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ABSTRACT

Among various energy-storage devices, electrochemical capacitors (ECs) are prominent power provision
but show relatively low energy density. One way to increase the energy density of ECs is to move from
carbon-based electric double-layer capacitors to pseudocapacitors, which manifest much higher
capacitance. However, compared with carbon materials, the pseudocapacitive electrodes suffer from high
resistance for electron and/or ion transfer, significantly restricting their capacity, rate capability and

cyclability. Rational design of electrode materials offers opportunities to optimize their electrochemical
performance, leading to devices with high energy density while maintaining high power density. This paper
reviews the different approaches of electrodes striving to advance the energy and power density of ECs.
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stability

INTRODUCTION

The fast development of industry has triggered seri-
ous global warming and the lack of fossil fuels, which
pose significant threats to the survival and develop-
ment of mankind. To address these issues, scien-
tists and engineers have been conducting intense re-
search efforts into the design and fabrication of ef-
ficient energy-conversion and storage devices to ex-
ploit sustainable and clean energy. In this regard,
electrochemical capacitors (ECs), lithium-ion bat-
teries (LIBs) and fuel cells are recognized as three
kinds of the most important electrochemical energy-
storage/ conversion devices.

Among them, ECs, also known as supercapaci-
tors or ultracapacitors, have drawn considerable at-
tention during recent years due to their distinct
power density (fast charging/discharging within sec-
onds) and prominent life cycle (>10° cycles) when
compared to batteries and fuel cells (Fig. 1) [1-3].
However, the relatively low energy density of ECs
greatly restricts their application in energy-requiring

equipment. The maximum energy (E) accumulated
in EC is directly proportional to the capacitance (C)
and the square of applied voltage (V*) according to
the equation:

1
E=-CV?

- M

while the power density (P) is given by the equation:

V2
P=—
4ESRem

)

where ESR represents the equivalent series resis-
tance and m represents the total mass of the two
electrodes. Therefore, on the one hand, the energy-
density enhancement can be achieved by develop-
ing electrode material with high capacitance. Pseu-
docapacitive electrode materials, mainly metal ox-
ides, metal sulfides and conducting polymers, are
considered as promising electrode materials, as their
capacitance usually far exceeds the double-layer
capacitance achievable with carbon materials [4].
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Figure 1. Ragone plot with specific energy and power for
different energy-storage devices.

Another approach is to widen the operational win-
dow by using non-aqueous electrolyte or by con-
structing hybrid capacitors, which combine a faradic
electrode and a porous carbon electrode in a de-
vice [S]. Therefore, both of these methods require
high-performance faradic electrodes. Pseudocapaci-
tive electrode materials, however, usually suffer from
low conductivity, leading to a large ESR. The power
capability is thus dramatically determined. In addi-
tion, the low electrolyte-accessible surface area re-
stricts the pseudocapacitive process occurring at the
electrode/electrolyte interface. Furthermore, the ir-
reversible change that occurs during the chemical
reaction will shorten the life cycle of the electrode
materials. Accordingly, the development of pseudo-
capacitors and hybrid capacitors is driven by the de-
sire to increase the specific energy while retaining the
high power and long-term cyclability.

In this review, we mainly discuss the recent re-
search activities carried out with an emphasis on the
rational design of pseudocapacitive electrodes for
ECs as well as their electrochemical performance.
This review is organized into three sections: (i)
overview of ECs and pseudocapacitive electrode ma-
terials; (ii) the recent development in preparing
electrode materials based on redox reactions; (iii)
the recent development in preparing electrode mate-
rials based on intercalation reactions. We aim to out-
line the benefits and challenges of the use of pseudo-
capacitive electrode materials in ECs. We also high-
light the key technical challenges with the hope of
stimulating further advances in research.

FUNDERMENTALS OF ECS
Principle of electrochemical capacitors

Conventional capacitors, namely dielectric capaci-
tors, are governed by the principle of charge separa-
tioninan electric field in the dielectric oxide layer be-
tween two electrodes [1]. Typically, the capacitance
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(Cq1) of conventional capacitors can be calculated by
the equation:

€0 A
Cq = , 3
a=" (3)

where & is the permittivity of free space, €, is the
dielectric constant (or relative permittivity) of the

material between the plates, A is the area of each elec-
trode and D is the distance between the electrodes.
Because of their limited area (A) and large distance
(D), conventional capacitors can only provide mi-
nuscule capacity to store charge and have never been
considered as energy-storage devices. Then the con-
cept of electric double-layer capacitors (EDLCs),
which utilize the electric charge accumulated at the
carbon electrode surface and ions of the opposite to
store energy, provide energy density higher by or-
ders of magnitude than conventional capacitors fora
given device size. The greatly improved energy den-
sity results from the enhanced active area of elec-
trodes and the minimal magnitude of charge separa-
tion (D) down to a few Angstroms. Yet, due to the
pure physical process that occurs on the surface of
the electrode, an EDLC exhibits high rate capability
but limited capacitance compared with a battery.

Until 1971, pseudocapacitors (PCs), which store
charge through the transfer of charge between elec-
trode and electrolyte, was discovered [6]. The pseu-
docapacitance (C,.) is proportional to the charge
transferred in this process, which can be described
by the equation:

¢ =1 () ()

where q is the faradic charge required for adsorp-
tion/desorption of ions, df is the change in frac-
tional coverage of the surface and dV is the change
in potential [7]. Since the value of d9/dV is not en-
tirely linear, the capacitance is not always constant
and so it is called pseudocapacitance. The faradic
process enables PCs to achieve much higher energy
density and specific capacitance than EDLCs. Ac-
cording to Conway’s research, the faradic process
of PCs can result from the following three mech-
anisms [1]: (i) underpotential deposition, (ii) re-
dox pseudocapacitance and (jii) intercalation pseu-
docapacitance (Fig. 2). Underpotential deposition
occurs when metal ions form an absorbed mono-
layer on a different metal’s surface well above their
redox potential. The redox reaction is a ‘surface
charge storage’ process realized by electrochemical
adsorption of ions on/near the surface and a suc-
cessive electron transfer at redox active sites. Metal
oxides, metal sulfides, metal nitrides, metal hydrox-
ides and conducting polymers are well-known exam-
ples of pseudocapacitive materials. The intercalation
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Figure 2. Different types of reversible redox mechanisms that give rise to pseudocapacitance: (a) underpotential deposition,
(b) redox pseudocapacitance and (c) intercalation pseudocapacitance.

pseudocapacitance is based on the intercalation of
electroactive species in the layer without crystal-
lographic phase change. In this case, the most in-
vestigated insertion-type electrodes involve V,Os,
Nb,Os and so on. Redox and intercalation pseudo-
capacitances are more frequently exploited in the de-
sign of PCs. Notably, both of these two faradic pro-
cesses display very fast charge/discharge rates with-
out diffusion limitation. This is the most obvious dis-
tinction from batteries, which are limited by solid-
state diffusion and suffer from a poor rate capability.

To better understand the kinetic behavior of elec-
trodes, it is important to separate the capacitive and
diffusion contributions of pseudocapacitive material
inan electrochemical process. In the next section, we
will discuss the electrochemical features of pseudo-
capacitance.

