ClO,",
FSI=, TFSI, and AICl;~ can be stored in non-aqueous electrolytes
when storing materials possess sufficient ion accommodation
space. Graphite can store polyatomic anions via the anion
intercalation into graphite lattice,223° where electrons are
transferred removing delocalized mn electrons of graphene
layers.?0: 191 The intercalated anions are periodically arranged
along the stacking direction of the graphene layers.?® Anion
intercalation of graphite features several transition stages,
indicating multiple potential plateaus in the GCD curves (Fig.
3f). The potential ranges of anion intercalation graphite are 4.5—
5.3 V versus Li*/Li for PFg-, FSI-, and TFSI-,%657.112 3nd 1.5-2.5 V
versus Al anode for AlCl,~.104 160

p-Type organic materials can also accommodate various
types of polyatomic anions such as PFg", ClO4-, and AICl;~ and
halide ions of CI- in both non-agqueous and aqueous
electrolytes.173: 192194 The charge transfer of small and
polymeric p-type materials results in the extraction of electrons
from their original neutral state to a positively charged state via
oxidation, which is balanced by anion uptake (Fig. 3g).
Compared to anion intercalation graphite, the p-type organics
operate within a lower positive voltage range of 3—4 V versus
Li*/Li.
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Fig. 3 Schematic showing the storage mechanisms of typical anion storage materials and their characteristic GCD profiles.
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Similar to p-type organic materials, the organic molecules on
COFs and MOFs can act as hosts for polyatomic anion
intercalation such as PFg", ClO,-, and AICl,~.%% 195 196 COFs and
MOFs are advantageous because of the regularly
interconnected porous channels facilitating anion transport. In
addition to organic ligands, the metal centers of MOFs can react
with anions, resulting in two plateaus on the GCD curves and
high reversible capacity (Fig. 3h).1%¢

Metal halides/oxyhalides as electrodes can store halide ions
such as ClI- and F ions in non-aqueous electrolytes via
conversion reactions.”®-81. 197 The BiOCl electrode shows evident
plateaus of battery-like behavior in the GCD curves (Fig. 3e).1%7
In contrast to use in non-aqueous electrolytes, various halide
ion storage materials in different mechanisms were exploited in
aqueous electrolytes.84 198 |n addition, both Pb and PbO, can be
converted to PbSO,4 coupled with SO42~ anions in H,SO, aqueous
electrolyte.87-8°

3. Types and features of anion storage materials

In this section, we present a comprehensive overview of the
charge storage mechanisms and physical, chemical, and
electrochemical features of various anion storage materials,
including (1) EDLC-type anion storage materials such as porous
carbons; (2) Faradaic materials based on OH~ ions such as
functionalized carbons, Ni, Co-based hydroxides, oxides,
nitrides, sulfides, phosphides, selenides, carbonate hydroxides,
VN, TiN, MOFs, perovskite oxides/fluorides, Zn metals, Fe- and
Bi-based materials; (3) Faradaic materials storing polyatomic
anions (e.g., PFg", ClO4~, FSI-, AlCl47) such as graphite, organics,
COFs, and MOFs; and (4) Faradaic materials storing halide ions
(ClI- and F7) such as metal halides/oxyhalides and Pb-based
materials storing SO, anions.

3.1 EDLC-type anion storage materials.

Carbon-based materials are recognized as the principle EDLC-
type materials owing to their large specific surface area, high
electrical conductivity, as well as thermal, mechanical, and
electrochemical stabilities.®® Although carbon-based EDLC
materials have been summarized in recent reviews,? 199201 thjs
review focuses on anion storage. Carbon electrodes
electrostatically interact with and rapidly store anions via a non-
Faradaic ion adsorption/desorption process at the
electrode/electrolyte interface. Upon charging, contrary to the
conventional understanding that the storage of anions is simply
driven through adsorption on the positive electrode, anion
desorption may also be involved on the negative electrode.? 202
Specifically, at a null potential, the pores of the carbon materials
spontaneously fill with the same amounts of anions and cations
from electrolytes owing to the ionophilicity of the carbon
surface.202205  When two electrodes are positively and
negatively polarized under an applied potential, the charge
density is balanced because excess oppositely charged ions is
adsorbed onto the electrodes. Given that anions and cations
pre-exist in the carbon pores, the anions would undergo
different adsorption/desorption behaviors of the two
electrodes to ensure the neutrality of the electrode/electrolyte
interface. On the positive electrode, anions can be solely
adsorbed to compensate the positive charge of electrode

This journal is © The Royal Society of Chemistry 20xx
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through the counter-ion adsorption process, so-called
permselectivity mechanism. Moreover, the positive charge of
electrode can be also compensated by the adsorption of anions
together with desorption of cations, which is known as ion
swapping or permselectivity failure mechanism. In contrast, on
the negative electrode, anion desorption accompanied by
simultaneous cation adsorption sometimes occurs via an ion-
swapping mechanism.

Various computational and experimental methods have been
developed to investigate the charging mechanisms of EDLC-
type materials.203-218 Computational simulations can provide a
theoretical understanding of charge storage behavior.20> 206
Using molecular dynamics (MD) simulations, the arrangements
of 1-butyl-3-methylimidazolium (BMIM*) and PF¢~ ions inside
carbon pores electrified at varying potentials were investigated
(Fig. 4a).2°> The carbon pores were filled with the same number
(82) of BMIM* and PF¢~ ions at a null potential. Upon charging,
both electrodes experience ion swapping, and the electrolyte
volume inside the carbon pores remains almost unchanged. The
number of PFg~ anions in the positive electrode (115) increased,
whereas it decreased in the negative electrode (55).
Electrochemical quartz crystal microbalance (EQCM) technique
can be used to monitor tiny mass changes of electrodes arising
from the adsorption/desorption of electrolyte ions through an
EDLC mechanism.297-210 The jon adsorption and desorption
behavior are dependent on the polarization degree of the
carbon electrode in various electrolytes. Under the highly
positive polarization of the electrode, the charging process was
dominated by anion adsorption. Such a permselectivity
mechanism failed on the low-polarized electrodes because both
anions and cations were involved in charge storage (Fig. 4b1).208
Moreover, different charging behaviors were observed for
different halide anions, showing that smaller anions play more
significant roles in charging (Fig. 4b2). Nuclear magnetic
resonance (NMR) spectroscopy can be used to quantitatively
distinguish between in-pore anions and cations.204 211, 212
Further, ex-situ 3C and !B NMR measurements of the
respective concentrations of EtN4* and BF,~ ions in the carbon
pores indicated that the BF;~ anions participate in charge
storage via ion swapping on both positive and negative
electrodes.?!! To avoid cell dismantling issues, in situ 3P and 1°F
NMR experiments were employed to capture
tetraethylphosphonium (PEt;*) and BF, ions inside the carbon
pores, respectively (Figs. 4c1 and 4¢2).2°* A balanced population
of in-pore cations and anions was observed at a null potential.
During the charging process, anions and cations were
exchanged along with the simultaneous change of charge
populations on the positive electrode (permselectivity failure),
whereas anions made no contribution and cations dominated
on the negative electrode (permselectivity) (Fig. 4c3). In
addition to the global ion population change observed in carbon
pores, the local ion rearrangement as a function of the carbon
pore size can be characterized by small-angle scattering
techniques.293, 213216 A combination of in situ small-angle X-ray
scattering (SAXS) with Monte Carlo simulations was performed
to quantify ion confinement.?!3 Strong confinement of ions can
be conceptualized as ions accumulating on smaller pores (Fig.
4d1). Consequently, the charge storage of the carbon
electrodes was accomplished by ion swapping in a CsCl aqueous
electrolyte (Fig. 4d2). At the applied positive potential, the
anion concentration drastically increased within the strongly
confining pores more than within the weakly confining pores.
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The movement of anions to strongly confining sites minimized
electrostatic repulsion, thereby reducing energy cost. Overall,
EDLC-type materials act as anion storage materials when
positively charged, and the excess accumulated anions are
equilibrated by the positive electrodes. The exact causal process
of various EDLC charging mechanisms with permselectivity or
permselectivity failure remains unclear, and the effects of

Reviews!

Journal Name

charging mechanisms on the electrochemical performances
such as specific capacitance and rate capability require further
investigation. Moreover, various charging mechanisms have
been demonstrated to have significant effects on capacitive
desalination where permselectivity leads to the failure of ion
removal (see Section 4.2.2).
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Fig. 4 Mechanism study of EDLC-type anion storage materials. (a) MD simulations. The structure of simulation electrode consists of a BMIM-PF; IL electrolyte
for various voltages. Reproduced with permission from ref. [2%5], Copyright 2012 Springer Nature. (b) EQCM technique. (b1) Analysis of ion population change
as a function of charge density for carbon electrode in KCl electrolyte, (b2) ion population change as a function of charge density for carbon electrode in KF,
KCl, KBr and KI electrolytes. Reproduced with permission from ref. [2°], Copyright 2013 American Chemical Society. (c) NMR technique. (c1) NMR spectra
showing in- and ex-pore cation, and (c2) anion environments, (c3) in-pore ion populations at different charging states of carbon electrode. Reproduced with
permission from ref. [2°4], Copyright 2015 Springer Nature. (d) SAXS technique and Monte Carlo simulations. (d1) Sketch visualizing the concept of degree of
confinement (DoC) (large DoC indicates strong confinement), (d2) Cation and anion concentration changes as a function of the state of charge for the two
classes of confinement. Reproduced with permission from ref. [23], Copyright 2017 Springer Nature.
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Despite the improved energy density of hybrid capacitors,
their energy density is mainly limited by the lower capacitance
of EDLC-type electrodes compared to Faradaic electrodes.?!- 22
When EDLC-type materials are used for anion storage in hybrid
capacitors or whole-anion-based devices, the electrochemically
available surface area is key to accommodate more anions to
attain the maximum capacitance.®® 219 The pore structure of
carbon materials is also a critical factor in abnormal
capacitance.??® Sub-nanopores with sizes close to ion size
achieve the highest areal capacitance.??> 221 Diffusion and
sieving effects should also be considered. The larger pores
provide fast ion transfer channels and reduce ion diffusion
distance.??223 To satisfy both capacitances and kinetics,
hierarchical porous structures with multiscale pores are
preferred to achieve high capacitance and rate performance.?2%
223 Nonetheless, the large surface area of carbon materials is in
contrast to the low packing density (<0.5 g cm™), where
volumetric capacitance is typically below 100 F cm™3, and high
mass loading (100-200 pum thickness for commercial
electrodes) required for high energy applications is difficult.22%
225 The volumetric capacitance significantly drops at the device
level when including other cell components such as current
collectors, separators, and electrolytes.??* This calls for careful
design of the carbon material structures to ensure high
capacitance without affecting the packing density of thick
electrode.>3 225 226 Although EDLC-type materials have been
developed considerably, the capacitance of anion storage
remains unsatisfactory. In a hybrid capacitor, the specific
capacitance of an EDLC-type electrode is typically lower than a
Faradaic electrode, and thus, a large mass ratio of EDLC-type to
Faradaic electrode is needed to balance the charge of the
two.1% 21 Even two identical electrodes in dual-ion EDLCs are
conventionally balanced owing to their different specific
capacitances and different operating potential windows. The
total capacity of a full cell is always limited by the low-capacity
electrode, making it necessary to discover alternative anion-

storage materials with high capacity and rate capabilities.
3.2 Faradaic materials based on OH~ ions in aqueous electrolytes.
3.2.1 Functionalized carbons. In sharp contrast to anion-
storing EDLC-type materials, functionalized carbon materials
can achieve enhanced capacitance owing to the Faradaic charge
storage of redox active functional groups.??” Various
heteroatoms, such as oxygen (O), nitrogen (N), boron (B), sulfur
(S), and phosphorous (P), can be incorporated into the carbon
lattice to modify the electronic and chemical properties (Fig.

5a). The redox capacitance of heteroatom-containing groups
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reacting with OH~ ions is revealed through the specific redox
reaction pathways in alkaline aqueous electrolytes.??” As a side
note, the enhanced capacitance of functionalized carbon
materials could be also attributed to the contributions of
cationic pseudocapacitance and changes in the electronic and
chemical structures of carbon materials.>1 227-230 For jnstance,
the wettability by heteroatom-doping can be improved for
easier ion access. The doping of electron-rich atoms contributes
electrons to conjugated m-systems of carbon, promoting
electronic conduction. Further, the structural distortion and
topological defects arising from heteroatoms can improve EDLC
we can observe that enhanced

capacitance. Therefore,

capacitance in alkaline aqueous electrolytes is clearly
multifactorial, and no single specific factor seems to be
enhanced capacitance of the

heteroatom-functionalized carbons was also observed in

responsible. Moreover,
neutral agueous and non-aqueous electrolytes.??7, 228, 51, 55,231

Among the functional groups, O-containing groups act as acidic
sites such as carboxyl, phenol, hydroxyl, and lactone, as well as
basic sites such as carbonyl ketone, quinone, and aldehyde. The
redox reactions of acidic sites with OH™ ions play a dominant
role in achieving high anionic pseudocapacitance (Fig. 5b).232-234
N-containing groups, including amines, pyrrolic/pyridone-N (N-
5), pyridine-N (N-6), quaternary-N (N-Q), and oxidized pyridine-
N (N-X), prefer to react with H* ions owing to the electron-rich
and basic property of N atom.?3% 236 Nonetheless, they may
contribute to revealing the redox capacitance with OH- ions (Fig.
5¢).237-239 |n addition, carbon materials with B-,3% 240 S. 241-243
and P-containing groups?4* 24> have been developed to increase
capacitance in alkaline aqueous electrolytes. However, the
exact origin of the redox reactions with OH~ ions remains elusive.
Heteroatom-incorporated structures can also improve EDLC
capacitance by increasing the adsorption of ions. Moreover,
various multiple heteroatom-doped carbon materials were
reported to achieve high capacitance in alkaline aqueous
electrolytes. For example, N/O/S-enriched carbon foam showed
a capacitance of 455 F g1 in KOH electrolyte,?*® while B/N co-
doped carbon nanosheet displayed a capacitance of 233 Fg1in
KOH electrolyte,?*” and N/P/O co-doped porous carbon spheres
were found to have a volumetric capacitance of 760 F cm™3 in
KOH electrolyte.>>
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Fig. 5 (a) Configurations of heteroatom-containing groups in graphene matrix. (b) Possible redox reactions of O-containing groups and (c) N-containing groups

with OH™ ions.
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3.2.2 Transition metal hydroxides/oxides. Transition metal
hydroxides/oxides have been developed as high-capacitance
electrodes for aqueous hybrid capacitors (Table 4), because of
their abundant redox active sites of metal centers and
hydrophilicity.3® 34 Among Ni- and Co-based hydroxides, the
two-dimensional (2D) layered double hydroxides (LDHs) consist
of positively charged alternating layers of metal centers
coordinated with hydroxyl groups, with anions and water
intercalated between layers.248-250 The formula is [M;_,M’,
(OH) I A™y/n'mH,0, where M and M’ are the metal cations

nical Society-Reviews

Journal Name

with bivalence and trivalence, respectively, and A" is the
interlayer anions balancing the positive charge of metal
hydroxide layers arising from the presence of trivalence cations.
The electrochemical response of Ni- and Co-based hydroxides
in alkaline aqueous electrolytes is characterized by a battery-
type behavior, indicating reversible conversion reactions as

shown in the following equations.

Ni(OH), + OH- <> NiOOH + H,0 + e- (3)
Co(OH); + OH™ ¢ CoOOH + H,0 + e~ (4)
CoOOH + OH™ <> Co0, + H,0 + e (5)
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Fig. 6 Influential factors of electrochemical performance of transition metal oxides/hydroxides. (a) Incorporation of multiple metals. (al) Schematic illustration
of Al substitution, (a2) CV curves at 5 mV s, and (a3) cycling performance at 5 A g™* for a series of NiCo,Al, hydroxides. Reproduced with permission from ref.
[26], Copyright 2019 Wiley-VCH. (b) Defective engineering. (b1) Schematic illustration of the morphology evolution mechanism of phosphate ion functionalized
C0304 (P-C030,), (b2) CV curves, and (b3) rate performance of various Co;04-based electrodes. Reproduced with permission from ref. [¢!], Copyright 2017
Wiley-VCH. (c) Tuning of anions and interlayer spacing. (c1) Schematic illustration of the synthesis of a- and B-Co(OH),, (c2) CV curves, and (c3) rate
performance of a- and B-Co(OH),. Reproduced with permission from ref. [274], Copyright 2019 Elsevier. (d) Combination with conductive substrate. (d1)
Schematic illustration of the preparation procedure of CC-NC-LDH composite with N-doped carbon layer as the structural coupling bridge, (d2) CV curves, and
(d3) rate performance of various Ni,Co-based LDHs. Reproduced with permission from ref. [277], Copyright 2017 Royal Society of Chemistry.
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The reaction of Ni(OH), takes one step through the breaking
of the O—H bond and the transition of Ni?* to Ni3*, forming
NiOOH species with the participation of OH™ ions. This reaction
occurs at 0.5 V versus SHE.187.251,252 The reaction of Co(OH), can
be divided into two steps. The first step, similar to that of
Ni(OH),, is to produce CoOOH species, and the potential of the
Co?*/Co3* redox couple is 0.2 V versus SHE. At the second redox
step, CoOOH species lose H, which can react with OH" ions,
thereby forming CoO, species. At this step, the potential of
Co3*/Co** redox couple is 0.7 V versus SHE, higher than 0.2 V at
the first step, but it is sometimes unstable and incomplete in
the oxidation process of Co(OH),.”> 253

Transition metal oxides such as NiO, Co30,4, and NiCo,04 have
been used as the positive electrodes for hybrid capacitors.234-258
These metal oxides can be converted from the oxidation of the
corresponding hydroxides at 300-500 °C, showing higher
electrical conductivity.257-25% Metal oxides with spinel structure,
with the formula MM’,0,, store charge through the formation

of metal oxyhydroxides (MOOH) in alkaline aqueous
electrolytes, as shown in the following equation for NiCo,0,.
NiC0,0, + OH~ + H,0 <> NiOOH + 2CoOOH + e~ (6)

The as-formed NiOOH and CoOOH species undergo reversible
Faradaic reactions, as shown in equations (3-5).

Transition metal hydroxides/oxides are limited by their low
electrical conductivity and inferior structural stability, resulting
in low rate and cycling capabilities.33 34 Incorporating multiple
metal cations into the host of metal hydroxides/oxides has been
proposed to enhance the electrochemical performance.’2 77, 260-
264 For example, the effect of Al stoichiometry on the
electrochemical performance of ternary (NiCo,Al,) hydroxides
was investigated (Fig. 6a1).26 The introduction of Al into Ni, Co-
based hydroxide leads to a transition from B-phase to a-phase,
along with the expansion of interlayer spacing. In addition, the
partial dissolution of Al during the cycling process can generate
more defects and active sites. Consequently, NiCo,Al, hydroxide
shows a higher specific capacity of 158 mAh g1 at 0.5 A g and
superior cycling stability of 97.3% over 12000 cycles, compared
to 68 mAh g1 at 0.5 A g~ and 53.5% capacity retention of NiCo,
hydroxide (Figs. 6a2 and 6a3). However, excess Al content in
NiCo,Al, is unable to increase specific capacity (103 mAh g at
0.5 A g). The effects of Co- and Mn-substitution on the
electrochemical performance of Ni-based hydroxides were
explored.?®® Both Mn- and Co-substitution enhanced the
capacity and stability, where Mn substitution was found to be
more effective for increasing capacity, while Co substitution

contributes mainly to improve structural stability. The
composition of transition metals also affected the
electrochemical performance. For instance, the size and

composition of Ni, Co, and Mn-based ternary hydroxides were
controlled by adjusting the ratio of Ni to Co and Mn sources.2%°
Subsequently, the Ni-rich ternary hydroxide achieved the
highest capacity of 165 mAh g* (or 1188 Fg')at1 A g™

This journal is © The Royal Society of Chemistry 20xx
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Defect engineering strategies modify the electronic structure
to provide redox active sites for metal hydroxides and oxides.
Incorporation methods for defects include chemical
reduction,® 266, 267 plasma etching,?68-270 and electrochemical
treatment.>2 60 271 For instance, the surface of Co30, was
modified by the functionalization of phosphate ions under
annealing of NaH,PO,-H,0 in an Ar atmosphere.®! The reduced
Co304« at the near surface of Coz;0, was converted to
phosphate ion-functionalized Co304; (P-Co30,4) through ion
exchange between H,PO,~ and OH-, resulting in a porous
structure (Fig. 6b1). The functionalization of phosphate ions
promotes electron transport and increases the number of active
sites, improving capacity. Broad redox peaks of the P-Cos0,
electrode were observed in the CV curves, and the capacity of
P-Co30,4 was 286 mAh g (or 1716 F g'1) at 5 mV s7%, which is
higher than 215 F g™* of pristine Co30,4 electrode (Figs. 6b2 and
6b3). The ferricyanide (Fe(CN)¢*")-grafted P-Co30,4 exhibited a
reduced self-discharge rate and high capacity of 1960 mC cm=2
at 3 mA cm=2.272 Oxygen vacancies could also be introduced to
the Co30, compound via electrochemical lithiation, where Co—
O bonds were weakened and neighboring Co atoms were
activated.®® The resulting Li-Co30, electrode achieved a high
capacity of 260 mAh g1 at 1 A g%, nearly four times greater than
that of the pristine Co304 electrode in KOH electrolyte.

Transition metal hydroxides/oxides possess an alternating
layered structure with charge-balancing anions between layers.
The interlayer distance and type of anions significantly affect
the electrochemical performance of electrode materials.273-276
For example, Co(OH), was synthesized with different crystalline
phases depending on the presence of BMIM-BF,; IL.274 The
interlayer distances of a-Co(OH), and B-Co(OH), were 8.24 and
4.63 A, respectively (Fig. 6¢1). The presence of Cl- ions in -
Co(OH), hinders the diffusion of OH™ ions into the interlayers of
a-Co(OH),. Therefore, B-Co(OH), showed a higher specific
capacity and rate capability (118 mAh g* at 2 A g%, with 80%
retention at 20 A g') than a-Co(OH), (68 mAh g, 70%
retention) (Figs. 6¢2 and 6¢3). To improve the rate capability of
Ni, Co-based LDHs, the original anions (usually CO3Z-, NO3")
were exchanged using long-chain anions with multiple
carboxylic ends to promote the diffusion of OH- ions.?’3
Accordingly, NiCo-LDH intercalated with moderate-sized 1,4-
benzenedicarboxylic achieved the smallest Rgsg and the best
rate performance, attaining a high rate capacity of 45.5 mAh g1
(410 Fg') at 150 Ag™.

