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ABSTRACT

Solid-state electrochemical energy storage devices (i.e. supercapacitors and lithium-ion batteries) have attracted
tremendous attention because they are widely considered as the promising next-generation energy/power
technology to overcome the current issues of low energy density and insecure safety in conventional liquid
devices. The last decade we witnessed notable performance improvement on electrochemical energy storage
through advances in understanding and design of advanced nanostructured materials. One could argue that
inorganic materials have played a central, starring role for the assembly of various electrochemical energy
storage systems. However, energy storage systems fabricated from organic polymer networks have just emerged
as a new prospect. 3D polymer is a category of pure polymer or composites featuring three-dimensional fra-
meworks structure, which could be potentially used in solid-state electrochemical energy storage due to its high
electron conductivity or ionic conductivity. Here we summarize the main research advances on the attractive use
of 3D polymer networks for the fabrication of electrodes and electrolytes in either solid-state supercapacitors or
lithium-ion batteries. Besides, challenges of future development for 3D polymer networks have also been out-
lined.

1. Introduction

great necessity to develop high efficient, stable and environmentally
friendly energy storage devices. Additionally, flexible and wearable

The rapid growth of global population and economic prosperity is
now leading to significantly increasing demand for energy. However,
conventional energy resources such as petroleum, coal and natural gas
with limited reserves can’t support the long-term prosperity of human
society [1,2]. In this regard, researchers are appealing to technologies
for harvesting renewable energies including solar energy, wind and
blue energy [3,4]. To convert the intermittent and randomly occurred
renewable energy into continuous and reliable power supply, it is of

electronics such as smart watch and foldable cell phone have become
hotspot consumer products in modern society, which correspondingly
stimulates the proliferation of solid-state energy storage devices [5,6].
Solid-state supercapacitors (SSCs) and all solid-state lithium-ion bat-
teries (ASSLIBs) are two typical starring members with both remarkable
electrochemical performance and high security in the big family of
electrochemical energy storage devices (inset of Fig. 1) [7,8]. SSCs
storing electrochemical energy through either fast physical electrostatic

* Corresponding authors at: Key Laboratory of Advanced Technologies of Materials (Ministry of Education), School of Material Science and Engineering, Southwest

Jiaotong University, Chengdu 610031, PR China (W. Yang).

E-mail addresses: haitaozhang@swjtu.edu.cn (H. Zhang), wqyang@swjtu.edu.cn (W. Yang).

! Zhong Xu and Xiang Chu contributed equally to this work.

https://doi.org/10.1016/j.cej.2019.123548

Received 15 May 2019; Received in revised form 12 November 2019; Accepted 18 November 2019

Available online 19 November 2019
1385-8947/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2019.123548
https://doi.org/10.1016/j.cej.2019.123548
mailto:haitaozhang@swjtu.edu.cn
mailto:wqyang@swjtu.edu.cn
https://doi.org/10.1016/j.cej.2019.123548
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2019.123548&domain=pdf

Z. Xu, et al.

PPy@CuPcTc ‘
c 4 Cathode

adsorption process (Electrical double layer capacitor, EDLC) or rapid
surface redox reaction (Pseudo-capacitor) feature rapid charge/dis-
charge dynamics, high power density and exceptional long cycling life
[9-12]. In contrast, ASSLIBs possess much higher energy density with
high working voltage (> 3.8 V) and thus are attracted great attention.
Moreover, ASSLIBs held the significant advantage of excellent safety
(No explosion and leakage risk) that is one of the greatest issues in
conventional liquid devices. Similarly, ASSLIBs consist of cathode,
solid-state electrolyte, anode and current collectors. The lithium ion can
insert/extract in electrode and transport via solid electrolyte according
to the different mechanism such as ion transition theory, vacancy
transport theory and so on [13]. Unlike the conventional liquid-based
lithium ion batteries, the ASSLIBs replace the liquid organic electrolyte
with solid-state electrolyte which can extremely enhance the safety as
well as the energy density with lithium anode.

To date, inorganic materials such as activated carbon, graphite
anodes and lithium transition metal oxides have been successfully ap-
plied in commercialized supercapacitors and lithium ion batteries and
is now playing indispensable role in our daily life [14]. However, the
electrochemical performance of these devices such as energy density,
power density and cycling stability is still far from satisfying the
growing demand [15]. In this regard, we have seen increasing interest
in the rational design and synthesis of electrode and electrolyte mate-
rials with unique nanostructures. Three-dimensional (3D) polymers, an
emerging class of organic materials consisting of pure polymers or
polymer composites, possessing interconnected 3D networks and highly
continuous porous structure, could be utilized in both electrodes and
electrolytes of SSCs and ASSLIBs. When 3D polymers are utilized as
electrode materials, they can naturally form conductive scaffolds for
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Fig. 1. Different applications of 3D poly-
mers in solid-state supercapacitors and li-
thium-ion batteries. (a) GF-PI [16] Copy-
right 2017, Royal Society of Chemistry, (b)
3D PI-ZnO [17] Copyright 2016, Nature
Publishing Group, (c) 3D CPB [18] Copy-
right 2018, Elsevier Science Inc, (d) MSTP-
PE [19] Copyright 2017, Elsevier Science
Inc, (¢) LLTO@PEO [20] Copyright 2017,
Wiley, (f) dual-salt 3D-CPE [21] Copyright
2018, Wiley, (g) PVA/cellulose [22] Copy-
right 2019, Springer, (h) PVA-PB [23]
Copyright 2012, Elsevier Science Inc, (i) FSS
[24] Copyright 2015, Royal Society of
Chemistry, (j) PPy@CuPcTs [25] Copyright
2015, American Chemical Society (k) PANI/
hCTNs [26] Copyright 2019, Elsevier Sci-
ence Inc, (1) PANI/phytic [27] Copyright
2012, PNAS.
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electrons and unblocked pathways for electrolyte penetration, an effi-
cient electrode/electrolyte interface can thus be obtained. When 3D
polymers are utilized as electrolyte materials, they play the dual role of
both electrolytic salt host matrix and separator. In addition, the copious
pore volume of 3D polymers will facilitate the ion/mass transfer in
electrolyte, which will lead to efficient electrochemical process and
rapid electrochemical response. Here, we review recent advances in 3D
polymer based solid-state electrochemical energy storage devices
(mainly in SSCs and ASSLIBs), including the 3D electrode (cathode,
anode and binder) and electrolyte (as shown in Fig. 1). We mainly
focus on the fabrication strategies of constructing 3D nanostructures
and corresponding electrochemical performance. Advantages and dis-
advantages of each strategy is elaborately analyzed and remaining
challenges are clarified. Moreover, perspectives and opportunities of 3D
polymers will be discussed as well.

2. 3D polymers for solid-state supercapacitors

Solid-state supercapacitors (SSCs) recently emerged as a promising
energy storage device featuring exceptionally long cycle life, large
power density, high security and reliability along with environmental
benignity [7,8]. SSCs commonly consist of current collector, electro-
chemical active electrodes, solid-state electrolyte and encapsulating
layers, among which electrodes and solid-state electrolytes play crucial
role in determining electrochemical performance of devices. In contrast
with conventional liquid supercapacitors, SSCs perfectly avoid the
electrolyte leakage in combination with larger potential window. Ad-
ditionally, the separator membrane can also be avoided since the solid-
state electrolyte can play dual role of ion transfer and electron isolation.
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One could argue that inorganic hybrid materials have played a central,
starring role for the assembly of SSCs. However, organic materials such
as 3D polymer networks are playing significantly important role in the
fabrication of advanced SSCs. To date, various 3D polymer materials
have been reported for the fabrication of both electrodes and electro-
lytes for SSCs. Therefore, in this section, we will discuss recent ad-
vances in 3D polymer-based SSC electrodes, including 3D polymer de-
rivatives especially conducting polymer hydrogels and 3D conducting
polymer/carbonaceous materials composites. Besides, different types of
gel polymer electrolytes are introduced in the following part in which
3D polymer networks basically serve as the host matrix.