Important parameters of EC electrodes

Recently, analysis of cyclic voltammetry (CV)
curves has been the prevailing method for distin-
guishing the particular features of pseudocapacitive
materials. In a CV test, the current response to
an applied sweep rate is different, depending on
whether the redox reaction is surface-controlled
(capacitive) or diffusion-controlled (battery) [8].
The relationship can be expressed by the equation:

i(V) =kv'? + kv, (5)

where v is scan rate (mV/s). For a capacitive
process on the surface, the current response varies
directly with v. For a process limited by the semi-
infinite linear diffusion, the current varies with v'/2.
Calculating the values of k; and k; at each potential
will give the contribution of the capacitive or diffu-
sion process. The relationship between capacity and
scan rate can also be used to analyse the electro-
chemical process [9], which can be described by the
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equation:
Q= Qu= t+ constant(vil/z). (6)

In this equation, the capacitive contribution is
represented by Q, — o while the diffusion-controlled
capacity is limited by v'/2. By plotting the curve of
capacity vs. v'/2, the contribution of the outer sur-
face and the bulk solid can be distributed. Another
feature expressed in the CV curve is the relationship
between the peak potential and the scan rate. In a
capacitive system, there should be a small or no po-
tential difference between the anodic and cathodic
peaks in the CV curves, especially at low scan rates,
which means that this process is reversible [10].

Galvanostatic  charge/discharge curves and
impedance spectroscopy can also be used to
characterize the pseudocapacitive behavior. In
the galvanostatic charge/discharge curves, the
pseudocapacitive process without phase change
is indicated by a linear-shaped profile of potential
vs. capacity. In addition, the voltage hysteresis
between the charging and discharging steps is very
small. These characteristics are totally different
from those of batteries, which manifest an obvious
voltage plateau in charge/discharge curves. An ideal
capacitor should show an activated carbon (AC)
impedance result as a vertical line with a 90° angle,
while pseudocapacitive behavior will show a phase
angle of <90°. This relationship can be represented
by a constant-phase element in the equivalent
circuit equation:

1
" B(iw)r’

(7)

When p is 1, this indicates an ideal capacitor and,
when p is 0.5, this indicates semi-infinite diffusion.

In some cases, some materials do not show char-
acteristic pseudocapacitive behavior in bulk, but do
in nanostructured states. This kind of material is
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Figure 3. (a) Voltammetric behavior of AC-Ru0,/G electrodes; where RuO,®nH,0 (1)
without (dotted line) and (2) with (solid line) annealing in air at 200°C for 2 h [13]
(Copyright 2003, The Electrochemical Society). (b) Cyclic voltammograms of layered
Ho2RuO21¢nH,0. [14] (Copyright 2005, American Chemical Society). (c) Bright-field
transmission electron microscopy (TEM) image of the nanoporous gold (NPG)/Mn0; hy-
brid with a Mn0, plating time of 20 min. Inset: Schematic illustration of directly grow-
ing MnQ, (orange) onto NPG (Copyright 2011, Nature Publishing Group). (d) Specific
capacitance vs. discharge current density for bare NPG electrodes and for NPG/MnQ,
electrodes with different plating times. Inset: Photograph of a NPG/Mn0,-based su-
percapacitor. (e) Cycling performance of the device measured at a current density of
0.6 mA/cm?. Inset: Schematic diagram of a coaxial fiber ASC [15] (Copyright 2014,
Springer). (f) Ragone plots of the device.

called an extrinsic electrode material. Otherwise,
materials display the characteristics of capacitive
charge storage for a wide range of particle sizes and
morphologies and are called intrinsic materials. In
the following sections, the electrochemical perfor-
mance of various pseudocapacitive materials will be
discussed according to the different pseudocapaci-
tive mechanisms and on the basis of the key features
presented above.

REDOX PSEUDOCAPACITIVE ELECTRODE
MATERIALS

The most highly investigated materials as redox
pseudocapacitive electrodes include transition
metal oxides, metal hydroxides, metal sulfides, metal
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nitrides and conducting polymers. Compared with
carbon materials, this kind of material suffers from
lower conductivity and low electrolyte-accessible
surface area. Various strategies have been proposed
for improving their performance, mainly including
nanostructuration, deposition onto high-surface-
area materials such as graphene, carbon nanotubes
or porous carbons and combinations with highly
conductive substrates.

Transition metal oxides

RuO,, as the first investigated pseudocapacitive
electrode material, has been extensively studied in
acidic solution over the past 30 years [11-13].
During the charge/discharge process, rapid re-
versible electron transfer is accompanied by electro-
adsorption of protons on the surface RuO, particles,
where Ru oxidation states can change from Ru(+2)
to Ru(+4):

RuO, + xH" 4+ xe~ < RuO,_,(OH),.

Owing to their high conductivity and the pres-
ence of structural water, the electrode materials can
be highly utilized and the highest capacitance re-
ported for hydrated RuO, reached 1340 F/g, which
is close to its maximum theoretical value of 1400 F/g
(Fig. 3a) [13]. Some researchers claim that only suit-
able aqueous electrolyte is RuO,, since its high ca-
pacitance comes from the surface reaction between
active ions and protons in strong acid electrolytes.
Due to the good electrochemical reversibility, RuO,
also demonstrates prominent rate capability. Upon
increasing scan rates from 2 to 500 mV/s, the ca-
pacitance of RuO, can retain ~75% (Fig. 3b) [14],
which is even comparable to most carbon materials.
Presently, RuO; is still the most promising pseudo-
capacitive electrode for its remarkable electrochemi-
cal performance. Although the toxicity and high cost
restrict the large-scale energy storage of RuO,, it can
still be used in some micro-devices for special pur-
poses.

Some transition metal oxides which also exhibit
pseudocapacitive behavior are anticipated to be low-
cost alternatives to RuO, for ECs. However, due to
their poor electronic conductivity, the charge stor-
age is confined to a thin layer of the surface, re-
sulting in a much lower capacitance than the theo-
retical value. In addition, the rate capability is also
offset by the low charge-transfer kinetics intrinsic
and sluggish ion diftusion to redox reaction. To im-
prove the electrochemical property, one of the most
effective strategies is to increase the surface area
of the metal oxide to accommodate large amounts
of superficial electroactive species to participate in



faradic redox reactions. For example, the capacitance
in thick MnO, electrodes (ranging between 200 and
250 E/ g) is much lower than the theoretical value
due to the low active sites for charge transfer [16].
When MnO, electrodes are processed into ultra-
thin films, the ion-accessible surface area is greatly
enhanced and the specific capacitance is dramati-
cally increased to more than 1000 F/g [17]. Further-
more, constructing hybrid nanostructures of con-
ductive matrix (metal or carbon) and metal oxides
will be capable of further facilitating electron and
proton conduction. Chen proposed a hybrid struc-
ture of nanoporous gold (NPG) and nanocrystalline
MnO,, in which the NPG allows electron transport
through the MnO,, and facilitates fast ion diffusion
between the MnO, and the electrolyte (Fig. 3c).
A high capacitance of ~1,145 F/g was achieved,
which is very close to the theoretical value (Fig. 3d)
[18]. Recently, Hu et al. used NPG wires as flex-
ible supports to grow MnO, nanoflowers, which
not only enables full utilization of MnO, and fast
electronic/ionic transfer through the electrode, but
also avoids using a binder. By scrolling a carbon
nanotube (CNT)/carbon paper electrode on the
NPG@MnO, wire electrode with a polymer gel,
a novel design of an all-solid-state, highly flexible,
coaxial fiber asymmetric supercapacitor (ASC) was
made (Fig. 3e). The as-fabricated coaxial fiber ASCs
can be reversibly charged/discharged at a high volt-
age of 1.8 V, delivering a satisfactory energy den-
sity of 5.4 xWh/cm? and a maximum power density
of 2531 uW/cm? (Fig. 3f) [15]. Owing to the par-
tial dissolution of MnO; in the electrolyte, however,
MnO, suffers from capacitance degradation during
cycling, which restricts its wide application.

