Received: 31 December 2021

Revised: 10 February 2022

Accepted: 19 February 2022

DOI: 10.1002/smm2.1103

REVIEW

Mat wiLey

OpenAccess

Recent progress in the all-solid-state flexible

supercapacitors

Yongrui Yang' | Tao Zhu'

Bowen Zheng® |

ISchool of Polymer Science and Polymer
Engineering, The University of Akron,
Akron, Ohio, USA

2Department of Chemical, Biomolecular
and Corrosion Engineering, The
University of Akron, Akron, Ohio, USA

3Copley High School, Copley, Ohio, USA

“Western Reserve Academy, Hudson,
Ohio, USA

Correspondence

Xiong Gong, School of Polymer Science
and Polymer Engineering, The University
of Akron, Akron, OH 44325, USA.
Email: xgong@uakron.edu

Funding information
National Science Foundation,

Grant/Award Number: ECCS/
EPMD1903303

1 | INTRODUCTION

| Lening Shen' | Yanghe Liu’ | Dong Zhang® |

Keven Gong* | Jie Zheng® | Xiong Gong"?

Abstract

In the past few years, supercapacitors (SCs) have attracted great attention in
both academic and industrial sectors due to their high energy storage
efficiency, reliable stability, and eco-friendly process. Flexible solid-state SCs
as one of the ongoing focuses for the development of wearable and portable
electronics have become the most promising energy storage devices for the
smart power system due to their high power density, fast electrochemical
response, high efficiency on the charge-discharge process, and excellent
electrochemical stability. In this study, the recent progress in the electrodes
and electrolytes used for approaching high-performance of the all-solid-state
flexible SCs is reviewed. We first introduce basic operational principles of
various SCs. And then we overview the electrode materials including carbon
materials, conducting polymers, transition metal oxides/chalcogenides/
nitrides, MXenes, metal-organic frameworks, covalent-organic frameworks,
and the polymer-based solid-state electrolytes in different systems. Afterward,
we summarize recent progress in the development of the all-solid-state flexible

SCs and outlook for future research directions.
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three different EES devices. Figure 1 displays the Ragone
plot to describe the energy density and power density of

With the decreased availability of fossil fuel and rapid
development of the global economy, eco-friendly, renew-
able, and sustainable energy sources and related tech-
nologies present an important role in our daily life." ” In
the past few years, electrical energy storage (EES) devices
and systems have attracted more and more attention due
to their high energy storage efficiency.” ° Electrochemi-
cal batteries, capacitors, and supercapacitors (SCs) are

various EES devices.” The capacitors possess very high
power density but quite low energy density. In contrast,
electrochemical batteries have high energy density but
relatively low power density.” SCs can bridge the
electrochemical batteries and capacitors with the pre-
ponderance in both energy density and power density.
The main differences between SCs and electrochemi-
cal batteries are their different operational mechanisms in
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FIGURE 1 Ragone plot of various electrical energy storage

devices. Reproduced with permission: Copyright 2008, Springer
Nature’
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SCHEME 1 The classification of electrode and electrolyte
materials for flexible all-solid-state supercapacitors

storing charges. In electrochemical batteries, the charges
are stored in the bulk electrodes, which provides a higher
energy density, whereas, in SCs, the charges are stored in
the interface between the electrodes and the electrolytes,
resulting in a higher power density.” "

As the potential candidates for the next-generation
flexible energy storage devices, SCs have attracted abundant
attention in both academic and industrial sectors.'” Different
from commercial SCs where the liquid electrolytes are sealed
by clumsy crusts, in the flexible solid-state SCs, polyelec-
trolytes serve as both electrolytes and separators.”"*
Moreover, the solid metallic crust was required to seal the
traditional commercial SCs for preventing the leakage of the
toxic organic liquid electrolytes, restricting their applications
as wearable and flexible electronics.'>'® Whereas, the flexible
solid-state SCs are fabricated by a piece of a polymer gel as
both electrolytes and separators, which is sandwiched by two

flexible electrodes. The ongoing directions are to develop the
electrodes with high pseudocapacitive properties and long-
lifetime and the electrolytes with both super-flexibility and
excellent ionic conductivity.'>"’”"”

In this study, we start with an introduction of SCs
and then describe the operational principles of SCs.
Afterward, the progress in the development of both
electrodes and electrolytes for the flexible SCs is
overviewed as illustrated in Scheme 1. In the last, we
present a summary and outlook of the flexible SCs.

2 | OPERATIONAL PRINCIPLES
OF SCS

The basic operation principles of three different SCs will
be described in this section.

2.1 | Electric double-layer capacitors

Figure 2 presents the three models which illustrate the
operational principles of the electric double-layer
capacitors (EDLCs).”” The basic operational principles
of the EDLC in storing the energy is originated from
the ionic electrostatic adsorption and desorption
processes at the interface between the electrodes and
the electrolytes. The Helmholtz model is the simplest
one that describes such behaviors, as proposed by
Helmholtz in 1853.”" As shown in Figure 2A, AS the
electrode surface is polarized, the ions with the
opposite charge within the electrolytes will drift to
the interface between the electrodes and the electro-
lytes, and then form a several-nanometer condensed
layer. The capacitance (Cy) of this double-layer is

described by following equation™:

Cu = go&,8/d, €))

where ¢, is the vacuum permittivity (8.854 x 10~ F/m);
g, is the relative permittivity of the dielectric electrolyte; d
is the thickness of the electric double layer; and s is the
area of the interface between the electrodes and the
electrolytes, respectively. In the Helmholtz model, d is
typically within the nanometer scale. Thus, the electrodes
with a large surface area will generate a larger total
capacitance compared to the traditional parallel plate
capacitors. Based on the Helmholtz model,
Gouy—-Chapman further established another model, as
indicated in Figure 2B. In the Gouy-Chapman model, the
ions diffusion behaviors and the interaction between the
electrodes and solvents were taken into account.”” In
addition, the Gouy-Chapman model indicated that the
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FIGURE 3

Different types of reversible redox mechanisms that give rise to pseudocapacitance: (A) underpotential deposition, (B) redox

pseudocapacitance, and (C) intercalation pseudocapacitance. Reproduced with permission: Copyright 2013, Royal Society of Chemistry™*

electrical potential of the diffusion layer was exponentially
decreased from the electrode (&.) to the bulk solution
(Ps). Stern combined the above two models and presented
another model termed as Stern model, as indicated in
Figure 2C. The Stern model was suitable for the highly
charged double-layer,” where the Stern plane shows
the minimum distance between the electrode surface
and ions.

2.2 | Pseudocapacitors

Figure 3 displays the operational principles of pseudoca-
pacitors (or Faradaic SCs).”* The process of storing
energy in the above capacitors is originated in fast
reversible redox reactions, which are similar to the
processes that happened in batteries. Underpotential
deposition, redox pseudocapacitance, and intercalation
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pseudocapacitance are the basic three different types of
redox reactions for pseudocapacitors. The underpotential
deposition is a kind of reversible adsorption of metal ions
on the different metal surfaces,”” which is similar to the
adsorption between gold and lead ions described in
Figure 3A. Redox pseudocapacitance usually happens on
the surface of transition metal chalcogenides/nitrides
with the Faradaic charge transfer, which is similar to that
of RuO, shown in Figure 3B. Intercalation pseudocapa-
citance occurs when ions (e.g., Li*) intercalate into the
tunnels of the redox-active materials, as shown in
Figure 3C.”"
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2.3 | Hybrid-capacitors

As shown in Figure 4, hybrid capacitors are the
asymmetric SCs (ASCs), which are typically composed
of the electrical double-layer (EDL) electrode and the
pseudocapacitive or battery-type electrode.’” These ASCs
could provide both high energy density and power
density.””* For example, hybrid capacitors based on
MXene//Na*, active carbon//Na*, carbon//Li* exhibited
both high energy density and power density.””*” Under
the operation, the process of the surface adsorption and
desorption of the EDLC electrode and the process of the
intercalation and deintercalation of the battery-type
electrode simultaneously took place, resulting in high
energy density at high power density without the
degradation in the lifetime.”” The combination of two
different types of electrodes certainly provides a capabil-
ity to store more energy due to a wide working voltage
window created by asymmetric electrodes, and the large
specific capacity induced by the battery-type electrode.
The rate of charging and discharging still maintains a
relatively high level ascribing to the EDLC type electrode.
The ASCs possess advanced energy storage for

Positive

Graphite

Lithium ion capacitor

e anion

FIGURE 4 Schematic diagram of a hybrid-capacitor.
Reproduced with permission: Copyright 2015, Royal Society
of Chemistry"’

commercial applications. However, compared to the
EDLC electrodes, the electrochemical performances of
ASCs exhibited relatively low-rate energy storage behav-
iors due to the battery-type electrodes, originating in the
sluggish ion/electron diffusion.”’ *® For instance, ASCs
reported by Amatucci et al,’’ utilized the activated
carbon (AC) as the positive electrode and LiyTisOq,
(LTO) as the negative electrode and reported an energy
density of 20 Wh/kg, which was approximatively three
times higher than that from the conventional super-
capacitor.””*” Further studies of ASCs based on the LTO
as the negative electrode were also reported.””*’ In
principle, metal oxides, such as MnO,, RuO,, and Fe;0,
could exhibit their theoretical capacity with relatively
low voltage plateau, indicating their potentials as the
electrode materials for ASCs to achieve high energy
density.

To develop high-performance flexible SCs, the main
challenges are to develop high-performance flexible
electrodes and solid-state flexible electrolytes.”' In the
following parts, an overview of the development of both
flexible electrodes and solid-state electrolytes in the past
few years is summarized.