The integration of metal hydroxides/oxides with conductive
substrates is a chemical strategy to address the limitations of
low electrical conductivity and inferior structural stability.52 277-
280 When nanostructured metal hydroxides/oxides are directly
grown on conductive substrates, the surface structures and
chemistries of substrates are important for achieving robust
growth and finely modulated electroactive structures. A
superhydrophilic N-doped carbon (NC) layer was employed as
the coupling bridge between the carbon cloth (CC) substrate
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and NiCo-LDH, thus controlling the compatibility of the two
species for realizing the uniform and robust growth of NiCo-LDH
(Fig. 6d1).2”7 The as-obtained CC-NC-LDH electrode showed a
pair of redox peaks in CV curves, delivering the specific capacity
of 252 mAh g1 at 1 A g1, greater than 93 mAh g of CC-LDH
electrode without the NC layer in KOH electrolyte (Figs. 6d2 and
6d3). Park et al. synthesized NiCo,0,4 nanoneedles deposited on
rGO-coated Ni foam for improved capacitance and cyclability.?
The interlayer rGO strongly adhered between NiCo,04 and Ni-
foam, regulating the NiCo,0,; dimensions toward a small size
and providing superior electrochemical stability. The layer-by-
layer assembly of composites has also been applied to combine
hydroxides/oxides with
substrates.?81 282 For instance, the NiCo,0,/rGO composite was

electroactive metal conductive
synthesized through the self-assembly of positively charged
LDH and negatively charged GO, followed by annealing
treatment.?®! The resultant composite electrodes exhibited
higher capacities (193 and 116 mAh g at 0.5 and 30 A g7},
respectively) compared to the NiCo,0, composite owing to
improved electronic conductivity and abundant active sites.
Other conductive substrates such as MXene and conductive
polymers have also been used to synthesize composite metal
hydroxides/oxides. A representative example demonstrated
the direct growth of NiCoAl-LDH onto V,C3T, MXene sheets and
Ni(OH), nanosheets grown on the surface of polypyrrole (PPy)
nanospheres to enable greatly improved capacitive
performance.?5% 283

The non-stoichiometric transition metal oxides with vacancy
defects can demonstrate a pseudocapacitive behavior in KOH
electrolyte.?® The presence of oxygen-vacancy-rich nanofacets
is associated with rapid oxygen-anion intercalation into bulk
Zn,Co,.,0. The Faradaic charge storage of Zn,Co;_,O is
associated with the valence state changes of Co ions via oxygen-
anion intercalation, as shown in the following equation.

Zn,Co.,01_5 + (26+ 2y)OH™ &

ZnyC01,014y + (28+ 2y)e™ + (6+ y)H,0  (7)

Moreover, uniform Zn doping allows Zn,Co;_,O to achieve
higher electrical conductivity compared to that of pristine
CoO. Accordingly, the Zn,Co;_,O electrode delivered the high
capacitance of 1065 and 450 F g1 at 5 and 1000 mV s,
respectively, within a potential window of -1.0 to -0.2 V
versus Ag/AgCl.
3.2.3 Transition metal
phosphides, and carbonate hydroxides. Transition metal
sulfides,’0, 284288 gelenides,’* 289293 nijtrides,®® 294296 gnd
297-300  generally possess better

conductivity compared to the corresponding hydroxides/oxides

sulfides, selenides, nitrides,

phosphides,”3 electronic
and are applied for anion storage materials (Table 4). For
example, the charge storage of NiCo,X; (X =S, Se, N, P) in
alkaline aqueous electrolytes has been considered through a

series of redox reactions as follows.
NiCo,X, + 40H- <> NiXOH + 2CoXOH + XOH~ + 3e- (8)
NiXOH + OH- <> NiXO + H,0 + e~ (9)
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COXOH + OH- &> CoXO + H,0 + e~ (10)
Because NiCo,X; is thermodynamically less stable than the
corresponding metal oxides/hydroxides, it can be transformed
into metal oxides/hydroxides as the precursors of metal
hydroxides/oxides when cycled in alkaline aqueous
electrolytes.”® 301303 Consequently, the capacity of NiCo,X,
electrodes increases during the first several hundred cycles.”
75,302 An irreversible phase transition of NiCo,S,; is observed
the
desulfuration reaction is involved between NiCo,S, and OH-

ions, offering the formation of Ni, Co-based hydroxides as

during the charge storage process.3°?2 In particular,

follows:
NiC0,S4 + OH™ = Ni(OH), + Co(OH), + SO, + H,0 + e~ (11)
Similarly, NiCoSe, itself is not redox active, but the

electrooxidation-generated NiCo-hydroxides are responsible
for the redox charge storage reactions.”

Although metal sulfides, selenides, nitrides, and phosphides
are potentially transferred into metal hydroxides/oxides in
alkaline aqueous electrolytes, these compounds need to be
studied. Their electrochemical performance, which is higher
than that of the corresponding metal oxides/hydroxides, can be
understood from the following perspective.3°! Phase
transformation can introduce defects and numerous active sites
metal metal

in  transition compounds. Moreover,

chalcogenides, nitrides, and phosphides generally achieve
higher electronic conductivities than metal oxides/hydroxides,
as the untransformed phases in the bulk internal structure act
as conductive scaffolds to promote electron transfer.

In this
oxides/hydroxides into corresponding metal sulfides, selenides,

nitrides, and phosphides have been exploited to achieve

regard, chemical methods to convert metal

enhanced electrochemical performance.®8 72 73, 290, 294-298
on graphene paper (GP) was
annealed under a NH; atmosphere to afford Ni, Co-based
nitride (Ni-Co-N/GP) (Fig. 7al1).?®* In comparison to the
NiC0,0,4/GP electrode, the Ni-Co-N/GP electrode showed
higher capacities of 133 mAh g lat4 Ag-tand 115 mAh g at 20
Ag! (Figs. 7a2 and a3). Substitutions of Co-based oxides by
cation (Zn, Ni) and anion (P) were accomplished to synthesize

Electrodeposited NiCo,04

ZnNiCo-phosphide (ZnNiCo-P), which provides more charge
carriers for the facile redox reaction and lowers adsorption
energy of OH~ ions for enhancing capacity.’? The Se doping for
a stable Co3*-rich Co-based compound was
demonstrated.”> The Co3*/Co* redox pair operates at a higher

state in

voltage plateau than the Co%*/Co3* redox pair (Fig. 7b1).
However, the Co3*/Co* redox pair is unstable owing to the rapid
transition of Co3* to Co?* (Fig. 7b2). CoSe,_, underwent a phase
transformation to Co,O,Se, during several CV cycles; thus, the
content of Se drastically decreased from 58.47% to 0.38% after
pre-activation (Fig. 7b3). The Co,0,Se, with residual trace of Se
doping inhibited the transition of Co3* to Co?%*, thereby
stabilizing the Co3*/Co* redox pair. Consequently, the CoSe,_,
electrode operated at a high voltage along with an increased
capacity (Fig. 7b4).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Electrochemical performance and structural features of the transition metal nitrides, selenides, and carbonate hydroxides. (a) Ni, Co-based nitrides. (al)
Schematic illustration of the synthesis of Ni-Co-N/GP, (a2) comparison of CV curves, and (a3) rate performance of Ni-Co-N/GP and NiCo,/GP electrodes.
Reproduced with permission from ref. [2%4], Copyright 2019 Elsevier. (b) Co-based selenides. (b1) Illustration of the high voltage of Co3*/Co** redox pair, (b2)
illustration of the stabilization of Co**/Co** redox pair, (b3) Energy dispersive spectroscopy (EDS) spectra of cycled and pristine CoSe,.,, and (b4) CV curves of
CoSe,., electrode. Reproduced with permission from ref. [7°], Copyright 2020 Wiley-VCH. (c) Ni, Co-based carbonate hydroxides (CHs). (c1) Schematic
illustration of the phase transformation of metal CH to LDH, (c2) CV curves for the NiCo CH-Ni(OH), electrode during 1 to 150 cycles, and (c3) Co K-edge
recorded by operando XANES spectra during CV cycles. Reproduced with permission from ref. [7¢], Copyright 2020 Elsevier. (d) VN/CNTs arrays (d1) Schematic
illustration of the VN/CNTs arrays, (d2) CV curves in KOH electrolyte, and (d3) rate performance of the VN/CNTs arrays. Reproduced with permission from ref.

[6¢], Copyright 2011 American Chemical Society.

Transition-metal carbonate hydroxides (CHs) have also been
used as high-capacitance electrodes for hybrid capacitors.”® 77
304 Qju and Liu et al. systematically investigated electronic and
structural transformations of Ni,Co-based CH into
corresponding LDH (Fig. 7c1).”® The NiCo CH-Ni(OH), electrode
was prepared by growing NiCo CH on Ni(OH),-covered carbon
fiber paper. After 150 cycles, the integrated CV area of the NiCo
CH-Ni(OH), electrode increased by a factor of 12 (Fig. 7c2).
Simultaneously, the CH phase was transformed into the LDH
phase, as confirmed by synchrotron X-ray diffraction (XRD) and
high-resolution transmission electron microscopy (TEM). As
verified by the gradual shift of the Co K-edge position to high
energy via operando X-ray absorption near-edge structure
(XANES) spectra, the valence state of Co increased, while no

This journal is © The Royal Society of Chemistry 20xx

obvious change was observed for the valence state of Ni (Fig.
7c3). The cycled CH-Ni(OH), electrode with abundant oxygen
vacancies exhibited specific capacities of 151 and 114 mAh g
at 1 and 100 Ag™, respectively, along with a capacity retention
of 86% 10000 cycles.
deteriorate the electrochemical

after Phase transformation may
performance. The phase
(Ni(HCOs),)
disordered B-Ni(OH), during long charge-discharge cycles is

associated with the destruction of the Ni(HCO3), structure and

transformation of nickel bicarbonate into

hindered ion diffusion, leading to poor cycling stability of the
Ni(HCO3), electrodes.3% This issue was resolved by synthesizing
a Ni(HCO3),/rGO composite that showed improved cycling
stability owing to the stabilization of the Ni(HCO3), structure.
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Fig.8 Electrochemical performance MOFs and their derived materials. (a) Co-Ni-B-S derived from Co-Ni MOFs. (al) Schematic illustration of the activation

approach of Co-Ni MOFs, (a2) CV curves and (a3) GCD curves of the Co-Ni-B-S electrode. Reproduced with permission from ref. [3%°], Copyright 2019 Wiley-
VCH. (b) Ni-HAB MOF. (b1) Chemical structure of Ni-HAB MOFs, (b2) CV curves and (b3) rate performance of the Ni-HAB MOFs electrode. Reproduced with

permission from ref. [%3], Copyright 2018 Springer Nature.

As the special case of transition metal nitrides, early
nitrides such as VN, TiN, and WN are
considered as pseudocapacitive negative electrodes in alkaline

transition metal

aqueous conditions.4% 45 66, 67, 188, 306 Ngno-sized VN with a
surface area of 38.8 m? g~ was synthesized and tested in KOH
electrolyte, displaying a series of broad redox pecks within a
potential window of -1.2 to 0 V versus Hg/HgO.%” The charging
mechanism of VN electrodes was attributed to the combination
of redox reactions of surface VN,O, with OH" ions and electrical
double layer formation as follows.
VN,O, + OH- <> mVN,O,~OH + (1-m)VN,O,[|OH-  (12)
Similarly, VN prepared by the sputtering method showed a
surface redox reaction of amorphous vanadium oxides with OH-
ions in alkaline aqueous electrolytes, while the bulk VN
nanocrystals served as a conducting platform.*2 The average
valence state of V changed from 3.56 to 3.66, as determined by
in situ X-ray absorption spectroscopy as shown below.
V40, + H,0 + e <> V3*OOH + OH- (13)
In contrast, the charge storage mechanism associated with
valence state change of the near-surface VN, which is not
related to vanadium oxides, was observed in alkaline aqueous
electrolytes.3%7
In addition to VN, the surfaces of TiN and WN are easily
oxidized owing to the oxyphilicity of early transition metal
188 The stability of early
transition metal nitrides was attributed to their irreversible

nitrides.*> low electrochemical

conversion to amorphous oxides in alkaline aqueous

electrolytes during cycling.*> 46. 308, 309 Moreover, the rate
310 Thin-film-based

achieving high

sufficiently high.%”
beneficial

capability is not

electrodes have proven for
capacitance at high rates and for special applications in micro-
and flexible capacitors.18 311 312 For example, a WN thin film

with a thickness of 7.93 um, fabricated using the magnetron

16 | J. Name., 2012, 00, 1-3

sputtering deposition technique, achieved a capacitive behavior
in a KOH electrolyte, with a high capacitance per unit area of
550 mF cm=2.188 The details of micro- and flexible capacitors
based on early transition metal nitrides are discussed in Section
4.2.1. In contrast, thick electrodes with high mass loadings are
required for the high energy applications, but the specific
capacitance may be lowered.%7 310 For example, a VN electrode
at a low mass loading of 0.25 mg cm™ delivered a specific
capacitance up to 1300 F g* at 2 mV s7%, while the capacitance
decreased to 110 F gt at 0.99 mg cm=2 and 100 mV s71.67 An
analogous  approach the composite
hydroxides/oxides with conductive substrate can be applied to

to of metal
resolve issues of low stability and rate performance of metal
nitrides.*6: 309, 313318 For jnstance, 3D arrays consisting of
nanocrystalline VN coated on carbon nanotubes (CNTs) (Fig.
7d1), exhibited all the capacitive CV shapes from 20 to 1000 mV
s71, with the high capacitance of 289 F g at 20 mV s™!in KOH
electrolyte (Figs. 7d2 and 7d3),%¢ while ultrathin carbon-coated
TiN and VN electrodes showed a secure cycling stability over
15000 cycles,?%® and VN nanodots
nanosheets achieved a high capacitance of 334.8 F g! even at
100 A g ! along with a high VN content of 91.3%, a high packing
density of 2.1 g cm™3, a high mass loading of 3.5 mg cm~2.46
3.2.4 Metal organic frameworks and their derived materials.
MOFs, which are crystalline porous materials constructed from

intercalated carbon

metal centers and organic ligands, are characterized by large
tunable porous and
controllable compositions. MOFs can be used as sacrificial

specific surface areas, structures,
templates to construct well-defined porous structures of
transition metal hydroxides/oxides, while the organic ligands
are removed via hydrolysis and annealing (Table 4).181,319-324 For
instance, MOFs with nearly 28% u3-OH from M3s(us-OH) clusters
coordinated with OH~ ions were used to synthesize Ni, Co-based

This journal is © The Royal Society of Chemistry 20xx

Page 16 of 56



Page 17 of 56

LDHs via alkaline hydrolysis.’8 NiCo-LDH with a Ni/Co molar
ratio of 7:3 delivered a maximum capacity of 229 mAh g1 (1652
F g71) at 1 A g71. NiCoZn-LDH could be derived from Zn-MOF in
the presence of NiZ* and Co?* ions in deionized water at 120
°C.31% To enhance the capacity, CosSg quantum dots were
embedded in situ within LDH layers through the selective
vulcanization of Co metal. The as-prepared NiCoZn-LDH/Co4Sg
electrode with a hierarchical structure and abundant active
sites achieved a high capacity of 350 mAh gt at 1 A g™*. Xia and
Park et al. prepared NiCo-based boride/sulfide (Co-Ni-B-S) via
boronization and subsequent sulfurization of MOFs (Fig.
8a1).32° The presence of B and S species leads to relatively low
valence states in metals and a high electronic conductivity in Co-
Ni-B-S. The specific capacities of Co-Ni-B-S electrode were 231
and 216 mAh g tat 1 and 10 A g7%, respectively, which are larger
than those of the initial Co-Ni MOF electrode (Figs. 8a2 and
8a3). The CoNi-MOF was synthesized using the inverted
method, where Co(OH), was electrodeposited on carbon fiber
paper, and then, Ni?* ions and p-benzenedicarboxylic were
added.'® The vertically oriented CoNi-MOF achieved a high
capacity of 130 mAh g! (1044 F g1) at 2 A g'1. The charge
storage mechanisms of these MOFs are based on the Faradaic
with OH-
demonstrating similar electrochemical responses to transition
metal hydroxides/oxides.182 325-327

reactions of transition metals ions, thereby

Since the first application of MOFs to capacitive materials,®?
various MOFs have been investigated.®3 328 329 Redox-active
MOFs storing OH™ ions via a pseudocapacitive mechanism were
prepared by coordinating small-sized hexaaminobenzene (HAB)
ligands with NiZ* or Cu?* centers (Fig. 8b1).%3 The as-obtained Ni-
HAB and Cu-HAB MOFs contain honeycomb-like pores smaller
than 1 nm, along with a high packing density of 1.77 to 1.80 g
cm™3. Such dense frameworks are beneficial for increasing the
density of redox-active sites to enable high capacitance density.
In addition, the Ni-HAB and Cu-HAB MOFs exhibit a fully
conjugated structure owing to the strong orbital hybridization
of HAB ligands with Ni and Cu metal centers. Their electrical
conductivities are 7015 S m™! and 11+3 S m%, respectively,
which are sufficient for the design of electrodes without
The
interaction also provides high chemical stability of Ni-HAB and

conducting additives. strong metal-ligand orbital
Cu-HAB MOFs in both acidic and alkaline aqueous electrolytes.
Consequently, in KOH aqueous electrolyte, the Ni-HAB MOF
achieved a high volumetric capacitance of 760 Fcm=3 at 0.2 mV
s71, showing broad redox peaks in a potential window of -0.75
to -0.25 V versus Ag/AgCl (Figs. 8b2 and b3). The
pseudocapacitive feature of Ni-HAB MOFs is attributed to HAB
ligands in a similar manner to the redox behavior of the HAB-
based organic molecules, as confirmed by the absence of an
obvious change in the valence state of Ni 2p during the charging
and discharging processes.

3.2.5 Perovskite oxides and fluorides. Perovskite-type
oxides, consisting of ABO3 and derivatives such as double

perovskite oxides of AA'‘BB'Og and Ruddlesden—Popper oxides

This journal is © The Royal Society of Chemistry 20xx
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of AA’BO,, are regarded as promising anion storage materials
(Table 4). The A sites are lanthanide or alkaline earth metals such
as lanthanum (La), protactinium (Pr), strontium (Sr), barium
(Ba), and calcium (Ca), which act to stabilize the crystal
structure. The B sites are transition metals such as Ni, Co, Mn,
and Fe, which contribute to redox reactions by changing their
valence states.

LaMnOj; perovskite is the first example of an oxygen anion
(0%) intercalation pseudocapacitive material as demonstrated
in 2014.3° The specific capacitance of substoichiometric
LaMnO;_s electrode was found to be higher than that of
superstoichiometric LaMnOs,s electrode in KOH electrolyte,
indicating the importance of oxygen vacancies. For varying
concentrations of KOH electrolytes, the redox peak potentials
shift negatively with increasing pH, indicating that the OH" ions
rather than K* or H* cations are responsible for the redox peaks
(Fig. 9al1). During the charging process, OH™ ions are initially
dissociated into 02~ and H* ions, and H* ions react with bulk OH-
ions to form H,O molecules. Then, the 0?2~ ions diffuse along
grain boundaries and are intercalated into the oxygen vacancy,
while the Mn center is oxidized from Mn?* to Mn3* (Fig. 9a2).
Finally, LaMnOjs can further accommodate superstoichiometric
02" ions entering the lattice as interstitial species, leading to the
formation of LaMnOs,s and oxidation of Mn3* to Mn** as shown
in the following equations.

La[Mn?*,5;Mn3*(1_55)]O3_s+ 260H <>

LaMn3*O5+ 26e™ + 8H,0 (14)

LaMn3*O3+ 260H- <>

La[Mn*,5;Mn3*(1_55)]03.5+ 26e™ + 8H,0 (15)
These reactions are associated with two pairs of redox peaks in
the CV curves (Fig. 9al).

The oxygen anion intercalation mechanism is universal with
other perovskite oxides containing oxygen vacancies, such as
LaNiO3_5,33% 331 LaCo003.6,332 and CaMnO03_5.333 As the oxygen
vacancies in perovskite oxides play a role in accommodating 0%~
ions and facilitating O%" intercalation during charging, several
strategies to increase the number of oxygen vacancies have
been developed to enhance the specific capacity and rate
performance.330. 332 |n addition to the direct synthesis
methods,33% 334 the content of oxygen vacancies in perovskites
can be increased by methods such as annealing the perovskites
at high temperatures under a reduced atmosphere,3? 333 and
carrying out the plasma etching technique.332 For instance, the
oxygen elements in the LaCoOs crystal lattice can be removed
by hydrogen (H,) plasma etching, which generated oxygen
vacancies and reduced Co3* to Co?* (Fig. 9b1).332 The Co?*/Co3*
atomic ratio on the surface of LaCoOs; increased from 0.97 to
1.54 after 5 min of H, plasma etching. The as-etched LaCoOs_s
electrode exhibited a capacitance of 706.9 F g1 (147.3 mAh g1)
at 1 A g1, which was twice higher than 339.8 F g! of original
LaCoO3 9b2 and 9b3).
nonstoichiometric LaMn;.,03 perovskites showed that the
presence of oxygen vacancies and Mn defects synergistically

(Figs. In addition, a series of

contributed to the improved electrochemical performance of
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LaMn1., O3 electrodes.33® In particular, the LaMn, ;03 sample
with the highest Mn**/Mn3* ratio showed the highest specific
capacity of 202.1 mAhglat1Ag™.

The electronic and physical properties of perovskite oxides
can be improved substituting A and B sites by other metal
elements with different valence states.8% 83 336,337 |n this case,
then
compensated generating oxygen vacancy and/or altering the
valence of B sites. Therefore, various substituted perovskite

the electron per formula unit can be changed,

oxides have been developed to achieve enhanced

performance by means of the modified
electronic and chemical structures.82 336,337 The electrochemical

electrochemical

performances of LaggsSro1sMnOs and LaMnO; perovskites
synthesized by the same sol-gel method were compared in KOH
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electrolyte (Fig. 9c¢1).337” The capacitance was higher for
Lag gsSro.1sMnO3 than LaMnOs; electrode (Figs. 9¢2 and 9¢3). For
a series of La,Sr;,Co01Mngge03.5 (0.3 < x < 1) perovskites
synthesized by electrospinning method,33¢ the capacitances
initially increased and then, decreased with respect to the Sr
content. A maximum capacitance of 485 F g* at 1 A g was
achieved for Lag;Srg3Cop1Mngg0s-5 (x = 0.7) perovskite. The
SrCoggNbg 103-5 perovskite achieved a high oxygen vacancy
amount of 19.4% due to the presence of Nb treated in H,/Ar
atmosphere.82  This SrCoggNbg 1035 displayed
pseudocapacitive behavior in KOH electrolyte, delivering a
volumetric capacitance of 2034.6 F cm™3 (773.6 F g't and 107.4
mAh g1)at0.5A g™
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Fig. 9 Mechanism and electrochemical performance of perovskite oxides. (a) Mechanism study of LaMnO;_s perovskite oxide. (al) CV curves of LaMnO;_¢
electrode in different concentrations of KOH electrolytes, (a2) schematic illustration of the oxygen intercalation mechanism of LaMnOs_s. Reproduced with
permission from ref. [3°], Copyright 2014 Springer Nature. (b) Effects of oxygen vacancy on electrochemical performance. (b1) Schematic illustration of the
plasma etching process for increased oxygen vacancy, (b2) comparison of CV curves, and (b3) specific capacitance of LaCoO;_s electrodes treated with H,
plasma at different time. Reproduced with permission from ref. [33?], Copyright 2020 American Chemical Society. (c) Effects of atomic substitution on
electrochemical performance. (c1) Cubic structure of perovskite showing the substitution of A sites, (c2) comparison of CV curves and (c3) specific capacitance
of LaggsSro1sMnO; and LaMnO; electrodes. Reproduced with permission from ref. [337], Copyright 2016 Elsevier. (d) Effects of derivative structure on
electrochemical performance. (d1) Schematic illustration of oxygen intercalation into PrBaMn,O¢_s during charging, (d2) CV curves of PrBaMn,0¢_5 electrode,
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and (d3) comparison of specific capacitance of PrBaMn,04_s and PrBaMn,0g electrodes. Reproduced with permission from ref. [338], Copyright 2018 Wiley-

VCH.