2.1. 3D polymer electrodes for SSCs

Electrode materials of SSCs play an unambiguously crucial role in
determining the electrochemical performance of device due to their
either large accessible surface area (electrochemical double layer ca-
pacitors) or intrinsic fast surface redox reactions (pseudo-capacitors)
[28]. Recently, a remarkable improvement in performance of SSCs have
been achieved through advances in electrochemical active electrodes
such as carbonaceous materials [29-31], transition metal oxides
[32,33] and conducting polymers (CPs) [34,35]. Generally, the vast
majority of existing polymers can’t be applied in the fabrication of SSCs
electrodes because they are insulating and electrochemical inactive.
Only a few kinds of CPs such as polyaniline (PANI), polypyrrole (PPy),
poly(3,4-ethylenedioxythiophene) (PEDOT) and their derivatives can
be used as SSCs electrodes because rapid redox reaction happened on
the surface of these polymers and electrochemical energy can thus be
stored/released. According to previously reported literatures, CPs such
as PANI store energy through redox transition between leucoemer-
aldine (insulating) and protonated emeraldine (conducting), the tran-
sition between p-benzoquinone and hydroquinone, and the transition
between emeraldine and the pernigraniline. These redox peaks em-
bedded in a high background current indicate a pseudocapacitive per-
formance of PANI [9]. Moreover, CPs polymeric chains can be re-
versibly doped/de-doped by electrolytic ions, thus ions can be
temporarily stored by CPs. Compared with bulk CPs, 3D CPs inherit the
above-mentioned merits while possess hierarchical 3D architectures
simultaneously, which consequently guarantee more efficient contact
between electrode and electrolyte as well as unblocked transport
channel of solvated ions, and hence leading to promising electro-
chemical properties. Generally, there are two typical strategies towards
construction of 3D CP electrodes: (i) Building 3D conducting polymer
hydrogels (CPHs) for SSCs electrodes. CPHs are a type of monolithic
scaffold superstructures comprising CPs nanoparticles or nanosheets,
not only inherit remarkable properties of CPs such as relatively high
conductivity, considerable softness, unique conjugated chain structure
and intrinsic large pseudo-capacitance, but also offer 3D interconnected
networks with unique properties of large surface area, outstanding
mechanical durability, and high ion transmission efficiency. Due to the
fact that the solid phase of CPHs is completely surrounded by large
amounts of liquid phase, the electrochemical materials can be fully
utilized. Further, extra surface area and molecular contact of electrode
materials and electrolyte can also be achieved benefiting from the
swelling behavior of polymer with water and ions, which leads to the
efficient electrochemical process of supercapacitors. (ii) Inclusion of
CPs into scaffolds possessing stable 3D architectures. Since it is still a
big challenge to spontaneous construct pure CPs into advanced 3D
hierarchical structures because of rigid macromolecular chains and
poor processability. CPs can be rationally incorporated into existing 3D
networks such as carbonaceous frameworks to form 3D hierarchical
structures.

2.1.1. 3D CPH:s for SSCs
3D CPHs appeared as an emerging class of derivatives of CPs, which
advantageously synergize the features of hydrogels and organic
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conductors. 3D CPHs have gain ground in a variety of applications such
as sensors [36,37], catalysis [38], drug delivery [39,40] and energy
storage [41,42]. CPHs are generally cross-linked networks containing a
significant amount of water serves as the medium. The hydrophilic
nature and interconnected porous structure of CPHs give rise to easy
penetration of electrolyte and molecular level contact between the
electrode materials and electrolyte, resulting in an extremely high ef-
fective surface area [43]. Besides, the inherent soft nature of hydrogel
materials endows the electrode superior flexibility, which benefits to
gain high performance devices with promising flexibility. Compared
with rigid electrode materials such as active carbon and transition
metal oxides, CPHs can be directly used as the electrode materials
through facilely integrating it onto current collector during in-situ ge-
lation, thus we can eliminate the utilization of binder such as carbox-
ymethyl cellulose (CMC), polyvinylidene fluoride (PVDF) and poly-
tetrafluoroethylene (PTFE). Additionally, some recently reported CPHs
could even be sprayed or screen-printed into pre-designed micro-pat-
terns, which makes them promising candidate for massive fabrication of
all-printed electrochemical devices [27,44].

2.1.1.1. 3D CPHs with non-conductive frameworks. To construct a 3D
CPHs system, a conventional method is synthesizing or polymerizing
conductive polymer monomer within an existing nanostructured
hydrogel matrix that basically serve as templates and frameworks (As
shown in Fig. 2a). In this context, Wang et al. [45] designed an all-in-
one flexible supercapacitor through integrating two PANI layers with
40 um thickness into chemically crosslinked PVA/H,SO,4 hydrogel film.
This device possesses a distinct three-layer structure, in which the top
and bottom layer are electrochemical active PANI while the middle
layer is glutaraldehyde (GA) gelated PVA/H,SO,4 hydrogel film. In this
typical sandwiched configuration, GA gelated PVA/H,SO,4 hydrogel is
employed as both electrolyte and 3D template of PANIL. CPHs layer can
be successfully incorporated onto PVA/H,SO,4 hydrogel matrix through
immersing it into aniline dilute solution. Consequently, this hydrogel
exhibits high break stretching of 300% with a fracture stress of
0.35 MPa and the resultant flexible SSCs deliver a high areal
capacitance of 488 mF cm ™2 at the current density of 0.2 mA cm ™2
To enhance the strength and robustness of CPHs, covalent bond

Non-conductive matrix Swollen in CP monomers 3D CPHs

b 3D CPHs with cross-linkers
@ 5 5 0° F.
P b@"‘ 0{» ‘ﬁaf;ﬁn"t{] 3:‘ I
e & @ © i
o ¢ ‘0%, %8 1 <79
', 3 S o, & »op =Ll
Uil *® .0 o \
@ - ® 0 §
e g 4 ¢ ¢ &
CP monomers CP monomers + Cross-linkers 3D CPHs
C Self-crosslinked 3D CPHs
¥ o““y” é:; f
- -
o S 2 Self-crosslinking strategies i
Sed SSSSSml— i
S P
ol e g Polymerization !

CP monomers 3D CPHs

Fig. 2. Typical synthetic methods toward 3D CPHs. (a) Synthesizing CPs in
existing non-conductive polymer frameworks. (b) Adding cross-linkers with
multiple functional groups into CPs to build 3D CPHs. (c¢) Using self-cross-
linking strategies towards 3D CPHs.
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between CPs and hydrogel matrix is often introduced into the hybrid
system. For instance, Li and co-workers [46] reported a supramolecular
strategy to prepare conductive hydrogels for the fabrication of high
performance SSCs, in which dynamic boronate bond is elaborately
introduced in between rigid conductive PANI and soft hydrophilic PVA
chains. As a result, this CPHs show enhanced robustness with a Young’s
modulus of 27.9 MPa and tensile strength of 5.3 MPa at 250%
elongation. Flexible SSCs based on this CPHs provides a large
capacitance (306 mF cm ™2 and 153 F g~') and a high energy density
of 13.6 Wh kg ™. The robustness of the SSCs is demonstrated by 100%
capacitance retention after 1000 mechanical folding cycles. Similarly,
Zhang et al. [47] covalently incorporated PANI onto a triblock
copolymer (IAOAI) containing a central poly (ethylene oxide) block
and terminal poly (acrylamide) (PAAm) block with aniline moieties
randomly incorporated. Morphology characterization reveals that these
CPHs consist of well-ordered pores with an average size of 30 pm,
which could facilitate the mass transfer and the free moving of
electrolyte. Enlarged SEM picture shows the CPHs scaffold is
composed of numerous 50 nm nanoparticles, thus the specific surface
area of hydrogel can be remarkably enhanced. Besides, these CPHs
exhibit high conductivity of 0.15 S ecm™' as well as promising
elongation of 112% with a tensile stress of 11 kPa. As a result, these
CPHs demonstrate remarkable electrochemical capacitance (919 F g~ 1)
along with good cyclic stability (90% capacitance retention after 1000
cycles). Moreover, supercapacitors based on the hybrid hydrogel
electrodes present a large specific capacitance (187 F g~!) and
considerable flexibility. In summary, this method is versatile and
effective to construct CPHs networks and the mechanical performance
of CPHs can be easily tuned through choosing proper hydrogel matrix.
However, the specific capacitance and volumetric energy density is
often limited due to the existence of non-conductive frameworks, which
is generally electrochemical inactive and thus impairs electrochemical
performance.