In recent years, spinel metal oxides (NiO,
Co304, Fe304, Mn3; 0,4 and mixed transition metal
spinels such as NiCo,0; and MnFe;0,) have
been considered as promising high-performance
pseudocapacitive active materials for their high the-
oretical capacitance (>3000 F/g) [19,20,23-29].
Take Co30y, for example; the pseudocapacitance
originates from the following redox reactions:

Co304 + H,O + OH™ <> 3CoOOH + e

Nanosized and nanostructured electrode mate-
rials have been widely employed to increase the
surface area to enhance the pseudocapacitance.
In addition, the hierarchically porous structure
(macro/mesopore) of the electrode materials is also
critical to ease the mass transfer of electrolytes for
fast redox reactions. Zhang and Yuan et al. success-
fully prepared hierarchical porous NiO and Co30,
with nano/micro spherical superstructures which
demonstrate high capacitances [23,30]. But, re-
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stricted by the intrinsic low conductivity, the capac-
itances are far beyond the theoretical value. To im-
prove the electron transfer, Zhang et al. directly grew
the nanostructured Co3O, on nickel foam through
a hydrothermal method, which can be directly ap-
plied as self-supported electrodes for ECs. The re-
sulting active materials exhibited a high specific ca-
pacitance of 1160 F/g at 2 A/g and remarkable rate
capability, even remaining at 820 F/g at 20 A/g
(Fig. 4a) [19]. Shen reported an advanced elec-
trode architecture consisting of carbon textiles uni-
formly covered by mesoporous NiCo,O4 nanowire
arrays. With a high surface area, a high specific ca-
pacitance of 1010 F/g (79% of the capacitance at
1 A/g) at 20 A/g and prominent cycling stability
(no specific capacitance decay after 5000 cycles at
8 A/g) were achieved [26]. However, the prob-
lem with these methods is the relatively low weight
fraction of the pseudocapacitive material, which
will sacrifice the energy density of the full device.
Some efforts then were directed at growing hybrid
pseudocapacitive materials, both of which are high-
capacitance electrode materials, on conductive sub-
strate [20,21,31]. Fan constructed Co30,@MnO,
core—shell arrays with a Co;O,4 nanowire core and
ultrathin MnO, shell directly on the current collec-
tor (Fig. 4b) [20]. The porous structure and the or-
dered array geometry enhanced the surface area for
the redox reaction and shortened the ion diffusion
path. The obtained Co3 O4@MnO, hybrid nanowire
array exhibited ~4-10-fold increased areal capaci-
tance with respect to the pristine Co; O, array, with
good cycle performance (2.7% capacitance loss af-
ter S000 cycles) and remarkable rate capability (56%
capacitance retention at a very large current den-
sity of 44.7 mA/ cm?, charge/discharge within 7 s)
(Fig. 4c). Liu deposited cobalt and nickel double hy-
droxide nanosheets on porous NiCo,O4 nanowires
which were radially grown on carbon fiber [21]. This
hybrid composite electrode also exhibited excel-
lent rate capability; the areal capacitance decreased
by less than 33% as the current density increased
from 2 to 90 mA/cm?, offering excellent specific
energy density (~33 Wh/kg) and power density
(~41.25 kW/kg) at high cycling rates (up to150
mA/cm?) (Fig. 4d).

Recently, several studies used in situ and ex situ
characterization to analyse the charge-storage pro-
cess that occurred on the surface of metal oxides
[25,28]. It was indicated that the ion disproportion-
ation and morphology collapse are the main rea-
sons for the capacity change during cycling. There-
fore, strategies which could solve these problems are
needed. In addition, according to Equations (5-7),
some spinel materials exhibit both capacitive and
battery-type behavior due to phase changes involved
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Figure 4. (a) Rate performance of Co30, NW array. Insets: The (a1) scanning electron microscopy (SEM) image and (a2) TEM image of Co;0; NW
[19] (Copyright 2012, Elsevier Limited). (b) Schematic illustration of the general electrode design process of MO,@MnQ, arrays [20] (Copyright 2011,
John Wiley & Sons, Inc.). (c) Charge/discharge curves for 5-h-grown hybrid nanowire array and pristine Cos0; array. (d) CVs of NiCo,0,/CFP and hybrid
composite at a scan rate of 20 mV/s: (1) NiCo,0,4/CFP; (2) Co DHs/NiCo,04/CFP; (3) Cogg7Nig33 DHs/NiCo,04/CFP; (4) CogsNigs DHs/NiCo,04/CFP; (5)
Cog.a3Niggz DHs/NiCo,04/CFP [21] (Copyright 2013, American Chemical Society). (e) CV of the Co30,-ref at different scan rates [22] (Copyright 2011,
American Chemical Society).

during charge/discharge (Fig. 4e) [22]. Therefore,
the capacitance was increased but the rate capabil-
ity was sacrificed. In order to understand the charge-
storage process in these materials, it is important to
use various analyses of kinetics to separate the capac-
itive and diffusion contributions in spinel metal ox-
ides in future research.

Transition metal sulfides

Transition metal sulfides, such as cobalt sulfides
(CoS,) and nickel sulfides (NiS;), are receiving
more and more attention as electrode materials
for supercapacitors due to their remarkable elec-
trochemical capacitive performance in alkaline elec-
trolyte solutions [32,33]. Tao et al. first synthe-
sized the amorphous cobalt sulfide (CoS,) by a sim-
ple chemical precipitation method and employed
it for ECs [32]. This material showed a high spe-
cific capacitance of 369 F/g at a current density of
50 mA/cm?. The possible reaction can be expressed
in the following equations:

CoS+ OH™ <« CoSOH + e~

CoSOH + OH™ <« CoSO +H,0 +e™.
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Lou et al. further used the hydrothermal method
to synthesize hierarchical NiS hollow spheres, which
manifested interesting supercapacitive properties of
927 F/gat 4.08 A/gand 618 F/gat 8.16 A/g [33].
Despite the high capacitance, the metal sulfides suf-
fer from inferior cycling performance. It may be the
result of some irreversible redox reaction which can
be observed from the large potential difference be-
tween the anodic and cathodic peaks in the CV
curves. Combing with carbon materials or synthe-
sizing materials directly on current collectors may
be an effective strategy to solve this problem. For
example, bacteria-reduced graphene oxide (rGO)-
nickel sulfide networks were prepared by deposition
rGO/Ni;S, nanoparticle composites directly onto
substrate [34], which promoted the capacitance to
1424 F/gat 0.75 A/g and 961 F/g at 15 A/g. After
3000 charge/discharge cycles, 89.6% of the initial ca-
pacitance remained.

Ternary nickel cobalt sulfides have been regarded
as a promising class of electrode materials for high-
performance energy-storage devices, since they offer
higher electronic conductivity (~100 times as high
as that of NiC0,0,), electrochemical activity and
larger capacity than mono-metal sulfides [35-37].
Shen and Yu reported on NiCo,S; ball-in-ball
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hollow spheres which deliver a specific capacitance
of 1036 F/g at a current density of 1.0 A/g (Fig. Sa).
An asymmetric supercapacitor based on these ball-
in-ball structures shows long-term cycling perfor-
mance with a high energy density of 42.3 Wh/kg
at a power density of 476 W/kg [35] (Fig. Sb
and c). The excellent electrochemical performance
should be attributed to the complex NiCo,S; hol-
low structure, enabling high porosity, enlarged ac-
tive surface area and improved structural integrity.
Alshareef et al. prepared Ni—Co—S interconnected
nanosheet arrays on conductive carbon substrates
as free-standing electrodes for supercapacitors. Tak-
ing advantage of the highly conductive, mesoporous
structure in the nanosheets and open framework of
the 3D nanoarchitectures, the Ni—Co—S electrodes
exhibit high specific capacitance (1418 F/gat SA/g)
with outstanding rate capability (1285 F/g at 100
A/g) as well as robust long-term cycling stability
[36]. The excellent pseudocapacitive performance of
ternary sulfides indicates that they may be a kind of
prominent electrode material. But, until now, the ex-
actreaction mechanism of metal sulfide has not been
verified, and a deep study of electrochemical capaci-
tive behavior needs to be made.