Derivatives of perovskite oxides such as double perovskite
oxides and Ruddlesden—Popper oxides have been investigated
as anion intercalation materials.83 333, 338341 The reduction of
PrBaMn,0¢_s double perovskite oxide resulted in the phase
transition from a mixed hexagonal and cubic phase to a pure
cubic phase.33 As predicted by density-functional theory (DFT)
calculations, oxygen vacancies are easier to be formed in the
cubic phase than in the hexagonal phase. Accordingly, the cubic-
phase PrBaMn,0¢_s achieved a high concentration of oxygen
vacancies, demonstrating an anion storage mechanism similar
to the LaMnOs3_s. Upon charging, the 0% ions enter the oxygen
vacancies through the intercalation into the crystal lattice, and
extra 02" ions occupy the surface of the crystal (Fig. 9d1). The
PrBaMn,0¢_s electrode exhibited two pairs of redox peaks in
KOH electrolyte, assigned to the redox couples of Mn?*/Mn3*
and Mn3*/Mn%, as shown in CV curves (Fig. 9d2). The
capacitance of PrBaMn,0¢_s was 1034.8 F g1 (or 143.7 mAh g1)
and 2535.3 Fcm™3 at 1 A g%, twice greater than 462.3 F g! of
original PrBaMn,0Og (Fig. 9d3). In addition, electrochemical
performances of Ca,MnQ,_s Ruddlesden—Popper oxide (r-CMO
RP) and CaMnOs_s perovskite (r-CMO) were investigated and
both showed the increased capacitances in KOH electrolyte by
means of more oxygen vacancies incorporated via annealing in
a reducing atmosphere.333 Moreover, the capacitance of
Ca;MnQ4_s electrode was higher than CaMnOs_g electrode at a
low scan rates, but at high rates, this trend was reversed. The
Ca,Mn0,_s electrode store O?~ ions via oxygen vacancies in the
perovskite and via interstitial sites in the rock salt, which is
attributed to a high capacitance at low scan rates. However, the
diffusion of 02~ ions through the rock salt is slow, in which
lowers the capacitance of Ca,MnQ,_s electrode at high scan
rates.

The redox potentials of perovskite oxides are dependent on
the nature of B sites, whose valences changes during charging
and discharging processes.8 342 343 |n 3 comparison of the CV
curves of La;_,Sr,BO3_s (B = Fe, Mn, Co) perovskite oxides in KOH
electrolytes,®3 the La;_,SrFeOs_s showed a pair of evident redox
peaks at the most negative potential (Ey;; is —0.8 V versus
Hg/HgO) originating from the Fe?*/Fe3* redox couple. In
contrast, the redox potentials of La;_,Sr,MnO;_s indicating the
Mn2*/Mn3* and Mn3*/Mn** redox couples were observed at the
middle regions between -0.3 and -0.1 V versus Hg/HgO. The
La;,SrCo03_5s displayed more positive redox potentials
between 0.1 and 0.3 V versus Hg/HgO, which are associated
with the Co?*/Co3* redox couple. Various LaNii_Fe,Os_s
perovskites were characterized in KOH electrolyte.34?> When the
content of Fe in LaNi;_Fe,Os_s increased, the redox potentials
of Ni2*/Ni3* redox couple shifted positively (E;, from 0.45 to
0.55 V versus Hg/HgO), while the peak potentials of Fe3*/Fe**
redox couple shifted negatively (E;, from -0.20 to -0.50 V
versus Hg/HgO).

This journal is © The Royal Society of Chemistry 20xx

Perovskite fluorides (ABF3) have been used as positive
electrode materials in alkaline aqueous electrolytes.34434° |n
different manners from perovskite oxides, A sites of perovskite
fluorides are alkaline metals such as Na and K, and B sites are
transition metals with a valence of Il (perovskite oxides with Il
of B sites). The perovskite fluorides, such as NaNiF3,34¢ KNiF,348
KNi;_xCoxF334>, and KNij_—yCoxMn,F3347, react with OH- ions,
which is not promoted by oxygen vacancy like perovskite
oxides. These perovskite fluorides delivered the specific
capacities of approximately 150 to 230 mAh g ! in a mixed
aqueous electrolyte (3 M KOH + 0.5 M LiOH).

3.2.6 Others.

Iron-based oxides. Fe-based oxides are important in aqueous
energy storage because of their eco-friendliness, worldwide
abundance, and low cost.3°% 351 |n alkaline aqueous electrolytes,
Fe oxides are generally used as negative electrodes because of
their relatively low redox potentials. The charge storage of Fe
oxides are attributed to several redox couples (Fe <> Fe(OH),
&> FeOOH/Fe,03 <> Fe30,) reacting with OH™ ions.3>?

Despite their high theoretical capacity, Fe oxides are limited
by the low utilization of storage sites and poor cyclic stability. In
order to circumvent these issues, the morphology, crystal
structure, and exposed facets of Fe oxides have been rationally
designed.3%% 353 Moreover, the composites of nano-sized Fe
oxides and conductive substrates have been exploited to
increase the electronic conductivity and to suppress volume
expansion.®3. 354357 Along with graphene and CNTs, AC was used
as a conductive substrate to prepare FeO,-based composites,
where the crystalline FeO, particles were distributed in
nanopores of AC..®> The porous AC can promote electron
transport, control the size of FeO, (<5 nm), and prevent FeO,
agglomeration. The discharge capacity of the FeO,/AC electrode
reached 600 mAh g1, with 85% capacity retention after 200
cycles. After synthesis of Fe,O; nanorods on CNTs, conductive
PPy was coated to further storage
performance.3®® The volumetric capacities of the
Fe,0;@PPy/CNT electrode in KOH electrolyte were 620 and 330
mAh cm=3 at 1 to 10 A cm3, respectively.

enhance energy

The electrochemical performance of Fe oxides has been
improved via sulfuration and nitridation.®% 295 358360 |n thijs
approach, sulfur-doped Fe,03 (S-Fe,03)
deposited onto CNT fibers (Fig. 10a1).5* Theoretical calculations

nanowires were

demonstrated that sulfuration of Fe,03 decreases the band gap,
thus enhancing electronic conductivity. The S-Fe,03/CNT
electrode displayed battery-type behavior in a potential
window of -1.3 to 0 V versus Ag/AgCl, delivering an areal
capacity of 0.81 mAh cm2 at 4 mA cm™2, higher than 0.12 mAh
cm~2 of the Fe,0; electrode (Figs. 10a2 and 10a3). NiFe nitride
on N-doped graphene (NiFeN/NG) was synthesized through the
pyrolysis of a mixture of GO, metal sources, and cyanamide.2%>
The NiFeN/NG electrode achieved specific capacities of 262 and
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206 mAh g™ at 1 and 50 A g, respectively, in KOH electrolyte
within a potential window of —-1.0 to 0 V versus Ag/AgCl.

In contrast to battery-type Fe oxides, a low-crystalline and
amorphous FeOOH exhibited a pseudocapacitive behavior.3%!
The Fe,O; on the carbon fiber cloth was irreversibly
transformed into FeOOH in a KOH electrolyte. The FeOOH
electrode showed a quasi-rectangular CV shape within -1.2to 0
V versus Hg/Hg,Cl, because of the reversible reaction between
FeOOH and Fe(OH),. The specific capacitances were 1066 F g*
(355 mAh g1) at 1 gt and 796 F g ! (265 mAh g1) at 30 g4,
respectively, with a cycling stability of 91% over 10000 cycles.
Bismuth and bismuth oxides. Bi and Bi,O3; are promising
negative electrodes materials for use in alkaline aqueous
electrolytes.8% 86, 362365 The electrochemical reactions of Bi and
Bi,O3 with OH-ions can be described as follows.

Bi,O3 + H,0 + 2e™ ¢ Bi,0, + 20H" (16)
Bi,O, + 2H,0 + 4e~ <> 2Bi + 40H- (17)

The conversion between Bi,O; and Bi can transfer six
electrons, resulting in a high theoretical specific capacity.
Similar to Fe oxides, Bi and Bi,O5 suffer from low rates and
cycling capabilities. To the
performance, a hollow hexagonal prism Bi,O3; was synthesized

enhance electrochemical
via a template-induced method,® where precursor BiFe-based
turnbull blue analogues were transformed into Bi,Os in a KOH
solution (Fig. 10b1). The specific capacity of the Bi,O3 electrode
was 327 mAh g! at 1 A g%, which is 94.8% of the theoretical
capacity. At 20 A g1, the capacity was retained at 220 mAh g!
(Figs. 10b2 and 10b3). The Bi,O; electrode also exhibited 80%
capacity retention after 3000 cycles. Moreover, highly
crystalline a-Bi,O3; was applied as a positive electrode for an

alkaline Zn battery, and it exhibited a flat discharge-charge
plateau, with specific capacities of 323 and 155 mAh g1 at 0.1
and 20 A g1, respectively.362
Zinc metal. Zn metals as two-electron redox (Zn®2*) anodes
have advantages in terms of their low cost and high theoretical
capacity (820 mAh g™1) in aqueous electrolytes. 183, 184,366, 367 |
comparison to the Zn plating/stripping potential in neutral
aqueous electrolytes (-0.76 V versus SHE), one in alkaline
aqueous electrolytes is more negative (-1.26 V versus SHE).183
184 Upon discharging, the redox processes on Zn anode in
alkaline aqueous electrolytes involve the electrooxidation of Zn
metal to ZnZ* ions, which combine with OH- ions to form soluble
Zn(OH),% ions as follows.

Zn + 40H- ¢ Zn(OH),* + 2e- (18)
The Zn(OH)4% ions can form insulating solid ZnO, which
passivates Zn surface, thereby lowering the mass of active
materials. In particular, the Zn metal anodes face the critical
issues of dendrite formation and hydrogen evaluation. In order
to resolve these issues, various strategies have been developed,
including the monolithic nanoporous Zn anode,8> 186, 368, 369
371 additive

incorporation to Zn anode and electrolyte.37% 373 For example,

modification of electrode surface,3’% and
using a 3D monolithic sponge Zn anode for a Ni-Zn cell, a Zn
depth of discharge (DOD) of 40% was achieved over 100 cycles,
along with a higher specific energy comparable to that of Li-
ion.18 Moreover, ion-sieving TiO, layer was coated ZnO
nanorods to suppress both passivation and hydrogen evolution.
The resultant ZnO@TiO, anode exhibited a high capacity of 616

mAh g1 at 100% DOD in lean electrolyte.37?
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Table 4 Summary of transition metal hydroxides/oxides, sulfides, selenides, phosphides, nitrides, perovskite oxides, MOFs, and others in alkaline aqueous

electrolytes.

Electrode [ref] Electrolyte Potential window Capacity

NiCoMn-OH/rGO [26°] 2 M KOH -0.1-0.45V vs. Ag/AgCl 169 mAh gl @ 5A g™ 119 mAh gl @ 20 A g
NiMn-LDH [266] 2 M KOH 0.1-0.55 V vs. Hg/HgO 328mAhgt@1Ag? 209 mAhg!t@ 30Ag?
EA-CoOOH [52] 6 M KOH 0-0.55 V vs. Hg/HgO 127 mAhg'l@ 1Ag? 99 mAhg! @ 200 A g
Li-Co30, [5] 6 M KOH 0-0.5 V vs. Hg/HgO 260mAhg! @ 1Ag? 224.4mAhg! @ 20Ag?
P-Co50, [61] 6 M KOH -0.2-0.4 V vs. Hg/Hg,Cl, 286 mAhg!t @ 5 mVs? 169 mAh gt @ 100 mV s!
NiCo-LDH-CBD [?73] 6 M KOH 0-0.4 V vs. Ag/AgCl 235mAhgt@1Ag? 455 mAhg!' @ 150 A g
CC-NC-LDH [277] 6 M KOH 0-0.5 V vs. Hg/HgO 252 mAhg' @ 1A gt 152 mAhg! @ 100 A g
NiCo,0,@rGO [%?] 2 M KOH 0-0.45 V vs. Ag/AgCl 178 mAhgl@8Ag™ 117 mAh gl @ 64 Ag?
NiCo,0,@rGO [%#1] 6 M KOH 0-0.5 V vs. Hg/HgO 193 mAhg' @ 0.5A g! 116 mAhg' @ 30 Ag™
NiCOAI-OH/V,CsT, 2] 1 M KOH -0.1-0.45 V vs. Ag/AgCl 174 mAhg'l@ 1Ag? 83mAhg!@20Ag
NiCo,S, [¢] 6 M KOH 0-0.4 V vs. Hg/Hg,Cl, 262mAhg! @ 2.5Ag" 179 mAhg' @ 40 A g™
Ni-Co-S/graphene [7°] 6 M KOH 0-0.5V vs. Hg/HgO 207 mAhgt@1Ag? 199 mAhg*@50A g
NiCoSe, [7] 6 M KOH -0.2-0.4 V vs. Hg/Hg,Cl, 125 mAhg!l @ 1Ag? 110 mAh gl @ 10 Ag™?
NisSe, [2%°] 3 M KOH 0-0.55 V vs. Hg/HgO 122 mAhg'@3Ag? 65mAhg!'@ 20Ag?
Ni-Co-N/GP [2%4] 3 M KOH 0-0.5 V vs. Hg/HgO 133 mAhg'l@4Ag? 115 mAh gl @ 20 Ag™
ZnNiCo-P [72] 6 M KOH 0-0.5 V vs. Hg/HgO 266 mAhg '@ 1Ag! 218 mAhg! @ 20A g
NiCo-CH-Ni(OH), [76] 6 M KOH 0-0.5 V vs. Hg/HgO 151mAhgl@1Ag? 114 mAh g @ 100 A g
C@ZnNiCo-CHs [77] 2 M KOH 0-0.5V vs. Hg/HgO 267 mAhgt@1Ag? 194mAhg*@50A g
VN [¢7] 1 M KOH -1.2-0V vs. Hg/HgO 1340F gl @ 2 mVst? 554 Fg'@ 100 mV s
VN/C [313] 6 M KOH -1.2-0 V vs. Ag/AgCl 800Fgl@4Ag? 584Fgt@80Ag!?
VN/C [35] 6 M KOH -1.2-0V vs. Hg/Hg,Cl, 392Fg'@0.5Ag? 267Fgl@5Ag!
VN/NG [399] 6 M KOH -1.2-0V vs. Ag/AgCl 445Fgl@1Ag? 278Fgl@50Ag?
VN/CNTs [°6] 1M KOH -1.0-0.06 V vs. Hg/HgO 289 F gt @20 mV st 276 Fg* @ 100 mV st
VNNDs/CNS [%6] 1 M KOH -1.0—-0.1V vs. Hg/HgO 573Fg'@0.1Ag? 335Fg 1@ 100 Ag!
VNQDs/PC [374] 6 M KOH -1.15-0 V vs. Hg/Hg,Cl, 281Fg'@0.5Ag"? 190Fgl@5Ag!
TIN@C [3°8] 1M KOH -1.0-0 V vs. Ag/AgCl 159Fg'@0.25A g™ 1245Fgt@5Ag?

TiN [%°] 1M KOH -1.0-0 V vs. Ag/AgCl 123 Fg'@ 10 mVs? 78.7Fg'@ 400 mV s
WN (177 nm-thick) [*88] 1 M KOH -1.0—0.4 V vs. Hg/HgO 1150 Fcm3 @ 2 mV s -

MOF-NiCo-LDH [81] 6 M KOH 0-0.5 V vs. Hg/HgO 229mAhg' @ 1Ag? 180 mAhg' @ 25A g™
NiCoZn-LDH/Co4Sg [3*°] 3 M KOH 0-0.5V vs. Hg/HgO 350mAhgt@1Ag? 217 mAhg'@ 20Ag?
Co-Ni-B-S [320] 6 M KOH -0.1-0.55V vs. Hg/HgO 231 mAhg' @ 1Ag!? 216 mAhg' @ 10 A g™
CoNi-MOF [182] 1M KOH 0-0.45 V vs. Hg/Hg,Cl, 130mAhg'@2Ag? 71mAhgl@32Ag!
Ni-HAB MOF [%3] 1M KOH -0.75—0.25 V vs. Ag/AgCl 400Fg!t@0.2mVst -

Zn,Co,,0 [°] 6 M KOH -1.0—0.2 V vs. Ag/AgCl 1065Fgt*@5mVst 450 F g @ 1000 mV st
LaCoOs_5 [3?] 6 M KOH -0.3-0.45 V vs. Hg/HgO 147 mAhg'l @ 1Ag? -

LaMn, ;05 [335] 1M KOH -1.0-0.56 V vs. Hg/HgO 202 mAhgt@1Ag? 36.1mAhg*@30Ag?
LaNiO; [331] 6 M KOH 0-0.45 V vs. Hg/Hg,Cl, 139 mAhg'l@ 1Ag? 122 mAhg' @ 16 Ag?
SrCop9Mo0y105-5[37°] 6 M KOH 0-0.5 V vs. Ag/AgCl 169 mAhg'@ 1Ag? 87.5mAhg'@ 10Ag?
SrCoo.sNbg 1055 [#2] 6 M KOH 0-0.5 V vs. Hg/HgO 107 mAhg' @ 0.5 A g 103 mAhg' @ 10 A g™
PrBaMn,0g_5[33%] 6 M KOH 0-0.5 V vs. Hg/HgO 144mAhg'*@ 1Ag? 110mAhg* @ 10A g
PrBaCo,0s,s [3*°] 6 M KOH -0.1-0.55 V vs. Hg/HgO 119mAhg* @ 1 mVs? -

Sr,CoMo,_,Ni,Og_s [3*°] 6 M KOH -0.1-0.5 V vs. Hg/HgO 129 mAhg'@ 1Ag? 108 mAhg* @ 10A g
Sr,CoMoOg_s [341] 6 M KOH 0-0.4 V vs. Ag/AgCl 82.6mAhg'@1Ag? 46.3 mAhg'@ 10Ag?
La;NiO4.s@Ag [376] 1 M KOH 0.2-0.6 V vs. Hg/HgO 130mAh gt @ 1 mV st 65.1 mAh g @ 50 mV s

KNio sCoo.5F5 [3*°]
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3 M KOH/0.5 M LiOH

0.1-0.55 V vs. Hg/HgO

187 mAhg'*@ 1Ag?
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172 mAhg' @ 16 Ag?
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KNij_y-yCoMn,F3 [347]
KNiF;@CNTs [34]

3 M KOH/0.5 M LiOH
3 M KOH/0.5 M LiOH

Chemical SocietyReviews

0-0.5 V vs. Hg/HgO
0-0.5 V vs. Hg/HgO

Fe,0,/PPy/CNT [3%] 3 M KOH -1.2-0V vs. Ag/AgCl
Fe;0,@rGO [359] 4 M KOH -1.1-0 V vs. Hg/HgO
FeOOH [3%] 2 M KOH -1.2-0V vs. Hg/Hg,Cl,
FeS,/GNS [38] 2 M KOH -1.1-0V vs. Hg/HgO
NiFeN/NG [?%7] 3 M KOH -1.0-0 V vs. Ag/AgCl
porous Bi/C [2°] 6 M KOH -1.4-0V vs. Hg/Hg,Cl,
Bi,05 [26] 6 M KOH -1.1-0 V vs. Ag/AgCl

Bi nanosheets [3%°] 1 M KOH -1.2-0.2 V vs. Hg/Hg,Cl,
Bi,S3/NC [377] 6 M KOH -0.95—0.4 V vs. Ag/AgCl

196 mAhg'*@ 1Ag?
229 mAhg'@1Ag?
620 mMAhcm3 @ 1 Acm™3
135mAhg'@3Ag?
355mAhg'@1Ag?
220mAhgt@3Ag?
262 mAhgt@1Ag?
166 mAh gt @ 6 mA cm™
327mAhg'@1Ag?
366 MAhg!@0.2Ag?
71.2mAhg'@1Ag?
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149 mAhg'* @ 16 Ag™
191 mAhg'@ 16 Ag™
330 mAhcm=3 @ 10 Acm™3
131 mAhg!*@30Ag?
265mAhg!' @ at30Ag?
220mAhg' @ 30Ag?
180 mAhg* @ at50A g™
91 mAh g @ 120 mA cm™
220mAh g @ at20A g
175mAh gt @ at20A g™
457 mAhg'@ 8Ag?

3.3 Faradaic materials storing other polyatomic anions.

3.3.1 Graphite and other carbons. Graphite, which has a
hexagonal honeycomb structure of stacked graphene layers of
sp? hybridization semimetallic,
demonstrating no band gap and a negligible density of states at

along the ¢ axis, is

the Fermi level.378 379 Because the unique electronic band
structure allows graphite to be redox-amphoteric, both anion
and cation carriers can be intercalated into graphite galleries
while the m electrons are taken and given in. Pre-lithiated
graphite has been used as a high-capacity negative electrode
paired with AC positive electrode for applications in lithium-ion
capacitors.1? 21,380 |n contrast to Li cation storage mechanism of
LICs, anion storing graphite offers an opportunity to configure
distinct hybrid capacitors as positive electrodes (Table 5).

Anion intercalation mechanism and kinetics of graphite. In
intercalation of anions into graphite, ab initio calculations such
as Bader analysis suggest that charges are mainly compensated
by electron transfers of graphite rather than the anion.190 381
The Raman G band of graphite corresponds to the E,; phonon
of the in-plane carbon atom displacement in the graphene
layer. In quantum theory, the position of the G-band peak is not
affected by electron extraction. However, a blueshift is
observed during the anion intercalation process because the
strong electron-phonon
rearrangement of the Fermi surface.3®2 Through X-ray Raman
spectroscopy (XRS) and DFT calculations, the evolution of the
electronic structure of graphite during anion intercalation was
thoroughly investigated.'®! As shown in Fig. 11al, compared to
the pristine graphite containing only m* and o* features
(labelled as 2 and 4, respectively), the extra pre-nt* and n*-shift
features (labelled as 1 and 3, respectively) appear in the anion-
intercalated graphite. The pre-n* feature implies that the
delocalized m electrons of graphite are removed to compensate
for the charge of the intercalated anions (Fig. 11al, top). The
removal of m electrons empties the pre-occupied states and
decreases the Fermi energy level (Fig. 11a2). Consequently, the
appearance of pre-n* features is a direct evidence of the

coupling breaks the adiabatic

generation of new unoccupied states above the Fermi level. The
decreased Fermi level greatly increases the density of states,
indicating that the graphite is transformed from semimetallic to
metallic with an enhanced electronic conductivity upon anion
intercalation. The m*-shift feature upon anion intercalation is

22 | J. Name., 2012, 00, 1-3

attributed to the effective nuclear charge increase of the C atom
of oxidized graphite, which increases the energy required for
the core electron transition. Along with the change in the
electronic structure and properties upon anion intercalation,
the staging process needs to be discussed to gain a fundamental
understanding of the anion intercalation mechanism. In an
analogous manner to Li* intercalation,3’® the anions are
periodically arranged along the stacking direction of graphene
layers at each stage. Thus, the special structure of anion-
intercalated graphite is described by the stage order n
(expressed as stage-n), which is defined as the number of
graphene layers between two neighboring anion layers.383 384
For example, stage-2 graphite shows that PF¢~ anions are
separated by two graphene layers (Fig. 11b). While increasing
the degree of anion intercalation, the graphite structure
undergoes a transition to a lower stage order.160, 383,384

Because the blueshift of the Raman G band is proportional to
the hole concentration with graphite oxidation, the stage
transition can be analyzed qualitatively by Raman spectra. In
stage-4 and 3, there are two kinds of carbon layers, that is the
boundary and inner layers, which are the nearest and second
neighbor layers of anion intercalant, respectively. Since the
boundary layer has a higher degree of oxidation than the inner
layer, the signal Ex4(b) of boundary layer has a larger blueshift
than the Ey(i) of inner layer and thus, the G band splits into a
doublet. The stage-2 and 1 are indistinguishable by Raman G
band and shows singlet G band due to the absence of inner
layer. The G band of stage-6 or 5 is expected to splitinto a triplet
because of the existence of third neighbor graphene layer,38>
however, the experimental observations cannot distinguish
well at such high order stage.16?