2.1.1.2. 3D CPHs with novel cross-linkers. In the above-mentioned
system, a nonconductive hydrogel matrix is always employed as
template or framework to build 3D hybrid CPHs, which will
inevitably lead to deterioration of both electrical and electrochemical
properties. In this regard, it is of great necessity to reduce the
proportion of electrochemical inactive component while increase the
proportion of electrochemical active component (CPs) in the CPHs
system to capture high electrochemical performance. A typical method
toward CPHs with high electrochemical performance is introducing
cross-linker that contains multiple functional groups into CPs, which
could consequently interact with CP chains and finally lead to 3D
crosslinked networks (Fig. 2b). In this context, Pan et al. [27] employed
phytic acid as both dopant and cross-linker for the construction of PANI
based CPHs. The gelation mechanism of PANI hydrogel is illustrated in
Fig. 3a. Phytic acid reacts with PANI by protonating the nitrogen
groups on PANI. Since each phytic acid molecule can interact with more
than one PANI chain, this crosslinking effect results in the formation of
a mesh-like hydrogel network and rapid gelation of mixed solution of
approximate 3 min (Fig. 3b). Notably, this PANI based CPHs exhibits a
high conductivity of 0.11 S cm ™~ at room temperature and electronic
conductivity of dehydrated powder was measured to be 0.23 S cm ™! by
a standard four-point-probe method. Morphology characterization
reveals the 3D porous foam structure of CPHs with interconnected
coral-like dendritic nanofibers (Fig. 3c). Such 3D interconnected PANI
nanofiber structures can be more effective than wires and particles for
electrochemical device applications due to large open channels of the
micron-scale and nanometer-scale pores within the structure. Due to
the high conductivity and hierarchical porosity, this polyaniline based
CPHs demonstrate high specific capacitance (480 F g™ '),
unprecedented rate capability, and cycling stability (~83%
capacitance retention after 10,000 cycles). To demonstrate the
versatility of phytic acid for constructing 3D CPHs, Shi et al. [48]
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reported a unique 3D porous nanostructured conductive polypyrrole
(PPy) hydrogel via an interfacial polymerization method in which the
polymerization is carried out at an organic/aqueous biphasic interface.
The morphology and relevant mechanical and electrochemical
properties of the PPy-based CPHs could be tuned by controlling the
ratio of phytic acid to pyrrole monomers in the synthetic process.
Consequently, the obtained SSCs shows a specific capacitance of
~380 F g !, excellent rate capability, and high areal capacitance of
~6.4 F cm ™~ 2 at a mass loading of 20 mg cm ™2, Since multiple organic
acids used as cross-linkers is an effective agent to construct 3D CPHs,
Dou and co-workers [44] reported that amino trimethylene phosphonic
acid (ATMP, a water treatment agent) can be employed as the gelator
and dopant because its phosphorus groups serve as strongly acidic
groups to dope PANI and render PANI CPH a significant hydrophilicity
(Shown in Fig. 3d). Additionally, this PANI CPH with considerable
electrochemical performance (422 F g~ 1) can be further processed
through 3D multilayer printing or screen printing into micro-patterns
due to the unique synthesis method and desirable processability, which
paves the way toward scalable fabrication of micro-supercapacitors.

In addition to multiple organic acids, other cross-linkers such as
dopant counterion or multivalent metal ions have also been applied
into the fabrication of high performance CPHs. For instance, Wang et al.
[25] reported a disc-shaped liquid crystal molecular copper phthalo-
cyanine-3,4’,4”,4”-tetrasulfonic acid tetrasodium salt (CuPcTs) cross-
linked PPy CPHs with enhanced conductivity and pseudocapacitance
(Fig. 3e). In this CPHs system, the CuPcTs acts as both the dopant and
gelator to self-assemble the PPy into nanostructured hydrogels through
electrostatic interaction and hydrogen bonding between the tetra-
functional CuPcTs and PPy chain. The resultant CuPcTs-doped PPy
CPHs consist of interconnected nanofibers with diameter of ~ 60 nm,
3D interconnected framework can thus be constructed. Notably, PPy
was just employed as a model system in this research, other typical CPs
such as PANI and PEDOT were also demonstrated to be effective for the
construction of 3D CPHs networks when CuPcTs was utilized as gelator.
Consequently, the CuPcTs-PPy hydrogel exhibit higher electrochemical
performance (~400 F g~ ! at 0.2 A g~ ') than pure PPy attributed to
higher conductivity and unique interconnected structure. In particular,
Dai et al. [49] reported that a self-strengthened PEDOT-PSS hydrogel
could be formed in one step through the polymerization of EDOT in the
presence of PSS with Fe®™ ions acting as both the oxidant and the ionic
cross-linker. This PEDOT-PSS hydrogel demonstrated both high fracture
stress up to 3.3 MPa with a fracture strain of 90% and high conductivity
in the order of 1072 S cm ™ *. Compared with the first synthetic route in
which non-conductive frameworks is employed, adding cross-linkers
could be an efficient way to decrease to proportion of electrochemical
inactive component and consequently enhance electrochemical per-
formance. Nevertheless, in most cases the weak interactions such as
hydrogen bond or electrostatic interaction between cross-linkers and
polymer chains will lead to poor strength and robustness.

2.1.1.3. 3D CPHs with self-crosslinking strategies. Although adding cross-
linkers into CP systems is demonstrated to be an effective way towards
3D CPHs, the cross-linkers are generally non-conductive and will
consequently hamper specific capacitance and energy density of
CPHs. In this regard, it is superior to develop self-crosslinked CPHs in
the absence of extra cross-linkers. Guo et al. [50] reported a self-
crosslinking strategy towards 3D PANI CPHs via oxidative coupling
reaction with using ammonium persulfate as the oxidizing agent and
aniline hydrochloric salt as the precursor in the absence of any
additional cross-linkers (Fig. 2c¢). Due to the absence of any
additional cross-linkers, this CPHs exhibit high specific capacitance of
750 F g_l, which is a new record at that time. Similarly, Yao et al. [51]
reported a facile method of preparing PEDOT:PSS hydrogel by thermal
treatment of commercial PEDOT:PSS suspension in sulfuric acid. The
resultant hydrogel exhibits high conductivity of 8.8 S cm ™! and highly
porous structure. Additionally, this CPHs can be easily fabricated into
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Fig. 3. (a) Schematic illustration of preparing 3D hierarchical PANI hydrogel where phytic acid plays dual role of cross-linker and dopant. (b) Digital image of PANI/
phytic acid in a reversed glass vial. (c) SEM image of porous dehydrated hydrogel. Reprinted with permission [27]. Copyright 2012, PNAS. (d) Schematic illustration
of preparing 3D PANI hydrogel with amino trimethylene phosphonic acid serves as cross-linker and corresponding morphology. Reprinted with permission [44].
Copyright 2016, Springer. (e) The PPy hydrogel crosslinked by disc-shaped liquid crystal molecule copper phthalocyanine-3,4’,4”,4”-tetrasulfonic acid tetrasodium
salt (CuPcTs). Reprinted with permission [25]. Copyright 2015, American Chemical Society.

fiber-shaped supercapacitors with remarkable volumetric capacitance
as high as 202 F ecm™> and extraordinary high-rate performance.
Generally, electrochemical and electrical properties of self-crosslinked
CPHs can be remarkably enhanced due to the absence of non-
conductive frameworks and crosslinkers. However, a self-crosslinking
strategy is not versatile for all CPs and usually accompanies with harsh
treatment (such a supercritical CO, drying and condensed acid
treatment), hindering it from wider application.

In addition with developing pure CPHs without adding crosslinkers,
much efforts have been devoted to develop novel synthesis method
towards 3D CPHs. For instance, Zhang and co-workers [52] proposed a
PPy/PVA interpenetrating network through vapor-phase polymeriza-
tion of pyrrole. An all-solid-state polymer supercapacitor (ASSPS) was
then fabricated via sandwiching the PVA/H,SO, film between two
pieces of the PPy/CPH film. The ASSPS is mechanically robust and
flexible with a tensile strength of 20.83 MPa and a break elongation of
377% owing to the strong hydrogen bonding interactions among the
layers and the high mechanical properties of the PPy/CPH. Besides, this
device exhibits maximum volumetric specific capacitance of 13.06 F
cm 2 and energy density of 1160.9 yWh cm ~3. In particular, Chu and
his co-workers [53] built 3D interconnected PANI/phytic acid CPHs for
high performance SSCs via electrochemical polymerization in the ab-
sence of chemical oxidative initiators. With 0.8 V potential (vs saturated

calomel electrode) applied on gold interdigital patterns, 3D CPHs
consisting of interconnected nanoparticles can be sequentially con-
structed. Notably, since the polymerization is initiated by electro-
chemical potential, the utilization of chemical initiator can be effec-
tively sidestepped. Due to the high conductivity (0.43 S cm ™! at room
temperature) and improved interfaces between electronic transport
phase and ionic transport phase, flexible solid-state micro-super-
capacitors based on this hydrogel deliver high areal capacitance of
135.9 mF cm ™2 and considerable energy density of 49.9 yWh cm ™2 at
0.4 mW cm ™2 Table 1 summarizes recently reported CPHs for SSCs
electrodes and their electrochemical performance.

2.1.2. 3D CPs/carbon composite for SSCs

As seen from the above discussion, 3D interconnected hydrogels
based on CPs have been extensively explored for the fabrication of
solid-state energy storage in supercapacitors. It can be clearly con-
cluded that CPHs hold great promise for the fabrication of high per-
formance flexible SSCs attributed to their considerable flexibility, in-
terconnected 3D networks and high intrinsic pseudo-capacitance.
Nevertheless, the conductivity of CPHs is relatively low (generally in
the order of 1072 to 10~' S cm ™). Besides, the doping and de-doping
process of CPs usually leads to structure collapse of 3D networks of
CPHs, which will deteriorate cycling stability of supercapacitors. In this
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Table 1

Synthetic routes and performance of typical CPHs appeared in recent reports.
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context, it is of great necessity to improve the conductivity of CPs based
materials serve as supercapacitor electrodes.

As a typical electrode material, carbonaceous materials with dif-
ferent state of aggregation including carbon nanotubes (CNTs), gra-
phene, carbon film and hierarchical porous carbon (HPC) have been
exploited in the fabrication of high performance supercapacitors at-
tributed to high conductivity and unique porous structure. Since energy
storage of carbonaceous materials mainly stems from EDLC mechanism,
they deliver limited specific capacitance. In this regard, CPs could be
rationally polymerized onto 3D carbonaceous frameworks thus better
conductivity can be obtained. Besides, specific capacitance can be si-
multaneously enhanced compared with pristine carbonaceous materials
due to the introduction of pseudo-capacitance.