3 | ELECTRODE MATERIALS
FOR THE FLEXIBLE SCs

In SCs, charge storage is mainly dependent on the
electrode materials. Thus, the development of high-
performance flexible electrodes is the key factor to
realizing high-performance flexible SCs. In general, the
electrode materials used for the fabrication of flexible SCs
were categorized into three types: (1) carbon-based
materials with high specific surface area,””"* (2) con-
ducting polymers (CP),”"** and (3) metal chalcogenides/
nitrides.*®*” In addition, other novel materials such as
MXenes, " metal-organic frameworks (MOFs)/covalent-
organic frameworks (COFs),”””” transition-metal dichal-
cogenides (TMDs)”'°” are also used as the electrodes for
flexible SCs.

3.1 | Carbon-based materials

Carbon-based materials are considered as the most
promising electrode materials for the industrialization
of flexible SCs.”” Graphene,”*”” active carbon (AC),”*”’
and carbon nanotubes (CNTs)’® have been used in
flexible SCs due to their low cost, good electrical
conductivity, high chemical stability, lightweight, and
wide operating temperature range.”” °" As the electrodes,
these carbon-based materials are used to store energy
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mainly through adsorption and desorption of the charges
at the interface between the electrodes and the electro-
lytes. Therefore, specific surface area, pore size, struc-
ture, and electrical conductivity are important factors to
evaluate the physical properties of carbon-based materi-
als. Yao et al.’” investigated the flexible SCs based on 2D
hierarchical porous carbon (2D-HPC) nanosheets, which
are shown in Figure 5A. The 2D-HPC nanosheets possess
a high surface area of 2406 m*/g, which results in an
energy density of 8.4 mWh/cm?® for the flexible SCs at a
power density of 24.9 mW/cm?, as well as good cyclic
stability (96% retention after 10,000 cycles). In addition,
the above flexible SCs exhibited good mechanical
properties, for example, after 10,000 bending cycles, the
flexible SCs still maintained 78% of the initial volumetric
capacitance.

CNTs are another candidate used as the flexible
electrodes for the development of flexible SCs due to their
good electrical conductivity and mechanical properties. Li
et al.”® reported a specific capacitance of 101 F/g at the
current density of 0.2 A/g, an energy density of 30.0 Wh/kg
with the potential window from 0.001 to 3.0V from the
flexible SCs based on the anchored AC on the 3D
framework through the utilization of CNTs and the reduced
graphene oxide (rGO) as the electrodes and organic
electrolytes. Zheng et al.”’ developed flexible all-solid-state
SCs based on the cellulose nanofibril (CNF)/rGO/CNT

(A) Electrolyte ions 2D-HPC (B)

(D) _ (E)

CNF/RGO/CNT  Polymer
aerogel film

electrolyte gybstrate

Mat-w, LEY—

hybrid aerogel as the flexible electrodes. These flexible SCs
exhibited a specific capacitance of 252 F/g at the current
density of 0.5 A/g, and an energy density of 28.4 uWh/cm®
at the power density of 9.5 mW/cm?. Figure 5B displays the
device structure of the above flexible SCs. These flexible SCs
present the potential of carbon composite materials as
flexible electrode materials.

Graphene is used as the electrodes for the develop-
ment of high-performance flexible SCs because of their
high electrical conductivity and large surface area. Xiong
et al.”* reported an energy density of 8.4 uWh/cm? at the
power density of 4.9 mW/cm?, the capacitance retention
of 96.7% after 5000 cycles from the flexible SCs based on
the blade-casting of graphene hydrogel and rGO as the
electrode (Figure 5C).

It was reported that the surface functional groups and
heteroatoms could assist the adsorption of counter ions
and then improve the hydrophilicity/lipophilicity of
the carbon materials, which could result in a great
wettability and rapid electrolyte-ions transport within the
micropores.’” %% Jiang et al.”” introduced various
functional groups into the carbon nanocages by the nitric
treatment (Figure 5D) and observed increased specific
capacitance, from 50 to 96 F/g. Recently, we reported the
hydrophilic carbon cloth (HCC), which was prepared by
chemical oxidation of commercial carbon cloth and
further hydrazine gas reduction process (Figure 5E).”

1.65

(C)

Flexible

FIGURE 5 (A) Schematic illustration of 2D supercapacitor based on hierarchical porous carbon (2D-HPC). Reproduced with

62

permission: Copyright 2018, John Wiley and Sons.”” (B) Schematic illustration of supercapacitor with cellulose nanofibril (CNF)/reduced
graphene oxide (rGO)/carbon nanotube (CNT) hybrid aerogel electrodes. Reproduced with permission: Copyright 2015, American Chemical
Society.”” (C) Processing of large-area hierarchical graphene films. Reproduced with permission: Copyright 2015, Wiley and Sons.”

(D) Carbon nanocages with various functional groups. Reproduced with permission: Copyright 2017, Elsevier.”” (E) Hydrophilic carbon
cloth (HCC). Reproduced with permission: Copyright 2019, Wiley and Sons.’® (F) Schematic illustration of Ni microtube/carbon nanosphere
(CNS) composites. Reproduced with permission: Copyright 2015, Wiley and Sons®’
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The HCC fibers exhibited a more rough surface
compared to pristine carbon cloths, which indicates that
the carbon fibers' surface was modified during the
oxidation and reduction processes. In addition, the
HCC fibers possessed a completely hydrophilic surface
with distinct liquid beads.”

Carbon materials combined with pseudocapacitive
materials, such as semiconducting polymers and metal
oxides, could provide high electrical conductivity and
stability.”’’* Xia et al.®” developed Ni microtube/carbon
nanosphere (CNS) composites as flexible and stable
supercapacitor electrodes (Figure 5F). The carbon
materials could provide the supporting matrix for
metallic microtubes, resulting in enhanced stability of

the metallic microtubes. The symmetric SCs with the
metal/CNS electrode reach the specific capacitance of
227F/g at the current density of 2.5A/g, and the
capacitance retention of 97% after 40,000 cycles.

We reported the self-stacked solvated graphene (SSG)
films prepared by a facile vacuum filtration method
(Figure 6A,B) as the free-standing electrode for flexible
solid-state SCs. The highly hydrated SSG films have low
mass loading, high flexibility, and high electrical
conductivity (Figure 6C,D). The flexible solid-state SCs
based on SSG films exhibit excellent capacitive char-
acteristics with a high gravimetric specific capacitance of
245F/g and good cycling stability of 10,000 cycles
(Figure 6E,F). Furthermore, the flexible solid-state SCs
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FIGURE 6 (A) Schematically diagram of fabrication of the flexible solid-state supercapacitors (SCs). (B) The device structure of the
flexible solid-state SCs. (C) Schematically show how the flexible solid-state SCs were bent and (D) the CV curves of the flexible solid-state
SCs scan at 100 mV/s while the devices were bent at different bending angles. (E) The CV curves of the flexible solid-state SCs stored at
different time durations with scan rate at 100 mV/s and (F) the cycling stability of the flexible solid-state SCs at the current density of 5 A/g.
(G) Schematic diagram of the integration of solid-state SCs with perovskite solar cells and (H) the discharge curve of the flexible solid-state
SCs at the current density of 1 A/g after it was charged by perovskite solar cells. CV, cyclic voltammetry. Reproduced with permission:

Copyright 2015, Wiley and Sons’’
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were integrated with high-performance perovskite hybrid
solar cells to build self-powered electronics (Figure 6G).
It was found that the solid-state SCs can be charged by
perovskite solar cells and discharged from 0.75V
(Figure 6H). These results demonstrate that the self-
powered electronics by integration of the flexible solid-
state SCs with perovskite solar cells have great potential
applications in the storage of solar energy and flexible
electronics, such as portable and wearable personal
devices.”””" Table 1 summarized the recent works on
carbon-based electrodes for SCs.”* 0% 0+ 087375789

3.2 | Conducting polymers

Conducting polymers has many advantages as electrodes
for the development of flexible SCs. These flexible SCs
exhibited wide voltage windows, high storage capacity, and
adjustable redox activity.”’ ”* Boosted capacitance induced
by conducting polymers was through the redox process in
which the counterions were transferred to the polymer
backbone as the oxidation happened and then was released
back to the electrolytes as the reduction process
occurred.””* Conducting polymers can be charged with
ion insertion in the polymer matrix positively or negatively
forming either p- or n-type semiconductors.” Polyaniline
(PANI),”””® polypyrrole (PPy),”’ polythiophene (PTh),”*”
poly(3,4-ethylenedioxythiophene) (PEDOT),””'"’ and their
derivatives are typical conducting polymers used for SCs.
However, the swelling and shrinking of conducting
polymers occurred during the charging and discharging
processes, which results in the mechanical degradation of
the electrodes and fading of the electrochemical perform-
ance. To address the challenge of low stability, the
development of the composites of conducting polymers
with other materials is a facile approach.

PANI is one of the most promising materials for CP-
based SCs since PANI can be easily synthesized and
possesses excellent stability and reversible
doping/de-doping process.'’' '** In addition, PANI can
be easily polymerized in an aqueous solution to generate
polymer thin film with different morphologies. Zang
et al.'”" synthesized graphene/PANI fabric composites by
electropolymerization. After adding PANI as pseudoca-
pacitive materials, the specific capacitance was increased
from 2 to 23mF/cm? without significant degradation
after 2000 cycles. Moreover, after 500 times bending, the
specific capacitance remained stable (Figure 7A). Chen
et al.'” reported the tandem graphene/PANI SCs by
directly growing graphene-PANI electrodes on the
separators. The tandem SCs demonstrated the energy
density of 26.1 Wh/kg at the power density of 3000 W/kg,
and excellent stability after 10,000 cycles (Figure 7B).