The geometric features of anion-intercalated graphite can be
calibrated by XRD. The periodic repeated distance (d.) along
stacking direction of crystal planes of graphene layers satisfies
the Bragg's law when diffraction occurs:

ZdC Sineool =/A (19)
where A is the X-ray wavelength, By is the glancing angle for /
order reflection. Upon the intercalation of anions, the

diffraction peaks caused by discrete d, can appearl>% 160, 383, 384
(Fig. 11c). For a graphite at specific stage, the XRD peaks come
from different reflection orders with the same d.. For the
splitting peaks of pristine graphite (002) peak, the / difference is

This journal is © The Royal Society of Chemistry 20xx
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generally 1. Substituting the diffraction angle into the Bragg
equation, d. can be solved.38% 387 As shown in Fig. 11b, for the
stage-n graphite, d. also satisfies the following expression.
d.=d;+ (n-1)dy (20)
where d is the non-intercalant gallery height (3.35 A) and d; is
the intercalant gallery height which reflects structural
expansion. Compared to the alkali-ion intercalation (13% for

ARTICLE

LiCs, 60% for KCg),388 38 anion intercalation causes a much
larger volume expansion of graphite (130-140% for PFg~, BF47,
TFSI=; 180% for AICI,~).160. 384, 3% Despite such a huge volume
change, the graphite as an anion-intercalation material exhibits
high rate capability and long stability over tens of thousands of
cycles.>® This allows graphite to be a suitable positive electrode
material for battery-capacitor hybrid devices.
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Fig. 11 Fundamental mechanism and fast kinetics of anion intercalation into graphite. (a) The evolution of the electronic structure of anion intercalated
graphite. (al) Experimental and theoretical XRS spectra for PFs-intercalated graphite (top), imaginary graphite without intercalant (middle) and pristine
graphite (down). (a2) Band structure of pristine graphite (left) and PFs-intercalated graphite (right). Reproduced with permission from ref. [*°!], Copyright
2020 American Chemical Society. (b) The geometric features of a stage-2 PFs-intercalated graphite, where n is stage order, d, is the periodic repeat distance,
do and d; are the non-/intercalant gallery height, respectively. (c) In situ XRD patterns of graphite during FSI- intercalation/deintercalation. The white horizontal
dashed lines show the diffraction peak positions ascribed to the stage-4 to stage-1 of anion-intercalated graphite. Reproduced with permission from ref. [*%2],
Copyright 2018 Springer Nature. (d) A cell configured by graphite cathode, Al deposition anode and EMIMCI-AICI; IL electrolyte. (d1) Schematic illustration of
the intercalation of AICl,~ into graphite cathode, (d2) ultrafast rate performance at discharge current from 100 to 5000 mA g*. Reproduced with permission
from ref. [1%4], Copyright 2015 Springer Nature. (e) A cell configured by graphite cathode, alloying-type Al anode and LiPFg carbonate electrolyte. (e1) Schematic
illustration of the integrated configuration design of the cell, (e2) ultrafast rate performance at current rate from 1 to 120 C. Reproduced with permission from
ref. [195], Copyright 2017 Wiley-VCH. (f) A Li-graphite half cell using LiPFs carbonate electrolyte. (f1) Schematic illustration of the half cell with PFs~ intercalation,
(f2) CV curves at various sweep rates and (f3) corresponding calculated b-values. Reproduced with permission from ref. [*¢], Copyright 2018 Wiley-VCH.
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For the construction of hybrid cells, two electrodes having
different energy storage mechanisms and operating potentials
should be energetically and kinetically balanced in terms of a
mass loading and electrode area. Accordingly, high-capacity
electrode needs to have sufficient rate and cycling capabilities
to pair with capacitive electrode. Surprisingly, graphite as an
anion storing intercalation battery-type material achieves the
outstanding electrochemical stability for high voltage and long
cyclability, and the extraordinary fast charge storage kinetics.
Dai et al. reported ultrafast anion intercalation behavior of 3D
graphitic-foam cathode paring with Al metal anode and
EMIMCI-AICI; electrolyte (Fig. 11d1).1%4 At an ultrahigh current
density of 5000 mA g™ (75 C), the graphitic-foam cathode
preserved the stable charge-discharge curves and high capacity
of 60 mAh g! (Fig. 11d2). It means that graphitic cathode is fully
and quickly charged within less than one minute and high power
output is available by fast discharge. Furthermore, the
electrode achieved an excellent stability over 7500 cycles
without the significant capacity decline at 4000 mA g=. Using
the natural graphite particles as cathode, alloy-type Al as anode
and an organic LiPFg carbonate electrolyte, the ultrafast anion
intercalation behavior was observed and attributed to the
kinetic properties of graphite.1% In this integrated cell, the Al
anode is deposited on one side of a glass fiber separator to form
an interpenetrating network structure, while the natural
graphite is loaded on the other side of glass fiber with an Al
sputtering layer as current collector (Fig. 11lel). Such an
integrated design significantly improves the kinetics of Li-Al
alloying reaction on anode, ensuring that the anion
intercalation reaction at cathode is not limited by the kinetics of
anode. As shown in Fig. 11e2, the anion de-/intercalation
reaction was completed at an ultrahigh rate of 120 C (or 12000
mA g1) within 30 seconds. Furthermore, a high capacity of
116.1 mAh g! and a middle discharge voltage of 3.8 V were
maintained even at 120 C. In order to deeply investigate the
anion intercalation kinetics of graphite, commercial graphite
with limited surface area (5 m? g™1) as cathode and Li metal as
anode were tested in a LiPFg carbonate electrolyte (Fig. 11f1).>¢
The high-rate performance of graphite was confirmed
demonstrating the high capacities of 99.4 mAh g at2 Cand 78
mAh g even at 100 C. Moreover, the anion intercalation of
graphite cathode is dominated by a fast surface-controlled
electrochemistry (Figs. 11f2 and 11f3). In addition, the charge
transfer resistance of graphite cathode continuously decreases
and the mass transfer is activated and facilitated during cycling.
A long-term stability is confirmed by 81% of capacity retention
over 10000 cycles.

The ultrafast anion intercalation kinetics of graphite is
abnormal considering the larger size of anions and larger
volume expansion compared to cation intercalation. Generally
speaking, the kinetic properties of an electrode material are
closely related to the electronic conductivity and energy
barriers of ion diffusion. As discussed above, anion intercalated
graphite becomes metallic, thus improving the electronic
conductivity. After resolving the controversies about the
geometry and intercalant gallery height (d;),1%% 3°1 392 the
nudged elastic band method was used to calculate the diffusion
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energy barrier (12—29 meV) of AICl,~ in the graphite.3°0 Similar
result of 21-28 meV was also obtained by Sun el al.3%3 Such a
diffusion barrier is much smaller than 420 meV of Li* diffusion
in graphite anode,3?* which may be associated with the ultrafast
anion intercalation. Moreover, the PFs~ exhibited the ultrafast
kinetics although it has a larger diffusion barrier in graphite,
about 140-160 meV.1®®* The fast anion intercalation
phenomenon is found in bulk natural graphite>® 105395 different
electrolyte system and anion (even large TFSI7),3%> which
suggest that the ultrafast kinetics is the intrinsic property of
graphite. However, the diffusion energy barrier alone cannot
fully elucidate this abnormal kinetics of anion intercalation and
thus, further research on the origin of ultrafast anion
intercalation needs to be carried out as future work.
Influential factors on the anion intercalation of graphite.
Parameters of anion intercalation that may affect the
electrochemical performance of graphite were investigated. A
higher degree of graphitization tends to result in a higher anion
intercalation capacity and lower voltage hysteresis.39¢ 397
Although a smaller size of graphite particles is beneficial to
achieve a high capacity, stability issues along with reduced
electrical conductivity can be expected.3?® The abundant edge
sites or surface defects of graphite can induce irreversible side
reactions, lowering the Coulombic efficiency.3%% 400

Controlling geometry and crystalline structure of few-layer
graphene exfoliated from graphite can increase the redox
activity and cycling stability upon anion intercalation (Fig. 12a1l).
For instance, a reduction of the vertical size along the layer
stacking direction promotes kinetic performance, while an
enlarged lateral graphene size improves structural stability.*0!
Consequently, the large lateral-sized graphene (L-graphene)
exhibited better rate performance (Fig. 12a2) and cycling
stability (Fig. 12a3) than small graphite/graphene samples. The
defect-free conjugated structure of graphene layers improves
the reversibility and kinetic performance, suppressing side
reactions and improving electronic conductivity. After high-
temperature reduction at 3000 °C, defect-free few-layer
graphene showed an AICl,; storing capacity of 100 mAh g1 at5
A g1, along with a retention of 97% over 25000 cycles.*%? The
Co-treated defect-free few-layer graphene also displayed a high
PF¢~ storing capacity of 150 mAh g! along with an evident
voltage plateau in the range of 2.0-5.0 V.03 Besides, the
different electrode preparation strategies, such as dense
stacking?®* and monolithic vertically aligning,*®> have been
developed to improve the anion storage performance while
preserving the intrinsic properties of few-layer graphene.

Integrating the Faradaic intercalation with non-Faradaic
adsorption mechanism can improve the capacity of carbon-
based anion storage materials with the compromised operating
voltage (Fig. 12bl). One design strategy is to construct
functional structure for anion adsorption on graphite. Through
thermal shock treatment, the flexuous graphite (FG) with the
disordered and defective structure was synthesized.*%¢ In an Al—-
FG cell using EMIMCI-AICI; electrolyte, the FG cathode reveals
an integrated intercalation—adsorption mechanism for AICl;~
storage within a voltage of 0.5 to 2.45 V. The specific capacities
of 149 and 93 mAh g ' at 1.5 and 7.5 A g1, respectively, and a

This journal is © The Royal Society of Chemistry 20xx

Page 24 of 56



[ Chemical Society Reviews

Journal Name

long cycling stability over 8000 cycles at 3 A g™* were obtained
(Figs. 12b2 and12b3). Moreover, a porous graphitic carbon
prepared through one-step activation and catalytic
graphitization method delivered the TFSI- storage capacity of
204.2 mAh g1, significantly greater than that of mechanically
mixed graphite and AC.%%7 Another way is to introduce graphite
domains into the adsorption carbon structure. For instance, the
nanosheet-bricked porous graphitic carbon showed a AlCl4~
storage capacity of 104 mAh g1 at 10 A g * with a cyclic stability
for 3000 cycles.?®® The 3D porous microcrystalline carbon
exhibited specific capacities of 191.4 and 77.8 mAh g* at 0.1
and 10.0 A g1, respectively, owing to the intercalation and
adsorption of PFg~ anion.0?

A stable CEl as well as an electrolyte with a wide ESW is
necessary for high-voltage anion intercalation graphite. The CEl
alleviates the electrolyte decomposition and solvent co-
intercalation kinetically and energetically.14% 150, 410 An anodic
SEl on graphite electrode surface was pre-formed by operating
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few cycles of graphite electrode at low potential of 0.3-2.0 V
versus Li*/Li.1*° Such SEl-modified graphite was used as the
cathode of a dual-ion battery configuring a Li anode anda 1 M
LiPFg carbonate electrolyte. During the subsequent anion de-
/intercalation process (3.0-5.0 V versus Li*/Li), the SEl layer on
the graphite cathode reconstructs as an artificial CEl, which
inhibits the electrolyte decomposition and brings higher
capacity and better cycling stability compared to the
unmodified one. Moreover, a Li;TisO;;, (LTO) layer coated on the
mesocarbon microbeads (MCMB) forms an oxidation-resistant
CEl layer through the ring opening polymerization of sulfolane
owing to the electrocatalysis by the Lewis acidic sites (Fig.
12¢1).13°  Accordingly, the solvent co-intercalation and
electrolyte decomposition are inhibited (Fig. 12c2), leading to
improved graphite stability. The LTO-CEl modified MCMB
exhibited a capacity of 96.7 mAh g1 with 85.1% retention after
2000 cycles even at the high cut-off potential of 5.4 V versus
Li*/Li (Fig. 12¢3).
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Fig. 12 Influential factors on the anion intercalation of graphite. (a) Preparation of few-layer graphene. (al) Schematic illustration, (a2) Rate capability of L-
graphene, S-graphene, L-graphite and S-graphite, and (a3) GCD curves of L-graphene (black) and S-graphene (red) in the 1st, 500th, and 1000th cycle.
Reproduced with permission from ref. [*°1], Copyright 2017 Wiley-VCH. (b) Integration of intercalation and adsorption mechanism. (b1) Schematic illustration,
(b2) GCD curves of Al//FG cell at different current densities, (b3) cycling stability of Al//FG cell at 3 A g™*. Reproduced with permission from ref. [*°5] Copyright
2020 American Chemical Society. (c) Modification of stable CEl. (c1) /n situ modification of CEl on Li;TisO4,-coated MCMB, (c2) CO, differential electrochemical
mass spectrometry signal of un-/modified MCMB during the first cycle, (c3) cycling stability of LTO-CEI modified and pristine MCMB with potential range of
3.0-5.4 V versus Li*/Li. Reproduced with permission from ref. [15°], Copyright 2019 Wiley-VCH.
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3.3.2 Organic electrodes. In sharp contrast to inorganic
materials, organic materials have advantages in terms of
abundant sources and modification chemistries, low cost, and
easy recycling.#11417 |n particular, flexible designability toward
diverse chemical structures provides a variety of
electrochemical and physical properties for anion storage. The
p-type organic materials are reversibly oxidized from a neutral
state to a positively charged state upon anion insertion.3% 412
Fig. 13 summarizes typical p-type organic materials and their
corresponding redox reactions for anion storage, including the
reversible extraction of aromatic m electrons and unbound
electrons of thioether and amine. In contrast to previous review
articles about organic electrodes,3% 32 411-417 this section focuses
on anion storage mechanism and structural features of p-type
organic electrodes (Table 5). The p-type organic materials can
be classified as small molecules and polymers.

Small molecules. The p-type organic materials of monomeric
molecules are characterized by diverse and tunable structures
through molecular engineering based on organic chemistry,
resulting in improved anion storage performance. Polyaromatic
hydrocarbons (PAHSs), consisting of a few-fused sp2-hybridized
Cg rings with peripheral H atoms, have a much shorter
conjugated structure than infinitely conjugated graphite. PAHs,
such as pyrene and coronene, store anions along with an
obvious plateau and mild anion insertion potential that can
avoid electrolyte decomposition.*'® The coronene retains its
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molecular structure and forms carbocations upon anion
intercalation (1 in Fig. 13).°° Although polymeric and
amorphous organic molecules generally achieve a better
performance,*? 415 crystalline coronene demonstrated an
impressive stability up to 5000 cycles and low polarization.®% 419
The stability of crystalline coronene is attributed to the self-
assembly and long-range ordering via van der Waals forces
rather than covalently chained rigid frameworks. Moreover,
structural flexibility that can adjust morphology and long-range
order allows anions to be intercalated.

In addition to PAHSs, organic structures based on amine redox
centers can electrochemically accommodate anions. To
enhance the electronic conductivity and electrochemical
stability, a conjugated aromatic rubicene core was coupled with
two amino-groups to afford the 5,12-diaminorubicene (DARb, 2
in Fig. 13).“2° The conjugated apolar rubicene framework
provides the planar m-orbital for intermolecular electronic
delocalization, stabilizing the positive charges and unpaired
electrons upon anion insertion and inhibiting the dissolution of
DARb molecules in the polar solvents. This DARb electrode
stores PFg~ anions through two-electron transfer via the
formation of a radical cation followed by electron delocalization
on the aromatic structure, delivering a specific capacity of 115
mAh g™ in LiPFs-based EC-DMC electrolyte with an average
potential of 3.4 V versus Li*/Li.
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Fig. 13 p-Type organics and their electrochemical redox reactions for anion storage.
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(b) Salification. (b1) Schematic illustration. (b2) GCD curves of LiPHB as an example. Reproduced with permission from ref. [**2], Copyright 2020 Wiley-VCH. (c)
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Modification of the amine units with functional groups affects
the electrochemical properties. Taking p-phenylenediamine (3
in Fig. 13) as an example, it can be oxidized sequentially to
dication at 3.58 and 4.07 V versus Li*/Li upon two ClO4~ anion
storage.*?! After phenyl-substitution of two primary amines, the
redox potentials increased to 3.75 and 4.15 V versus Li*/Li
probably due to m-delocalization by mesomeric effect. By
contrast, the electron donating tetramethyl-substitution
decreased the redox potentials to 3.41 and 3.95 V due to the
inductive effect. In contrast to introducing functional groups,
heteroatom incorporation is an effective means of tuning the
electrochemical properties of p-type organics without
increasing molecular weight (Fig. 14al). The 5,10-dimethyl
phenazine (DMPZ 4 in Fig. 13) is featured with two-electron
oxidation by quaternary nitrogen formation, delivering high
theoretical capacity but low operating potentials of 3.1 and 3.7
V versus Li*/Li.’>* In order to mitigate the trade-off between
capacity and voltage, either one of the two N atoms of DMPZ is
replaced by weaker electron-donating S (5, phenothiazine, in
Fig. 13) and O (6, phenoxazine, in Fig. 13) heteroatoms.'® This
replacement enhances the redox potential and capacity. For
example, the 10-ethyl-10H-phenoxazine (Et-PXZ) in LiClO,-
glyme-based organic electrolyte showed redox potentials of

This journal is © The Royal Society of Chemistry 20xx

3.17 and 3.82 V versus Li*/Li and a specific capacity of 218 mAh
g1, higher than 2.78/3.44 V and 137.7 mAh g of the DMPZ,
respectively (Fig. 14a2).

The dissolution of small organic molecules into electrolytes
results in their poor cycling stability. Tethering highly polar ionic
groups to small molecules, so-called salification into organic
salts, leads to suppressed dissolution, thereby improving cycling
stability (Fig. 14b1).4*2 For example, the electrochemically
stable phenothiazine-based lithium 4-(10H-phenothiazin-10-yl)
benzoate salt (LiPHB) achieved an initial capacity of 82 mAh gt
with an average potential plateau of 3.7 V versus Li*/Li and a
capacity retention of 72% over 500 cycles for ClIO, storage (Fig.
14b2).192

It notes that p-type organic molecules display higher redox
potentials than n-type ones. However, p-type organic materials
are always redox inactive in the relatively low potential regions,
resulting in limited capacity. Grafting n-type groups capable of
storing cations onto p-type organics, which is known as bipolar,
is an effective strategy to improve the total capacity within wide
potential ranges (Fig. 14c1).*?> 423 For instance, the p-type
tetrathiafulvalene (7 in Fig. 13) was fused with n-type
benzoquinone group.*?> The fused molecule possesses two
redox active sites of thioether and carbonyl reacting with the
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PFs~ and Li* at high and low potential regions, respectively,
delivering a high capacity of 236 mAh g1 at an average potential
of 2.8 V verses Li*/Li (Fig. 14c2).

Polymers. Despite their diverse and controllable structures,
most p-type small organic molecules are limited by their higher
solubility and lower stability compared to their polymeric
counterparts with identical redox active sites.3> 412 The
synthesis of p-type polymers from monomers is a chemical
strategy to resolve these problems. The p-type polymers can be
classified into conjugated (8, 9 in Fig. 13) and non-conjugated
(10, 11, 12, 13, 14, 15 in Fig. 13) polymers, which is discussed
below in terms of their structural features and properties. The
conjugated polymers, where the long-range backbone
possesses overlapped m-orbitals for charge delocalization upon
anion insertion, have advantages in terms of high electrical
conductivity. The redox-active sites are usually embedded in the
polymer backbone (Fig. 14d1). The poly(aniline) (PANI, 8 in Fig.
13) is regarded as a representative conjugated polymer for
anion storage.*?*%?7 The PF¢™ storage of PANI electrode in KPFg
polymer-gel electrolyte was demonstrated with a discharge
capacity of 138 mAh g at a sloping voltage profile of 2.0-4.0 V
versus K*/K.*?* Moreover, PANI possesses both oxidation and
reduction states as a result of the presence of C—N bonds along
with long-range conjugated backbone of the polymer.*?> Upon
the insertion of cations, PANI could be converted from p-type
to bipolar polymer storing both cations and anions. A bipolar
PANI mechanism was demonstrated in an aqueous Zn(OTf),-
based electrolyte, and the resulting PANI delivered a specific
capacity of 200 mAh g~ and 92% capacity retention after 3000
cycles at 5 A g71.425

The poly(3-methyl thiophene) (PMT, 9 in Fig. 13) as a anion
storing conjugated polymer was studied in non-aqueous
electrolytes such as NEt;-BF;/PC, EMIM-TFSI/ACN, and Pyris-
TFSI.37. 428-432 The PMT for BF,~ and TFSI- storage delivers a
pseudocapacitive behavior within a positive potential range of
0-1 V versus Ag*/Ag. In order to decrease contact resistance
and improve electrolyte diffusion, PMT was electrodeposited
on the vertically aligned CNTs (VACNT) grown on Al foil, which
delivered a capacitance of 170 F g™ and a long cyclic stability
over 19000 cycles.?”