2.1.2.1. SSCs based on 3D CNT/CP composites. Since the seminal work
nearly three decades ago by Iijima [54], CNTs have become the focus of
considerable research especially in the field of flexible electronics
[55-57]. Generally, CNTs can afford limited capacitance when
utilized as supercapacitor electrode materials attributed to low
specific surface area. In this regard, CPs can be included into CNTs to
enhance electrochemical capacitance by virtue of high intrinsic
pseudocapacitance. Additionally, CNTs can naturally construct an
interconnected 3D networks due to its high length-diameter ratio,
thus it can be used as frameworks or polymerization templates for CPs.

To date, many different strategies have been developed for the
preparation of high performance 3D flexible CNTs/CP networks.
Among various CPs, polyaniline is the most popular one for inclusion of
CNTs attributed to its variable oxidation state, low cost and easy
synthesis. Fan et al. [58] developed a facile method for the preparation
of a 3D hierarchical nanocomposite of vertical PANI nanorods aligned
on the surface of functional multiwall carbon nanotubes (FMWNTs) by
in situ polymerization of PANI on the surface of FMWNTs (as shown in
Fig. 4). It is demonstrated that a uniform PANI shell can be easily
formed on the surface of FMWNTs while in situ synthesis of PANI on the
non-functionalized MWNTs leads to the formation of a mixture of
mostly PANI nanofibers. Morphology characterization of PANI/
FMWNTs composites with different reaction time indicates a ‘seed
growth’ mechanism. Initial polymerization of aniline ions tends to form
seeds on the surface of FMWNTs. Then, PANI grows along the seeds and
vertically aligned PANI nanorods on the FMWNTs sidewall are pro-
duced. Consequently, this 3D PANI/FMWNTSs composites exhibit a high
specific capacitance of 568 F g~ ! at the current density of 10 A g~ 1,
which is larger than that of pure FMWNTs. Similarly, Cai and co-
workers [59] successfully incorporated PANI with aligned CNTs, which
delivers large capacitance of 274 F g~ ! and can be further applied in
the fabrication of fiber-shaped microsupercapacitors.

Since the vast majority of flexible solid-state supercapacitors share a
laminated structure in which solid-state electrolyte is sandwiched be-
tween two electrode films, it is of great necessity to assemble electrode
into flexible freestanding films. In this context, CTNs can be in-
corporated with CPs for the fabrication of freestanding films. Meng
et al. [60] reported a novel method to prepare paper-like CNT/PANI
composites by using CNT network as the template. Compared with the
conventional brittle CNT/PANI composites, these paper-like composites
were much thin and flexible (Fig. 5a). As a result, this composite paper
exhibits a high conductivity (150 S cm™!) and large specific capaci-
tance of 424 F g~ . This work opened up an avenue for the design and
fabrication of paper-like films consisting of CNT and CPs. Similarly,
Zhang and co-workers [61] prepared multi-walled carbon nanotube
(MWCNT)/PANI composite films through in situ electrochemical
polymerization of aniline solution containing different MWCNT con-
tents. The resultant film also exhibits large specific capacitance, better
power characteristic, and good cyclic stability, which can be further
utilized for SSCs.

In addition, with CNTs, other carbonaceous tubular materials fea-
turing large length-diameter ratio such as carbon nanofiber, graphite
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Fig. 4. (a, b) SEM and (c, d) TEM images of 3D PANI-FMWNTs nanocomposites. (e) SEM and (f) TEM images of PANI-MWNTSs nanocomposites. (g) Schematic
illustration of the formation of PANI-FMWNTSs nanocomposite with vertical PANI nanorods on FMWNTs. Reprinted with permission [58]. Copyright 2012, Springer.

nanofibers and hierarchical carbon tubular nanostructures (hCTNs)
have also been used as polymerization template for CPs. Typically, He
et al. synthesized long, ordered and needle-like PANI nanowires onto
graphitized electrospun carbon fibers (GECFs) to prepare PANI/GECF
composite cloths as electrode material for supercapacitors (shown in
Fig. 5b). These flexible PANI/GECF composite cloths with 3D hier-
archical micro/nano-architecture can be directly made into electrodes
without any conductive additives and binders, which displayed a high
specific capacitance of 976.5 F g~ ! at the current density of 0.4 A g~ .
In particular, Yan and co-workers [62] homogeneously deposited PANI
nanoparticles onto the surface of electrospun carbon nanofiber (CNF)
serve as substrate via simple rapid-mixture polymerization. The re-
sultant CNF/PANI paper delivered high specific capacitance of 638 F

g~ 1, which is a potential low-cost candidate for use as flexible SSCs.
Intriguingly, Zhang et al. [63] proposed a novel 3D carbonaceous
structure called hCTNs, which is derived from one-step conversion of
greenhouse gas CO,. This tubular structure possesses blood vessel like
hierarchical structure, which facilitate electrolyte penetration and
electron transfer. Chu et al. [26] then in situ polymerized PANI nano-
particles onto the surface of this tubular structure, 3D hierarchical
hCNTs/PANI composites thus comes into formation. Notably, these
hCNTs/PANI composites can be easily synthesized onto stainless steel
springs to prepare a highly stretchable electrode (Fig. 5¢). This work
may give inspiration for the design and fabrication of novel stretchable
devices.

Fig. 5. (a) Brittle CNT paper/PANI tablet and flex-
ible buckypaper/PANI composite. Reprinted with
permission [60]. Copyright 2009, Elsevier Science
Inc. (b) PANI/GECF (graphitized electrospun carbon
fibers) cloth with PANI nanowires uniformly
wrapped carbon fibers. Reprinted with permission
[64]. Copyright 2012, the Royal Society of Chem-
istry. (c) In situ synthesized 3D hierarchical PANI/
hCTNs structure for a highly stretchable super-
capacitor electrode. Reprinted with permission [26].
Copyright 2019, Elsevier Science Inc.
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2.1.2.2. SSCs based on 3D Graphene/CP composites. Graphene, a 2D
monolayer of sp>bonded carbon atoms, has attracted increasing
attention in electrochemical energy storage attributed to high
electrical conductivity, mechanical flexibility as well as excellent
chemical stability. However, it is still baffling for researchers to
achieve the high theoretical specific capacitance of graphene (~550 F
g~ 1) due to the restacking of individual graphene sheet. To address this
problem, ultrasonic assisted method or various spacers (e. g. CNTs,
carbon nanoparticles, metal ions, and polymers). Inclusion of CPs with
graphene affords a smart maneuver since this method can hinder
restacking of graphene while increase specific capacitance
synchronously. Therefore, Wu et al. [65] reported a composite film of
chemically converted graphene (CCG) and polyaniline nanofibers
(PANI-NFs) can be prepared by vacuum filtration the mixed
dispersions of both components. Morphology characterization reveals
the composite film has a 3D layered structure, in which PANI-NFs are
sandwiched between CCG layers. Due to the introduction of graphene
layers, electrical conductivity of PANI-NFs can be remarkably enhanced
to a high level of 5.5 x 10% S ecm™'. The composite film also exhibits
large electrochemical capacitance of 210 F g~ ! along with improved
electrochemical stability and rate performance. Similarly, Xu and co-
workers [66] in-situ synthesized PANI nanowires aligned vertically on
the surface of graphene oxide (GO), thus 3D hierarchical composite
comes into formation. Amazingly, the hierarchical nanocomposite
possessed higher electrochemical capacitance and better stability than
each individual component as supercapacitor electrode materials,
showing a synergistic effect of PANI and GO. Recently, Zou et al.
[67] demonstrated a mechanically robust double-crosslinked network
consisting of functionalized graphene and PANI by polymerization of
aniline in a confined functionalized graphene (PGH) hydrogel
framework. As a result, symmetric supercapacitor based on this stiff
hydrogel achieve a superior areal specific capacitance of 3488.3 mF
cm ™2 and a volumetric specific capacitance of 872 F cm ™~ %, remarkable
rate capability, and excellent cycling stability. In addition to PANI,
other CPs such as PPy and PEDOT have also been coupled with
graphene in order to obtain 3D networks. For instance, Oliveira et al.
[68] reported high-quality composites for supercapacitors through
interfacial/in situ oxidative polymerization of polypyrrole in the
presence of functionalized graphene sheets, which delivers higher
storage capacity (277.8 F g~ ') than each individual film due to the
synergistic effect of PPy and graphene.

2.1.2.3. SSCs based on 3D CNT/Graphene/CP composites. Inclusion of
CPs with CNT/graphene composites is also demonstrated to be a
promising method to enhance electrochemical performance. CNTs
with large length-diameter ratio serve as both spacers hindering
restacking of graphene layers and connectors bridging two separated
graphene layers to construct interconnected electron transfer paths.
Additionally, in situ polymerized CPs can be doped by carboxylated
CNTs during polymerization process. Therefore, many research groups
have investigated CNT/graphene/polyaniline ternary composites.