Metal nitrides nanomaterials

Transition metal nitrides are traditionally known
for their characteristics of high melting points and
chemical stability against acids and bases. The at-
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tention to metal nitrides as pseudocapacitive elec-
trodes was first paid by Finello and Roberson with
an investigation on molybdenum nitrides (MoN),
which demonstrated wide operation windows, large
capacitance and remarkable stability in acidic elec-
trolytes [8]. In recent years, this work has been re-
visited using other metal nitrides, such as vanadium
nitride (VN), titanium nitride (TiN) and so on, due
to their attractive electrical conductivity, which en-
ables them to compete with metal oxide-based elec-
trode materials. According to the report by Choi
et al, VN has shown an exceptional capacitance of
up to 1340 F/g, albeit with a very low mass load-
ing [38]. The energy-storage mechanism of VN has
been attributed to a combination of both double-
layer-type capacitance and the pseudocapacitance
response of the thin amorphous surface oxide grown
on the surface of VN (Fig. 6a) [38,39]. Neverthe-
less, the following studies on VN as a capacitive
electrode only manifested capacitances of 50~200
F/g [40-42]. Kumta and co-workers thoroughly in-
vestigated the different electrochemical behaviors
of nanostructured VN prepared through mechani-
cal milling and VN nanocrystalline was reported by
Choi [42].Itis indicated that, in spite of the different
mass loading, the oxidation state of V on the surface,
specific surface area (SSA) and size of nanoparticles
are serious issues for the capacitance of VN. To fur-
ther improve the capacitance and rate performance
of VN, nanostructures involving CNT/VN compos-
ite or core-shell VN/TiN were prepared [41,43].
Zhang et al. prepared ternary vanadium titanium
nitride/carbon nanofibers (VTiN/C) as promising
novel supercapacitor electrodes (Fig. 6b) [44]. By
using the synergistic effect of V and Ti, the fabri-
cated VTiN/C exhibited an impressive capacitance
of 430.7 F/g at 1 A/g and excellent rate capabil-
ity (141.7 F/g at 10 A/g), which far exceeded pure
VN or TiN nanofibers (Fig. 6c). These encourag-
ing results suggested that ternary metal nitrides are
promising electrode materials for supercapacitors.
Metal nitrides are instable, however, in aqueous elec-
trolyte due to the irreversible electrochemical oxida-
tion process of forming VO, on the surface. Tong
and Li et al. proposed to construct a quasi-solid-state
asymmetric supercapacitor using VN nanowire as
the anode, VO, as the cathode and LiCl/PVA as the
gel electrolyte (Fig. 6d) [45]. The VO,//VN asym-
metric supercapacitor exhibited a stable operational
window of 1.8 V and prominent cycling stability with
only 12.5% degradation of capacitance after 10 000
cycles. In addition, the VO,//VN device exhibited
impressive mechanical flexibility, demonstrated by
a stable electrochemical performance without any
change under different bent conditions (Fig. 6e

and f).
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Figure 6. (a) CV of VN nanocrystals synthesized at 600°C scanned at 2 mV/s in 1 M KOH electrolyte. Inset: lllustration for
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of a single nanofiber with (b1-b2) elemental mapping of VTiN-4/C nanofibers [44] (Copyright 2015, John Wiley & Sons,
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Insets: Pictures of the device.

Albeit with the development of metal nitrides,
there is still no determination of their intrinsic
behavior. Studies combining electrochemical tech-
niques and various spectrometric methods may
be needed to elucidate it. In addition, more effi-
cient and controllable nitridation methods other
than high-temperature gas-phase nitridation reac-
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tions need to be developed. Furthermore, some
nitrides are worthy of study as potential pseudo-
capacitive electrodes. For example, a boron ni-
tride/rGO composite with a superlattice struc-
ture was reported to achieve a high specific ca-
pacitance of 824 F/g at 4 A/g, which is very
inspiring [46].
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Figure 7. (a) X-ray diffraction (XRD) patterns of LDH nanosheets flocculated with GO
(black trace) and rGO (red trace) nanosheets, respectively. Indices 00 are basal series of
superlattice lamellar composites whereas Ligg and Ly1g are in-plane diffraction peaks
from LDH nanosheets. Inset: Schematic illustration of sandwiched LDH nanosheets
and graphene [55] (Copyright 2014, John Wiley & Sons, Inc.). (b) CV curves of Co—Al
LDH and rGO nanosheet composites at different scan rates. (c) Bode plots at different
potentials of 0.1 V (red traces) and —0.1 V (black traces). (d) Schematic representation

of the microstructure and

energy-storage characteristics of the GN-PPy/CNT52 film and

SEM image of cross-section of GNPPy/CNT52 [56] (Copyright 2012, Elsevier Limited).
(e) CV curves of GN, PPy/CNT and GN-PPy/CNT52 within potential range of —0.8 to
0.5V at scan rates of 10 mV/s in 1 M KCI.

Layered double hydroxides

Layered doublehydroxides (LDHs) are a kind of
typical 2D nanostructured lamellar compound,
which can be described by a generic formula
[M2+l—xM3+x(OH)2] [An_]x/n.ZHZO; where M2+
and M>" represent bivalent and trivalent metal
cations, respectively; A"~ represents a charge-
balancing anion; and x is generally in the range
0.2—0.4 [47-49]. Typically, LDHs are made of
heterogeneous metal cations at unsaturated state in
the host layer and ion-accessible interlayer spacing.
When used as PC electrodes, the high electroactivity
enables them with large theoretical capacitance, and
the stable structure ensures prominent cyclability.
The first report related to LDHs as electrode
materials was a highly oriented and densely packed
thin-film electrode by drying a transparent col-
loidal suspension of CoAl-LDH nanosheets on an
Indium-Tin Oxide (ITO) substrate [47]. The thin-
film electrode exhibits superior pseudocapacitive
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behavior in terms of a large specific capacitance
of 2000 F/cm® (667 F/g), good cycling stability
and a high rate capability. Then, various methods,
including in situ growth, electrodeposition, copre-
cipitation and so on, have been adopted to prepare
LDH materials [50]. Literature survey indicates
that a high surface area with a hierarchically porous
structure is serious in improving the electrochemical
performance of LDHs [51-53]. For example, Wei
et al. fabricated core—shell NiAl-LDH microspheres
with a high SSA (124.7 m*/g) and tunable interior
architecture using an in situ growth method. The
hollow LDH microspheres exhibited a high specific
capacitance of 735 F/g at 2 A/g and good rate
capability (75% capacitance retention at 25 A/g),
as well as a long-term cycling life (the capacitance
increase by 16.5% after 1000 cycles at 8 A/g) [S3].
In addition, adjustment of the metal proportion
in LDHs will have an influence on the active sites
for redox reaction, thus affecting the capacity and
rate capability. For example, partial isomorphous
substitution of Co®>" by A" in CogsAlys-LDH
leads to a Cog7s5Alg2s-LDH thin-film electrode,
which shows the best performance with a specific
capacitance of 2500 F/cm® (833 F/g) [54].
Although great improvement has been achieved,
the practical application of LDHs still suffers from
the poor rate capability due to its semiconductor na-
ture. The combinations of LDHs and highly conduc-
tive materials are expected to provide higher con-
ductivity than pure LDHs and offer a synergistic
effect in capacitive performance [57,58]. A novel
graphene nanosheet/NiAl-LDH composite fabri-
cated by Zhang et al. showed a remarkable capac-
itance of 1255.8 F/g and capacitance retention of
94% after 1500 cycles [58]. Wu et al. fabricated a
hybrid film with ultrathin NiCo-LDH nanosheets
grown on Ni foam. The as-obtained hybrid electrode
displayed a significantly enhanced specific capaci-
tance (2435 F/gat 6 A/g) and energy density com-
pared to electrode material synthesized with other
alkali sources and oxidants [S9]. But, as observed
from the charge/discharge profile of NiCo-LDH/Ni
composite, the flat potential regions along with slop-
ing pseudocapacitive regions indicate a battery-type
process, which will undermine the power capabil-
ity of ECs. Recently, Ma et al. proposed a true
superlattice lamellar nanocomposite of CoAl/Co-
Ni LDH and graphene by direct restacking of
LDH nanosheets and single-layer graphene (oxide)
nanosheets (Fig. 7a) [5S]. The molecular-scale ar-
rangement of LDH nanosheets directly neighboring
to conductive graphene in the superlattice substan-
tially improved the charge-transfer efficiency. The
obtained rGO/LDH composite show high capac-
itance, excellent electrochemical reversibility and