Although conjugated polymers are featured with high
electrical conductivity, they have disadvantages such as
insufficient active-site utilization and sloping redox potential.41:
413,415 |n contrast, non-conjugated polymers consisting of non-
conjugated backbone can bear abundant redox-active pendant
groups for high capacity and distinct potential plateau (Figs.
14d1 and 14d2). For instance, 2,2,6,6-tetramethylpiperidinyl-N-
oxyl (TEMPO, 10 in Fig. 13) as a pendant redox-active group can
be grafted to non-conjugated backbones such as methacrylate,
vinylether, norbornene and glycidyl ether to synthesize TEMPO
radical polymers.#33-436 The unpaired electron of neutral TEMPO
group can be oxidized to oxoammonium cation upon anion
storage. The electron transport of TEMPO is realized by its
outer-sphere self-exchange.®3”. 43 Moreover, the singly
occupied molecular orbital (SOMO) promotes charge transfer
for fast redox kinetics. The poly(TEMPO methacrylate) showed
a specific capacity of 62 mAh g™t at 10 A g* in a (NH4),SO,
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aqueous solution®® and the poly(TEMPO vinylether) exhibited
the insertion of SO42~ at higher potential (1.77 V vs Zn?*/Zn) and
better stability of 77% capacity retention over 1000 cycles than
those with OTf~ and ClO4~ in Zn salt-based aqueous
electrolytes.*””

To further improve the capacity and voltage of non-
conjugated polymers, non-radical groups of uncharged state are
explored for anion storage of p-type polymers.*!3 Redox-active
pendant group of thianthrene can be tethered onto
polynorbornene backbone (11 in Fig. 13) to increase the redox
potential.1’2 This thianthrene-based polynorbornene stores
PFs™ at a high potential up to 4.1 V versus Li*/Li. However, the
low capacity of 66 mAh g! was revealed due to the high
molecular weight of polynorbornene backbone. Accordingly,
low molecular weight backbone can improve the specific
capacity of p-type polymers (Fig. 14el). Replacing
polynorbornene backbone by polyvinyl backbone, poly(2-
vinylthianthrene) was synthesized to deliver a high capacity of
105 mAh g at a potential plateau of 3.95 V versus Li*/Li in a
LiClO4-based carbonate electrolyte (Fig. 14e2).43°

Subsequently, phenothiazine as redox-active pendant group
was incorporated to prepare poly(3-vinyl-N-
methylphenothiazine) (PVMPT) (12 in Fig. 13).273 The PVMPT in
LiPFs-based carbonate electrolyte exhibited a specific capacity
of 56 mAh g at 10 C rate along with a cycling stability of 93.5%
over 10000 cycles. Upon anion insertion, the strong m-m
interaction between the neighbor oxidized pendant groups
stabilizes radical cation of phenothiazine and facilitates
supramolecular charge transport. Moreover, PVMPT offers a
special solubility.#*® During charging upon anion insertion, the
oxidized PVMPT is dissolved in the electrolyte. Since the
dissolved PVMPT containing radical cations is chemically inert
to the LiPFg salt and Li metal electrode, it can be re-deposited
during subsequent discharging along with the outstanding
stability. Nonetheless, the strong m-mt interaction of pendant
groups causes the incomplete utilization of active PVMPT,
where its discharged state is arranged alternately by neutral
and cationic states rather than complete reduction
configuration, resulting in a low capacity of 56 mAh g1.173 To
reach the high capacity, cross-linking chemistry was applied to
prohibit the rearrangement of phenothiazine group (Fig. 14
f1).441 The cross-linked PVMPT showed a 1C capacity up to 107
mAh g at a voltage plateau of 3.35 V versus Li*/Li and a
capacity of 102 mAh g! retained after 1000 cycles (Fig. 14 f2).
Even at a high rate of 10 C, cross-linked PVMPT maintained a
high capacity of 85 mAh g for 1000 cycles. Substituting the S
of phenothiazine by O to regulate the m-n interaction, cross-
linked phenoxazine-based polymer (PVMPO, 13 in Fig. 13) was
synthesized, achieving a 100 C capacity of 96 mAh g* and 74%
of capacity retention after 10000 cycles.*4?

There are some non-conjugated polymers without the redox-
active pendant groups. For example, pyrenes, a type of PAHs,
can be polymerized to be non-conjugated polypyrene (14 in Fig.
13) avoiding dissolution and gaseous by-products.193 194, 443, 444
The theoretical capacity of polypyrenes based on one-electron
transfer per monomer is 133 mAh g%, comparable to that (e.g.,
121 mAh g for C,oPFs) of graphite cathode. In an analogous
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manner to the design of small molecules, the electrochemical
performances of polypyrenes can be improved by the chemical
modification of introducing functional groups. For example,
Kovalenko et al. grafted electron-withdrawing NO, group to
pyrene units, synthesizing the poly(nitropyrene-co-pyrene) for
AICl,~ insertion.’® The resulting poly(nitropyrene-co-pyrene)
electrode achieved a specific capacity of 100 mAh g at an
average voltage of 1.7 V versus Al anode, higher than 70 mAh
g! of non-modified polypyrene. However, the conjugation
length of PAH-based polymers remains very short due to the
orthogonality between monomers, which leads not to achieve
high electronic conductivity comparable to the conjugated
polymers. 443445

Moreover, non-conjugated poly(triphenylamine) (PTPAn, 15
in Fig. 13) in carbonate electrolyte for PF¢~ storage delivered a
capacity of 71 mAh g at 100 mA g! with a voltage plateau at
approximately 3.5 V versus K*/K.}7> Additionally, PTPAn
exhibited the high kinetics performance and stability in
Mg(ClO,4),/ACN solution, as demonstrated by the specific
capacity of 73 mAh gt at 1 A g~ and 88% of capacity retention
after 5000 cycles.'’® Upon ClO,4 insertion, the formation of
quinoid-type dimers and radical cations is inferred from the
double redox couples of the CV curves. In LiTFSI/ethyl acetate
electrolyte, low temperature performance of PTPAn was
confirmed demonstrating a specific capacity of 99 mAh g1 at
-40°C, comparable to the value at room temperature, and a
capacity of 69 mAh g1 even at -70°C.#4¢

3.3.3 Porous frameworks
Covalent organic frameworks (COFs). Because p-type polymers
are always nonporous solids, ion diffusion into and utilization
efficiency of active sites are lowered due to larger sizes of
anions.’> 413 COFs, a class of porous polymeric materials, have
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advantages over p-type polymers in terms of their tunable
porosity, controllable ion channels, and large surface areas.
COFs are also used as anion storing materials (Table 5).

The 2D TpBpy-COF was synthesized through a condensation
reaction of 2,4,6-triformylphloroglucinol and 5,5’-diamino-2,2’-
bipyridine for AICl,~ storage (Fig. 15 al).’®> The robust
framework resisted the corrosion of the Lewis acidic electrolyte
and accommodated a large size of anions. The C-N and C=N
groups are active sites, while the carbonyl groups are redox-
inert. The hierarchically porous, hexagonal layered structure of
TpBpy-COF is beneficial for a large specific surface area of 1794
m? g1, electrolyte infiltration, and anion diffusion. Additionally,
electron delocalization of the m-conjugated skeleton facilitates
electron transportation. Accordingly, TpBpy-COF delivered a
high discharge capacity of 126 mAh g™ at 2 A g, showing a
gradual increase in capacity up to 150 mAh g for 13000 long-
term cycles (Figs. 15a2 and 15a3).

The covalent triazine-based framework (CTF) was synthesized
by dynamic trimerization of para-dicyanobenzene for anion
storage.?> 174447 |n particular, the amorphous CTF (ACTF) with a
short-range-ordered 2D honeycomb structure achieves better
performance than crystalline alternatives.®> 174 The aromatic
triazine rings of C3N3; are the redox-active sites that can be
transformed into oxidation, neutral, and reduction states and
enable continuous bipolar reactions for both anion (PFg~
ClO47) and cation storage. Consequently, the ACTF electrode
exhibited a high operating potential, high rate capability (60
mAh g1 at 20 A g1),174 and long cycling life (over 7000)°>. To
inhibit dissolution and improve the conductivity of CTF, a
covalent bonding composite (G-PPF) was synthesized using
polyacrylonitrile-modified graphene as nucleation anchors for
the trimerization of ortho-, meta-, or para-dicyanobenzene.?4®
G-PPTs showed a high rate capacity of 135 mAh g tat15A g™
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Fig. 15 COFs and MOFs for anion storage. (a) Redox TpBpy-COF. (al) Chemical structure, (a2) GCD curves, and (a3) cycling stability. Reproduced with permission
from ref. [*°°], Copyright 2020 Wiley-VCH. (b) Redox NiDI MOF. (b1) Chemical structure, (b2) schematic illustration of the redox reaction, and (b3) GCD curves.

Reproduced with permission from ref. [*!], Copyright 2018 Wiley-VCH.
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Metal-organic frameworks (MOFs). Organic molecules as
ligands can coordinate with metals to form metal-organic
compounds. Among them, MOFs can store large-sized
polyatomic anions as well as OH~ in alkaline aqueous
electrolytes owing to their designable chemical and porous
structures. A pioneering work is the reversible anion insertion
of Fey(dobpdc) (dobpdc = 4,4-dioxidobiphenyl-3,3'-
dicarboxylate) MOFs.?* The Fe,(dobpdc) with a large channel of
21 A can accommodate a variety of polyatomic anions in organic
electrolytes such as BF,;~, PFg~, and TFSI-. A short Fe-Fe distance
of 3.04 A is expected to achieve bulk electronic conductivity.
During anion insertion, charge compensation is accomplished
by both metal and ligand oxidation; however, only metal
oxidation is fully reversible. In a NaPFg-based organic electrolyte,
the Fe,(dobpdc) obtained a capacity of 90 mAh g within a
potential range of 2.0-3.65 V versus Na*/Na.

In a similar manner to p-type organics, the redox reaction of
ligands for anion insertion of MOFs can occur at high potentials,
which may deteriorate the reversibility and stability.®* Bipolar
redox MOFs combining both anion and cation de-/insertion
have been proposed to resolve this problem. For instance,
Mn5(2,7-AQDC)¢(2,6-AQDC)(DMA)g (Mn-MOF) with multi-redox
centers was designed to achieve a bipolar feature.**® During
charging, the Li* ions are first deserted on ligand oxidation at a
low potential (2.4 V versus Li*/Li), and then PF¢~ ions are
inserted into Mn-MOF by the oxidation of Mn2* to Mn3* at a high
potential (4.1 V versus Li*/Li). Such a bipolar process allows Mn-
MOF to deliver a high capacity of 200 mAh g1.

Low electronic conductivity of MOFs is a technical limitation
lowering the stability and kinetic performances.**° In this
regard, metallically conductive MOFs, bis(diimino)nickel 2D
frameworks (NiDI), were developed (Fig. 15b1).4>! The metallic
conductivity of NiDl is attributed to the large density of states
around the Fermi level from both Ni atoms and ligands.
Moreover, the NiDl in LiPFs-based organic electrolyte exhibited
a bipolar multi-redox feature, showing a capacity of 155 mAh
g ! at 10 mA g within a potential range of 2—4.5 V versus Li*/Li
(Figs. 15b2 and 15b3). The ion storage of NiDI is based on the
topotactic insertion into the in-plane pore structure rather than
conversion reactions,*1 452 where the latter can induce the
dissolution of active materials in the electrolyte.1%

Another challenge of MOFs is dissolution in polar solvents.1%®
453 Cu-7,7,8,8-tetracyanoquinodimethane (CuTCNQ) was
designed for multiple electron reactions, where the reversible
transformations of Cu?*/Cu* (4.1-3.7 V) and TCNQ°/TCNQ*
(3.7-3.0 V) are associated with ClO4~ de-/insertion and that of
TCNQY/TCNQ2 (3.0-2.0 V) with Na* de-/insertion.'®® The total
high capacity of 255 mAh g was obtained. Nonetheless,
TCNQ* intermediates are dissolved in carbonate electrolyte (1
M NaClO,4 in EC/PC) within the potential ranges of activating
ligand. In order to resolve this, the CUTCNQ was encapsulated
by a thin carbon film acting as an interlayer to suppress the
dissolution of materials. The CuTCNQ/carbon film achieved a
cycling stability of 50 cycles with a negligible capacity fading.
Besides, the Cu?*/Cu* redox couple in CuUTCNQ is active even at
higher redox potential than that of Cu3*/Cu?* redox couple in
layered metal oxide,*>* suggesting that the redox potential of Cu

30 | J. Name., 2012, 00, 1-3

metal could be effectively regulated via an induction effect of
ligands.

Non-framework metal organic compounds have been
developed for anion storage. The dissolution of ferrocene was
mitigated by carbon encapsulation, using highly-concentrated
30 m ZnCl, aqueous electrolyte.1’* The carbon encapsulated
ferrocene delivered a specific capacity of 106 mAh g through
ZnCl,? insertion of Fe3*/Fe?* redox couple. Interestingly, this
ferrocene could be used as a negative electrode material due to
its low potential of anion insertion (0.05 V versus Ag/AgCl).
Metal organic compounds solely with the redox activity of
ligand have been also developed.*>> 4% For example, Cu
tetraaminephthalocyanine (CuTAPc) showed a specific capacity
of 109 mAh g1 at a high current density of 20 A g owing to the
redox activity of n-electron configuration of CUTAPc monomer
(2 m-electron oxidation per CuTAPc monomer for anion
insertion).4>¢

3.3.4 Others
Metal/Metal oxides storing polyatomic anions. The Pb and
PbO, have been used as the negative and positive electrodes of
the typical lead-acid batteries, respectively.8”> 8% Their
electrochemical reactions coupled with SO,4%~ anions in H,SO,
electrolyte can be described as follows.
Pb + SO42~ <> PbSO, + 2e- (21)
PbO, + SO42 + 4H* + 2e~ <> PbSO, + 2H,0 (22)
The lead-acid batteries using the Pb and PbO, electrodes have
advantages in terms of their stable voltage profile, low cost and
safety, but suffer from low energy density and limited cycle
life.8% 457 The main failure is attributed to the crumbling and
sulfation of electrode materials, grid corrosion, and hydrogen
evolution.8 457461 The crumbling is caused by the volume
change of electrodes during conversion reactions. On the other
hand, the sulfation is associated with the accumulation of large-
sized non-conducting PbSO, on the positive and negative
electrodes upon discharging, which cannot take part in the
reversible reactions upon charging. The sulfation issue becomes
more serious on the Pb negative electrode due to its slower
reaction kinetics than the PbO, positive electrode. Several
methods have been developed to improve the electrochemical
performance of Pb and PbO, electrodes, of which the most
effective one is to synthesize the composite with carbonaceous
materials.8% 457460 The carbonaceous materials serve as multiple
functions that can control the size of PbSO,, alleviate volume
expansion, reduce hydrogen revolution, and enhance electrical
conductivity.

In addition to Pb and PbO,, other examples on large-sized
polyatomic anion storage of metal/metal oxides were less
reported. The reversible NOs™ insertion inside Mn30; was
accomplished in an NH;NO; aqueous electrolyte.?” The inserted
NOj3~ ions are proposed to reside on the defects or amorphous
regions of Mn30,, leading to the de-crystallization of Mn3;04
structure. The Mn30,4 electrode achieved a capacity up to 183
mAh g at 0.1 A g™! and a capacity retention up to 50 mAh g=*
at 1 A g over 3500 cycles.

Anion storing pseudocapacitance of Mn3;04 was revealed in a
LiPFs-based organic electrolyte.?¢? When the potential window
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of Mn30, electrode against a Li metal was measured in a range
of 1.5 to 4.8 V, the charge storage is coupled with both Li*
intercalation and PFg~ adsorption as verified by two pairs of
redox peaks in CV curves (Figs. 16al and 16a2). Kinetic analysis
based on power-law relationship indicates that the pair of redox
peaks below 2.75 V versus Li*/Li (labelled A and C) is converged
to combined surface- and diffusion-controlled processes,
whereas those at higher potentials (labelled B and D) are
dominated by a surface-controlled behavior. The charge
transfer between PFg~ and Mn3;0, occurs via the Mn—F bond,
and fluoride ion is the redox center. The exploited PFs -based
pseudocapacitance boost the total capacity of Mn3;0O4 up to 250
mAh g1 at 60 mA g! (Fig. 16a3).

In addition, co-(de)intercalation of Na* and ClO,™ into layered
NagsNig>5sMng750,  was demonstrated in NaClO,/PC
electrolyte.*®3 Upon charging, Na* ions are first released during
charging, which is accompanied with the oxidation of transition
metals. Then, CIO; ions are intercalated into the interlayer at
high potential plateau, which further leads to the anionic
oxidation (0%~ to O7) to provide extra capacity. The capacity of
NagsNig5sMng 750, electrode in an organic NaClO,/PC
electrolyte was 180 mAh g! at 0.02 A g1, higher than the
theoretical capacity of 134 mAh g~ assuming solely Na* storage.
Metals halides/oxyhalides storing F- and ClI- ions. Although
halide anions are not included in polyatomic anions, this
subsection focuses on the F~ and CI- storage of metal
halides/oxyhalides for halide ion batteries based on the
shuttling of halide ions. In halide ion batteries, metal halides,
such as BiCls, BiF3, VCl3, CuF,, and LaFs, and metals, such as Li,
Mg, La, and Ce, have been used as positive and negative
electrodes, respectively.’?: 464466 Because most of these
materials react easily or dissolve in water, they are generally
studied in solid-state and non-aqueous electrolytes.
Nonetheless, one limitation of metals and metal halides is
related to their dissolution in non-aqueous electrolytes and
large volume changes during ion storage, both of which
deteriorate the cycling performance. Metal oxychlorides,
FeOCl, BiOCI, and VOCI can be used as positive electrodes for
chloride ion batteries.®% 197 Metal oxychlorides generally exhibit
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higher stability than metal chlorides because the metals are
strongly bound to the Lewis basic oxygen ions. Among various
oxychlorides, FeOCl| storing Cl~ ions delivers the discharge
capacity of 158 mAh g=1.197 When incorporated into graphene,
the capacity of FeOCl/graphene composite increased to 184
mAh g~1.46” However, the low electrical conductivity and contact
loss with the conductive substrate caused by volume change
resulted in a deterioration of cycling stability in FeOCIl. To
circumvent this issue, a nanoconfined structure design of
FeOCl/porous carbon nanocomposite (FeOCI/CMK) was
proposed.8® Moreover, organic molecules and electrolyte
components were intercalated into the FeOCI layers before
cycling, facilitating the conversion reaction from FeOCl to FeO
upon ClI~ insertion (Fig. 16b1). The FeOCI/CMK electrode
showed the maximum capacity of 202 mAh g within a
potential window of 1.6 to 3.5 V, preserving 80.2% of initial
capacity after 30 cycles (Figs. 16b2 and 16b3). Additionally, a
chloride ion battery was configured using VOCI as a positive
electrode material. The VOCI electrode delivered an initial
capacity of 189 mAh g at 0.5 C and a relatively long cycling
stability with 113 mAh g! retained at 2 C over 100 cycles.?!

There are metals and metal oxyhalides storing F~ and Cl~ ions
in aqueous electrolytes. The first aqueous chloride ion battery
was configured using the BiOCl as negative electrode, Ag as
positive electrode, and NaCl aqueous electrolyte.’®® The Cl-ions
are released from BiOC| electrode and intercalated into Ag
electrode during charging, and vice versa. The capacity of the
battery was 92.1 mAh g at 0.5 A g™. Subsequently, stibium
oxyhalide (Sb;0OsCl,) was used as negative electrode for a
chloride ion battery.*®® BiF, was developed to release and
capture F~ ions in NaF aqueous electrolyte for a negative
electrode of dual-ion battery with a positive electrode of
sodium manganese oxides.’® Zng,Mn3;0, demonstrated a
reversible CI- storage , showing a capacity of 200 mAh g! at an
average voltage of 1.6 V versus Zn2*/Zn.*®® Moreover, Bi was
explored to store CI- via the formation of BiOCl in NaCl aqueous
electrolyte for applications into desalination cells.3* The details
of materials regarding F~ and ClI~ storage in desalination and
salinity cells will be discussed in Section 4.2.2.
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Fig. 16 (a) Mn;0, storing both Li* and PFs~ ions. (al) Schematic illustration the reaction mechanism of Mn3;0, involving the PFs~ adsorption and Li* intercalation,
(a2) CV curve of Mn;0, electrode at 2 mV s~ showing the capacitive contribution, and (c3) rate performance of Mn;0, electrode. Reproduced with permission
from ref. [*6?], Copyright 2020 Elsevier. (b) FeOCl storing Cl- ions. (b1) Schematic illustration of the conversion from FeOCl to FeO upon Cl- ions transfer, (b2)
CV curves, and (b3) cycling stability of FeOCl electrode. Reproduced with permission from ref. [¥°], Copyright 2017 American Chemical Society.
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Table 5 Summary of the graphite, organics, COFs and MOFs for anion storage

Journal Name

Negative//Positive Electrodes
[Ref]

Electrolyte

Voltage range

Capacity

Cycling Stability

Li//Graphite
]

Li//SEl-modified graphite
[149]

Li//LTO-modified MCMB
[150]

Al//Graphite

[*¢]

Al//Graphite

[148]

Al//Graphite
[112]

Al//Graphite

[470]

Al//Natural graphite
[105]

Al//Natural graphite
[471]

Al//MCMB

[157]

Al// Electrochemically exfoliated
Graphene [*93]

Graphite//Graphite
[472]

Graphite//Graphite

]

Pre-lithiated graphite//Graphite
]

Pre-lithiated MCMB//Graphite
[473]

Na//Graphite

[474]
Sn//Graphite

[475]

Sn//Microcrystalline carbon
[409]

K//Graphite

[152]

Graphite//Graphite
[159]

Graphite//Graphite
[153]

Zn//Graphite
[395]
Zn//Graphite
[476]
Al//Graphite
[*¢]
Al//Graphite

[160]
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2 M LiPF/EMC

1 M LiPF¢/EMC

1 M LiPFg/EMC-
Sulfolane

2 M LiPF/EMC+3 wt%
Ve

4 M LiPFs/EMC+2 wt%
vC

7.5 m LiFSI/EC-DMC

LiPFg gel polymer
electrolyte

4 M LiPFg/EMC+4% VC

3.8 M LiPFs+0.2 M
LiBF,/EMC+2 wt% VC

2M

LiTFSI/Pyr,, TFSI+10
wt% FEC

2M LiPFg/EMC

2 M LiPF¢/MP+10 %
FEC

1 M LiTFSI/Pyr.,TFSI+2
wt% ES

2 M LiPF¢/EMC-
Sulfolane

3 M LiPFs/EMC-TMP

NaPFg quasi-solid-
state electrolyte

NaPFg quasi-solid-
state electrolyte

1 M NaPF¢/EC-EMC-
DMC

5 M KFSI/EC-DMC

0.3M
KTFSI/Pyri,TFSI+2 wt%
ES

5.2 m KFSI/TMS

1.2 M Zn(TFSI),/ACN
0.5 M Zn(TFSI)+2 M
LiPFe/EMC

EMIMCI-AICI;

EMIMCI-AICI3

3.0-53V

3.0-5.0V

3.0-5.4V

3.0-5.0V

3.0-4.95V

3.0-5.0V

3.0-4.95V

2.0-4.95V

3.0-4.8V

3.0-4.8V

2.0-5.0V

2.5-5.1V

3.0-5.2V

3.0-53V

3.0-5.2V

3.0-5.0V

3.0-5.0V

1.0-45V

3.2-5.25V

3.4-5.0V
(cathode, vs.
K/K*)
3.0-54V

1.2-2.65V

0.7-2.7V

0.5-2.45V

1.0-2.4V (4°C)
1.0-2.55V
(-20°C)

99.4 mAh gt @ 200
mA g

~85 mAh g1 @ 200
mA g

96.7 mAh g* @ 100
mAg?

~99 mAh g @ 100
mA g

110 mAh gt @ 100
mAg?

94 mAh g @ 200
mA gt

103 mAh gt @ 200
mA g

1206 mAh gt
@100 mA gt

97.8 mAh g @ 200
mA g

100 mAh gt @ 50
mAg?

~153 mAh g* @ 100
mAg?

~82 mAh g! @ 80
mA g (23°C)
~73mAhg' @ 8 mA
g (-60°C)

121 mAh g @ 10
mA g

96.7 mAh g* @ 100
mAg?

~124 mAh gt @ 50
mA g

115.1 mAh g @ 10
mAg?

96.8 mAh gt @ 500
mAg?

191.4 mAh g! @
100 mA g

98 mAh gt @ 50 mA
g—l

47 mAh g @ 50 mA
g—l

83.4 mAh g! @ 100
mA g

52 mAh g' @ 208
mAg?