Fan et al. [69] recently reported 3D conductive PANI/rGO/MWNTs
network for high performance SSCs. This 3D network is fabricated
through a typical rapid-mixture polymerization of aniline in the pre-
sence of MWNTs/GO hybrid film obtained by vacuum filtration, fol-
lowed by reduction using 55% hydroiodic acid. In this hybrid system,
MWNTs on the one hand inhibit the aggregation of 2D GO, on the other
hand bridge the gaps between reduced GO to form a three-dimensional
conductive network, thus efficient conductive pathways can be con-
structed within this 3D networks. Consequently, the PANI/rGO/
MWNTs film exhibits high specific capacitance of 498 F g1 at 0.5 A
g~ ! as well as excellent long cycle life of 95.8% capacitance retention
over 3000 cycles. Similarly, Faraji and co-workers developed PANI/
graphene/MWCNTs plastic films employing polyphenylene sulfide
(PPS) polymer matrix [70]. The resultant freestanding film shows
comprehensively excellent mechanical and electrochemical properties
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for the fabrication of flexible SSCs. In addition with PANI, other con-
ducting polymers such as polypyrrole [71], poly(3,4-ethylenediox-
ythiophene) [72] have also been applied to build ternary 3D CP/CNT/
graphene networks, which exhibit promising electrochemical perfor-
mance.

2.1.2.4. SSCs based on other 3D carbon/CP composites. Graphene and
CNTs are surely two starring materials in the big family of carbon
materials. However, there are yet still numerous other members existed
in this big family such as active carbon [73], onion like carbon [74],
hierarchical porous carbon (HPC) [75], biomass derived carbon [76,77]
and carbide derived carbon (CDC) [78], which could possibly construct
3D conductive scaffolds for CPs and consequently enhance
electrochemical performance of CPs. In this context, Miao and his co-
workers developed a freestanding 3D HPC materials with high specific
surface area of 320 m?/g through a facile phase separation method
[79]. PANI was then in situ chemical polymerized onto HPC
frameworks to decorate the 3D HPC. As a result, the HPC/PANI
composites exhibit much higher specific capacitance up to 290 F g*
at0.5Ag" 1 than that of HPC (198 F g 1). The resultant supercapacitor
delivers high energy density of 9.6 Wh kg ~* at 223 W kg ~* along with
good cycling stability. Liu et al. reported a convenient and inexpensive
“skeleton/skin” strategy to prepare carbon aerogel-polyaniline (CA-
PANI) hybrid materials with vertically aligned pores [80]. This hybrid
composites exhibits an extraordinary rate capability with a high
capacity retention (95%) when the current density is increased from
1to 100 A g~ 1. Similarly, He et al. fabricated a 3D ordered honeycomb-
like nitrogen-doped carbon (HNC) via the sacrificial template method
[81]. This 3D carbon skeleton exhibits high specific surface area of
1056 m? g~ ' as well as ordered structure. The HNC/PANI shows
excellent performance as high as 686 F g~ ' at 1 A g~ ' along with the
good rate performance and superior cyclic stability, which could be
potentially used in SSCs.

2.2. 3D polymer electrolytes for SSCs

Solid-state electrolyte is another crucial component of SSCs, which
plays an unambiguously important role in determining electrochemical
performance of SSCs. Compared with liquid electrolytes, solid-state
electrolytes have higher reliability and wider operation temperature.
Importantly, usage of separator and electrolyte leakage problem can be
effectively avoided when solid-state electrolytes are employed. In 3D
polymer electrolytes, the ions migration mechanism below or at room
temperature can be ascribed to the direct transport via polymer chain
segmental motions. For example, in the proton conducting 3D polymer
electrolyte, the proton transportation is restricted to the amorphous
phase of solvating polymers, where the polymer molecules are free to
move. Therefore, proton conduction by segmental motion is only pos-
sible above the glass transition temperature (Tg) of the polymer. In the
amorphous phase, the polymer side chains can vibrate to a certain ex-
tent, thus reducing or eliminating the distance for proton conduction
[82]. The most widely used solid-state electrolytes in SSCs are gel
electrolytes, which consists of 3D polymer framework as the host of
solvated ions, an organic/aqueous solvent serve as plasticizer and a
typical supporting electrolytic salt. 3D polymeric electrolytes of SSCs
must exhibit the following properties: (i) high ionic conductivity at
room temperature; (ii) low electronic conductivity; (iii) good mechan-
ical properties or dimensional stability; (iv) high chemical, electro-
chemical, and environmental stability; and (v) sufficient thin-film
processability. As shown in Fig. 6, various polymers with soft and
flexible molecular chains such as poly (vinyl alcohol) (PVA) [53,83],
poly (ethylene oxide) (PEO) [84], polyarylate (PAA), polyacrylonitrile
(PAN), polyacrylamide (PAM), poly(methyl methacrylate) (PMMA)
[85] and their derivatives are the most commonly used polymer for the
preparation of gel electrolytes. Additionally, naturally occurring poly-
meric materials such as cellulose [22,86], chitin and chitosan [87]
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Fig. 6. Molecular structures of various polymer matrix used in the preparation
of gel polymer electrolytes for SSCs.

emerged as a starring maneuver for gel electrolytes attributed their low
cost and easy accessibility. Inorganic solid-state electrolyte such as
Li> 94PO237Ng 75 electrolyte film [88], phosphotungstic acid/
Al5(S04)318H,0 [89], and Li»S-P5Ss [90] have also been reported for
the fabrication of thin film SSCs, which will not be discussed in detail in
this review because herein we mainly focus on 3D polymer based
electrolytes. Generally, 3D polymer gel electrolyte can be divided into
four categories according to the properties of electrolytic salt: (i) proton
conducting polymer gel electrolytes; (ii) alkaline gel polymer gel elec-
trolytes; (iii) lithium ion polymer gel electrolytes; (iv) other polymer gel
electrolytes.

2.2.1. Proton conducting gel polymer electrolytes

Proton conducting polymer gel electrolytes have been widely em-
ployed for the fabrication of SSCs because protons have high mobility
and therefore facilitate ultrafast charging-discharging process. PVA/
H3PO,4 proton conducting polymer blend was fabricated as a pioneer
with an ionic conductivity of 2.2 x 107> S em™! [91]. Since then
various types of proton conducting polymer gel electrolytes have been
explored to satisfy specific condition. Notably, conducting polymers can
be easily doped by proton acids, therefore proton conducting polymer
gel electrolyte are often utilized when conducting polymer electrode is
employed [45,52,53,92]. For a typical fabrication of proton conducting
polymer gel electrolytes, polymer matrix and proton donor source are
often blended in a polar solvent with elevated temperature and a uni-
form gel electrolyte can thus come into formation. H,SO,4, H3PO,4 and
heteropolyacids are commonly used as proton donors for the fabrication
of proton conducting polymer gel electrolytes. Currently, a series of
proton conducting polymer gel electrolytes including PVA/H,SO.,,
PVA/H3PO4 [93], PVA/H3POy/silicotungstic acid [94,95], PVA/
H3PO,4/H3BO3 [96], Methylcellulose/PVA/NH4NO3 [97], and starch-
chitosan/NH4Cl [98] have been successfully demonstrated for SSCs.
Recently, Naik et al. [99] reported an ease and novel method to syn-
thesize CeO, nanoparticles in PVA polymer matrix, which shows proton
conductivity of the order of 102 S cm ™!, This ceria filled PVA proton
conducting polymer electrolyte can be further utilized in portable and
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flexible energy storage devices. Vijayakumar and co-workers [100]
developed a new conceptual water-in-acid gel polymer electrolyte to-
wards SSCs. For a typical fabrication of polyelectrolyte gel polymer
electrolyte (PGPE), [2-(acryloyloxy) ethyl] trimethylammonium
chloride (AOETMA) and 2-Hydroxyethyl methacrylate (HEMA) were
copolymerized through UV-light-assisted synthesis. Consequently, the
copolymer film was immersed in concentrated H3PO, until equilibrium
swelling. The resultant PGPE exhibits high proton conductivity of 9.8 x
10~2S cm ™! at ambient temperature. The PGPE based solid-state PANI
supercapacitors deliver high specific capacitance of 385 F g~ ' along
with good cyclic stability. To improve specific capacitance of SSCs,
pseudocapacitance can be introduced through adding some typical
redox-active additives into gel polymer electrolytes. As an example, Pan
at al. [24] prepared an effective redox-active gel electrolyte by adding
2-mercaptopyridine (PySH), an electrochemical active compound, to
the PVA/H3PO, electrolyte for the fabrication of fiber-shaped SSCs
(shown in Fig. 7a). As a result, fiber-shaped SSCs based on this PVA-
H,SO4-PySH demonstrate distinct redox characteristics and longer
discharge time compared with pure PVA-H,SO,. Similarly, redox-active
p-benzenediol [23] and methylene blue [101] can be added into proton
conducting gel polymer electrolyte to enhance capacitance (shown in
Fig. 7b and c).