OpenAccess

Poly(3,4-ethylenedioxythiophene) (PEDOT) is another
promising conducting polymers used for the development
of SCs. The conjugated backbone of PEDOT allows
the delocalized electron transport through the whole
system, which leads to a good electrical conductivity.'*” "'
Figure 7C reveals the cellulose-mediated PEDOT:Polystyr-
ene sulfonate (PSS)/MWCNT composite film as super-
capacitor electrodes.'”® This composite was assembled by
incorporating MWCNTSs into the cellulose/PEDOT:PSS,
exhibiting low resistance of 0.45Q with a high specific
capacitance of 485 F/g, and good cycling stability with a
capacity retention of 95% after 2000 cycles.
Anothumakkool et al.'’” developed a highly conducting
PEDOT/cellulose paper flexible electrode by interfacial
polymerization at the interface of two immiscible liquids
(Figure 7D). The all-solid-state SCs fabricated by the
PEDOT/cellulose paper flexible electrodes and PVA-
H,SO, electrolytes exhibited a specific capacitance of
115 F/g, an energy density of 1 mWh/cm?, and excellent
stability after 3800 charge/discharge cycles.

Besides traditional conducting polymers, some new
molecules with the large conjugated system are also
synthesized and used as SCs electrodes. Li et al.'”
reported a conjugated polymer gel, poly(4,7-bis(2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)benzo[c][1,2,5] thia-
diazole (DEBT)-co-tris(4-(2,3-dihydrothieno[3,4-b][1,4]
dioxin-5-yl)phenyl) amine (TETPA), for approaching
high-performance electrodes. The structure of P(DEBT/
TETPA) is shown in Figure 7E. The large conjugated
skeleton improved both electrical conductivity and ionic
conductivity. The electrodes based on the above materi-
als displayed a good specific capacitance of 149 F/g and a
wide voltage window of 1.3V, as well as the cyclic
stability of 92% retention after 2000 cycles. Table 2

summarized the recent works on CP-based electrodes for
SCS 104,106,107,112-117

3.3 | Metal chalcogenides/nitrides
Metal chalcogenides or nitrides can provide a much
higher energy density than conventional carbon-based
materials and better electrochemical stability than
conducting polymers. They store the energy not only
like the electrostatic carbon materials but also show
electrochemical redox reactions between electrode ma-
terials and electrolyte ions within the potential
WindOWS‘SS,IlS 120

In general, metal chalcogenides/nitrides used as the
SCs electrodes are required to meet the following
criteria”: (1) the chalcogenides/nitrides should be
electronically conductive; (2) the metal can exist in two
or more oxidation states, which coexist in a continuous
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FIGURE 7 (A) Schematic illustration of graphene/polyaniline (PANTI) fabric composites. Reproduced with permission: Copyright 2015,
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Royal Society of Chemistry.
Copyright 2015, Elsevier.'’” (C) Schematic illustration of the cellulose-mediated poly(3,4-ethylenedioxythiophene: Polystyrene sulfonate/

(B) Schematic illustration of the tandem graphene/PANI supercapacitors. Reproduced with permission:

multiwall carbon nanotubes composite films. Reproduced with permission: Copyright 2017, American Chemical Society.'’® (D) Schematic
illustration of the processing of conducting poly(3,4-ethylenedioxythiophene)/cellulose paper flexible electrodes. Reproduced with
permission: Copyright 2015, Royal Society of Chemistry.'’” (E) The structure of P{poly(4,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)

benzo[c][1,2,5] thiadiazole(DEBT)-co-tris(4-(2,3-dihydrothieno|3,4-b][1,4]dioxin-5-yl)phenyl) amine (TETPA)}. Reproduced with
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permission: Copyright 2019, Royal Society of Chemistry

range with no phase changes; (3) the protons can freely
disperse into the chalcogenides/nitrides lattice on reduc-
tion. Based on these requirements, the chalcogenides/
nitrides of ruthenium, manganese, cobalt, nickel, and
vanadium are commonly used as the electrode materials
of SCs.

Ruthenium oxides (RuO,) are considered the most
extensively studied candidates since they can provide
a wide potential window, highly reversible redox
reactions, high proton conductivity, and high specific
capacitance.'”''** Wang et al.'”” introduced ripple-like
ruthenium oxide (RuO,)/CNT composites synthesized
by using cathodic deposition technique, as shown in
Figure 8A. The composites exhibited a specific capaci-
tance of 272 mF/cm?. Moreover, the symmetric cells,
using the composites as the electrodes, possessed a high
specific capacitance of 37.23 mF/cm® and a specific
power density of 19.04 mW/cm®. Although RuO, can
provide an extremely high specific capacitance, the high
cost and environmental harmfulness prevent it from the
commercialization of SCs."*'

Manganese oxides (MnO,) as an alternative material
has been rapidly developed since they have advanced
features such as low cost, environmentally friendliness,
low toxicity, and great theoretical capacitances (ranging
from 1100 to 1300 F/g) which is depended on the redox
reaction as described by the following equation'** "

MnO, + C* + e~ < MnOOC, 2)

where C* denotes the protons and alkali metal cations in
the electrolyte; e~ stands for the electrons. Moreover,
among the transition metal oxides, MnO, has the easiest
and low-cost approach to synthesize, for example, by the
traditional hydrothermal method'*”'*’ and electroche-
mical deposition.'”* '’ Figure 8B shows the fibrous
PANI@MnO, nanocomposite, which was reported by
Ansari et al.'”" This material exhibited a high capaci-
tance of 525 F/g and excellent cycling stability of 76.9%
after 1000 cycles. Lv et al.'*® directly formed the flexible
electrodes with the ultralong MnO, nanowire compo-
sites. The hive-like stretchable SCs exhibited a specific



TABLE 2 Summary of recently reported conducting polymers-based electrodes for supercapacitors
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Reference
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Voltage window Electrolyte

Specific capacitance
380 F/g at 0.25A/g

Electrode materials

Polyvinyl alcohol (PVA)/ 2
C
[Tl
N

0 to 1V (whole device)

Multiwall carbon nanotubes-reinforced

potassium hydroxide

cellulose/PEDOT:PSS film (MCPP)

rGO/polypyrrole (PPy)

PPy
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—_— —, o, — e

—_ e e e e e e e

PVA/H,SO,

0 to 0.8 V (whole device)

147.9 F/cm® at 5 A/cm>

PVA/H;PO,

0 to 0.8 V (whole device)

702 mF/cm? at 1 mA/cm?

PVA/H,SO,

—0.6 to 0.6 V

237.5 mF/cm? at 10 mV/s

Polyaniline (PANI)

PVA/H,SO,

0 to 1V (whole device)

6.4 mF/cm? at 0.08 mA/cm?

rGO/PANI

PVA/H,SO,

0 to 0.8 V (whole device)

202 F/cm? at 0.54 A/cm®

poly(3,4-ethylenedioxythiophene (PEDOT):PSS

PVA/H,PO,

0 to 0.8 V (whole device)

0.51 F/cm? at 0.1 mA/cm?

rGO/PPy

PVA/H,PO,

—0.5 to 0.5V (whole device)

23 mF/cm? at 0.1 mA/cm?

Graphene woven fabric (GWF) and PANI

PVA/H,SO,

0 to 1.2V (whole device)

115F/g

PEDOT/cellulose paper

Abbreviation: PSS, polystyrene sulfonate.

capacitance of 227.2mF/cm? 500% elongation without
electrochemical performance decay, and 98% capacitance
retention after 10,000 stretch-and-release cycles under
400% tensile strain (Figure 8D).

Nickel oxides are considered as promising alternative
electrode materials for SCs due to their ultrahigh
theoretical specific capacitance, nontoxicity, and low
cost.*""'*’ The redox reaction of nickel oxides is
expressed as the following equation:

NiO + OH~ < NiOOH~ + e~ (3)

The theoretical specific capacitance is calculated to be
3750 F/g, which is much higher than that of manganese
oxides.'"* Wang et al."*> developed FeOF/Ni(OH), core-
shell composites as the flexible positive electrodes. FeOF
has a low intrinsic resistance, which can enhance the
charge transfer process. Large-surface Ni(OH), could
provide enough capacitance for the asymmetric SCs
(Figure 8C). The composite electrodes exhibited a high
specific capacitance of 1425 F/g at a current density of
1A/g. Guan et al.'”’ reported a porous NiCo,0,
nanostructure as the flexible electrode for SCs. The full
cells exhibited an energy density of 31.9 Wh/kg at a
power density of 2.9kW/kg, and 86.7% capacitance
retention after 20,000 cycles (Figure 8E).

Vanadium oxides are also promising candidates
for the Faradic electrode materials due to their variety
of oxidation states of vanadium ions, low cost, and
low toxicity.'*”'*” However poor electrical conduc-
tivity was a bottleneck, restricting further develop-
ment of the vanadium-based electrodes.'*®'"” To
enhance the electrical conductivity of the vanadium-
based electrodes, lots of vanadium-based composites
have been developed.'*”"*" Foo et al."*” developed the
flexible V,05-rGO composite electrode. Due to the
high electrical conductivity of rGO, the free-standing
electrodes have a low sheet resistance without any
current collectors. The V,05-rGO composite electro-
des exhibited a specific capacitance of 178.5F/g at a
current density of 0.05A/g, and a wide working
potential range of 1.6V in nonaqueous electrolytes
(1 mol/L LiClO4 in propylene carbonate). The rGO/
V,05-rGO (VGO) asymmetric SCs presented a low
equivalent series resistance of 3.36 Q with around
20 mg active materials, the maximum energy density
of 13.3 Wh/kg, and good flexibility and cyclic stability
(the Nyquist plot is shown in Figure 8F). Boukhalfa
et al."”' investigated the high-performance electrodes
with MWCNT-vanadium oxide composite materials.
By optimizing the film thickness of vanadium oxide
coated on the MWCNT, the selected electrodes
possessed a remarkable capacitance of up to 1550 F/g.
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FIGURE 8 (A) Schematic illustration of ripple-like ruthenium oxide (RuO,)/carbon nanotubes (CNT) composites. Reproduced with
permission: Copyright 2015, Elsevier.'** (B) The cyclic voltammetry curves of fibrous polyaniline (PANI)@MnO, nanocomposites.
Reproduced with permission: Copyright 2016, Royal Society of Chemistry.'** (C) Schematic illustration of FeOF/Ni(OH), core-shell

composites. Reproduced with permission: Copyright 2017, Wiley and Sons.
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(D) Cyclic stability of the supercapacitors (SCs) based on

ultralong MnO, nanowire composite electrodes. Reproduced with permission: Copyright 2018, Wiley and Sons.'*® (E) Cyclic stability of the
SCs based on porous NiCo,0, electrodes. Reproduced with permission: Copyright 2017, Wiley and Sons."*” (F) The Nyquist plot of SCs
based on V,05-rGO composite electrodes. Reproduced with permission: Copyright 2014, Wiley and Sons.'** (G) SCs with corn-like TiN as
the electrodes. Reproduced with permission: Copyright 2016, Creative Commons CC BY license.'*’ (H) Schematic illustration of the
intercalation behaviors between 1T phase MoS, and the ions in the electrolytes. Reproduced with permission: Copyright 2015, Springer