ideal capacitive charge/discharge behavior up to
~100 Hz, suggesting a surface-controlled electro-
chemical process and good pseudocapacitive behav-
ior, as described in the previous section (Fig. 7b
and ¢).

LDHs represent some of the most promising
electrode materials due to their facile prepa-
ration/modification, good tunability and cost-
effectiveness. However, it remains a challenge
to precisely manipulate the LDHs into arbitrary
nanoarchitectures, in order to achieve an accurate
tailoring of the LDH electronic structure and archi-
tecture on multi-scale levels; and detailed insights
into the electrochemical reaction processes are not

well developed.

Conducting polymers

Conducting polymers are another kind of promising
electrode material for PC due to their high conduc-
tivity (~100—1000 S/m), fast doping/de-doping
capability and excellent electrochemical reversibil-
ity. The application of conducting polymers as su-
percapacitor electrodes was first reported in 1963
by McNeill and co-workers [60]. The electron delo-
calization in 77 —orbital conjugation along the poly-
mer backbone gives the compounds the ability to
be oxidized or reduced at the surface [61]. Among
various conducting polymers, polypyrrole (PPy),
polyaniline (PANI), poly (styrene sulfonate), poly
(3,4-ethylenedioxythiophene) (PEDOT), polythio-
phene and polymethyl methacrylate are most stud-
ied as electrodes for PCs. They exhibit large pseu-
docapacitances in the range typically between 500
to 3400 F/g, which is substantially larger than con-
ventional carbon materials and comparable to metal
oxides [61,62]. However, one drawback with these
materials is the high ESR that resulted from the ran-
dom deposition in the manufacturing process, which
significantly slows down the ion diftusion within the
entire electrode. To overcome this problem, con-
ducting polymers are usually combined with other
materials to construct composites with high con-
ductivity and large SSA. Particular interest has been
paid to CNTs and graphene due to their strong
mechanical ability [63-65]. For example, Lu et al.
prepared a film electrode of PPy/carbon nanotube
(CNT)/graphene composite with PPy/CNT ho-
mogeneously distributed between graphene sheets
(Fig. 7d) [56]. In such a layered structure, CNT
and graphene not only provide high conductivity,
but also construct a porous structure for ion diffu-
sion. The study found that the PPy/CNT/graphene
composite exhibited large capacitance as well as
good rate capability (Fig. 7e). Lately, Hu et al. re-
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ported porous NiO/Ni(OH),/PEDOT nanocom-
posites (PNCs) on contra wires for fiber-shaped
flexible solid-state ASC [66]. The ASC use a polymer
gel as the electrode, the PNC/PEDOT as the cath-
ode and the CMK-3 as the anode. The fiber-shaped
ASC shows an operating voltage as high as 1.5 V. A
high specific capacitance of 3.16 F/cm? and a high
energy density of 1.1 m Wh/cm? are obtained.

The major obstacle inhibiting the real application
of conducting polymers is their cycle instability due
to the repeated swelling and shrinking due to the
doping/de-doping of ions during charge/discharge
[67,68]. A lot of methods have been reported
to improve the cycling performance of polymer-
based electrodes. Organic molecule doping, such as
sulfanic acid azochromotrop and trion, were demon-
strated to improve the capacitance retention of con-
ducting polymers to more than 90% after 1000
cycles [69,70]. Also, coating conducting polymers
with stable materials, such as titanium dioxide [67]
or Nafion [68], was also effective in improving the
cycling performance. However, these electro-inert
materials in the composite will lower the conduc-
tivity and capacitance of the whole composite. Re-
cently, Li et al. proposed coating the PANI and PPy
nanowire with a thin carbonaceous shell. The struc-
tures of PANI and PPy were therefore maintained
and large capacitance as well as high capacitance re-
tention (95% and 85% after 10 000 cycles, respec-
tively) were exhibited [71].

INTERCALATION PSEUDOCAPACITIVE
ELECTRODE MATERIALS

In the past few years, research focus is directed
toward the development of hybrid electrochem-
ical capacitors (HECs), which asymmetrically
and simultaneously store charges by surface
ion adsorption/desorption on cathode and by
lithium/sodium-de/intercalation in the anode.
HECs, including lithium-ion capacitors (LICs)
and sodium-ion capacitors (NICs), are expected to
bridge the gap between high-energy LIBs/sodium-
ion batteries (SIBs) and high-power ECs, becoming
the ultimate power source for electric vehicles and
uninterruptible power systems [72,73]. One of the
major issues for HECs, however, is the imbalance
in the charge/discharge rate between the two
electrodes due to the intrinsic differences in the
energy-storage mechanisms. Under the normal
operating conditions of a HEC, this imbalance in
the kinetics prevents full energy utilization of the
intercalation electrode and imposes a high overpo-
tential in the capacitive electrode, thus deteriorating
the overall efficiency. Using high-rate-intercalation



pseudocapacitive materials as the anode is promis-
ing to balance the kinetics and power capability of
both electrodes. The insertion-type materials are
broadly classified into metal oxides, lithium/sodium
metal oxide-based composites, transition metal
carbides, transition metal dichalcogenides and so
on. Particularly, some kinds of electrode material,
such as lithium and sodium metal based materials
and rutile TiO,, cannot be defined as pseudoca-
pacitive materials because of their voltage plateaus
and phase changes during the de(intercalation)
process. But their high rate capabilities ensure
their applicability as high-rate electrodes in hybrid
capacitors. Therefore, we discuss the preparation
and application of these materials together in the
following section.

Metal oxides

The different crystal structures of TiO, are formed
by the stacking of TiO¢ octahedra in different ways
[4], therefore leading to different electrochemi-
cal performance for electrochemical energy storage.
Among TiO, of different phases, the anatase phase
TiO, is most widely evaluated as an insertion-type
anode for lithium-ion storage. Morphological opti-
mization has been demonstrated to be an effective
method to facilitate the ionic transport. For exam-
ple, adoption of mesoporous TiO, microspheres as
anode materials for LIC coupled with AC cathode
led to an energy density as high as 79.3 Wh/kg and
excellent cycling stability [72]. Fan et al. reported a
LIC based on a TiO, anode and a graphene hydro-
gel cathode achieved maximum energy and power
densities of 82 Wh/kg and 19 kW/kg, respectively
[74]. It has also been demonstrated that the struc-
ture adjustment of nanocrystalline TiO, may change
the charge-storage mechanism, leading to a faradic
process occurring at the surface [75]. Dunn et al.
used detailed CV technology to quantify the de-
pendence of the faradic contribution on the size
of nanocrystalline TiO,. The results showed that
the faradic contribution to charge storage increases
tremendously for particle sizes under 10 nm, lead-
ing to higher levels of stored charge and much faster
charge/discharge kinetics than lithium intercalation.