2.2.2. Alkaline gel polymer electrolytes

Alkaline gel polymer electrolytes have attracted increasing attention
due to their potential application in solid-state alkaline rechargeable
batteries and SCs. Currently, numerous alkaline gel polymer electro-
lytes have been developed for high performance SSCs, including PEO/
KOH/H,0 [102], PVA/KOH/H,0O [103,104], PVA/PAA/KOH [105],
PAAK/KOH/H,0, poly(epichlorohydrin-co-ethyleneoxide) P(ECH-co-
EO)/KOH/H,0O [106], and PVA/sodium polyacrylate (PAAS)/KOH/
H,0 [107]. Recently, Hu et al. [108] reported a flexible and low tem-
perature resistant double network alkaline gel polymer electrolyte, in
which KOH is served as both ionic donator and cross-linking agent. This
double-network physical cross-linked hydrogel consisting of PVA/
kappa-carrageenan is synthesized through a green physical route. In-
triguingly, the resultant GPE exhibits excellent tensile stress (2.22 MPa)
along with extraordinary ionic conductivity (0.21 S cm ™ Y). Activated
carbon based on this GPE also delivers high specific capacitance (470 F
g 1at0.5A g™ 1) and good cycling life (95% capacitance retention over
2000 charge/discharge cycles). Ma et al. [109] prepared a PVA/KOH/
K3[Fe(CN)g] gel electrolyte for SSCs with activated carbon used as
electrodes. It is found that the highest conductivity of 45.56 mS cm™*!
can be reached with K3[Fe(CN)g] content of 0.04 g. Due to the existence
of [Fe(CN)ﬁ]3 ~ and [Fe(CN)6]4_ ion pair, reversible redox reaction can
be effectively introduced and specific capacitance of SSCs can be thus
enhanced. Similarly, p-phenylenediamine [110] and KI [111,112] can
also be added into PVA/KOH systems for the same purpose.

2.2.3. Lithium ion gel polymer electrolytes

Lithium ion electrolyte are commonly utilized in Li ion batteries as
well as SCs. Additionally, recent proliferation of Li ion capacitors also
boosts lithium ion electrolyte. Up to now, multifarious Li ion gel
polymer electrolyte such as PVA/LiCl [113], PVA/LiClO4 [114], cellu-
lose/PVA/Li»,SO,4 [22], poly(ether ether ketone) PEEK/PVA/LiClO4
[115], lithium bis(trifluoromethanesulfonyl)imide LiTFSI/PMMA
[116], LiPAA/PAM [117], and poly(glycidyl methacrylate)/LiClO4
[118] have been developed to satisfy specific conditions. Virya et al.
[117] recently reported lithium ion gel polymer electrolyte consisting
of lithium polyacrylate (LiPAA) and polyacrylamide (PAM). The LiPAA
was prepared through ion exchange method by adding stoichiometric
amount of LiOH powder into 5 wt% poly(acrylic acid) solution for
neutralization. Sequentially, LIPAA-PAM electrolyte precursor solutions
were prepared by mixing 5.5 wt% LiPAA solution and 3 wt% PAM
solution to form an electrolyte film with fixed weight ratio. Conse-
quently, the LiPAA-PAM electrolyte achieved an ionic conductivity of
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Fig. 7. (a) Schematic illustration of fiber-shaped supercapacitors with 2-mercaptopyridine/PVA/H,SO4 gel electrolyte. Reprinted with permission [24]. Copyright
2015, the Royal Society of Chemistry. (b) A novel redox-mediated gel polymer PVA/H,SO,/P-benzenediol electrolyte for high performance supercapacitor. Reprinted
with permission [23]. Copyright 2012, Elsevier Science Inc. (¢) PVA-PVP-H,SO4-MB (methylene blue) gel polymer electrolyte for quasi-solid-state supercapacitor.
Reprinted with permission [101]. Copyright 2013, Wiley-VCH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

13.8 * 2.4 mS cm™ !, which is even higher than many aqueous-based
neutral pH polymer electrolytes. To demonstrate application potential
of LiPAA-PAM electrolyte, the flexible electrolyte film was assembled
into solid-state supercapacitor cells. These solid-state cells demon-
strated wide voltage window (1.5 V), good cycle life (> 10,000 cycles),
and excellent rate capability (up to 500 mV s~ ! in cyclic voltammetry).
Tang et al. [118] developed a hierarchical porous carbon (HPC) doped
gel polymer electrolyte for asymmetric SSCs. This gel polymer elec-
trolyte was obtained through adding DMF-LiClO4, HPC in glycidyl
methacrylate (GMA), followed by photopolymerization of GMA. In-
triguingly, the interconnected microtunnels in HPC microspheres could
shorten the pathway for ions transfer and then improve the con-
ductivity. The resultant SSCs could therefore exhibit remarkable elec-
trochemical performance.

2.2.4. Other ion gel polymer electrolytes

In addition to the abovementioned gel polymer electrolytes, nu-
merous other types of polymer electrolytes have also been exploited for
the design and fabrication of SSCs. For instance, Yang and co-workers
[119] developed a new type of gel polymer electrolyte, in which poly
(vinylidene fluoride-hexafluoro propylene) P(VDF-HFP) serves as
polymer matrix, ionic liquid (1-ethyl-3-methylimidazolium tetra-
fluoroborate, EMIMBF,) serves as the supporting electrolyte. Besides,
1 wt% amount of GO was homogeneously incorporated with this ion gel
acting like an ion ‘highway’ to facilitate the ion transport. As a result, a
dramatic improvement in ionic conductivity of about 260% can be

10

clearly observed compared with that of pure ion gel. Tu et al. [120]
recently reported a PVA/Li;SO4/1-butyl-3-methylimidazolium iodide
(BMIMI) composite electrolyte for activated carbon-based flexible su-
percapacitor. In this hybrid system, BMIMI acts as both plasticizer and
pseudocapacitance donor. Due to the high ionic conductivity (46.0 mS
em™ 1) and Faradic reactions of I-based gel electrolyte, electrode-spe-
cific capacitance (active carbon electrode) of SCs with PVA-Li,SOy-
BMIMI electrolyte is calculated to be higher (384.1 F g~ 1) than that of
SCs with PVA-Li;SO4-BMIMCI (1-butyl-3-methylimidazolium chloride)
electrolyte (139.1 F g™ 1).

3. 3D polymers for solid-state lithium-ion batteries
3.1. 3D polymer composite electrodes for ASSLIBs

Compared to the traditional 2D electrodes like copper foil or alu-
minum foil current collectors, 3D structured electrodes offer highly
efficient charge delivery, even in thick electrodes with practical levels
of mass loading. In principle, polymers are already studied heavily for
the ASSLIBs electrolyte phase to produce all-solid systems, so it is ne-
cessary for polymer-based 3D electrodes to form favorable interface
with solid-state electrolyte or active material for fast ion transport.
Additionally, other desirable features of polymers such as flexibility
may take consideration for the ability to adapt many modules and
configuration (e.g., wearables and unique folding for improved packing
efficiency). Moreover, the improved transport may demand thicker
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Table 2
Summary of characteristic and performance metrics of representative 3D composite electrodes.
3D electrodes Active material (%) Fabrication method Gravimetric performance (mAh Rate performance (mAh g~')  Capacity retention  Refs.
g™ h

Polyaniline/Si 75 In situ polymerization 550 1000 at 8.3 A g~ ! 86% 1000 cycles* [123]
Polypyrrole/Fe304 85 Co-precipitation 1100 700 at 2 C 79% 50 cycles* [124]
Polypyrrole/LFP 86 In situ polymerization 133 60 at 30 C 75% 500 cycles* [125]
PEO/PEDOT 64 Solution self-assembly 25 — — [126]
GF/PI 65 One-step self-assembly 240 120at1Ag™! 80.4% 1000 cycles* [16]

LTO/GF//LFP/GF 88 CVD, hydrothermal 117 135 at 200 C 90% 500 cycles* [127]
N-doped GF 80 Freeze-drying, CVD 1057 150 at 10 C 69.7% 150 cycles*  [128]
PAQS/graphene 80 Freeze-drying 156 80 at 30 C 72% 1000 cycles* [129]
TBA-TEVS/Si 74 Radical polymerization 2991.9 1750 at 10 C 81% 100 cycles* [130]
Li/PI/ZnO 85 Electrospinning, ALD 2070 — 86% 100 cycles* [17]

Li/PMF —_ Molten self-assembly —_ 76 at 4 C 85% 1000 cycles* [131]
Li/PMMA — In-situ deposition — 80at4C 75% 200 cycles* [132]
SAPs/NiO/Ni 80 Freeze-drying, self-assembly 1152 440 at 4 C 93% 200 cycles* [133]
Poly[Ni(CHjz-salen)]/LFP 93 Solution self-assembly 153 50 at 10 C 96% 150 cycles* [134]
PTAm/SWNT 95 Solution self-assembly — 135at 20 C 67% 1000 cycles* [135]
PFA/PVA/Si 95 In-situ polymerization 2916.5 1750 at 0.8 A g~ ' 73.6% 300 cycles* [136]
PVDF-HFP/Cu 80 Solution self-assembly 153 — 99% 300 cycles* [137]

* LFP, LiFePO,4; CVD, chemical vapor deposition; ALD, atomic layer deposition; PMF, poly-melamine-formaldehyde; PAB, poly(1,3-diethynylbenzene); PTAm, poly
(2,2,6,6-tetramethylpiperidinyloxy-4-yl acrylamide); SWNT, single-walled carbon nanotube; PFA, poly(furfuryl alcohol); PVA, polyvinyl alcohol; * Present these

properties tested in liquid electrolyte.

architecture, which would further increase energy density without loss
to power density. However, it is difficult for a single polymer material
to directly applied as an electrode. Thus, the 3D structure in the elec-
trode material is mainly composed of the polymer/carbon composite or
novel organic electrode with conductive polymer. In this part, we will
systematically review the 3D polymer composite electrode for ASSLIBs,
including the polymer materials selection, 3D composite structure
processing design and correlation enhancement mechanism. Table 2
summarizes characteristic and performance metrics of representative
3D composite electrodes for ASSLIBs.