Nature'*"

Iron oxides are a common electrode that owns the
redox reaction during the charging-discharging pro-
cesses. Ferroferric oxide is a representable material that
can occur value changes of the iron ions. Nevertheless,
Fe;0,4 cannot own excellent structural stability so its
structural stability needs to be strengthened by viable
and easy methods. Li et al."”” proposed a solution called
“carbon shell-protection” and further reported on a

ferroferric oxide-carbon (Fe;0,4-C) binder-free nanorod

array anode, which exhibited dramatically improved
cyclic stability after 5000 cycles. This device has a high
capacity of 7776.36 C/cm® in an alkaline electrolyte, and
both high energy and power densities (1.56 mWh/cm?;
0.48 W/cm?>).

Transition metal nitrides could provide pseudocapa-
citance by redox reactions, generating high electrical
conductivity. For example, the electrical conductivity of
titanium nitride (TiN) can reach the range of 4000 to
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55,500 S/cm, which is close to those of metals."”*'>* The
high electrical conductivity makes the transition metal
nitrides become an emerging material for approaching
high-performance electrodes.'”” """ Yang et al."”” devel-
oped a corn-like TiN as the electrode for SCs. The
symmetric SCs with the TiN electrode exhibited the
specific capacitance of 20.7 F/cm?, the maximum energy
density of 1.5 mWh/cm?, the maximum power density of
150 W/cm®. In addition, the above SCs exhibited
extremely stable performance. After 20,000 charge/
discharge cycles, no significant change was observed in
the electrochemical performance (Figure 8G).

The 2D transition metal chalcogenides are considered
the ideal materials for next-generation electronics due to
their ultrathin thickness, high transparency, and excel-
lent electronic properties.”* '’ Recently, Acerce et al."*’
studied the intercalation behaviors between 1T phase
MoS, and the counterions in the electrolytes (such as
H*, Li*, Na*, K*, and TEA") (Figure 8H). 1T MoS,
exhibited a remarkable capacitive behavior in both
aqueous and organic electrolytes. The SCs reached the
specific capacitance in the range of 400-700 F/cm®, the
energy density of 0.11 Wh/cm® at the power density of

1.1 W/cm?>. In addition, the SCs remained 90% of their
initial capacitance after 5000 charge/discharge cycles.
Similar to MoS,, Shen et al.'"”” reported sheet-like
MoSe, grown on the surface of the carbon nanofibers by
electrospinning and selenization (Figure 9). The MoSe,/
C-700 (selenization at 700 °C) possesses high stability and
improved characters of the insertion and extraction with
K*, resulting in boosted stability. The nonaqueous
potassium-based ASCs showed the specific capacity of
81 mAh/g at 100mA/g over 100 cycles. Moreover,
nonaqueous ASCs devices by utilizing the MoSe,/C as
the anode and the AC as the cathode, and the 0.8 mol/L
KPF; as the electrolyte was also reported. As indicated in
Figure 9A—I, the AC absorbs the PFs~ counterion, and
stores this counterion on the AC's porous structure. At
the same time, the K* counterion could be absorbed at
the interface between MoSe, and K,MoSe, during the
charging process. Illustrated in Figure 9C, the ASCs
showed a good electrochemical capacitance and Cou-
lombic efficiency at 100mA/g over 100 cycles. In
addition, the device maintained the specific capacity of
81 mAh/g with capacitance retention of 59.12% after 100
cycles. The whole charging-discharging process of ASCs
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FIGURE 9 (A) The charging process schematic illustration of the asymmetric supercapacitors (ASCs). (B) Cycling performance of ASCs
at 100 mA/g. (C) galvanostatic charge-discharge curves at different current densities. (D) Rate performance of ASCs from 50 to 300 mA/g.
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pseudocapacitive contribution. CV, cyclic voltammetry. Reproduced with permission: Copyright 2019, Royal Society of Chemistry'®’
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taken 12,000 s at 50 mA/g indicated the ASCs possessed
excellent electrochemical performance.

We reported novel Nij gsSe@MoSe, nanosheet arrays
prepared by a facile one-step hydrothermal method
through nickel (Ni) foam as Ni precursor and the
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framework of MoSe,.'®* The specific performances are
displayed in Figure 10. Due to the interconnection and
hierarchical porous structure, the NijgsSe@MoSe,
nanosheet arrays exhibit a high specific capacitance of
774 F/g at the current density of 1 A/g. Then, we report
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(B) Comparative CV curves of the NijgsSe@MoSe, nanosheets and GNS, tested in a three-electrode configuration at 30 mV/s. (C) The CV
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Ragone plots related to energy and power densities of the Nij gsSe@MoSe,//GNS ASC. CV, cyclic voltammetry. Reproduced with

permission: Copyright 2018, American Chemical Society'®*
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an ASCs, which is fabricated by using the NijgsSe@-
MoSe, nanosheet arrays as the positive electrode and the
graphene nanosheets (GNS) as the negative electrode,
with aqueous potassium hydroxide (KOH) as the electrolyte.
The NiggsSe@MoSe,//GNS ASC possesses an output voltage
of 1.6V, an energy density of 25.5 Wh/kg at a power density
of 420W/kg, and the cycling stability of 88% capacitance
retention after 5000 cycles. Table 3 summarized the recent
works on metal chalcogenides/nitrides-based electrodes for
Supercapacitors'l22—12()‘135,157‘14(,)~146‘151~1557157~164—16<\’

Mat

OpenAccess

3.4 | MXenes

Since discovered in 2011,'°° MXenes, which contain nitrides,
transition metal carbides, and carbonitrides, have become an
emerging and attracting branch of 2D materials, leading to a
rapid expansion of its family."”” MXenes have a general
formula of M, X, T, (n=1—3) where M stands for early
transition metal (e.g., Sc, Ti, Zr, Hf, Ta, Cr, and Mo), X is
carbon and/or nitrogen while T, represents the surface
terminations (such as oxygen, hydroxyl or fluorine).'* "’
Some of them, for example, Nb,CsT,,'”" Ti,CT,'” and
TisC,T,'” have been reported. Because of their unique
properties, for instance, good mechanical properties, hydro-
philicity, and high electrical conductivity (e.g., titanium
carbide [TisC,T,] exhibited a broad electrical conductivity
ranging from 1000 to 6500 S/cm'*’'**), MXenes have drawn
huge attention as a promising candidate for energy storage
applications, including SCs."”""**

Compared to the dense stacking feature in the 2D
materials, the unique layer-by-layer structure of MXenes
could provide a relatively porous structure, which is
favorable for ion transport."”® As it was spontaneously
intercalated with metal ions'“**'®” and polar organic
molecules, ®> %7 the electrochemical active cites on the
surfaces of MXenes could be occupied by these polar
particles, resulting in energy storage subsequently, as
indicated in Figure 11A.'""" Hence, increasing the
interlayer spacing of MXenes was considered to be an
effective way to improve the capacitance of the devices."
Yan et al.”® demonstrated an electrostatic self-assembly
method to effectively prevent the self-restacking of
MZXene nanosheets, through inserting poly(diallyldi-
methylammoniumchloride) (PDDA)-modified rGO na-
nosheets between Ti;C,T, layers (Figure 11B). Therefore,
the accelerated diffusion of ions in the electrolytes could
enable more accessible electroactive sites, resulting in a
high volumetric energy density of 32.6 Wh/L for binder-
free symmetric SCs. It was also reported that the MXene/
rGO electrode exhibited a volumetric capacitance of
1040 F/cm? at a scan rate of 2 mV/s, and no significant
performance decay after 20,000 charge/discharge cycles.