105 mAh g @ 100
mA gt

92.0 mAh gt @ 100
mA g

80 mAh g' @ 300
mA g1 (4°C)

80 mAh g* @ 100
mA g (-20°C)

78 mAh g*! @ 10000
mA gt

~95 mAh g'* @ 1000
mA gt

~78 mAh g @ 2000
mA g

88.8 mAh g! @
1000 mA gt

68.1 mAh gt @ 500
mA gt

82 mAh g* @ 1000
mA gt

116.1 mAh g'! @
12000 mA gt

90.5 mAh g'! @
1500 mA g

85 mAh g @ 500
mA gt

~153 mAh g! @
3000 mA g

~75 mAh g! @ 800
mA g (23°C)

~50 mAh g @ 800
mA g! (-60°C)

113 mAh g* @ 50
mA g

91.0 mAh g! @
2000 mA gt
~99mAh g @ 400
mA g

84.3 mAh gt @ 500
mA g

91.6 mAh g! @
1200 mA g

77.8 mAh g! @
10000 mA g1

47 mAh g' @ 500
mA gt

42 mAh g @ 250
mA g

34.8 mAh g @ 400
mA g

40.8 mAh g'! @
10400 mA g

97 mAh gt @ 2000
mA gt

79.4 mAh g! @
2000 mA gt

75 mAh g' @ 500
mA g1 (4°C)

65 mAh g @ 700
mA g (-20°C)

81%, 10000 cycles
@1000 mA g (3-5
V)

96%, 500 cycles @
200 mA g

85.1%, 2000 cycles
@500 mA gt
~100%, 500 cycles
@1000 mA g
92.4%, 1000 cycles
@ 200 mA g?
96.8%, 500 cycles
@ 200 mA gt

92%, 2000 cycles @
500 mA g*

61%, 1500 cycles @
6000 mA gt

~100%, 500 cycles
@ 500 mA g

98%, 300 cycles @
50 mA g

~87%, 500 cycles @
200 mA gt

~91%, 30 cycles @
80 mA g (23°C)

~94%, 500 cycles @
500 mA g (3-5.1V)
94.7%, 1000 cycles
@ 500 mA gt
~52%, 100 cycles @
50 mA gt

86.7%, 1000 cycles
@ 100 mA g?

97.5%, 600 cycles
@ 500 mA g

70%, 2000 cycles @
1000 mA g

~92%, 300 cycles @
100 mA g

95%, 1500 cycles @
250 mA g

~100%, 300 cycles
@100 mA gt

98%, 1000 cycles @
5200 mA g

97.5%, 2000 cycles
@ 1000 mA g™

~100%, 150 cycles
@1000 mA gt

~91%, 20000 cycles
@ 500 mA g1 (4°C)
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Journal Name

Al//Natural graphite
[399]

Al//Natural graphite
[400]

Al//Graphitic foam
[
Al//3D graphitic foam

[405]

Al//Flexuous graphite
[406]

Al//Nanosheet-bricked graphite
[408]

Al//Large-sized few-layer
graphene [*%]

Al//Few-layer graphene
nanosheets [“%4]
Al//Electrochemically exfoliated
graphene [403]

Li//Coronene

[

Li//Lithium 4-(10H-phenothiazin-
10-yl) benzoate [*9?]
Li//10-ethyl-10H-phenoxazine
[116]

Li//5,12-diaminorubicene

[420]

Li//Q-TTF-Q

[42?] (bipolar)

Na//Coronene

[419]

Na//Oligopyrene
[443]

Li//Polypyrene sulfide

[*+]

Zn//Polypyrene

[194]

Al//Polypyrene

[193]
Al//Poly(nitropyrene-co-pyrene)

[193]

K//Polyaniline

[424]

Zn//Polyaniline

[4%°] (bipolar)
Zn//Poly(TEMPO vinyl ether)
[477]

SCE//Poly(TEMPO methacrylate)
(%]
Li//Thianthrene-substituted
polynorbornenes [*7?]
Li//Poly(vinylthianthrene)
[439]
Li//Poly(vinylphenothiazine)

[173]

Li//Poly(vinylphenothiazine)
[441]

[ Chemical Society Reviews

EMIMCI-AICI;

EMIMCI-AICI;

EMIMCI-AICI3

EMIMCI-AICI;

EMIMCI-AICI,

EMIMCI-AICI;

PMIMCI-AICI;

EMIMCI-AICI3
EMIMCI-AICI,

1 M LiPF¢/EC-DEC

1.0 M LiClO,/PC

5.0 M LiClO,/EC-DMC
1 M LiPF¢/EC-DMC
2.5 M LiTFSI/PC

1 M NaPF¢/EC-DEC

1 M NacClo,/PC

1.0 M LiClO,/PC

30 M ZnCl,aqueous
EMIMCI-AICI,
EMIMCI-AICI3

KPF gel polymer
electrolyte

1 M Zn(OTf), aqueous
1 M Zn(OTf), aqueous
1 M (NH,),SO,
aqueous

1 M LiPF¢/EC-DMC

1 M LiClO,/EC-DMC

1 M LiPF¢/EC-DMC

1 M LiPFs/EC-DMC

This journal is © The Royal Society of Chemistry 20xx

0.5-2.45V

0.5-2.45V

0.5-2.45V

0.4-2.45V

0.5-2.45V

0.1-2.46V

0.1-2.45V

0-2.51V

0.1-2.45V

2.5-4.2V

2.8-4.2V

2.6-45V

2.04.0V

1.3-43V

2.5-4.0V

2.0-45V

2.0-43V

0.6-1.8V

1.05-2.2V

1.05-2.2V

2.0-4.0V

0.5-1.5V

1.3-1.95V

0.1-1.0V

3.3-4.4V

3.2-4.2V

3.0-4.0V

3.1-39V

110 mAh g @ 66
mA g
115 mAh g @ 60
mAg?
~72mAh g @ 1000
mA g
60 mAh g @ 2000
mA g
149 mAh gt @ 1500
mA gt

~103 mAh g! @ 150
mA g

85 mAh g @ 60 mA
g—l

173 mAh g @ 1000
mA g

~132 mAh g @ 200
mAg?

40 mAh g' @ 20 mA
g—l

86 mAhg! @ 16.5
mA g

218 mAh g @ 50
mAg?

115mAh gt @ 15
mA gt

236 mAh gt @ 20
mAg?

43 mAh g @ 10 mA
g—l

120 mAh gt @ 20
mA gt

148 mAhg' @ 30
mA gt

180 mAh gt @ 50
mA gt

70 mAh gt @ 200
mAg?

100 mAh g* @ 200
mA gt

138 mAhg! @ 10
mA gt

200 mAh g* @ 0.05
Agt

~84mAhg'l @ 0.2 A
gfl
80mAhg'@0.5A
g—l

66 mAh g @ 73 mA
g—l

105 mAh gt @ 110
mA gt

56 mAhg' @ 0.112
Agt

107 mAhg! @ 0.112
Agt

Please do not adjust margins

~45 mAh g @ 792
mA g
23 mAh g @ 3840
mA g!
~57 mAh g’ @ 6000
mA gt
60 mAh g"! @ 12000
mA gt
93 mAh gt @ 7500
mA gt

~103 mAh g! @
2000 mA g*

~77 mAh g"! @ 6000
mA g

101 mAh g'! @
10000 mA g

~119 mAh g! @
2000 mA gt

21 mAh g @ 500
mA gt

26 mAh g @ 82.5
mA gt

33 mAh g @ 480
mAg?

15 mAh g @ 200
mA g

10 mAh g @ 500
mA gt

90 mAh g* @ 1000
mA gt

105 mAh g™t @ 3000
mA g

48 mAh g @ 2000
mA g

95 mAh gt @ 200
mAg!
95mAhgl@5Ag?

2mAhg'l@ 10 A
gfl
62mAhgt @ 10A
g—l
~39 mAh g @ 365
mA gt
94 mAh g* @ 550
mA gt
26 mAhg't @ 11.2 A
g—l
85mAhgt @ 1.12A
gfl

ARTICLE

~100%, 1200 cycles
@ 100 mA gt
(-20°C)

~100%, 6000 cycles
@ 660 mA g

90%, 140 cycles @
60 mAg™

~100%, 7500 cycles
@ 4000 mA g

~100%, 4000 cycles
@ 12000 mA gt

~100%, 8000 cycles
@ 3000 mA g™

~100%, 3000 cycles
@10000 mA gt
(0.1-2.5V)

~100%, 10000
cycles @ 4800 mA
g—l

96%, 10000 cycles
@10000 mA g
~100%, 3500 cycles
@ 1000 mA g
92%, 960 cycles @
20mA gt

72%, 500 cycles @
16.5mAg?

86%, 100 cycles @
50mAg?

65%, 10 cycles @ 15
mA g

25%, 10 cycles @ 20
mA g

85%, 1000 cycles @
100 mA g

~68%, 50 cycles @
20mA gt

~94%, 1000 cycles @
1000 mA g

96.4%, 38000 cycles
@ 3000 mA gt
~81%, 300 cycles @
200 mA g

~80%, 1000 cycles @
200 mA g

98%, 100 cycles @
50mAg?

92%, 3000 cycles @
5Ag?

77%, 1000 cycles @
1Ag?

31%, 100 cycles @
73mAg

90%, 250 cycles @
550 mA g*

93.5%, 10000 cycles
@1.12Ag"

~100%, 1000 cycles
@112Ag?
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Li//Poly(vinylphenoxazine) 1 M LiPF¢/EC-DMC 3.0-4.0V
[442]

PNTCDA//PTPAN 2 M LiTFSI/ethyl 0.05-2.1V
[446] acetate

Graphite//PTPAR 0.8 M KPF¢/EC-DEC 1.0-4.0V
[175]

PDI-EDA//PTPAR 1 M Mg(ClO,),/ACN 0.01-1.6 V
[176]

Al//TpBpy-COF EMIMCI-AICI; 0.01-2.3V
[195]

Li//Amorphous CTF 1 M LiPF¢/EC-DEC 1.5-45V
[*74] (bipolar)

Na//Amorphous CTF 1 M NacClo,/PC 1.3-4.1V
[°°] (bipolar)

Li//CuTAPc 1 M LiPF¢/EC-DMC- 1.5-45V
[456] EMC

Na//Fe,(dobpdc) 0.6 M NaPF¢/EC-DMC 2.0-3.65V
*]

Li//Mn,(2,7-AQDC)4(2,6- 1 M LiPF¢/EC-DEC 1.3-45V
AQDC)(DMA), [*#°] (bipolar)

Li//Bis(diimino)nickel framework 1 M LiPF¢/EC-DEC 2.0-4.5V
[#2] (bipolar)

Na//CuTCNQ 1 M NaClO,/EC-PC 2.0-41V

[*%] (bipolar)

118 mAh g @ 0.06
Ag?

91 mAh gt @0.1A
g (25°C)

69 mAh gt @ 0.05 A
g (-70°C)

60 mAh gt @ 50 mA
gl

113 mAh g @ 0.05
Ag?
307mAhg'@0.1A
g—l

160 mAh g @ 0.05
Ag?

200 mAh g @ 0.01
Ag?

236 mAh g @ 50
mA gt

~108 mAhg' @ 7
mAg?

205 mAhg' @ 1 mA

155 mAh g*! @ 10
mA gt

255 mAh gt @ 20
mAg?

96 mAhg'l@ 12 A
gfl

70mAhgt@ 10 A
g (25°C)

18 mAhg'@0.5A
g (-70°C)

28 mAh g @ 300
mA gt

91 mAhgt@1Ag!

113mAhgt@5A
g—l

60 mAh gl @ 20 A
g—l

~43mAh gl @5 A
gfl

109 mAhg'l@20A
g—l

~77 mAh g @ 280
mA g

105mAh gt @ 5 mA

~54 mAh g'! @ 500
mA g

214 mAh gt @ 50
mA g
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74%, 10000 cycles @
12Ag?

83%, 500 cycles @
0.5A g1 (25°C)

75.5%, 500 cycles @
100mAg?

88%, 5000 cycles @
1Ag?

~100%, 13000 cycles
@2Ag!

84%, 1000 cycles @
5Ag!

80%, 7000 cycles @
1Ag?

50%, 4000 cycles @
4Ag?

~92%, 50 cycles @
140 mA gt

93%, 50 cycles @ 1
mA

~65%, 300 cycles @
250 mA g

93%, 50 cycles @ 50
mA gt

4. Applications of anion storage materials in
electrochemical capacitors

This section focuses on performance- and functionality-
oriented applications of anion storage materials for
electrochemical capacitors and battery-capacitor hybrid
devices. Performance-oriented devices are classified into two
types according to their operating mechanism (Fig. 1c). First,
the dual-ion cells are configured by an anion storage electrode
and a cation storage electrode, where both anions and cations
are involved in the charge storage process. Second, anion
storage materials are used as both positive and negative
electrodes, where anions are shuttled between two electrodes
during charge/discharge in a “rocking chair”
Functionality-oriented cells include micro- and flexible
capacitors, desalination cells, and salinity cells, which further
expands the applications of electrochemical capacitors based
on anion storage materials.

manner.

4.1 High-energy electrochemical capacitors based on anion
storage materials

4.1.1 Dual-ion-storing hybrid capacitors. Dual-ion hybrid
capacitors are of great interest because they provide many
options to discover high-capacity electrode materials that are
otherwise realized with current cation-storing materials. In
addition, of dual-ion electrochemical

the cell voltages
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capacitors can be increased when both positive and negative
electrodes operate in different potential ranges, thereby
further increasing the energy density of the full cells. Dual-ion
hybrid capacitors can be divided into two types. (D-1) Hybrid
capacitors are comprised of Faradaic anion storage materials as
the positive electrodes and capacitive cation-storing materials
as the negative electrodes, whereas another type of (D-2)
hybrid capacitors are configured using capacitive anion-storing
materials as the positive electrodes and Faradaic cation storing
materials as the negative electrodes.

Faradaic anion storing positive electrode and capacitive cation
storing negative electrode (D-1). The Faradaic OH™ storing transition
metal compounds, such as Ni, Co-based hydroxides/oxides,>2 60-62, 260,
266, 273, 277, 281, 283 SUlfideS,70’ 285, 287, 288 selenideSIZSS, 291 phOSphides,72’
73, 297 nitrides,% 2°* carbonate hydroxides,’® 77 MOFs and their
derivatives,182:320,324 peroyskite oxides,82 331,332,375,478 gnd perovskite
fluorides3*4348 in alkaline aqueous electrolytes can be used as
positive electrode with relatively positive potential windows for
hybrid capacitors. Despite the high power and cyclic performance of
EDLCs in aqueous systems, the capacitances of EDLC-type materials
are limited, which lower their energy densities. The energy density
of typical EDLCs can be improved by pairing with Faradaic OH™ storing
materials, while preserving kinetic performance and stability. The
cell configurations and corresponding electrochemical performances
are summarized in Table 6. As discussed in Section 2, KOH solution is
generally chosen as an alkaline aqueous electrolyte owing to its high
ionic conductivity.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 17 Dual-ion hybrid capacitors with Faradaic anion storing positive electrode (D-1). (a) A hybrid electrochemical capacitor configured by NiMn-LDH and AC
electrodes in KOH electrolyte. (al) CV curves of NiMn-LDH and AC electrodes, (a2) CV curves, and (a3) Ragone plots of NiMn-LDH//AC device. Reproduced
with permission from ref. [26¢], Copyright 2020 Wiley-VCH. (b) A hybrid electrochemical capacitor configured by graphite and porous carbon electrodes in KPFg-
based carbonate electrolyte. (b1) Schematic illustration of the configuration and mechanism, (b2) CV curve at a voltage range of 1-3.8 V, and (b3) GCD curves
at current densities of 0.5-3.0 A g™%. Reproduced with permission from ref. [*5], Copyright 2018 American Chemical Society.

In particular, two electrodes with different energy storage
mechanisms should be properly matched on a basis of energetic and
kinetic balances, which optimize the cell performances of dual-ion
hybrid capacitors. For the charge balance of two electrodes, the
larger mass loading is needed for capacitive negative electrodes due
to their lower capacity than Faradaic positive electrodes. For
example, a hybrid capacitor, which was assembled with NiMn-LDH
positive electrode and AC negative electrode, is charge-balanced as
a high mass ratio (4.35) of AC/NiMn-LDH,?%¢ considering the high
capacity of NiMn-LDH electrode (328 and 232 mAh g'at1and 10 A
gL, respectively) and the low capacitance of AC electrode (161 and
123 Fgtat 1 and 10 A g%, respectively) (Fig. 17al). Consequently,
the 1.6 V hybrid capacitor showed relatively low energy densities of
46.7 and 16.9 Wh kg™! at 1.7 and 13.5 kW kg%, respectively (Figs.
17a2 and 17a3). Given by the parallel configuration of two
electrodes, the energy density of full cells is limited by the low
capacitance and high mass loading of capacitive electrodes.
Accordingly, a N-incorporated porous carbon with high capacitance
(468 F gt at 1 A g'1) was assembled into a hybrid electrochemical
capacitor pairing with a Ni(OH),/CNTs material.>! The mass ratio of
negative/positive electrodes decreased to 1.6 along with the cell
voltage of 1.8 V. Considering that high energy density of 90.1 Wh kg™!
could be achieved for this hybrid capacitor, the capacity gaps of high-
capacity two electrodes need to be as small as possible in different
working potentials within the kinetically stable region. To circumvent
capacity imbalance issue of positive and negative electrodes, redox
couples were added in electrolyte to compensate the low
capacitance of capacitive electrode by means of the contribution of
additional Faradaic capacity.*’® This approach allowed the NiCo-LDH
and AC electrodes to achieve the same mass loading for the
configuration of hybrid capacitor, dramatically increasing energy

This journal is © The Royal Society of Chemistry 20xx

density by 4 times greater than that of the unbalanced cell. On the
other hand, the power performance and cycling stability of these
hybrid electrochemical capacitors are mostly determined by the
Faradaic positive electrodes, because of their slower kinetics of
electron transfer and ion transport and less stable structure than the
capacitive negative electrodes. Moreover, even though the charge is
balanced by mass adjustment at low (or high) current density, it will
be unbalanced at high (or low) current density due to the different
rate capacities of two electrodes. To resolve this problem, electrically
(EA-COOOH)  with
configuration of defects and disorders was fabricated to promote the
kinetics and stability.>> The EA-CoOOH electrode exhibits a surface
redox reaction-dominated behavior, showing a high rate capability
of 78% retention from 1 Ag (832 Fg)toeven 200 A g™ (649 Fg%).
The assembled hybrid capacitor achieved a high power density of
35.8 kW kg at 23.5 Wh kg1, and long cycling stability of 86%
capacitance retention after 20000 cycles.

The Faradaic PbO, can be converted to PbSO, along with SO,
anions in H,SO, electrolyte, which has been used as the positive

converse-voltage-activated CoOOH rational

electrode of lead—carbon hybrid capacitors coupled with capacitive
carbon negative electrode.8® 480483 |n order to achieve high-
performance lead—carbon hybrid capacitors, two electrodes were
optimized using thin-layer PbO, positive electrodes and heteroatom-
doped carbon negative electrodes. These hybrid capacitors delivered
a cell voltage of over 2 V and cycling life of tens of thousands of
cycles 482,483

Despite the advantages of high ionic conductivity, safety, low cost
and mild manufacturing process in aqueous electrolytes, the energy
density of aqueous dual-ion hybrid capacitors is still insufficient due
to the low cell voltage and the number of cells connected in series
increases when high output voltage is required for the practical
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applications. Dual-ion hybrid capacitors in non-aqueous electrolytes
are regarded as the potential candidate to resolve these issues.
Graphite or modified graphite as positive electrode have been
assembled into hybrid capacitors in the non-aqueous electrolytes
(Table 7).35 36, 146, 156, 484-487 | sych a dual-ion hybrid cell, the anions
such as PFg~and BF,~ are intercalated into graphite, while the cations,
such as EMIM*, Na*, and K* are stored in the capacitive negative
electrodes. Early studies of anion-storing graphite for hybrid
capacitors focused on non-aqueous electrolytes including organic
cations.3> 146, 156, 486, 487 For example, a hybrid capacitor was
configured by a graphite positive electrode and a rGO negative
electrode in 1 M EMIM-PFg/PC electrolyte.3> This hybrid full cell
achieved a cell voltage of 4 V, delivering an energy density of 70 Wh
kg™t at 1333 W kg™'. However, the cycling stability was not sufficient
as evaluated to be 74% capacity retention after 50 cycles. The
electrochemical performances of hybrid capacitors can be improved
when alkali metal cations are used.3% 48448 For instance, the hybrid
capacitor was designed using an expanded graphite as positive
electrode material and a hierarchical porous carbon as negative
electrode in 1 M KPFg-based carbonate electrolyte (Fig. 17 b1). This
full cell is featured with the stage intercalation of graphite positive
electrode in three discrete oxidation or reduction regions (Fig.
17b2).%85 Taking advantage of fast reaction kinetics of two
electrodes, the full cell exhibited outstanding rate performance of 82
mA h g (based on mass of graphite) when the current density
increased from 0.5 to 3 A g™! (Fig. 17b3). The energy density (based
on the mass of total electrodes) of full cell was 117 Wh kg™ at 1300
W kg, along with a capacity retention of 74.2% for 2000 cycles at 1
A g1, Further investigation should be carried out on the origin of the
improved cycling stability of using alkali metal cations compared to
using organic cations.

In addition, thiophene-t 428432, 488, 489 triphenylamine-,*8°
fluorene-,*® and TEMPO**-based organic polymers storing anions
such as BF4~ and TFSI- have been explored as the positive electrodes
of non-aqueous hybrid capacitors coupling with capacitive negative
electrodes storing cations such as EMIM*, NEt,*, and Pyry4* (Table 7).
A common hybrid configuration is the combination of a PMT positive
electrode and an AC negative electrode.3” 428430 Among them, an
energy density of 52 Wh kg was achieved for a 2.5 V hybrid
capacitor utilizing PMT/vertically aligned CNTs nanocomposite as the
positive electrode and AC as the negative electrode in EMIM-
TFSI/ACN electrolyte.3” Using an IL electrolyte such as Pyri4-TFSI
increased the cell voltage up to 3.6 V and operating temperature to
60 °C.*32 Moreover, a porous polymer was produced by the
electropolymerization of m-conjugated 3,8-di([2,2’-bithiophen]-5-yl)-
6-oxophenanthridine-5(6H)-carboxylate (PNBTH-Boc) monomer and
subsequent annealing process removing labile side chains.*! The
hybrid capacitor based on PNBTH polymer and CNTs electrodes in
Pyr.14-TFSI/PC electrolyte displayed a capacity retention of 85% over
10000 cycles.

The advances in dual-ion hybrid capacitors lag behind dual-ion
batteries using anion storage graphite and p-type organics. These
non-aqueous dual-ion hybrid capacitors

encounter technical
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challenges such as the low initial Coulombic efficiency, unsatisfactory
energy density and limited cycles of <10000, which restricts the
practical applications on a full cell level. As shown in Table 7, the
capacitive carbon materials were usually used as cation storing
negative electrodes with the limited capacitances. The advanced
pseudocapacitive negative electrodes that can match with anion
storage graphites and p-type organics need to be further
investigated for high performance dual-ion hybrid capacitors.*®? In
addition, other Faradaic anion storage materials should be explored
to greatly improve the cell performances of hybrid capacitors. For
instance, porous frameworks such as MOFs and COFs can be the
promising candidate owing to their structural diversity and tunability
for hybrid capacitors.

Capacitive anion storing positive electrode and Faradaic cation
storing negative electrode (D-2). Typical hybrid capacitors,
which combine capacitive positive electrodes with Faradaic
negative electrodes storing monovalent cations such as Li*, Na*,
and K*, have been intensively investigated. Because there have
been numerous prior related reviews in this field,'> 2! these
hybrid capacitors are beyond the scope of this review.
Therefore, this section focuses on emerging dual-ion hybrid
capacitors based on multivalent metal cations (e.g., Zn?*, Ca?*,
Mg2* and Al3*) and anion carriers (e.g., SO,%~, OTf~, PFg~, TFSI~
and AICl;7). Multivalent metal anodes and ion carriers have
advantages over their monovalent counterparts in terms of
multielectron-redox properties providing high capacity
feasibility. Considering the main focus of anion storage
materials, progress of research on metal anodes is excluded in
this review.