3.1.1. Cathode

In the conventional battery cathodes, active particles such as li-
thium iron phosphate (LFP) are connected by the binder system that
consists of conductive carbon (CC) additives and nonconductive binder
polymer to realize the construction of percolative pathways. This
binder system often becomes the bottleneck for development of higher-
performance lithium ion batteries mainly due to two important issues.
One is the difficulty to achieve both high electronic and ionic con-
ductivity and the other is the poor dispersion of electrode component,
especially when nano/micro-sized materials are involved. Moreover,
the insulative polymer binders could not only decrease the energy the
energy density, but also blocks the electron transport pathways. For the
maximization of the energy density, pathways within the electrode for
both electrons and ions must be low-resistance and continuous,
reaching the entire volume of the battery. While in conventional elec-
trodes, conductive additive carbon particles are randomly distributed
and tend to aggregate during electrochemical reactions, thus poor
contacts of electronic connections may occur. In Liquid-LIBs, ionic
conductivity is increase by the wetting of porous regions of the elec-
trode with the liquid electrolyte and is often limited by the electrode
morphology. While for ASSLIBs, these pathways are limited by length,
poor solid-solid interface between electrode and electrolyte.

To enhance the electrochemical performance of the ASSLIBs, the
Li* conductivity of the cathode should be paid attention. Due to the Li*
transportation in ASSLIBs is obviously different from that of commer-
cial Liquid-LIBs, in which the Li* transfers through liquid electrolyte
between electrodes. In the ASSLIBs, the Li* transportation among
cathode active materials greatly restricted because these active mate-
rials particles in the cathodes phase generally do not directly contact
with each other but are commonly bonded tightly by the binder such as
polyvinylidene fluoride (PVDF). Only those active materials locate in
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the interface between cathode and solid electrolyte can insert/extract
Li*, resulting in relatively low specific capacity and high interface re-
sistance during the electrochemical reaction process. In previous works,
the solid electrolyte often mixed with the cathode materials to act as a
Li* ionic conductor during preparation, but only to form a dis-
continuous Li* conductive network [121,122]. The construction of Li*
conductive network with 3D structures in the cathode is expected to be
a powerful alternative to achieve high active material utilization rate.
For a practical cathode in LIBs, several methods for constructing 3D
conductive network architectures are recently proposed. Through these
different elegant strategies, cathodes with high electronic and ionic
conductivity which could facilitate the electron and Li* transportation
during cycling can be acquired.

One strategy that have been extensively investigated for 3D polymer
composite electrodes is electronically conducting polymers, such as
Polythiophene, Polypyrrole, Polyaniline and so on [42,138-141]. Of
these, poly (3,4-ethylenedioxythiophene) (PEDOT) is the most pro-
mising candidates because of its excellent conductivity, chemical sta-
bility and processability. PEDOT is commercially available in an aqu-
eous dispersion with poly (4-styrenesulfonic acid) (PSS), which helps
solubilize PEDOT and compensated its charged backbone [142]. Unlike
the CC particles, that are incorporated based on percolation thresholds,
conductive polymers like PEDOT: PSS make up of most of the bulk
conductive materials, leading to continuous electron transport path-
ways throughout the whole cathode. Another typically ignored pro-
blems is the specifically effective Li* delivery in ASSLIBs cathodes. This
can also be particularly addressed via the combination of a functional
ionic conductive polymer like Polyethylene (PEO), Polyvinylidene
Fluoride (PVDF) and Polyacrylonitrile (PAN) [143-146]. PEO is the
most widely studied lithium ion-conductive polymer for lithium ion
battery solid electrolytes. Its conductivity in the amorphous state arises
from ion-dipole interactions between Li* and lone pair electrons on
PEO oxygen, along with its flexible chains that allow ion mobility.

As a representative example, Michael et al. [126] combined the
electrically conductive PEDOT:PSS and lithium-conducting polymer
PEO to form a dual conductor for 3D electrodes, which exhibited both
high ionic (~10"% S em™ 1) and electronic conductivity (~45 S em™ ).
In this 3D cathode, the PSS interacts favorably with PEO, destabilizing
PEDOT to associate into highly branched, interconnected networks that
allow for more efficient electronic transport despite relatively low
concentrations. PEO could also be combined previously with another
conducting polymer, poly(pyrrole), as a coating for ASSLIBs cathode
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storage materials to successfully access greater capacity. Thus, Renata
Orindakova et al. [147] adapted the PPy/PEG co-polymer to establish a
more stable polymeric 3D structure, ultimately facilitate the solubility
and insertion/extraction of the Li™ ion in the matrix.

In principle, the cathodes in commercial LIBs are based on the in-
organic active materials like graphite-based porous carbon materials,
which have been widely adopted but still criticized in slow Li*™ mi-
gration, low theoretical capacities, structural instability, as well as large
energy consumption for production. The advanced organic cathodes,
especially conjugated carbonyl compounds, have been regarded as
another novel strategy to replace traditional inorganic cathodes due to
their high theoretical capacities, fast reaction kinetics, environmental
sustainability, and structural diversity as well as insensitivity to the ion
radius [148-150]. Generally, the organic electrode can be divided into
three types (n-types; p-types and bipolar types). For n-types organics,
the reaction is between the neutral state (N) and the negatively charged
state (N7), while for p-type is the neutral state (P) and positively
charged state (P*). The bipolar types can be either reduced to nega-
tively state (B~) or oxidized to positively state (B™). In the electro-
chemical reaction process of organic electrodes, cation (Li*) or anion
(A7) are necessary to neutralize the negative charge of N~ or the po-
sitive charge of P*, respectively. And then, Li" or A~ will migrate back
from the electrode to the electrolyte. For many n-type organics, Li* can
be substituted by other alkali metals (like Na* and K™), which will not
significantly affect the ion storage behavior of the material. This is
greatly different from inorganic intercalation compounds, which are
very sensitive to the radius of the cation [150]. In particular, con-
jugated carbonyl polymers with a stable skeleton and highly electro-
active carbonyl groups, such as polyimide (PI), have received intense
attention because of their significantly improved cycle life compared to
small conjugated carbonyl molecules. However, the intrinsic electronic
insulation of conjugated carbonyl polymer makes it very difficult to
achieve high utilization efficiency in the common electrodes fabricated
through the traditional physical mixing method despite a large amount
of CC (> 30-60 wt%) used. Moreover, the inclusion of such large
portions of electrochemically inert additives not only greatly compro-
mises the electrochemical performance of the entire electrode but also
makes the electrode unsuitable for the application in flexible energy
storage devices. Therefore, it is critical to create a single binder-free and
flexible polymer cathode simultaneously with high capacity, high rate
capability, and long cycle life for ASSLIBs, which are essential for
practical applications.

In this circumstance, Huang and his coworkers [16] firstly reported
a 3D reduced graphene oxide/PI composites (GF-PI) through a one-step
solvothermal strategy with simultaneous in situ polymerization of PI on
the graphene surface, and the reduction of GO could be self-assembled
into satisfactory 3D network structure (Fig. 8). This unique structure of
the PI polymer throughout the graphene framework was mainly at-
tributed to the n-w interaction between graphene and backbones of PI
containing conjugated aromatic rings, which could facilitate fast ion
diffusion and rapid electron transfer between graphene substrate and PI
for the fast-redox reaction [151,152].

The application of 3D structure conductive polymer coating and
organic conjugated carbonyl compounds introduce an innovative ap-
proach to the development of promising cathode materials for ASSLIBs,
granting the higher specific charge, stable and reversible capacity and
good reversibility even at high rate cycles.