Wen et al."®” synthesized a new type of nitrogen-doped
MZXene (N-Ti;C,T,) by postetch annealing Ti;C,T, in
ammonia. The distance between two layers of MXene
sheets increases from 1.92 nm in Ti;C,T, to 2.46 nm in
N-Ti5;C,T, through treatment at 200 °C with ammonia.
As indicated in Figure 11C, THE SCs with the
as-synthesized doped MXenes show the capacitances
of 192F/g in 1mol/L H,SO, and 82F/g in 1mol/L
MgSO,. Both were higher than those without any
treatment. Though hybridization of polypyrrole (PPy)
chains with MXene, making PPy chains intercalate
into layered TisC, (I-Ti;C,) (Figure 11D), MXene could
effectively prevent the dense PPy stacking,
which would benefit the electrolyte infiltration, result-
ing in high capacitance and good cycling stability."®’
Moreover, the ultra-thin all-solid-state SCs based on
the free-stand PPy/1-Ti;C, film exhibited a capacitance
of 35 mF/cm?, stabilized capacitance bent from 0° to
120° (Figure 11E), and nearly 100% capacitance
retention over 10,000 charge/discharge cycles was also
reported. However, a small voltage window (~0.6V)
was observed from the symmetric SCs based on MXene due
to their oxidation at high anodic potentials.'”” To enlarge
the voltage window, Jiang et al'”’ reported an
all-pseudocapacitive MXene(Ti;C,T,)-RuO, asymmetric
SCs (Figure 11F). As a result, an energy density of
37 uWh/cm at a power density of 40 mW/cm (Figure 11G)
and 86% capacitance retention after 20,000 charge/
discharge cycles (Figure 11H) was achieved from above
SCs. Table 4 summarized the recent works on MXene based
electrodes for SCs.**' 01811577191

3.5 | Metal-organic frameworks (MOFs)
MOFs were alternatives for the development of high-
performance SCs due to their high porosity and chemical
tunability generated by the open channels and nanosized
cavities, cursors or sacrificial templates of nanostructured
materials."”” """ MOFs possess advanced features, such as
extremely light, well-defined controlled pore sizes, huge
pore density, and consequently very high specific surface
area (SSA) (e.g., 46,000 m*/g)."”” Sheberla et al.”’ reported
Ni;(2,3,6,7,10,11-hexaiminotriphenylene), (Ni;(HITP),), a
MOF with high porosity and electrical conductivity
(Figure 12A), as the active electrode in EDLCs. Without
any conductive additives within MOF, the SCs based on
MOF exhibited high gravimetric capacitance of 111 F/g at a
scan rate of 50 mA/g and a voltage window of 1V. The SCs
also exhibited the capacity retention of more than 90% over
10,000 cycles (Figure 12B). Choi et al.'”® synthesized
nanocrystalline MOFs (Figure 12C) incorporated with 2D
graphene, and further fabricate the SCs (Figure 12D),
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FIGURE 11 (A) Schematic illustration of the intercalation of cation between Ti;C,Ty layers. Reproduced with permission: Copyright
2017, Springer Nature.'** (B) Schematic illustration of MXene/rGO hybrids. Reproduced with permission: Copyright 2017, Wiley and Sons.**
(C) Schematic illustration of the charge storage process of hydrated electrolyte ions in MXenes (left) and N-doped MXenes (right).
Reproduced with permission: Copyright 2017, Elsevier.'’ (D) The left part is a schematic graph of polypyrrole (PPy) intercalated into the
1-Ti3C, layers; the right part is the atomic-scale of the schematic illustration. (E) Bending performance of symmetric flexible supercapacitor
based on PPy/I-Ti;C, hybrid films. Panels (D,E) reproduced with permission: Copyright 2016, Wiley and Sons."®' (F) Cyclic voltammetry
graphs of the asymmetric sandwich device of RuO,//Ti;C,T, at different scan rates. (G) Ragone plot of the RuO,//Ti;C,T, device in
comparison to the other microsupercapacitors. (H) Coulombic efficiency and cycling stability of the asymmetric RuO,//Ti;C,Ty device.
(F—H) Reproduced with permission: Copyright 2018, Wiley and Sons'*’

TABLE 4 Summary of recently reported MXene based electrodes for supercapacitors

Electrode materials Specific capacitance Voltage window Electrolyte Reference
PPy/L-Ti;C, 203 mF/cm? at 1 mA/cm? 0to 0.8V 0.5mol/L H,S0, [181]
N-Ti;C,T, 192 F/g at 1 mV/s —0.2 t0 0.35V 1 mol/L H,S0, [189]
Ti;C,T,/carbon fabric 401 F/g at 10 mV/s —0.7 t0 0.2V 1 mol/L H,SO, [190]
MZXene/rGO-5 wt% 1040 F/cm? at 2 mV/s —0.7 t0 0.3V 3 mol/L H,SO, [48]

Ti,C, T, 245F/g at 2mV/s —0.35t0 0.2V 1 mol/L H,S0, [130]

MXene/graphene 216 F/cm® at 0.1 A/cm? 0 to 0.8 V (whole device) PVA-H,P0O4 [191]
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FIGURE 12 (A) The left part is the idealized schematic illustration of relative size of pores in Niy(HITP), metal-organic frameworks
(MOF). White, brown, gray, blue, lime, and green spheres represent H, B, C, N, F, and Ni atoms, respectively. The right part is the molecular
structure of Niz;(HITP),. (B) Comparison of the areal capacitance of Ni;(HITP), MOF with other EDLC electrode materials. (A,B)

Reproduced with permission: Copyright 2017, Springer Nature.*’ (C) Synthetic route, SEM image and idealized schematic illustration of

nMOF-867. (D) Idealized schematic illustration of nMOF supercapacitors (SCs). (E) Relationship of stack capacitance of nMOF-867,
activated carbon, and graphene versus current density, inset is the schematic image of nMOF SCs. (C—E) Reproduced with permission:
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Copyright 2014, American Chemical Society.
American Chemical Society.'®’

(F) Stability tests of the asymmetric SCs. Reproduced with permission: Copyright 2015,
(G) Schematic routes of the synthesis of Dg-2,6-diaminoanthraquinone, Da-2,6-diaminoanthracene, and

Tp-1,3,5-triformylpholoroglucinol. (H) Cyclic voltammetry curves of CT-DqTp and CT-DqlDalTp covalent-organic frameworks SCs. (G)

and (H) Reproduced with permission: Copyright 2018, American Chemical Society

which exhibited a high stack capacitance of 0.64 mF/cm?,
the areal capacitance of 5.09mF/cm® (Figure 12E), and
good stability over 10,000 charge/discharge cycles.
However, most synthesized MOFs are nonconductive,
which restricted their applications as the electrodes for
SCs.'>!7%19%290 But, as porous sacrificial templates and
precursors, MOFs have still shown excellent potentials
due to their nanostructure and high porosity. Salunkhe
et al."”’ developed nanoporous carbon as the negative
electrode and nanoporous cobalt oxide (Co3;0,4) as the
positive electrode and then sandwiched a single MOF,
termed as the zeolitic imidazolate frameworks-67
(ZIFs-67), between two electrodes for making SCs. The
as-synthesized nanoporous carbon possessed a high
specific surface area (SSA) of 350m?/g, and the ZIF-
derived nanoporous Co;0, has an SSA of 148 m?/ g. The
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asymmetric SCs exhibited specific energy of 36 Wh/kg
within a voltage window from 0.0 to 1.6 V. This device
also represented magnificent rate capability, of which the
highest specific power of 8000 W/kg at a specific energy
of 15 Wh/kg, within a considerable 2000 cycles stability
(Figure 12F).

3.6 | Covalent-organic
frameworks (COFs)

Like MOFs, COFs are crystalline materials with high
porosity, controllable pore sizes, high surface areas, and
highly designed molecular structures.””’ *’° However,
the building blocks of the COFs are made of light
elements, such as H, C, N, and O, and are connected by



5 | WiLEY- Mat

YANG ET AL.

OpenAccess

the covalent bonds. Through various synthetic routes and
options, the crystalline structures within COFs can be
predictable and well-designed,'***°" which is comparable
to that of MOFs. Since the first successful example of
COFs was reported in 2005,”"" this rapidly developed
field has increasingly attracted researchers. In 2013,
DeBlase et al.”’” described a B-ketoenamine-linked 2D
COF, which possessed reversible electrochemical pro-
cesses of anthraquinone subunit. Moreover, this material
exhibited magnificent chemical stability in the strong
acidic electrolyte, even to 1 mol/L H,SO,. Compared to
the non-redox-active one, the modified redox-active COF
displayed a higher capacitance (311 F/g) and an energy
density (31 Wh/kg) during long-term charge-discharge
cycles. Khayum et al.'”” synthesized the convergent COF
flexible free-stand thin sheets via the solid-state molecu-
lar baking method. As shown in Figure 12G, redox-active
2,6-diaminoanthraquinone (Dq) and w-electron-rich 2,6-
diaminoanthracene (Da) are chosen as the linkers in a f3-
ketoenamine-linked 2D COF. Consequently, the COF
thin sheet exhibited redox activity. Moreover, the 7-
electron-rich anthracene linker could improve the
mechanical properties of the free-stand thin sheets
through the noncovalent interaction. A symmetrical
flexible all-solid-state COF SCs was fabricated by using
the peeled carbon tape (CT) as the current collector. The
cyclic voltammetry (CV) curves of CT-COF SCs
are presented in Figure 12H. The optimized CT-COF
SCs exhibited a specific capacitance of 3 F/g and the
long-term cyclic stability of 90% capacitance retention
after 2500 charge-discharge cycles.

4 | POLYMER-BASED
SOLID-STATE ELECTROLYTES FOR
FLEXIBLE SCS

As described above, polymer-based solid-state electro-
Iytes act as both electrolytes and separators in SCs.
Compared to the conventional liquid electrolytes, the
solid-state electrolytes could efficiently prevent the
leakage of the toxic liquid electrolytes without
the clumsy metal crusts. Moreover, solid-state electro-
lytes could provide excellent mechanical stability and
durability.

Polymer-based solid-state electrolytes are typically com-
posed of three parts: the polymer matrices, the electrolytic
salts, and plasticizers. The electrolytic salts and plasticizers
are absorbed in the polymer matrices, preventing the
leakage of the liquid electrolytes. The polymer matrices
include polyvinyl alcohol (PVA),”°”” polyoxyethylene
(PEO),”""*"* polyacrylamide (PAM),”**"* poly(methyl-
methacrylate) (PMMA),”'>*'® poly(amineester) (PAE),”""*""

and poly(vinylidene fluoride) (PVDF).”""**' These single
and multicomponent polymeric hosts provided good flexi-
bility and stretchability for SCs used in wearable and
portable devices. The conducting electrolytic salts and
plasticizers also play crucial roles in the solid-state electro-
lytes. The conducting electrolytic salts and plasticizers can be
classified into three types: aqueous electrolytes, organic
electrolytes, and ionic liquid electrolytes.