Among multivalent metal anodes, the compatible Zn
plating/stripping potential of -0.76 V versus SHE is within the
ESWs of neutral aqueous electrolytes. Accordingly, Zn-based
hybrid capacitors can be configured using Zn metals (or Zn
hosting materials) and capacitive anion storing materials as
negative and positive electrodes, respectively, in neutral
aqueous electrolytes. Various strategies such as hierarchical
porous architecture,??3-4%6 and heteroatom doping?*®”- 4% have
been explored to enhance the capacitance of carbon-based
positive electrodes storing anions such as SO,42~ and OTf~. The
capacitance of positive electrodes could be also enhanced using
pseudocapacitive materials such as graphite-PANI composites
storing SO42~ anions.*?% 492 Moreover, the low temperature
operation of an aqueous Zn-ion hybrid capacitor at -20 °C was
demonstrated using a hybrid electrolyte containing water,
ethylene glycol (EG), and ZnSO, salt.5%° The hybrid cells consist
of the Zn metal deposition negative electrode and AC positive
electrode (Figs. 18al and 18a2). Theoretical calculations
elucidate that the high ionic conductivity of 6.9 mS cm™ even at
—-40 °C is attributable to the unique solvation interaction of Zn?*
with EG that effectively enhances the EG-H,0 hydrogen
bonding and weakens the ZnZ*—H,O solvation interaction.
Consequently, the competitive rate performance from 0.1 A g™
(60 mAh g 1) to 5 A g™! (20 mAh g?) (Fig. 18a3), and long cycling

This journal is © The Royal Society of Chemistry 20xx
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Fig. 18 Dual-ion hybrid capacitors with EDLC-type anion storing positive electrode (D-2). (a) Zn-based hybrid capacitor with water/ethylene glycol electrolyte
solvent. (al) Schematic illustration of device structure, (a2) GCD curves at +20 °Cat 0.1 A g%, and (a3) rate performance at -20 °C. Reproduced with permission
from ref. [5°°], Copyright 2020 Royal Society of Chemistry. (b) Ca-based hybrid capacitor. (b1) Schematic illustration of device structure, (b2) GCD curves of
200-1000 cycles at 0.1 A g%, and (b3) rate performance. Reproduced with permission from ref. [>°?], Copyright 2019 Wiley-VCH.

stability over 5000 cycles could be obtained at -20 °C. A
drawback of aqueous Zn-ion hybrid capacitor is that the voltage
of full cells is restricted to below 1.8 V. Recently, non-carbonous
phosphorene as a capacitive positive electrode was fabricated
into Zn-based hybrid capacitors with Zn plate as the negative
electrode.>%1 The cell voltages can be increased to 2.2 and 2.5 V
by using WiS electrolyte (1 m Zn(OTf), + 21 m LiTFSI) and organic
electrolyte (0.2 m ZnCl, into NEt,-BF,/PC solvent), along with
the capacitance of 146 and 46 F g! at 6.4 A g7}, respectively.

Other multivalent metal-based hybrid capacitors are based
on non-aqueous electrolytes that enlarge the cell voltage for
high energy density. Recently, the Ca-based hybrid capacitor
was designed by Tang et al. using the alloying-type Sn negative
electrode and AC positive electrode in a Ca(PFg),-based
carbonate electrolyte (Fig. 18b1).°2 The Faradaic negative
electrode possesses a stable and low potential for Ca?* storage,
and the positive electrode store PFg~ carriers up to the upper
limit of electrolyte. Thus, Ca-based hybrid capacitor delivered a
high capacity of 92 mAh g and a large cell voltage of 1.5-4.8 V
at 0.1 Ag™. In different manners to the sluggish kinetics and low
cyclic stability of existing Ca-based cells, this hybrid capacitor
achieved 84% of capacity retention over 1000 cycles and high-
rate capacitance of 62 mAh g! at 1.6 A g (Figs. 18b2 and
18b3). Nonetheless, the appropriate combination of electrode
materials and electrolytes remains a critical challenge in the Ca-
based energy storage devices.>03 504

The Mg-based hybrid capacitors were assembled using Mg
metal negative electrodes and AC positive electrodes.>0% 506
When the Grignard-based Mg electrolyte (a solution of Mg
organo-haloaluminate complex ions and tetrahydrofuran
solvent) was used, the additive LiCl salt was needed because the
large-sized Mg-based ionic complexes easily saturate the AC

This journal is © The Royal Society of Chemistry 20xx

pores.®% The electrolyte such as Mg(TFSI), and MgCl, salts
dissolved in diethylene glycol dimethyl ether solvent was
further developed. Upon charging of the hybrid capacitor cell,
both cation desorption and anion adsorption are involved on
the AC positive electrode at a potential from 0.7 to 2.7 V versus
Mg?*/Mg, while the Mg plating on the negative electrode occurs
at nearly 0 V versus Mg?*/Mg.506

For the case of Al-based hybrid capacitors, the cells were
configured using Al foil as the negative electrode and either
multi-walled carbon nanotubes or N-doped graphene as the
positive electrode in EMIMCI-AICI; IL electrolyte.>07. 508 |n
particular, these two positive electrodes store AICl;~ anions via
two storage mechanisms, that is, the main EDLC and the minor
intercalation pseudocapacitance. Thousands of cycles are
achieved with the capacity retention of >80%.

There are inherent challenges of dual-ion hybrid capacitors.
Since both anions and cations from electrolyte participate in
electrode reactions, the electrolyte concentration changes
dynamically during the operation of hybrid cells. Thus, sufficient
concentration and large amount of electrolyte are needed to
achieve high performance. However, the diffusion coefficient
and ionic conductivity of electrolyte is often lowered and the
weight and cost of the whole devices can increase.137.309.510 The
other issue is the thick electrolyte layer arising from the large
amount of electrolyte, which greatly increase the ohmic and
concentration polarization, thus lowering the energy efficiency
of full cells.’!! In order to resolve these issues, the ionic
conductivity of the electrolyte at high concentrations should be
improved and the amount of electrolyte needs to be optimized
comprehensively for maximum energy density and efficiency
and service life of full cells. Given by o.¢ = oxg/t, the effective
conductivity of electrolyte layer (o.¢) can be improved by
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increasing porosity (€) and decreasing tortuosity (r) of
separator.? One hand, the non-Faradaic electrodes of the
dual-ion hybrid capacitors are often polarized far from the zero
charge point during operation, which induces a large leakage
current and significant self-discharge.>'3 514 On the other hand,
the Faradaic anion storage electrodes usually operate at high
potentials, where the nucleophilic attack of anion to solvent
molecules seriously degrades the stability of the electrolyte,
causing a low Coulombic efficiency and self-discharge.>5-517
Therefore, the solvation structure and electrode interface
chemistry of dual-ion devices should be rationally designed.>%

519

4.1.2 Whole-anion-storing electrochemical and hybrid
capacitors. Given that whole-anion capacitors in only alkaline
aqueous electrolytes have been reported to date, they are not
Whole-anion

capacitors can be classified into two types. (A-1) hybrid

as advanced as dual-ion hybrid capacitors.

capacitors configured by Faradaic anion storage negative
electrodes (e.g., VN, FeO,, Bi,O3) and capacitive positive
electrodes, and (A-2) symmetric capacitors based on identical
pseudocapacitive anion storage electrodes (e.g., Zn,Co;-,0,
perovskite oxides, and VNs). The cell configurations and
electrochemical performances of whole-anion capacitors are
summarized in Table 8.
Hybrid capacitors (A-1). There are several examples of hybrid
capacitors combining Bi-based materials as negative electrodes
with capacitive positive electrodes.377 520522 The composite of
Bi,S; and nitrogen-doped carbon (Bi,S3/NC) operates at a
potential window of -0.1-0.45 V versus Ag/AgCl in KOH
electrolyte, showing a capacity of 68 mAh g1 (466 Fg1)at 1 A
g 1.377 A hybrid capacitor fabricated by the Bi,S:/NC negative
electrode and NC positive electrode reached a cell voltage of
1.35 V (Figs. 19al and 19a2), delivering an energy density of
22.2 Wh kgt at 16.4 W kg™ (Fig. 19a3). In addition, hybrid
capacitors coupled VN and Lag gsSrg.1sMnOs electrodes with AC
a

electrodes have been also developed.318 523 Qverall, these
hybrid capacitors have been less reported than dual-ion
counterparts and their electrochemical performances are
unsatisfactory yet because of the mismatch of two electrodes.
The high-capacitance anion storage pseudocapacitive materials
in organic and IL electrolytes need to be developed to further
improve the electrochemical performances of whole-anion-
storing capacitors.

Symmetric (A-2). A whole-anion
capacitor has been assembled by using two identical Zn,Co,_,O
electrodes (Fig. 19 b1).%° The Zn,Co,_,0 electrode with oxygen

vacancy demonstrates

capacitors symmetric

an oxygen anion intercalation
mechanism in KOH electrolyte. The symmetric cells operated at
a voltage of 1.5 V, demonstrating energy density of 67.3 Wh kg
~1at 1.67 kW kg=! and high power density of 68.6 kW kg™ at 27.6
Wh kg ~* (Figs. 19 b2 and 19b3).

Oxygen anion intercalation perovskite oxides have also been
used for whole-anion symmetric capacitors.3% 341 523, 524 for
instance, a symmetric capacitor was assembled by two
LaMnO;_s electrodes in KOH electrolyte,3® showing a 2 V cell
voltage along with an energy density of 61.2 Wh kg™ at 220.4
W kg'. Moreover, Sr,CoMoQOg_s-based symmetric capacitor
exhibited a cell voltage of 1.4 V and a specific capacitance of 246
Fglat1.25A g™, delivering an energy density of 64 W h kg™! at
855 W kg.3*1 The whole-anion capacitors based on early
transition metal nitrides have been reported.374 526 527 For
example, the VN quantum dots/porous carbon (VNQDs/C)
sample was fabricated into a symmetric capacitor, which
showed an energy density of 10.2 Wh kg™ at 1196 W kg1.374
The relatively low energy density is due to the low capacitance
of VNQDs/C electrodes (53.75 F g* at 0.5 A g™1). Despite the
limited energy density, early transition metal nitrides are
promising candidates for micro- and flexible capacitorsin a form

of thin film, as shown in Section 4.2.1.
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Table 6 Summary of aqueous dual-ion hybrid capacitors with Faradaic anion storing positive electrode (D-1).

ARTICLE

Negative/Positive Electrodes ~ Voltage . . . -

[Ref] Electrolyte Maximum Energy Maximum Power Cycling Stability

@;/]/ NiMn-LDH ;',?AVKOH 467 Whkg' @ 1700 W kg  169Whkg' @ 13.5kW kg 96.2%, 2000 cycles @ 8 A g!
[gg/ /NiCoMn-OH/rGO ;'&VK on 747 Whkg' @ 1680 Wkg" 499 Whkg' @ 18.5kWkg?  91%, 10000 cycles @ 20 A g™
{:;;\c/ /i-Cos04 é'SMVK on 767 Whkg! @ 286 Wkg?  46.9 Wh kg @ 18.7 kW kg™! 85.5%, 10000 cycles @ 5 A g
éf]/ /EA-CoOOH é‘fﬂVK on 65.4Whkg' @560 Wkg™  23.5Whkg' @35.8kWkg?  86%, 20000 cycles @ 10 A g
E’:‘;'SCN/ /NiCozn-LDH/CosSs ;'KASQ/OH 56.4Whkg! @875 Wkg? 42 Wh kg @ 8.2 kW kg™! 95.3%, 8000 cycles @ 3 A gt
?253/]/ NiCo-LDH-CBD oo 57.5Whkg' @900 Wkg!  112Whkgl@30.7kWkg?  80.9%, 5000 cycles @ 50 Agt
ﬁ[]aphe”e/ /P-Co0x é’l‘:’AVK on 72.6 Wh kg @ 1500 W kg™ 50 Wh kg @ 24 kW kg* 95%, 2000 cycles @ 5 mV s~
’[°;,C7/]/ CC-NC-LDH (15.|?/IVKOH 69.7Whkg' @ 800 Wkg™  41.5Whkg'@21.6kWkg?  87%, 20000 cycles @ 10 A g
?Zaca/]/ NiCoAl-OH/VaGT, 1'&\1( on 71.7Whkg' @830 Wkg? 45 Wh kg @ 20 kW kg™ 98%, 10000 cycles @ 20 A g™
ﬁscl/]/ NiCo,0/rGO é'SMVK on 57 Wh kg @ 375 W kg™ 31 Wh kg @ 15 kW kg 83.2%, 10000 cycles @ 5 A gt
'[)7;?/ /NiCos/G é’fﬂVK on 432Whkg' @800 Wkg?!  284Whkg' @22.1kWkg?  85%, 10000 cycles @ 10 Ag
f;fl/]/ NiCoSe-4 ;'&VKOH 61.24 Whkg' @ 800W kg 38.1Wh kg™ @ 16 kW kg! 91%, 12000 cycles@ 10 A g™t
’?zscg/]/ NisSe, ;'GMVK on 384 Whkg' @794 Wkg"!  15.6 Whkg! @ 8 kW kg 71.4%, 10000 cycles @ 2 A gt
[S]O/ /ZnNiCo-p é’fﬂVK on 60.1Whkg' @ 960 Wkg?  30.4Whkg™ @ 19.54 kW kg’  89%, 8000 cycles @ 10 A g
‘[o;fl/ /CoP/NiCoP 1'&VKOH 51.6Whkg! @ 800 Wkg?  28.4Wh kg @ 12 kW kg™! 95%, 3200 cycles @ 10 A gt
gfo/]/ Co-Ni-B-S A 45 Wh kg' @ 857 W kg'? 368Whkg! @ 13.6kWkg?  87.7%, 5000 cycles @ 12 A g™t
PC//NiCo-N 1.5V . . . . 82.4%, 5000 cycles@ 2 mA
] A 29.08 Whkg? @ 980 W kg 20.4 Wh kg™ @ 9.85 kW kg o

[S]O/ /C@znNiCo-CHs ;',?AVK on 709Whkg! @ 966 W kg 47.4Wh kg @ 17.25 kW kg 91%, 20000 cycles @ 20 A g1
AC//NiCo-CH-Ni(OH), 16V . . . .

o € T KOH 85.6 Wh kg @ 800 W kg 52.5 Wh kg @ 22.5 kW kg

N-C//Ni-MDH 1.7V . . . . 91.3%, 10000 cycles @ 13.5 A
(4] 2 M KOH 81 Wh kg™ @ 1900 W kg 42 Wh kg™ @ 11.5 kW kg gt

ﬁscz/]/ CoNi-MOF i',‘:’AVK on 28.5Whkg? @ 1500 W kg 13.3 Wh kg @ 24 kW kg 94%, 5000 cycles

gg]/ /taCo0s.s (IS.I?/IVKOH 47.64Whkg' @ 804 W kg  35.02Whkg' @37.1kW kg  100%, 4000 cycles @ 5 A gt
Graphene//LaNiO; 1.8V 65.84 Wh kg @ 1800 W ” 4 92.4%, 10000 cycles @ 150
o 6 KoH o 38.1 Wh kg @ 10.8 KW kg e

rGO//SrCoyoMo0g 1055 1.5V o o ) o 97.6%, 10000 cycles @ 10 A
KOH [75] 6 M KOH 74.8 Wh kg @ 734.5 W kg 33 Whkg? @ 6.6 kW kg gl

‘[ogf]/ /SrCo0sNbo,10s-5 é’iAVKOH 37.6 Wh kgt @ 434 W kgt 32.9 Wh kg™* @ 9.86 kW kgt 98.3%, 5000 cycles @ 5 A g
CC//Lag;Sr03C00; s/Ag 1.8V a a 4 4 81.2%, 3000 cycles @ 50 mA
o~ L M KOH 21.9Wh L@ 90.1 WL 10.6 Wh L1 @ 1.43 kW L -

éfs/]/ LaNiOw.s@Ag i'GMVK on 447 Whkg' @ 800Wkg?  35.6 Wh kg™ @ 16 kW kg™ 91%, 5000 cycles @ 5 A gt
'SACS/]/ KNiosCooaFs ;,‘:’A\{( OH/0.5 M LiOH 42.7Wh kg @ 242 W kg! 13.8 Wh kgt @ 18.8 kW kg 98%, 10000 cycles @ 4 A g!
AC//NaNiFs 165V 51.78 Wh kg @ 1650 W

[346]
AC//KNiy_,,Co,Mn,F
[347]

AC//KNiF;@CNTs

[348]

3 M KOH/0.5 M LiOH
1.5V
3 M KOH/0.5 M LiOH
15V
3 M KOH/0.5 M LiOH

kg™
50.2 Wh kg™l @ 379 W kg™

63.7 Whkg™ @ 374 W kg

4033 Whkg! @ 13.2 W kg
20.2 Wh kg @ 20.0 W kg™

25.7 Whkg™ @ 21.8 W kg™

90%, 10000 cycles @ 5A g
74.6%, 5000 cycles @ 1 A g

95.9%, 5000 cycles @ 2 Ag™

This journal is © The Royal Society of Chemistry 20xx
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Table 7 Summary of non-aqueous dual-ion hybrid capacitors with Faradaic anion storing positive electrode (D-1).

Journal Name

Maximum Power

Cycling Stability

Negative/Positive Electrodes ~ Voltage Maximum Energy

[Ref] Electrolyte

AC//graphite 0-3.6V 65 Wh kg @ 378 W kg?
[256] EMIM-PFg IL

rGO//graphite 0-4.0V 70 Wh kg™ @ 1333 W kg™
[3%] 1 M EMIM-PF¢/PC

Porous carbon//graphite 0-3.8V 86 Whkg! @ 261 W kg™

]
Carbon//B-graphite
[484]

Porous carbon//graphite
[485]

1 M NaPF4/EC-DMC-EMC
0-4V

1 M NaPF4/EC-DMC
1.0-3.8V

1 M KPF¢/EC-DMC-EMC

108 Wh kg™? @ 495 W kg™!

117 Wh kg™? @ 1300 W kg™

AC//PMT 1-3V 31 Wh kgt

[42%] 1 M NEt,-BF,/PC

AC//PMT 1.0-3.0V 31 Whkg' @ 512 W kg™
[429] 1 M NEt,-BF,/PC

AC//PMT/CNT 0-25V 33.4 Wh kg

[439] 1 M NEt,4-BF,/PC

AC// PMT/VACNT 0-25V 52 Wh kg

#] 1 M EMIM-TFSI/ACN

AC//PMT 1.5-3.6V 14 Wh kg™

[432] Pyris-TFSIIL

AC//polyfluorene 1.0-3.2V 47 Wh kg™

[499] 1 M NEt,-BF,/PC

CNTs//Poly-PNBTH 0-2.8V 23.5uWem2 @ 1.4 mW

[*4

Pyr.,-TFSI/PC (1:1)

cm

35 Wh kg? @ 1512 W kg™

60 Wh kg™ @ 1500 W kg

20 Wh kg'! @ 6100 W kg™

510 W kg™

17 Wh kg @ 1820 W kg

10000 W kg*

1900 W kg

17.9 uyW cm2 @ 14 mW
cm2

83%, 50 cycles @ 0.42 A g™t
74%, 50 cycles @ 1.33 A g™
87%, 1000 cycles @ 1 A g™
97%, 5000 cycles @ 1 Ag™

74.2%, 2000 cycles @ 1 A
g—l

70%, 1000 cycles @ 20 mA
cm2

>60%, 10000 cycles @ 20
mA cm2

85%, 1000 cycles @ 1.25 A
cm?

78%, 20000 cycles @ 3 A
cm2

50%, 16000 cycles @ 10 mA
cm=2(60 °C)

62%, 10000 cycles @ 20 A
gfl

85%, 10000 cycles @ 10 mA
cm2

Table 8 Summary of whole-anion-storing electrochemical and hybrid capacitors (A-1 and A-2)

Negative/Positive Voltage ) ) ) .
Electrodes [Ref] Electrolyte Maximum Energy Maximum Power Cycling Stability
Bi,S3/NC//NC 15V 22.2Whkg' @ 677.3 W 16.4 Wh kg @ 5.317 kW 80.3%, 2000 cycles @ 200
[377] 6 M KOH kg™ kg mV st
f -1
'[i'Z%C'/ /AC é’f\’ﬂVKOH Z_‘f Whig @2509W ¢ Whkg' @4.97kWkg"  82%, 3000 cycles @ 1 A gt
Fe;0,/C//CNT 1.7V 1.56 mMWh cm= @ 0.028 W 0.64 mWh cm™ @ 0.48 W 67.7%, 1000 cycles @ 5.5
[352] PVA-KOH gel cm cm3 mA cm2
Zn,Co;,O 15V 67.3 Whkg' @ 1670 W 27.6 Wh kg™ @ 68.6 kW )
[*] 6 M KOH kg ke
LaMnOs_s 20V 61.2 Whkg™ @ 2204 W 23.4Whkg @ 4.21 kW )
[*] 1M KOH kg™ kg
0,
f;ﬁ?mo“‘s é':\‘AVK on 64Whkg™ @855 Wkg™ 267 Whkg ™ @ 6.4 kW kg™ ;iM’ 10000 cycles @ 10 A
H -1 0,
[Sng/B'VO4 é.:\;/lVKOH i:_z Whkg' @ 1140 W 15.33 Wh kg 1 @ 8 kW kg™! :_01.3/:, 2000 cycles @ 4 A
1 0,
;lsi\i?DS/P é.iAVKOH tng Wh kg @ 1196 W 9.25 Wh kg' @ 3.0 kW kgt ;?1.26, 4000 cycles @ 2 A
VNND/CNS 1.0V ~ ~ ~ ~ 91%, 10000 cycles @ 10 A
[4] PVA/KOH gel 30.9 Wh '@ 240.1 W L 16.1 WhL! @ 64.5 kW L gt

4.2 Functional electrochemical capacitors based on anion storage
materials

4.2.1 Micro- and flexible capacitors. Micro- and flexible capacitors
as energy storage devices have received significant attention
because of the ever-increasing demand for miniaturized, wearable,
portable, implantable, and integrated electronics.>28530 |n this
section, the recent progress in the electrode materials of micro- and
flexible capacitors based on anion storage materials is discussed. We
also address them in terms of dual-ion hybrid capacitors and whole-
anion storage capacitors.
Microcapacitors. Microcapacitors have advantages in terms of short
diffusion length and patterned electrodes, which can resolve the

40 | J. Name., 2012, 00, 1-3

slow diffusion kinetics of anion carriers and their large footprint in a
limited space. There are a few reports regarding dual-ion hybrid
microcapacitors. A dual-ion microcapacitor (D-1) was fabricated by
using a Faradaic OH~ storage NiCo,S,; positive electrode and a
capacitive carbon nanofiber (CNF) negative electrode in KOH
electrolyte (Fig. 20al).** Through the mass balance of two
electrodes, the full cells achieved a cell voltage of 1.6 V and a specific
capacity of 240 uAh cm=2 at 5 mA cm~2 (Fig. 20a2), yielding an energy
density of 200 uWh cm~2 at 4.4 mW cm2. The functional application
was demonstrated by two series connected microcapacitors that
lighten a green light-emitting diode (LED) for a minute.
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Fig. 20. Micro- and flexible capacitors using anion storage materials. (a) Dual-ion hybrid micro capacitor (D-1) with NiCo,S, and CNF electrodes in KOH
electrolyte. (al) Schematic illustration of the micro capacitor, (a2) CV curves of the NiCo,S,;, CNF electrodes, and device. Reproduced with permission. [*3]
Copyright 2017 Wiley-VCH. (b) Dual-ion hybrid micro capacitor (D-2) with AC and Zn electrodes in ZnSO, aqueous electrolyte. (b1) Schematic illustration of the
micro capacitor, (b2) CV curves of the AC and Zn electrodes. Reproduced with permission. [*3!] Copyright 2020 Wiley-VCH. (c) Whole-anion symmetric micro
capacitor (A-2) with identical VN electrodes in KOH electrolyte. (c1) SEM top view of the micro capacitor, (c2) GVD curves of micro capacitor device. Reproduced
with permission from ref. [*?], Copyright 2020 Royal Society of Chemistry. (d) Dual-ion hybrid flexible capacitor (D-1) with CoGaO, and AC electrodes in KOH
electrolyte. (d1) Schematically illustration of the flexible capacitor, (d2) CV curves of CoGaO, and AC electrodes. Reproduced with permission. [*] Copyright
2020 Elsevier. (e) Dual-ion hybrid flexible capacitor (D-2) with SCNT/W33049 and SCNT/PANI electrodes in AICl; aqueous electrolyte. (el) Schematically
illustration of flexible capacitor device, (€2) CV curves of SCNT/W,30,9 and SCNT/PANI electrodes. Reproduced with permission. [>*4] Copyright 2020 Wiley-
VCH. (f) Whole-anion symmetric flexible capacitor (A-2) with VNND/CNS electrodes. (f1) Schematic and photographs of the flexible capacitor, (f2) CV curves
of the flexible capacitor. Reproduced with permission from ref. [*¢], Copyright 2018 Elsevier.