To address the problem of low conductivity,
conductive additives were added to different poly-
morphs of TiO, [76,77]. Kang et al. constructed
a HEC with anatase TiO,-reduced graphene oxide
(rGO) as the anode and AC cathode [78]. The LIC
delivered high energy density (~42 Wh/kg), high
power density (~8000 W/kg) and long-term life cy-
cle (over 10 000 cycles). However, no optimization
carried out in the materials will lead to less energy
for the whole device, which is not a favorable op-
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tion. Other methods, including introducing oxygen
deficiency through hydrogenation and heteroatoms
doping, may be optional strategies to achieve this
aim.

Compared to anatase TiO,, bronze phase
(TiO,-B) exhibits a lower Li-insertion potential
(~1.55 V vs. Li), higher theoretical capacity of 335
mAh/g and less irreversible capacity loss in the
first cycle [79,80]. In addition, TiO,-B has an open
tunnel framework and considerable interlayer space,
which allows faster Li-ion diffusion in the bulk state.
Therefore, TiO,-B is regarded as a promising anode
for HEC. The pseudocapacitive behavior of TiO,-B
bulk was first investigated by Kavan et al [79].
They hold the view that lithium storage in TiO,-B
is controlled by pseudocapacitive behavior. Later,
Che et al. prepared a porous TiO,-B nanosheet with
5—10 nm thickness [80], which delivered a high ca-
pacity of 332 mAh/gat 0.1 C (1C =335mA/g) and
202 mAh/g at 10 C. This excellent rate capability
can be attributed to its pseudocapacitive behavior
for the fast deinsertion/insertion reaction of Lit
and ultrathin nanosheets with porous structures
which are able to enlarge the surface area. Despite
these advantages, the sluggish ionic transport and
poor electronic conductivity of TiO,-B derived
from its intrinsic property still need to be improved.
Another kind of Ti-based oxide material, hydrogen
titanates (such as H,Ti;O-, H,TigO;3), have been
demonstrated to be excellent anodes for HEC
[81,82] (Fig. 8a). Investigations of the electro-
chemical behavior of hydrogen titanates using
CV technology indicate that the charge storage is
pseudocapacitive in nature [81] (Fig. 8b and c). A
LIC was fabricated by using H, TigO;3 nanowires as
anodes and ordered mesoporous carbon (CMK-3)
as the cathode in an organic electrolyte with a
voltage range of 1.0-3.5 V. The CMK-3//H, TisO13
LIC exhibited maximum energy density and power
density of 90 Wh/kg and 11 000 W/kg, respectively.

Recently, niobium pentoxide (Nb,Os), espe-
cially orthorhombic T-Nb,Os (ortho-Nb,Os),
has been considered as one of the most promising
insertion-type anodes. According to the redox
couple of Nb>* /Nb**, charge storage occurs up to
2 Lit/T-Nb,Os for a maximum capacity of ~200
mAh/g (720 C/ g). T-Nb,Os demonstrated high
rate capability because the intercalation pseudo-
capacitive behavior of Lit (Na') occurs on the
surface (even bulk) of the electrode without phase
transition (Fig. 8d and e) [83]. Dunn et al. found
that engineering at/beyond the nanoscale is the
key to preserving the atomic-scale behavior for
intercalation pseudocapacitance [4,83,85]. How-
ever, the poor electronic conductivity of T-Nb,Os
nanocrystals (~3.4 x 107% S/cm) may limit their
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Figure 8. (a) High-resolution TEM (HRTEM) image of H,TigOs3-nanowires [81] (Copyright 2012, John Wiley & Sons, Inc.). (b) CV curves at various
sweep rates and (c) the relationship between peak current and sweep rate of titanate nanowires. (d) CV curves of T-Nb,0s from 100 to 500 mV/s
[83] (Copyright 2013, Nature Publishing Group). (e) b-value determination of the peak anodic and cathodic currents. (f) Cross-sectional SEM images of
T-Nb,0s/graphene composite papers (the inset schematically shows the nanostructure of 7-Nb,0s/grapheme) [84] (Copyright 2015, American Chemical
Society). (g) Capacitive contribution of 7-Nb,0s/graphene composite paper.

real application, especially for thick electrodes
with high mass loadings. In this regard, Long et al.
presented a simple hydrothermal-heat-treatment
process to decorate T-Nb, Os nanocrystals onto the
surface of rGO. The T-Nb, O5/rGO nanocomposite
exhibited high specific capacitance (626 C/g),
outstanding rate performance and cycling stability
[86]. In addition, they constructed a LIC using
T-Nb,O5/rGO nanocomposite and mesoporous

carbon as the anode and cathode, respectively, which
delivered a high energy density of 16 Wh/kgat an ul-
trahigh power density of 45 kW/kg. Later, Long and
co-workers demonstrated a facile polyol-mediated

solvothermal strategy to assemble free-standing

T-Nb,Os nanodots/rGO composite papers with

uniform nanoporous structure, high conductivity
(~2.5 S/cm), high loading mass (74.2%) and
high bulk density (1.55 g/cm®) [84] (Fig. 8f).
When evaluated as a free-standing electrode, the
composite papers delivered an unprecedented

gravimetric/volumetric capacitance of 620.5 F/g
and 961.8 F/cm® at a sweep rate of 1 mV/s.
Moreover, LIC using T-Nb,Os/rGO papers as
anode and AC as cathode delivered high energy
density (47 Wh/g) with excellent power density
(18 kW/kg) and cycling stability (~93% capacitive
retention after 2000 cycles) (Fig. 8g). Recently,
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the same group investigated the effect of Nb,Os
crystalline phases on Li" intercalation behavior
including pseudo-hexagonal (II-), orthorhombic
(T-), tetragonal (M-) and monoclinic (H-) phases.
Electrochemical results show that the Li* interca-
lation process in all crystal phases Nb,Os is capac-
itive behavior, but the Li* intercalation behavior is
highly dependent upon crystal structure. The M- and
H- phases exhibited higher capacity and rate perfor-
mance than the T- and TT- phases, which should be
due to the more ordered crystal structure of M- and
H- Nb, O with the face-sharing large 2D connected
channels that allow faster ion diffusion [87]. In ad-
dition, they demonstrated for the first time that an-
other N-O compound, NbO,, exhibits much better
Li" intercalation kinetics than Nb, O [88]. Lee et al.
have demonstrated that ortho-Nb,Os was also one
of the promising anode materials with outstanding
Na-ion energy storage as a result of de/intercalation
reactions combined with a capacitive contribution
after amorphization during the first discharge pro-
cess [89]. Later, they reported a high-performance
NIC based on Nb, Os@carbon core-shell nanopar-
ticles and rGO nanocomposite anode and AC cath-
ode [73]. The NIC delivered high energy and power
density of 76 Wh/kg and 20 800 W/kg with a long-
term stability in the voltage range of 1.0-4.3 V.