41 | Aqueous gel electrolytes

Aqueous gel electrolytes have attracted extensive atten-
tion in the past few years due to their high ionic
conductivity, low toxicity, ease of processing, and low
cost. In the aqueous gel electrolytes, the plasticizer is
water. The electrolytic salts in the aqueous gel electro-
lytes contain strong acids (like H,SO,4,*** *** HCL,>***°
H,PO,'""**"**%), strong bases (KOH**”*’"), or some
neutral salts (like Na,SO,”*”*’ and LiClI”*" ).
Compared to commercial organic electrolytes, these
aqueous gel electrolytes are much cheaper and less toxic.
Moreover, the high ionic conductivity of the aqueous gel
electrolytes leads to low equivalent series resistance
(ESR) and high power density. In addition, the aqueous
electrolyte could induce a significantly higher specific
capacitance compared to the organic systems. The
Faradic-active electrode exhibited the highest specific
capacitance in the aqueous systems rather than in the
organic electrolytes and in the ionic liquids electrolytes,
which was ascribed to their high ionic conductivity and
small ion radius.”’

Pan et al.”*” investigated endurable all-solid-state flexible
SCs incorporated with MnO, electrodes and PVA-Na,SO, gel
electrolytes (Figure 13A). The flexible SCs exhibited a
specific capacitance of 906.6 mF/cm? at the current density
of 1A/cm? the energy density of 1.16 mWh/cm® at the
current density of 1mA/cm® No obvious change was
observed from the specific capacitance under different
binding angles from 0° to 180°. Moreover, the flexible SCs
maintained over 85% of their initial capacitance after 200
bending cycles (Figure 13A). Compared to Na*, Li* has a
smaller ion radius, leading to higher ionic conductivity.”****’
Thus, LiCl is another promising electrolytic salt in neutral
aqueous systems. Chen et al.”** recently reported flexible SCs
incorporated with the bio-inspired and quasifractal metallic
network electrodes and LiCl-PVA gel electrolytes as well
(Figure 13B). These flexible SCs also exhibited good long-
term mechanical stability. For example, after 500 bending
cycles, the flexible SCs kept 93.9% of their initial specific
capacitance.

Due to the fast transportation of protons in the
aqueous system, the polymer gel electrolytes with
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FIGURE 13 (A) Bending stability of supercapacitor with MnOy electrodes and polyvinyl alcohol (PVA)-Na,SO, gel electrolytes.
Reproduced with permission: Copyright 2016, Elsevier.”** (B) Schematic illustration of supercapacitor with bio-inspired, quasifractal
metallic network electrodes and LiCl-PVA gel electrolytes. Reproduced with permission: Copyright 2019, Wiley and Sons.”** (C) Bending
stability of supercapacitor with boron element nanowire electrodes and PVA-H,SO, electrolytes. Reproduced with permission: Copyright
2018, Wiley and Sons.”*” (D) The ionic conductivity of HsBW;,0,4, (BWA) electrolytes. Reproduced with permission: Copyright 2015, Royal
Society of Chemistry.”*” (E) Schematic illustration of supercapacitor with NiCo,O4@carbon nanotubes electrodes and PVA-KOH gel
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electrolytes. Reproduced with permission: Copyright 2017, Wiley and Sons.” (F) Cyclic voltammetry curves of different polymer matrices
in solid-state electrolytes with porous carbon cathode and SnO,-TiO, anode. Reproduced with permission: Copyright 2019, American

Chemical Society.”**
and Sons.

proton-donor acids were widely investigated. These acid
gel electrolytes possessed ionic conductivity ranging from
10 to 100mS/cm at room temperature. Xue et al.””’
reported the sold-state flexible SCs with the boron
element nanowire electrodes and the PVA-H,SO, elec-
trolytes. The flexible SCs based on the PVA-H,SO,
electrolytes exhibited low internal resistance (1.15Q)
and charge-transfer resistance (0.64 Q). In addition, the
devices possessed excellent flexibility. After 1000 times
bending, the flexible SCs still kept over 80% of their
initial capacitance, which was shown in Figure 13C. Gao
et al.”"” investigated novel proton-conducting heteropoly

(G) Schematic illustration of grafted PVA-KOH gel electrolytes. Reproduced with permission: Copyright 2019, Wiley
72 (H) Stretchability of poly(AMPS-co-DMAAm)/laponite/graphene oxide (GO) hydrogel electrolytes. KOH, potassium hydroxide.
Reproduced with permission: Copyright 2019, Creative Commons CC BY license
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acid gel electrolytes for SCs. The HsBW,0,4, (BWA)
electrolytes possessed a high ionic conductivity than that
of H,SO, at the same concentrations (Figure 13D). The
SCs exhibited a maximum cell voltage of 1.6 V.

Among different alkaline electrolytic salts in the gel
electrolytes, KOH is the most widely used in alkaline gels
because of its low cost, high ionic conductivity, and
environmental friendliness.'””” Wu et al.”*' reported an
all-solid-state asymmetric SCs with the NiCo,04@CNT
electrodes and the PVA-KOH gel electrolytes, which were
shown in Figure 13E. The SCs exhibited an energy density
of ~27.6 Wh/kg at the power density of 0.55kW/kg, kept
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95% capacitance retention after 5000 cycles. In addition, the
SCs maintained their electrochemical performance under
different bending angles from 0 to 180°. To investigate the
influence of the polymer matrices on the electrochemical
performance, Pal et al.”*’ evaluated different polymer
matrices in the solid-state electrolytes within the porous
carbon cathode and the SnO,-TiO, anode. Figure 13F
presents the CV curves of different polymer matrices in
solid-state electrolytes with porous carbon cathode and
SnO,-TiO, anode, the grafted PVA-KOH gel electrolytes,
and the stretchability of poly(AMPS-co-DMAAm)/laponite/
graphene oxide (GO) hydrogel electrolytes. Among the
solid-state electrolytes based on PVA, PEO, and PEG-KOH,
the asymmetric SCs based on the PEG-KOH electrolytes
exhibited the highest specific capacitance due to their lower
bulk and charge transfer resistance, quicker ion diffusion
rate, and less ion pairing.

Besides the single-component polymer-based electro-
lytes, more and more multicomponent polymer gel-based
solid-state electrolytes have been developed to further
enhance both the electrochemical and mechanical per-
formance. Chen et al.”” developed a multicomponent
PVA-KOH gel electrolyte by grafting graphene oxide and
amino groups on the PVA backbone, as shown in
Figure 13G. The grafted PVA-KOH gel electrolytes show
a much higher ionic conductivity of 108.7mS/cm than
that (30.5mS/cm) in the pure PVA-KOH gel electrolytes.
While enhancing the electrochemical performance, multi-
component polymer gel-based solid-state electrolytes also
have impressive improvements in mechanical perform-
ance. Recently, Li et al.”*’ have investigated a multi-
functional hydrogel polyelectrolyte with copolymerization
of 2-acrylamido-2-methylpropane sulfonic acid (AMPS)
and N,N-dimethylacrylamide (DMAAm). The SCs
based on poly(AMPS-co-DMAAm)/laponite/ GO hydrogel
electrolytes show superior mechanical stretchability (up to
1000%) and excellent self-healing behavior under either
heating or light treatment (Figure 13H).

Mat
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4.2 | Organic gel electrolytes

Even though the SCs incorporated with the aqueous
electrolytes exhibited decent device performance, the
voltage window was small. To enlarge the voltage
window, the organic electrolytes have become promising
candidates for flexible SCs with a high energy density.
The organic gel electrolytes typically were composed of
high molecular weight polymer matrices and organic
conducting salts, which were dissolved in the aprotic
solvents. Nguyen et al.”** synthesized a solid polymer
electrolyte with four interbonding layers. As shown in
Figure 14A, linear poly(ethylene imine) (L-PEI) and PEO

were used to enhance the solubility of lithium salt and
ionic transport. Poly(acrylic acid) (PAA) was served as
the bridge to link the L-PEI and PEO. The solid
electrolytes exhibited an ionic conductivity of 107> S/cm
at room temperature, which was described by the
Vogel-Fulcher-Tammann equation.

In the organic electrolytes, it was found that the
organic ammonium salts, such as tetraethylammonium
tetrafluoroborate (TEABF4),””" *** tetrabutylammonium
hexafluorophosphate (TBAPF6),””"**" and bis(trifluoro-
methylsulfonyl) (TFSI”) amine™® played the most
common roles as the conducting salts. To further
increase the device performance, Park et al.”"’ added
decamethylferrocenium (DmFc) into tetrabutylammo-
nium perchlorate (TBAP)-tetrahydrofuran (THF) electro-
lytes. The redox reaction of DmFc could provide an extra
pseudocapacitance for the flexible SCs. As presented in
Figure 14B, after the addition of DmFc redox couples, the
voltage widows of the flexible SCs with a device structure
of CNT/DmFc-TBAP-THF/CNT were increased from 1.1
to 2.1V, the energy densities from 1.3 to 36.8 Wh/kg, and
the specific capacitances from 8.3 to 61.3F/g, as
compared with those of the SCs without DmFc. It was
also found that 1 mol/L TEABF4 dissolved into acetoni-
trile (AN) and propylene carbonate (PC) exhibited an
ionic conductivity of 60 mS/cm, which was over five
times larger than that only in PC solution (11 mS/cm).””’
Kotz et al.”* studied the gas evolution behavior of AN,
PC, and 7y-butyrolactone (GBL) as solvents in the
electrolytes (Figure 14C). The GBL exhibited a significant
gas evolution at 2.5V while PC starts to release gas at
3.0V and AN keeps low gas evolution rate even at 3.25 V.
These results suggested that the electrolytes in AN
solution could produce a high-potential window SCs.
Moreover, the electrolytes based on PC were more
environmental-friendly and safe, which are ascribed to
less flammability and toxicity of AN."” Recently, mixed
solvents have been used to further enlarge the voltage
windows. Ramasamy et al.”*’ reported a PC: ethylene
carbonate (EC): dimethyl carbonate (DMC): sodium bis
(trifluoromethanesulfonyl)imide (NaTFSI) mixed system
and found out that their ionic conductivity was higher
than that from solely solvent. In Figure 14D, the
NaTFSI:PC, PEO: NaTFSI:PC, and PEO: PC:EC:DMC:-
NaTFSI were corresponding to the systems 1, 2, and 3,
respectively. The multisolvent gel electrolytes showed
better impedance performance than the single-solvent gel
electrolytes. The utilization of the organic gel electrolytes
could also broaden the working temperatures due to
their low freezing point. Cai et al.””’ investigated a
modified polyvinylidene fluoride (PVDF): lithium tri-
fluoromethanesulfonate (LiTFS) polymer -electrolytes
for the low-temperature solid-state SCs. As shown in