Employing electrodeposited Zn nanosheets as negative electrode
and AC as positive electrode in ZnSO, aqueous electrolyte, a Zn
hybrid microcapacitor (D-2) was fabricated (Fig. 20b1).>3! The charge
storage mechanism of this hybrid capacitor is based on the
stripping/plating process of Zn/Zn?* on the Zn electrode and SO,
adsorption/desorption on the AC electrode (Fig. 20b2).
Consequently, the full cells extended a voltage up to 1.5V, delivering
an energy density of 115.4 pyWh cm™ at 0.16 mW cm2. Higher
voltage and capacitance can be achieved by connecting individual
units in series and parallel, respectively. For practical applications, a
character composed of 33 red LEDs was lightened by two serially
connected microcapacitors.

Using magnetron sputtering technique,
pseudocapacitive OH- storage VNs electrodes were prepared for
whole-anion interdigitated microcapacitors (A-2).42 532 The VN thin

deposition

films act as a current collector free pseudocapacitive electrode owing
to their high electronic conductivity. The microcapacitor based on 16
pum-thick VN electrodes in KOH electrolyte reached a cell voltage of
0.6 V, resulting in a high areal capacitance of 1.2 Fcm=2 at 5 mV st

This journal is © The Royal Society of Chemistry 20xx

(Figs. 20c1 and 20c2).*? The maximum energy and power densities
were 25 pyWh cm=2 and 4 mW cm2, respectively.

Flexible capacitors. Various planar- and fiber-shaped dual-ion hybrid
flexible capacitors (D-1) have been fabricated integrating OH-
storage positive electrodes, such as transition metal
hydroxides/oxides,** 533535 sulfides,>3® and phosphides,3°% 537 with
capacitive negative electrodes. The CoGaO, electrode, with Co and
Ga contributing to capacity and stability, respectively, was assembled
into a planar-shaped flexible capacitor with an AC negative electrode
(Figs. 20d1 and 20d2).** The full cells yielded a cell voltage of 1.6 V
and a capacity of 382 C g at 1.5 A gL The flexibility was
demonstrated by being bent and twisted harshly without
deteriorating physical and electrochemical performance. The cycling
test at various bending states (from normal to bent state at 180°)
showed >90% capacity retention after 200 cycles. The CoNi-LDH was
integrated on PPy-coated cotton pads (CoNi-LDH@PCPs) to facilitate
charge transfer and redox reaction processes, thereby improving the
rate performance of hybrid flexible capacitor.>33 The hybrid flexible
capacitor exhibited mechanical integrity at various deformations. For
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example, a 95% capacity was achieved after repeated folding over
200 cycles. The reversible CI- and NOs~ storage capability of
ferrocyanide immobilized polysilsesquioxane (Fe(CN)s-PSQ)
electrodes has been reported.538 339 The reversible Faradaic
charge storage process is based on the oxidation of Fe from Il to
I, neutralized by the anions through the formation of ion-pair
complex. The Fe(CN)s-PSQ positive electrode coupled with a
capacitive graphite negative electrode was configured into a
flexible hybrid capacitor in neutral LiCl aqueous electrolyte.>38

Several Zn hybrid flexible capacitors (D-2) have been developed
using capacitive anion storing electrode materials.*?% >40->43 For
instance, a high-capacitance layered B/N co-doped porous carbon
was assembled into a Zn hybrid flexible capacitor with a Zn foil as the
negative electrode.*®® The hybrid cell achieved a voltage window
ranging from 0.2 to 1.8 V, delivering specific capacities (based on the
positive electrode material) of 116.8 and 55.5 mAh g™* at 0.5 and 20
A g1, respectively. It can withstand different bending states with an
almost equal capacity, and power a smart watch for 24 h. A fiber-
shaped Zn hybrid capacitor was constructed using the hierarchically
nanostructured Zn negative electrode and AC positive electrode,
achieving the energy densities from 25 to 12 pWh cm2 at power
densities from 50 to 3000 uW cm=2 along with the stable cycling
performance over 10000 cycles.>*2 The Zn hybrid capacitors can light
up a red LED even when they were knotted under water immersion,
demonstrating high mechanical flexibility and waterproof capability.
In addition, Al hybrid flexible capacitors (D-2) were designed.5%8: 544
The composite film electrode, consisting of W;3049 nanowires and
single-walled carbon nanotubes (SCNT/W1504s), was used for Al3*-
storage materials. Al hybrid flexible capacitor was configured
integrating SCNT/W3045 composite electrode with SCNT/PANI
positive electrode in an AlCl; aqueous electrolyte (Fig. 20e1).>** The
full cell with the cell voltage of 1.8 V exhibited an areal capacitance
of 0.792 F cm~2 at 6 mA cm™2 (Fig. 20e2). It can maintain 90% capacity
after 500 bending cycles, and be utilized as the power source for an
electrochromic device.

In addition, a flexible whole-anion hybrid capacitor (A-1) has been
reported.352 The binder-free OH- storing Fe30,4/C negative electrode
showed a capacity up to 7776 C cm™3 (247.5 mAh g) in KOH
electrolyte. Matching with a capacitive CNT film as positive
electrode, 1.7 V flexible capacitor was fabricated, which delivered an
energy density of 1.56 mWh cm™ at 0.028 W cm™3. The flexible cell
can withstand substantial bending tests and mechanical pressures up
to 32.9 kPa without essentially deteriorating capacity.

VN and TiN could be applied for whole-anion symmetric flexible
capacitors (A-2).%> 46 The cycling stability of TiN-based flexible
capacitor can be improved replacing the 1 M KOH electrolyte by the
poly(vinyl alcohol) (PVA)/KOH gel electrolyte.*® The corresponding
cell achieved a voltage of 1.0 V and a volumetric capacitance of 0.33
F cm™ at 2.5 mA c¢cm™. The VN nanodots intercalated carbon
(VNND/CNS) the
electrochemical stability.*® The flexible capacitor consisting of two
VNND/CNS electrodes and PVA/KOH gel electrolyte achieved a high
volumetric energy density of 30.9 Wh L™ and cycling stability of 91%

nanosheets was designed to improve

capacitance retention over 10000 cycles (Figs. 20f1 and 10f2). Its
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functional operation was realized demonstrating a 2.7 V voltage of
three cells connected in series to power a red LED.

4.2.2 Desalination and salinity gradient energy storage.
Desalination. Among desalination technologies that can
remove ions from saline water, capacitive deionization (CDI) is
a promising reversible electrochemical desalination technology
to afford fresh water. This ion removal is based on the principle
of electrochemical charge storage, where the ionic species from
saline water are captured to compensate for the electric charge
of the electrodes under an applied potential. Then, the ionic
species can be released from the electrodes when a null or
reversal potential is exerted on the electrodes.100, 101, 545, 546 |y
general, desalination cells are in a dual-ion configuration
because anion removal can be accompanied by cation removal
to ensure charge balance during deionization. Conventional CDI
utilizes two capacitive carbon electrodes in a symmetric
configuration. Nonetheless, the ion removal capacity of the
carbon electrode is limited owing to the intrinsically low
capacitance of capacitive materials. As discussed in Section 3.1,
the low-polarized capacitive electrodes usually operate via a
non-permselectivity (or ion swapping) mechanism, that is the
adsorption of counter-ions accompany with desorption of co-
ions. The non-permselectivity mechanism does not change the
total number of ions; thus, the resultant ion removal efficiency
is low. Although co-ion desorption can be prevented by utilizing
ion exchange membranes, their high cost limits their practical
applications. To circumvent these limitations, an effective
strategy is to develop highly ion-selective Faradaic electrode
materials for desalination cells.>4’ Thus far, most Faradaic
electrode materials have been used for high-capacity negative
electrodes for the removal of cations. Therefore, it is important
to develop high-capacity materials for
applications

anion storage

in dual-ion desalination cells. This section
introduces the applications of anion storage materials in dual-
ion desalination cells.

The removal of CI- and Na* ions is the main purpose of
seawater desalination. Battery-type materials such as Ag, Bi,
and BiOCIl are commonly used as high-capacity anion storage
materials to remove CI- ions from seawater.*?. 8% 548-550 For
instance, a flow dual-ion deionization cell consists of BiOCI
negative electrode for ClI= removal, while pseudocapacitive
Nag.4sMnO, positive electrode for Na* removal.*” Along with a
pair of ion exchange membranes, the deionization cell delivered
a desalination capacity up to 68.5 mg g~ at 100 mA g* at feed
rate of 760 mg L1. Faradaic organic materials have been applied
for anion removal of desalination cell.® 351 In a membrane-free
desalination cell, poly (TEMPO methacrylate) radical polymer as
the positive electrode was coupled with AC as the negative
electrode with a mass ratio of 1: 2 (Fig. 21a1).*8 The poly
(TEMPO methacrylate) electrode store Cl- ions, demonstrating
a typical one-electron redox reaction via the oxidation of
neutral nitroxide radical (Fig. 21a2). The ClI- storage capacity
was 51 mAh g1 at 0.1 A g! in 1 M NaCl solution. The
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desalination cell delivered desalination capacities of 6.0, 15.8,
and 20.9 mg gt at 0.8, 1.0 and 1.2 V, respectively, in 250 ppm
of Nacl (Fig. 21a3). Several transition metal
oxides/hydroxides have been also used as anion removal

solution

materials of desalination cells.>>2->%> Layered metal oxide (LMO)
derived from LDH precursor could selectively capture anions
owing to the unique interlayer structure. For instance, a NiCoAl-
LMO/rGO composite was used to remove F~ ions, while AC
treated by nitric acid (H-AC) was applied for Na* removal.>>2 The
desalination capacity of H-AC//NiCoAl-LMO/rGO cell was 24.5
mg gt at 1.4 V in 500 mg L™ NaF solution. The CI- storing
Fe(CN)s-PSQ was applied for a desalination cell.>>® Combining
with a cation storing nickel hexacyanoferrate, the Fe(CN)s-PSQ
could remove 164 mg L™ of CI- from real sea water at 7.6x108
mol cm™2 of electrode surface coverage.

electrode materials such as
(MoS;) and MXene
investigated to remove both cations and anions from saline
water.4? 557559 The MoS,/CNT composite exhibited similar
capacitance values of 200 F g* and 210 F g™! during both

2D  pseudocapacitive

molybdenum disulfide have been

positive and negative polarizations in 1 M NaCl electrolyte.*?.
Subsequently, a desalination cell could be fabricated by two
MoS,/CNT electrodes in a symmetric manner. At 0.8 V, the cell
delivered desalination capacities of 10 and 25 mg g1 in 5 and
500 mM NacCl solutions, respectively. Mo, 33C-MXene was also
applied for both Na* and CI- removals.5>® The desalination
capacity of Mo 33C-MXene-based symmetric cell was 15 mg g*
in 600 mM NacCl solution at 0.8 V, along with 95% of charge
efficiency.

The hybrids of anion capturing capacitive materials and
cation capturing Faradaic materials such as polyimide, COF,
TisC,Tx-MXene, MoS,, Na,Ti307, Nag4sMnO,, and NasV,(PO4);
have been developed. °%9-5%8 Among them, a deionization cell
was assembled using Na3V,(PO4);@C (NVP@C)
electrode for Na* capture and AC positive electrode covered by
an anion exchange membrane for Cl- capture.”®® The cell

negative

showed a desalination capacity of 137.2 mg g! and removal
rate of 0.076 mg g s at 1.0 V in 0.1 M NaCl solution. To
achieve a rapid ion removal, a high-rate Faradaic composite
electrode of Prussian blue decorated PANI (PB/PANI) was
developed.”®® The PB/PANI electrode in Na,SO, electrolyte
revealed two pairs of redox peaks and rapid Na*-storage
capability (Fig. 21b2). The hybrid desalination cell is constructed
by PB/PANI negative electrode and AC positive electrode, along
with ion exchange membranes in front of them (Fig. 21b1). In
500 mg L™ of NaCl solution, the cell delivered a desalination
capacity of 133.3 mg g! at 100 mA g%, corresponding to a
removal rate of 0.03 mg g* s™1. Moreover, a capacity of 25 mg
g1 was retained at a high removal rate of 1.67 mg g s7* (Fig.
21b3). The cell also achieved the negligible capacity fading over
250 cycles at 500 mA g1

Salinity gradient energy generation. Salinity gradient (SG)
energy, which is also known as osmotic power or blue energy,

This journal is © The Royal Society of Chemistry 20xx
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is entropically generated when two solutions with different
concentrations, such as freshwater and seawater, are mixed.56%
571 The large-scale SG energy generated when river water flows
into the sea is regarded as an important renewable source that
can be harvested. As the reverse process of desalination,
capacitive mixing (CapMix) and battery mixing (BattMix)
technologies have been investigated for the recovery of SG
energy. CapMix employs two porous capacitive electrodes,>”°
while BattMix utilizes battery-type electrodes instead of
capacitive electrodes.>”! In both CapMix and BattMix, electricity
is produced cyclically by alternating the salt concentrations to
convert SG energy into usable power. As shown in the energy
recovery mechanism of CapMix in Fig. 21¢1,>7° four steps are
generally involved in each cycle. The cell is first charged with an
external electric potential in saline water (phase A). Then, the
circuit is opened, and the saline water is replaced with fresh
water, resulting in an increase in the cell voltage due to the
reduced salt concentration (phase B). When the circuit is closed,
mixing takes place to discharge the cell (phase C). The voltage
increases, because of which the energy produced in discharge
is higher than the energy required for charging, thereby
generating net energy. Finally, the cycle is completed by
replacing fresh water with saline water in an open circuit (phase
D). Fig. 21c2 shows the corresponding changes in voltage and
current during the cycling process of CapMix. The amount of
energy harvested from a single cycle is equal to the designated
area of the cell voltage versus charge curve (Fig. 21c3).

An asymmetric CapMix with different electrodes was
developed to improve the energy-recovery performance. The
positively charged quaternized poly(4-vinylpyridine) coated AC
and negatively charged nitric acid oxidized AC were assembled
into an asymmetric CapMix.’2 When NaCl solutions are
switched in 20 mM and 500 mM, the CapMix delivered a voltage
rise of 150 mV and an average power density of 65.0 mW m™2
without external power supplies and membranes. A hybrid
CapMix cell was configured replacing either one of two
capacitive electrodes by a Faradaic electrode.>® 573 In a hybrid
CapMix, a pseudocapacitive sodium manganese oxide (NMO)
and an AC covered with anion exchange membrane were used
for Na* and Cl- storage, respectively.>% Switching in 600 mM and
10 mM NacCl solutions, the hybrid CapMix extracted an energy
density up to 130 J m~2, along with an average power density of
97 mW m™2. Even being evaluated in real river water and
seawater containing multiple ions, the hybrid system achieves
an energy density of 30J m=2. BattMix consisting of two Faradaic
electrodes was also reported.>’ 574 The BattMix based on
Ag/AgCl and NMO electrodes was tested in 600 mM and 32 mM
NaCl solutions, recovering the net energy of 0.11 kWh m=3 at
the first cycle 574 In addition, BiOCl and organic polypyrrole for
Cl--storage were applied for BattMix by coupling with Na*-
storage battery-type materials.575 576
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American Physical Society.

5. Conclusion and perspective

In this review, we focused on the thermodynamic and kinetic
aspects, energy storage mechanisms, and associated anion
carriers and anion storage material interfaces for the four types
of electrochemical and hybrid capacitors. Anion storage
materials include EDLC-type carbon materials storing various
anion carriers, Faradaic anion storage materials storing OH- ions
(functionalized carbons, transition metal hydroxides, oxides,
sulfides, phosphides, selenides, nitrides, oxygen-anion
intercalated perovskite oxides, metal organic frameworks, and
their derivatives), Faradaic anion storage materials storing
large-sized polyatomic anions (graphite, p-type organic
materials, metal organic, and covalent organic frameworks),
and Faradaic anion storage materials storing halide ions (metal

44 | J. Name., 2012, 00, 1-3

halides/oxyhalides). Moreover, the deterministic factors for
electrochemical performance and functionalities to facilitate
the rational design of anion storage materials in specific
applications were discussed.

Despite recent significant advances in anion storage
materials, their applications in electrochemical capacitors and
battery-capacitor hybrid cells lag behind the battery fields.
More importantly, there remain fundamental and technical
challenges in the application of anion storage materials for
electrochemical and hybrid capacitors. (1) Most anion storage
materials have been investigated for the storage of OH- in
alkaline aqueous electrolytes for electrochemical and hybrid
capacitors. Despite the high capacity and rate capability of OH-
storage materials (e.g., Ni,Co-hydroxides/oxides, MOFs, and
their derivatives), the low cell voltage due to the narrow ESW of
alkaline aqueous electrolytes limits the energy density of full
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cells. To increase the cell voltage, emerging anion storage
materials should be explored in organic and IL electrolytes. (2)
Although significant advances in graphite and p-type organics
storing PFg~, ClO47, FSI-, and AICl;~ have been achieved in
organic and IL electrolytes, their specific capacities (nearly 100
mAh g1), Coulombic efficiency, and cycling stability need to be
improved. Thus, the available storage sites, electronic/ionic
transport pathways, and structural stability of anion storage
materials should be rationally designed. Considering the
complexity and trade-off of the required properties and the
intrinsic limitation of each anion storage material, individual
anion storage materials cannot meet all of the requirements. In
addition to the engineering of existing materials and the
development of new anion storage materials, we propose the
design of hybrid materials with multiple components and
hierarchical structures. (3) Electrolyte formulations with a wide
ESW that match given anion storage materials should be
developed for long cyclic stability and high cell voltage.
Moreover, the associated CEl with a positive anion storage
electrode needs to be investigated to achieve kinetic stability
and high interfacial ionic conductivity. Although highly
concentrated electrolytes can be used to obtain a wide ESW,
the power performance is degraded owing to sluggish ion
diffusion in electrolytes, and the potential of anion storage
materials governed by the Nernst equation is lowered. To
resolve this bottleneck, new combinations of salts, solvents,
and additives should be investigated, and the formulation and
concentration of electrolytes should be optimized.

In addition to the materials aspect, (4) a fundamental
understanding of anion storage has yet to be elusive. Examples
include the correlation of oxygen vacancy with electrochemical
performance of metal oxides/hydroxides, the origin of the
abnormal rate capability of anion intercalation graphite, and
the exact role and detailed chemistry of CEl upon anion storage,
which are completely different from the cases of storing alkali
metal cations. A thorough investigation of anion storage
mechanisms, structure/property correlations, reaction kinetics,
and electrode degradation would be helpful for offering
guidance to overcome current bottlenecks and to develop new
storage materials. In addition to commonly used ex situ and in
situ methods, more advanced operando analytical techniques
on real-life cell levels, combined with computational analyses,
are recommended to achieve a fundamental understanding.

(5) Electrode fabrication and cell engineering are as
significant as the development of emerging anion storage
materials and their fundamental understanding for practical
applications. First, a high mass loading needs to be considered
for high-energy electrode applications. The electrochemical
performance of anion storage materials is generally reported on
a laboratory scale using electrodes with a few milligrams of
active materials, which should be increased up to the mass
loadings of commercial electrodes, higher than 10 mg cm=2. At
high mass loadings, the increased electrode thickness
(particularly thicker for low-density materials such as porous
carbon (<0.5 g cm~3) and p-type organics (1-2 g cm3)) lead to
long distances for charge transfer and mass transport, thus
affecting the capacity and rate performance. To overcome the
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trade-offs between mass loading and electrochemical
performance, the electrode formulation (with optimum binder)
and fabrication processes need to be further explored. Second,
more requirements should be satisfied when anion storage
materials are used for functional applications, such as large-
scale patterning and integration techniques  for
microcapacitors, superior mechanical stability for flexible
capacitors, and rapid mass transport for flow-type desalination
and salinity cells. Third, a large amount of electrolyte is needed
in dual-ion cells when an undesirable irreversible reaction
occurs and the transference number is small. For dual-ion
hybrid capacitors, electrolytes provide both anion and cation
carriers, which act as active species. However, the amount of
electrolyte should be minimized to achieve a high energy
density at the cell level without deteriorating electrochemical
performance. In addition, the weights of other cell components,
such as the separator and current collectors, also need to be
minimized. Fourth, the balancing of the two electrodes is a
crucial part of cell operation for hybrid capacitors configured
with capacitive and battery-type electrodes. To date, most
capacitive anion storage materials have been developed from
EDLC-type porous carbons rather than Faradaic electrodes.
However, the considerable gap between EDLC-type and
battery-type electrodes makes it difficult to balance both the
capacity and rate of the two electrodes at a given current
density and cycle. For instance, when the capacity is balanced
using several times the mass of EDLC-type electrode compared
to the battery-type electrode at low scan rates, it will be highly
unbalanced at high rates because of the varied rate capacities.
To circumvent this issue, novel methods must be used to
construct asymmetric hybrid cells by pairing new
pseudocapacitive or high-rate battery-type materials with
similar capacity and rate performance.

Overall, the development of anion storage materials is more
challenging because of the larger size and less stability of anion
carriers compared to metal cations. Nonetheless, anion storage
technology is complementary to existing cation storage
technology for the realization of dual-ion cells more importantly
for electrochemical capacitors because emerging electrode
materials can be designed for high-energy dual-ion and whole-
anion battery-capacitor hybrid devices, as well as for functional
applications such as electrical vehicles, large-scale storage,
miniaturized, wearable and integrated electronics, desalination,
and salinity cells. Therefore, this review offers rational
guidelines for the design of emerging anion storage materials
that overcome the technical limitations of existing
electrochemical and hybrid capacitors, which will help us
expand their fields of application to new concepts of
functionality-oriented energy storage devices.
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