Vanadium pentoxide (V,Os ) is very attractive for
electrochemical energy storage due to the multiple
oxidation states of V with high theoretical capacity
of over 325 mAh/g (>2.2 mol of Li) and the ability
to form layered compounds. Both amorphous and
nanocrystalline forms of V,O5 can present pseudo-
capacitive behavior as evidenced by sloping charge-
discharge curves during galvanostatic cycling and
broad, featureless CVs. However, the pseudocapac-
itance of V,Os is strongly dependent upon expo-
sure of the active surface area to the electrolyte. This
behavior is one property of extrinsic pseudocapac-
itive materials. Lu et al. fabricated a high-energy-
density LIC containing thick-film electrode (over
100 um) of V,Os nanowires/CNT composite an-
ode and commercial AC cathode in organic elec-
trolyte [90]. The AC//V,05/CNT showed a high
energy density of 40 Wh/kg at a power density
of 210 W/kg and a maximum power density of
20 kW/kg. They also demonstrated fast, reversible
Na-ion energy storage in V,05/CNT nanocompos-
ite electrodes [91]. Various analytical technologies
show that Na-ion storage in this material arises from
a pseudocapacitive process. For example, the calcu-
lation based on Equation (S) indicated that, at a
sweep rate of 10 mV/s, the capacitive contribution of
the V,05/CNT nanocomposite electrode is about
82%, which is dominant in the Na-ion storage pro-
cess. Usinga V,05/CNT electrode as the anode and
AC as the cathode, they fabricated NIC with 1 M
NaClO; in propylene carbonate (PC) as the elec-
trolyte. The NIC delivered maximum energy density
of about 40 Wh/kg at an operated voltage of 2.8 V.
The availability of capacitive storage based on Na-
ion hybrid systems is an attractive, cost-effective al-
ternative to Li-ion hybrid systems.

Lithium/sodium metal oxide-based
electrode

The lithium titanate and sodium titanate, primarily
Li; TisO, and Na, Ti; O, are considered as promis-
ing insertion-type anodes for HEC. As a ‘zero-strain’
insertion material, spinel LiyTisO;, has received
particular interest for electrochemical energy stor-
age. The non-aqueous LIC was first presented by
Amatucci et al. using nanostructured Li;TisO;, as
anode and AC as cathode in 2001 [92]. However,
the low electronic conductivity (~107'% S/cm) re-
mains a major obstacle for its practical application
in LICs. The most commonly used strategies are en-
gineering the nanostructure of electroactive parti-
cles, coating conductive layers on the surface and
doping with appropriate ions/atoms. For example,
Zhang et al. proposed a solid-state route to fabri-
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cate Ti*" self-doped LiyTisO;, by using Ti,O; as
the precursor without any reducing agent [93]. A
high-performance LIC was fabricated using Ti*"
self-doped Li; TisO;; as the anode and AC derived
from outer peanut shell as the cathode, which de-
livered high energy density (maximum, 67 Wh/kg)
and high power density (maximum, 8000 W/kg).
Additionally, the AC//LTO still retained about 79%
ofits original capacity, even after the 5000th cycle at
0.5A/g.

As a promising anode for NICs, Na,Ti;07 ex-
hibits a theoretical capacity of ~200 mAh/g at an
average insertion potential of 0.3 V (vs. Na/Na'%).
Like other oxides, the low electronic conductiv-
ity limits the practical application of Na,Ti;O5
in Na-ion energy storage. In order to enhance
the kinetic response of Na,Ti;O;, Zhang et al.
used an applicable route to grow Na,Ti;O; in
situ on CNTs (NTO@CNT) [94]. Kinetics anal-
ysis based on Equation (S) reveals an interesting
pseudocapacitive behavior in the NTO@CNT elec-
trode. For example, ~52.7% of the total capac-
ity comes from capacitive contribution at a scan
rate of 0.6 mV/s, which is highly beneficial to
fast Na™ diffusion and long-term cyclability. More-
over, a high-performance NIC was also fabricated
by using NTO@CNT as the anode and AC as
the cathode, which delivered high energy density
(58.5 W h/kg), high power density (3 kW/kg) and
long-term cyclability (~75% of its original capac-
ity at 0.4 A/g after 4000 cycles). Recently, a high-
performance NIC with flexibility was constructed
using 3D Na, Ti;O; nanosheet arrays/carbon tex-
tiles (NTO-NHAs/CT) as anodes and rGO films
(GF) as cathodes (Fig. 9a) [95]. The flexible NIC
delivered a high energy density of about 55 Wh/kg
and high power density of 3000 W/kg with a volt-
age range of 1-3 V (Fig. 9b-d). Taking the fully
packaged flexible NIC into consideration, the max-
imum volumetric energy density and power density
reach up to 1.3 mWh/cm? and 70 mW/cm?, respec-
tively. Moreover, the flexible NIC demonstrated
a stable electrochemical performance with almost
100% capacitance retention under harsh mechanical
deformation.

Phosphate-based  nanomaterials, such as
LiFePO, [96] and Na3V,(PO,4); [97], have been
developed as important positive electrode materials
for non-aqueous hybrid supercapacitors because of
their high potential and high ionic diffusion coefh-
cient. Lee et al. developed a sodium hybrid capacitor
system based on carbon-coated Na;V,(POy);3
(C-NVP) as the positive electrode and high-surface-
area-activated carbons (CDCs) as the negative
electrode [97]. Benefitting from the advantages
of a high Na' diffusion coefficient, carbon-coated
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nanostructure, porous properties and balanced
electrode kinetics between positive and negative
electrodes, the C-NVP/CDC hybrid supercapacitor
exhibits a high energy density of 118 Wh/kg and
power density of 850 W/kg and superior cyclic
stability with 95% capacitance retention after 10 000
cycles. Besides, sodium metal phosphates, NaMPO,
(M = Ni, Co, Mn) is another representative type
of phosphate-based nanomaterials. Selvan et al.
reported a solution combustion synthesis method
to prepare the sodium metal phosphates [98]. They
investigated the influence of electrolyte anions (Cl~,
SO,>~, OH™ and NO;3 ™) and pH of the electrolyte
solution on the performance of NaMPO, and found
that the NaMPO, (M = Ni, Co, Mn) shows a
highest specific capacitance when tested in 1 M
NaOH electrolyte. Furthermore, NaNiPO,4 pos-
sesses higher capacitance compared to NaCoPOy,
and NaMnPO,. An asymmetric supercapacitor
(AC//NaNiPO,) was further constructed and
demonstrated a high specific capacitance of 56 F/g,
leading to an energy density of 20 Wh/kg. Notably,
the application of phosphate-based nanomaterials
in non-aqueous hybrid supercapacitors seems to
attract more attention.
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Transition metal carbide

The volumetric performance of electrochemical
energy-storage devices is attracting increasing atten-
tion due to the fast development of increasing de-
mand for portable and wearable electronics [91].
Transition metal carbides (MXenes) is a novel fam-
ily of electrode materials for supercapacitors, which
are prepared by selective etching of the A element
from the layered hexagonal MAX phases, where M
represents a transition metal (e.g. Ti, V, Nb, etc.),
A stands for an A-group element (e.g. Al Si, In, Sn,
etc.) and X is C and/or N (Fig. 10a) [99-101].
MZXenes combine 2D conductive carbide layers with
a hydrophilic, primarily hydroxyl-terminated sur-
face. The rich chemistries and unique morphologies
of MXenes, in addition to their good electronic con-
ductivities, render them strong candidates for ECs.

Gogotsi et al. first demonstrated the sponta-
neous intercalation of cations from aqueous elec-
trolyte between 2D Ti;C, MXene layers [100]. A
flexible, additive-free and conductive Ti;C, T, pa-
per electrode could fabricate through easily filter-
ing delaminated few-layer Ti;C, (Fig. 10b). The
Ti3C, Ty paper electrode instead of multilayer exfo-
liated Ti3C, T, in the potassium hydroxide (KOH)
electrolyte roughly doubled the gravimetric capaci-
tance. Even more impressively, as shown in Fig. 10c,
the volumetric capacitance values recorded for the
paper were in the order of 340 F/cm?®, which are
much higher than those for the porous carbon elec-
trode. The in situ XRD studies revealed that elec-
trochemical cycling leads to insignificant changes in
the interlayer distance (c-value) of multilayer exfoli-
ated Ti;C, Ty. When a Ti; C, Ty electrode was cycled
in a KOH-containing electrolyte, the c-values fluc-
tuated within 0.33 A as the potential was scanned
from -1 to -0.2 V (Fig. 10d). MXenes can hold
ions for much larger than Li", including Na™, K*,
NH, ™, Mg2+ ,Ca** and AI*", which greatly expands
the application range for an energy-storage device.
As highlighted in this work, MXenes have demon-
strated their potential as promising electrode mate-
rials for supercapacitors with volumetric capacitance
exceeding all carbon materials.