YANG ET AL. Maf 21
-WILEY
Open Access
PAA
(A) _ - (B) 100 TBAP/THF (C)
. % n DmFc/TBAP/THF 3 _1_,_1
s
3
H
: il
0.0 0.7 1.4 2.1 " Bt
Potential (V) ~ /
2400 t !
(D) , |—o—System 1 A (E) 10* E g2 ’l
2000] o0 —o— System 2 iy 72(1C 5 10 ! PC s,
: ‘ —s— System 3 E P ¢ S O i
“ | 2 ettt -20°C - e
0 - g P o
__ 1600 || Z g z 10 ¥ — 0
£ / of| & .
S 12004 [ * l 5| §
< 7 < v—r’_—‘
Y / )4 c . / -
800 10 4 & g 10 / %
AAA-A. ﬂ»% A .\-‘ S
o £ W § ;
4004 - 3
. 10 20 30 “0 > 0
104
’ Joa 500 1000 1500 2000 0 2 4 e 8
Z (Ohms) Mediator concentration (Vol%) 0 50 100

FIGURE 14 (A) Schematic illustration of the polymer electrolyte with four interbonding layers. Reproduced with permission: Copyright 2011,

American Chemical Society.”*

(B) Cyclic voltammetry curves of carbon nanotubes (CNT)/DmFc-tetrabutylammoniumhexafluorophosphate-

tetrahydrofuran/CNT devices. Reproduced with permission: Copyright 2014, American Chemical Society.””’ (C) The gas evolution behavior of
acetonitrile, propylene carbonate (PC), and y-butyrolactone as the solvents in the electrolytes. Reproduced with permission: Copyright 2008,
Elsevier.”** (D) Nyquist plots of NaTFSI:PC, polyoxyethylene (PEO):NaTFSI:PC, and PEO:PC:ethylene carbonate (EC):dimethyl carbonate:NaTFESI as

electrolytes. Reproduced with permission: Copyright 2014, American Chemical Society.
fluoride)/ithium trifluoromethanesulfonate polymer electrolytes. Reproduced with permission: Copyright 2019, Elsevier

Figure 14E, the modified PVDF/LIiTFS polymer electro-
lytes exhibited an ionic conductivity of ~107>S/cm
at —20°C and of 1072S/cm at 20°C, which indicated
that the SCs have great potential applications in various
environments. By using nonaqueous solvents, the voltage
windows of the organic electrolytes can reach
2.5-3V, 701729025 which were dramatically higher
than that observed from the aqueous systems. Although
the organic electrolytes can provide much larger voltage
windows than the aqueous systems, the challenge was
that the organic electrolytes are toxic, volatile, flamma-
ble, and moisture sensitive. Thus, the SCs with organic
electrolytes have to be sealed in the shells to prevent the
volatilization of solvents, which restricts their applica-
tions in portable or wearable devices.

4.3 | Ionic liquid (IL) gel electrolytes

The solvent-free ILs are regarded as another promising
candidate as the solid state-electrolytes for approaching
high-performance SCs since large potential windows (up
to 6.0 V) can be obtained from these systems.””” The ILs
are a kind of organic salts that are composed of large
cations and delocalized anions with low melting points,
low vapor pressure, and noninflammability.”*"”®" The
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(E) Ionic conductivities of the modified poly(vinylidene
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electrochemical performances of the ILs based electrolytes
mainly relied on the chemical structures of counterions used.
To select the suitable IL molecules for the SCs, three major
parameters, ionic conductivity, working voltage window, and
the melting point, should be considered. Several cationic ILs,
such as quaternary ammonium,”"*** sulfonium,”*
imidazolium,”**** pyrrolidinium,”***”" piperidinium,
have been developed. For anionic ILs, tetrafluoroborate
(BF,),”"*"**"* hexafluorophosphate (PFs"),””” bis(trifluor-
omethanesulfonyl)imide (TFSI™),”***%"*"**"*"" big(fluoro-
sulfonyl)imide (FSI™),”"**"” dicyanamide (DCA™)*""** were
the most common ones. Figure 15 presents the molecular
structures of typical ILs. Compared to the organic electro-
lytes, the ILs based electrolytes could extend the voltage
windows of SCs to 3.5—6V, commonly around 4V, and
remain the high ionic conductivity in the order of 107> to
10—2 S/Cm.l(),257,281

Yang et al.”*” developed a GO doped poly(vinylidene
fluoride-hexafluoro  propylene (P(VDF-HFP))-1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMBF4) ion gel
electrolytes with an ionic conductivity of 25 mS/cm at room
temperature. The CV curves of supercapacitor with graphene
doped carbon materials and GO-EMIMBF4-(P(VDF-HFP)
ion gel are displayed in Figure 16A. The all-solid-state SCs
with graphene doped carbon materials and GO-EMIMBF4-
(P(VDF-HFP) ion gel as electrodes and electrolytes,

271,272



22 YANG ET AL.
= | wiLEY- Mat :
Cations
F‘H R Ry ’N/—\N / >
Rz—T‘ —R /é*\ R,—P*—R, R N "R, kw L
N*
Ry A R, Ra R,/ \R2 R~ R
Ammonium Sulfonium Phosphonium Imidazolium  Pyrrolidinium Piperidinium
R, Ry, Ry, R3 = = alkyl or alkoxy groups or H
Anions
F o} o}
F
} "N ,’)/F \\S/N ~7 /\\S/N \s//\
F—B—F N
| F~ | °F F3C/ \. 7/ “cFs F \\O O// F
F F O O
Tetrafluoroborate Hexafluorophosphate bis(Trifluoromethanesulfonyl) bis(Fluorosulfonyl)
BF,~ PFg~ imide TFSI~ imide FSI~
i I
N- H
P — N N—S—O0"
| o N Q [
CF, 0
Trifluoromethanesulfonate Dicyanamide Cyclamate
Ti- DCA- cYc

FIGURE 15 The structures of typical ionic liquids ions. Reproduced with permission: Copyright 2013, Wiley and Sons™’

respectively, exhibited a stable working potential window
from 0 to 3.5V, the specific capacitance of 190 F/g, the
energy density of 76 Wh/kg at the current density of 1 A/g.
She et al.”* investigated high-voltage SCs with ILs decorated
GO and polypropylene (PP):EMIMTEFSI as the electrodes
and the electrolyte, respectively. The surfactant microemul-
sion system of ILs can accelerate the diffusion of ionic liquid
ions into GO. The SCs based on the above electrode and
electrolytes exhibited a working window of 3V, the specific
capacitance of 302F/g, the maximum energy density of
45Wh/L at the power density of 571.4W/L at RT. The
Ragone plot is displayed in Figure 16B. In addition, the SCs
based on ILs electrolytes exhibited excellent stability in a
wide temperature ranging from —95°C to more than
300 °C,””"”*° which was inaccessible in the aqueous electro-
lytes and the organic electrolytes. Pandey and Hashmi**"
reported a 1-ethyl-3-methylimidazolium tetracyanoborate
(EMIMTCB) entrapped in poly(vinylidene fluoride-co-
hexafluoropropylene) (PVAF-HFP) gel electrolytes, which
could provide a wide working window of about 3.8V and
high ionic conductivity of 9 x 107> S/cm at RT (as shown in
Figure 16C). Moreover, the gel electrolytes were stable up to
310 °C, indicating that it has great applications in an extreme
environment. On the other hand, Lin et al.”*’ developed
an ILs electrolyte by mixing N-methyl-N-propylpiperidinium
bis(fluorosulfonyl)imide =~ (PIP;sFSI) and  N-butyl-N-
methylpyrrolidinium bis(fluorosulfonyl)imide (PYR;4FSI) in

a molar ratio of 1:1, which exhibited an operating
temperature ranging from —50°C to 100 °C. As presented
in Figure 16D, the eutectic mixture formed by two ILs has a
much lower melting point (—80 °C) than PIP;FSI (6 °C) and
PYR4FSI (—18 °C). The SCs based on the mixed ionic liquid
electrolytes and incorporated with nanostructured carbon
electrodes showed a wide potential of 3.5V and a wide
operating range from —50°C to 100 °C. The SCs based on
the ILs gel-based electrolytes also exhibited an outstanding
mechanical performance while keeping the good electro-
chemical performance. Shen et al.”® reported flexible
asymmetric SCs based on the FeOOH electrodes and the
ILs electrolytes. The y-FeOOH@carbon cloth, N-doped AC,
and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfo-
nyl) imide (EMIM-NTF,)-fumed SiO, were used as the
negative electrode, the positive electrode, and the electro-
lytes, respectively. Figure 16E illustrates the intercalation
pseudocapacitance provided by EMIM* and FeOOH. The
intercalation pseudocapacitance provided by EMIM* and
FeOOH exhibited a promised electrochemical performance
and the (EMIM-NTF,)-fumed SiO, gel electrolytes could
provide great stability. The SCs could exhibit the maximum
energy density of 1.44mWh/cm® at 200°C and stable
energy-storage ability at a 180° bending angle.