Usually, fast ion adsorption response in super-
capacitors enables fast energy storage and deliv-
ery, while ion intercalation in battery-like materi-
als leads to larger amounts of energy stored, but
at relatively lower rates due to ion diffusion lim-
itation. The high capacity and good rate capabil-
ity of MXenes seem to be a paradox. Levi and co-
workers combined methodology of electrochemi-
cal quartz-crystal admittance (EQCA), in situ elec-
tronic conductance and electrochemical impedance
spectrum to investigate the intercalation kinetics to
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explain this phenomenon [104]. Mechanical defor-
mations along with the insertion kinetics of Ti3C, T
electrode materials at various states of charge with
a large variety of cations (Lit, Na*, K*, CsT,
Mg2+ , Ca?t, Ba’" and three tetra-alkylammonium
cations) during cycling was carried out. A conjec-
ture was proposed that the multilayer particles con-
sist of shallow-adsorption sites near the edges and
deep-adsorption sites with higher activation ener-
gies for ion adsorption in the interior of the parti-
cle. More work is ongoing to verify this construc-
ture. To further improve the utilization of elec-
troactive sites in MXenes, various strategies have
been used to expand the interlayer distance between
MXenes. One straightforward strategy that has been
extensively investigated for improving the electro-
chemical performance of 2D nanomaterials is in-
troducing interlayer spacers. For example, Gogotsi
et al. showed that Ti;C, Ty flakes mixed with car-
bon nanotubes or polymers could produce multi-
functional paper electrodes with attractive mechan-
ical and electrochemical properties (Fig. 10e and
f). For example, sandwich-like MXene/CNT pa-
pers exhibited significantly higher gravimetric and
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volumetric capacitances and excellent rate perfor-
mances compared with pure MXene [103]. A high
gravimetric capacitance of 150 F/g and volumet-
ric capacitance of 390 F/cm® were measured for
the sandwich-like MXene/SWCNT papers at a scan
rate of 2 mV/s (Fig. 10g) [102]. Introducing KOH
into the Ti;C,Ty/PVA film dramatically prevents
the restacking of Ti; C, T, flakes and improves ionic
transport and access to Ti3C, Ty, thus rendering
volumetric specific capacitances of 528 F/cm? at
2 mV/s and 306 F/cm?® at 100 mV/s (Fig. 10h).
From a practical point of view, these values un-
derscore the great potential for using MXenes in
ECs with high gravimetric and volumetric perfor-
mances. However, the chemical stability of MX-
enes in aqueous electrolyte still needs more in-
vestigation. As reported in recent work, few-layer
Ti3;C, Ty nanosheets could be transformed into
TiO, under atmospheric and hydrothermal condi-
tions [105,106].

The unique properties of MXenes, including a
2D-layered structure and high electrical conduc-
tivity, also render them strong candidates for ECs
with non-aqueous electrolyte, such as LICs and
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sodium-ion capacitors. Ti, C was adopted as an an-
ode to assemble a non-aqueous asymmetric cell with
AC as the counter electrode. The material exhib-
ited a capacity of 65 mAh/g at 10°C and no diffu-
sion limitation was shown at rates below 5 mV/s.
The asymmetric cell exhibited a maximum energy
density of 30 Wh/kg at 930 W/kg for 1000 cy-
cles. These studies indicated that Li™ ions are eas-
ily accessed to the electroactive sites in MXenes.
Recently, Yamada and Wang et al. demonstrated
that Ti,C nanosheets achieved a reversible capacity
of 175 mAh/g at an average operating potential of
1.3 V (vs. Na/Na™) and good cycle stability (19%
losses of second capacity after 100 cycles) [107].
Moreover, a high-power sodium-ion hybrid capaci-
tor was fabricated by using MXene Ti,C as an an-
ode and alluaudite Na,Fe, (SO, ); as a cathode. The
Na,Fe,(S0,)3//Ti, C prototype capacitor operates
at a relatively high voltage of 2.4 V and delivers an
outstanding energy density of 260 Wh/kg at an ul-
trahigh power density of 14 000 W/kg (based on
the weight of the Ti,C anode), which overcomes
the trade-off limit between high energy and high
power. The prominent electrochemical performance
of MXenes renders them as a promising candidate
for use in asymmetric various hybrid energy-storage
devices.
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Transition metal sulfide

Transition metal dichalcogenides (TMDs) can be
generally described using a formula of MX2, where
M is a transition metal (typically from groups IV—-
VII) and X is a chalcogen such as S, Se or Te
[108,110-113]. TMDs usually exist in a graphite-
like layered structure which consists of a hexagonally
packed layer of metal atoms sandwiched between
two layers of chalcogen atoms. Typically, each layer
has a thickness of 0.6—0.7 nm, exhibiting high con-
ductivity that is similar to that of graphene [112].
Some of the layered TMDs, such as MoS,, VS, and
WS,, have played an increasingly crucial role in ma-
terials science and engineering for applications in
ECs [108,109,114,115]. For example, Wu et al. pre-
pared a single trilayer of VS, through exfoliation by
NHj; intercalation and applied them to build flexi-
ble all-solid micro-supercapacitors (Fig. 11a and b)
[108]. The obtained device obtained a planar ca-
pacitance of 4760 wF/cm? using the ionic liquid
BMIMBE, as electrolyte (Fig. 11c). The superca-
pacitor also demonstrated excellent cycling stabil-
ity with negligible loss of capacitance after 1000
charge/discharge cycles. Another brilliant example
of using the TMDs in the application of EC was
demonstrated by the chemical exfoliated 1T phase



MoS, which shows much enhanced capacitive prop-
erties. In this work, the 1T-MoS, showed excellent
abilities to intercalate cations, such as H™, Na™,
K" and Li, achieving volumetric capacitance val-
ues of between 400 and 700 F/cm? in both aqueous
and organic electrolytes (Fig. 11d-f) [109]. Layered
TMDs will show different electrochemical proper-
ties which depend on their elemental composition,
crystal structure, size and defects. Therefore, we can
envision that doping and chemical modifications of
the surface/edges of TMDs will lead to enhanced
electrochemical properties.

SUMMARY AND OUTLOOK

Pseudocapacitive electrodes are promising to dra-
matically promote the capacitance of ECs for their
faradic charge-storage process. HECs with pseudo-
capacitive electrodes as anodes can achieve high en-
ergy density that is comparable to that of batteries.
But the problem for this kind of materials is the rela-
tively low conductivity and slow ion transfer, which
may cause deterioration in the rate capability and
cycle stability. Until now, nanostructuration, com-
bined with highly conductive materials and surface
doping, is the most widely used strategy to improve
the conductivity and facilitate ion transfer in pseu-
docapacitive electrodes. However, some charge-
storage mechanisms are still unclear and worthy of
deep investigation. Studies combining electrochem-
ical techniques and various spectrometric methods
may be needed. To advance the performance of the
full device, in addition to the electrode materials, the
electrolyte and separator used in hybrid supercapac-
itors need to be taken into consideration. Further-
more, observing the self-discharge and leakage cur-
rent is needed, which are also important criteria for
energy-storage devices. Additionally, when the pseu-
docapacitive materials are applied in device appli-
cation, the fabrication techniques of electrodes, in-
cluding the weight loading and the thickness of the
electrode, should be addressed. It may be misleading
to regard a material as a high-energy-density pseu-
docapacitor when low mass loadings or thin films
are used and charge/discharge experiments are con-
ducted over tens of minutes.
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