Recently, we reported novel ionic LGs composed
of PVA, 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4), and tetrabutylammonium tetrafluoroborate
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(B) Ragone plot of supercapacitor with ionic liquid decorated graphene oxide and polypropylene (PP)-EMIMTFSI as electrodes and electrolyte,
respectively. Reproduced with permission: Copyright 2017, American Chemical Society.”** (C) The ionic conductivity of 1-ethyl-3-
methylimidazolium tetracyanoborate (EMIMTCB) entrapped in poly(vinylidene fluoride-co-hexafluoropropylene) (PVAF-HFP) gel electrolytes.
Reproduced with permission: Copyright 2013, Royal Society of Chemistry.”** (D) The temperature range of the mixture of (PIP;5FSI) and (PYR;4FSI).

Reproduced with permission: Copyright 2011, American Chemical Society.
provided by EMIM* and FeOOH. Reproduced with permission: Copyright 2016, Royal Society of Chemistry”

(TBABF4) (PVA:BMIMBF4:TBABF4) as the solid-state
electrolytes, which exhibited dramatically enhanced
ionic conductivity. Afterward, we demonstrated all-
solid-state ASCs by using MnO, coated on carbon cloth
(CC) as the positive electrode, rGO coated on a CC as the
negative electrode, and PVA:BMIMBEF,:TBABF, gel as
the solid-state electrolyte. Figure 17A schematically
displays ASCs device configuration, MnO,@CC//PVA:B-
MIMBF4:TBABF4//rGO@CC. ASCs exhibit a wide oper-
ational window from 0 to 3.0 V (Figure 17B). The ASCs
possessed the highest specific capacitance of 49 F/g, the
energy density of 61.2Wh/kg, the power density of
1049 W/kg at the current density of 0.5 A/g (Figure 17C).
Figure 17D displays the Ragone plot of MnO,@CC//
PVA:BMIMBF4:TBABF4//rGO@CC ASCs. Compared to
the recently reported SCs incorporated with IL electro-
lytes, the MnO,@CC//PVA:BMIMBF,:TBABF,//tGO@
CC ASCs exhibited both high energy density and high
power density. The ASCs maintained greater than 80%
capacitance retention after the 3000 charge/discharge
cycles at the current density of 3 A/g.”*’

%5 (E) Schematic illustration of the intercalation pseudocapacitance
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4.4 | Double-network gel electrolytes

High energy density flexible all-solid-state SCs incorpo-
rated with hydrogel electrolytes (HEs) solid-state electro-
lytes have been reported.”””*****” However, the single-
component solid-state HEs exhibited poor mechanical
strength and flexibility.”"*** " To address these problems,
solid-state double-network (DN) HEs, which are composed
of two independent and interpenetrating polymer networks,
have been developed for enhancing mechanical strength
and flexibility.”"**”' "’ The SCs with superior mechanical
stretchability (up to 1000%) and excellent self-healing
behavior under either heating or light treatment were
reported by Li et al.,”*’ where the SCs were incorporated
with a multifunctional hydrogel polyelectrolyte with
copolymerization of 2-acrylamido-2-methylpropane sul-
fonic acid and N,N-dimethylacrylamide. Lin et al*”
reported a novel Li,SO,4-containing agarose/polyacrylamide
double-network (Li-AG/PAM DN) hydrogel electrolyte,
which was synthesized by a heating-cooling and subse-
quent radiation-induced polymerization and cross-linking
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process. The Li-AG/PAM DN hydrogel electrolyte pos-
sessed extremely excellent mechanical properties with a
compression strength of 150 MPa, a fracture compression
strain of above 99.9%, a tensile strength of 1103 kPa, and an
elongation at a break of 2780%. They further demonstrated
the flexible Li-AG/PAM DN hydrogel electrolyte-SC, which
exhibited a low charge-transfer resistance, a good ionic
diffusion, a superior rate capability, and good cycling
stability, owing to the improved ionic transport in the Li-
AG/PAM DN hydrogel electrolyte and electrode inter-
faces."”” However, the solid-state DN HEs still possessed
inferior energy densities.

Recently, we introduced Na,MoQ,, a kind of pseu-
docapacitive redox additive into DN HEs.””® The
schematic illustration of the solid-state gelatin pHEAA
chitosan Na,MoO, DN HEs was shown in Figure 18A.
Figure 18B presents the CV curves of the symtrical
supercapacitors (SSCs) incorporated with the solid-state
gelatin pHEAA chitosan Na,MoO, DN HEs absorbed
H,SO, solution under different scan rates. All CV curves
possess similar shapes in the operational window from
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0 to 0.8 V, demonstrating that the SSCs incorporated with
the solid-state gelatin pHEAA chitosan Na,MoO, DN
HEs absorbed H,SO, solution have good reversible
capacitive behaviors. The SSCs exhibit a specific capaci-
tance of 84 mF/cm? (~420 F/g) at the current density of
1mA/cm® (Figure 18C), which is three times that
(28 mF/cm?) from the SSCs incorporated with the solid-
state gelatin pHEAA chitosan DN HEs absorbed H,SO,
solution at the same condition. A specific capacitance of
84 mF/cm” at the current density of 1 mA/cm? and a
specific capacitance of 52% at the discharge current
densities of 10 mA/cm? were observed (Figure 18D). The
capacitance retention of SSCs is 62%, which is much
higher than that (32%) of the SSCs incorporated with the
solid-state gelatin pHEAA chitosan DN HEs absorbed
H,SO, solution. These results demonstrate that the SSCs
incorporated with the solid-state gelatin pHEAA chitosan
Na,MoO, DN HEs are more stable than the
electrochemical-double-layer capacitance provided by
the interface between the electrodes and electrolytes at
a higher current density. It was also found that the SSCs
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incorporated with the solid-state gelatin pHEAA chitosan
Na,MoO, DN HEs absorbed H,SO, solution exhibited
the energy density of ~34 Wh/kg at the power density of
~1800 W/kg, and the energy density of ~70 uWh/cm? at
the power density of ~3800 uW/cm? These values are
comparable to those reported recently. Figure 18E
presents the cyclic stability of the SSCs. After 7000 charges/
discharges cycles at the current density of 5mA/cm?, the
SSCs can still retain approximately 80% of their initial
capacitance. The decreased specific capacitance after 7000
charge/discharge cycles is probably originated from water
evaporated from the solid-state gelatin pHEAA chitosan
Na,MoO, DN HEs, which could induce the solid-state
gelatin pHEAA chitosan Na,MoO, DN HEs detached from

the ACC electrodes, resulting in poor ionic conductivity.
Moreover, the SSCs possessed negligible degradation in
both electrochemical performance and mechanical flexibil-
ity after they were bent 1000 times at 90° and retained
approximately 80% capacitance retention after 7000 charge/
discharge cycles, which indicated that the SSCs possessed
excellent flexibility and stability.

5 | SUMMARY AND OUTLOOK

The solid-state SCs are playing more and more important
roles in plenty of diverse energy storage systems, such as
wearable electronics, self-powered devices, and smart
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medical devices. This review systemically introduced the
basic mechanisms of different types of SCs and recent
progress in both electrodes and electrolytes used for the
development of solid-state flexible SCs. For the electro-
des, except for the traditional carbon materials, conduct-
ing polymers, metal oxides, and other novel materials,
such as metal nitrides, metal chalcogenides, MXenes,
COFs, and MOFs, used for the electrodes were also
overviewed. These emerging new materials have become
promising candidates for approaching high-performance
electrodes due to their unique electrochemical perform-
ance. For the electrolytes, polymer gel-based solid-state
electrolytes have attracted more attention in both
academia and industry sectors. The multicomponent
polymeric matrices could provide both high mechanical
and electrochemical performance for the flexible SCs.
Moreover, solvent-free ionic liquids with large voltage
and temperature windows could boost the high-energy-
density devices and extend their applications in extreme
situations.

Many impressive and encouraging methods have been
developed for approaching high-performance flexible SCs,
but the following challenges are needed to be addressed.

(1) The energy density of most flexible SCs was still
lower than those in secondary batteries, which
restricted the long-time endurance of the wearable
and portable devices. Investigation of new pseudo-
capacitive materials with both high capacitance and
large working windows is the primary objective.

(2) The emerging 2D layered materials, such as MXenes,
transition metal nitrides, and chalcogenides have
shown promising high-performance as the electro-
des. However, the collapse between the individual
layer with another one restricted the stability of these
2D materials, which have to be resolved.

(3) The understanding of ion transport dynamics in
irregular porous structures is still lacking. Most
reported mechanisms or simulations are based on
the ideal model, which can not completely describe
the real situation. With the help of in situ character-
ization, such as high-throughput synchrotron X-ray
diffraction and absorbance, the more detailed mech-
anisms on charge transport and storage can provide
clear insights on the design of new materials.

(4) Few studies focused on the interaction between the
electrolyte ions and the polymeric matrices. The
mechanisms of the influence of different polymer
chains on ionic conductivity were still unclear. To
explore the underlying of the polymeric chains in the
matrices on the ionic conductivity probably could lead
to a better understanding of further development of
multicomponent polymeric matrices.

(5) In the past decades, most researchers described the
device performance of SCs by the mass-specific capaci-
tance. The mass to calculate the specific capacitance can
be both the mass of active materials on electrodes and
the whole devices. But for wearable and portable
electronics, it is more reasonable to use the volumetric
specific capacitance since these electronics are usually
light. So the standard parameters should be set up to
better describe the device performance.

(6) For the applications of SCs, the expensive electrode
materials and low processability restrict the further
developments of large-scale devices. Investigating the
low cost and easily processable materials will benefit
the developments of large-scale processing such as
blade cast with roll-to-roll (R2R) processing.
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