3.1.2. Anode

With the ever-increasing energy storages demands for various
technological applications, graphite, the traditional graphite-based
anode materials in lithium ion batteries does not meet with high energy
needs due to its limited theoretical specific capacity of ~370 mAh g~ !
[153,154]. The solid-state electrolyte makes it possible for the use of
metallic lithium anodes that has a low redox potential of — 3.04 V vs.
standard hydrogen electrode and a high specific capacity of 3860 mAh
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g~ !, which is over 10 times that of graphite have been intensively in-
vestigated for applications as advanced energy storage materials in
recent years [155,156]. Although they possess these advantages, AS-
SLIBs adopted lithium metal anode still suffered from serious challenges
including uncontrolled growth of dendritic and mossy Li on its surface,
as well as coulombic efficiency, have greatly impeded the industrial
production of Li metal as anodes over past few decades. Due to the
extremely low electrochemical potential of Li*/Li, Li can sponta-
neously react with most organic electrolytes and Li salts to ultimately
form solid electrolyte interface (SEI) layers on the anode surface. As a
hostless electrode, an inevitable formation of fissures will occur on the
natural SEI layers due to the constant Li stripping/plating process.
Subsequently, the local concentration of Li* increase because of the
exposed fresh Li in the cracks, resulting in the growth of undesirable
lithium dendrites and induce a new SEI layer construction. This infinite
consumption of the electrolyte and the accumulation of dead Li caused
by the repeated breakage and regenerative SEI layers could be the
fundamental response for the low coulombic efficiency and short life-
span of ASSLIBs [157-159]. Moreover, the uneven current distribution
tends to accelerate the growth of the spinous Li dendrites, which could
pierce the separator and give rise to an internal short circuit, thus
leading to a serous hazard [156]. These two mainly problems will also
mutually affect each other and consume the electrolyte irreversibly due
to the high reactivity of lithium metal. As a net result of all the above
situations, the electrochemical performance of LIBs fades sharply
during cycling

3.1.2.1. Lithium metal anode. To overcome the above-mentioned issues,
considerable effort has been devoted to regulating the growth of
dendritic Li and stabilizing the formation of the SEI layer by adding
electrolyte additives, solid state electrolyte, artificial SEIs and
lithiophilic anodic hosts. These strategies aim at stopping the
dendrite nucleation at the dendrite formation stage and/or preventing
its penetration at the dendrite growth stage. Various electrolyte
additives, such as vinylene carbonate (VC) [160], fluoroethylene
carbonate (FEC) [161], hydrofluoric acid (HF) [162], Li nitrate
(LiNO3) [163], halogenated Li (LiF) [164], Li polysulfide (Li»Sx)
[165], and cesium ions (Cs*) [166], have been introduced into the
electrolyte to form a stable SEI layer on the Li surface and reduce the
aggressive reactions between the interfaces, ultimately restraining the
Li dendrites sustaining growth. Due to the unsatisfactory mechanical
strength and discontinuous surface structure, the protective layer
cannot withstand the huge volume change during the consecutive Li
plating/stripping processes. Instead of enhancing the stability of the
natural SEI layer, artificial interface engineering is employed, including
the introduction of LiF layers [167], interconnected hollow carbon
spheres [168], and flexible Ti;C, MXene (graphene, BN)-metallic Li
films [169], to address the inherent issues and improve the cycling
stability of Li metal anodes.

3D scaffold/lithium metal composite anode is regarded as another
viable alternatives to 2D lithium metal anode because they can si-
multaneously lower the local current density as well as undermine the
volume expansion. It was proved that the volume change and dendrite
formation can be significantly reduced via the introduce of layered Li-
reduced graphene oxide 3D composite anode [170-173]. Several stu-
dies with a 3D composite Li mental anode such as 3D porous Carbon/Li
metal, Li-coated 3D polymer matrix presented consistent evidence. An
ideal scaffold for Li encapsulation should possess the following char-
acteristics: (i) mechanical and thermal stability toward electrochemical
cycling; (ii) low gravimetric density to achieve high-energy density for
the composite anode; (iii) good electrical and ionic conductivity to
provide unblocked electron/ion pathway, enabling fast electron/ion
transport; and (iv) relatively large surface area for Li deposition, low-
ering the effective electrode current density and the possibility of
dendrite formation. In view of these requirement, Liang and his cow-
orkers [160] selected the porous carbon scaffold prepared from the
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Electrochemical characterization in EC/DEC electrolyte. Reprinted with permission [17]. Copyright 2016, Nature Publishing Group.

polyacrylonitrile (PAN) fiber, chemical vapor deposition coated Si and
molten-casting lithium to fabricate a 3D framework. The volume var-
iation and potential safety hazard was remarkably accommodated by
this 3D composite anode with stable cycling over 2000 mAh g~ !
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for > 80 cycles under 3 mA cm ™~ '. A new strategy was put forward to
fabricate a free-standing polyimide (PI) matrix design for metallic Li
anode [17] (Fig. 9). The electrospun polymeric fibers guarantee a
chemically and electrochemically inert matrix, which is favorable to
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confine the stripping/plating of Li solely within the matrix. The poor
wettability between Li and PI was addressed by the adoption of ZnO
that molten Li can react with ZnO and subsequently infuse into the PI
matrix. This porous electrode reduces the effective current density and
exhibits excellent stability for 100 cycles at 5 mA c¢m ™ 2. It was proved
that the Li* can be effectively dispersed on the anode surface due to the
infinity of polar groups on polymer chains like PMF, PMMA [131], thus
achieve uniform Li deposition. Very recently, a 3D continuous sponge-
like lithium structure with dendrite-proof blunt surface at the absence
of insert host via in-situ deposition was reported by Guo et al. [132].
The electrochemical active polymer-PMMA was introduced into the
interface between lithium anode and electrolyte to manipulate the Li*
deposition behavior, in which the PMMA could react with the Li* and
limit their unsatisfactory movement. These pre-trapped Li™ were then
in-situ reduced into initial lithium seeds to guide sequential lithium
deposition at the vicinity, ending up with a morphology modeled after
the 3D PMMA chains. Such 3D structure not only provided 3D con-
tinuous pathways for fast electron transport to eliminate dead Li for-
mation without the help of foreign host but also reduced the current
density over anode surface. The LIBs equipped with this 3D sponge-like
anode present great enhanced rate (70 mAh g~! at 2 C) and cycling
performance (remained 87.6 mAh g~ after 200 cycles at 1 C).

Recently, some researchers have turned their attention to the design
of current collectors, as a vital ingredient of Li metal anodes, which
have a remarkable influence on the formation of Li dendrites and the
nucleation of Li deposition during the inception phase. It is well known
that the growth of dendritic Li is attributed to the non-uniform dis-
tribution of spatial charge over the entire electrode surface [174-177].
Consequently, a homogeneous distribution of Li ion flux on the surface
of a copper (Cu) substrate is urgently needed, as it plays a significant
role in suppressing the growth of Li dendrites from the source. From
this point of view, Lu et al. [178] proposed a free-standing Cu nanowire
(CuNW) network current collector with a porous nanostructure, that
encourages the plated Li metal to fill the pores and limits the formation
of dendritic Li, thus the cycling stability towards lithium tremendously
improved for 200 cycles with a low and stable voltage hysteresis of
~0.04 V. In addition, it was proved that the polar surface functional
groups on polymer fibers can serve as the adhesion to bind with Li*,
promoting the Li* inset uniformly on the surface of anode and polymer
layer [179]. The polar groups of polymer nanofibers can also provide an
excellent wettability toward solid-state electrolyte. These studies reveal
that the growth of dendritic lithium can be suppressed via an ingenious
structure design of anode current collectors.

3.1.2.2. Other anode. Expect lithium metal anode, other metal anode
also show great potential for the Li-ion batteries, such as silicon (Si) and
nickel due to their high theoretical gravimetric capacity (4200 mAh
g~ !, 1000 mAh g~ 1), relatively low discharge potential (0.5 V vs. Li*/
Li), the natural abundance of elemental and safety and environmental
benignity [180,181]. However, they still suffer from poor cycling
stability due to large volume expansions and contractions during Li*
intercalation/de-intercalation. Therefore, inspired from the Li anode,
many efforts have been devoted to preparing composite 3D polymer
anode via combining their individual advantages. As a representative
example, Wu et al. [182] reported an in-situ polymerized hydrogel
composite Si-based anodes with a well-connected 3D network structure
consisting of Si nanoparticles and conducting polymer. An extremely
long cycling life (5000 cycles) with over 90% capacity retention at high
current density (6 A g~!) was demonstrated. The phosphoric acid
groups in the phytic acid molecules can potentially bind with the SiO,
on the Si particle surfaces via hydrogen bonding during polymerization,
which was regarded as the main reason for the improved cycle lifetime.
This interaction can also result in the conformal coating of phytic acid
molecules on the surface, which may further crosslink with aniline
monomers during polymerization to generate a conformal conductive
coating. Additionally, the negatively charged surface oxide may
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electrostatically interact with the positively charged PANi doped by
the phytic acid.

The utilization of a polymer matrix with a 3D network structure
provides a new horizon for the design of the state-of-the-art anode and
accelerates the industrialization lithium metal and other metallic anode
towards next generation high energy density battery systems.

3.1.3. Binder

Despite the cathode and anode play a critical role in the develop-
ment of LIBs with high energy and power density, the ideal LIBs aux-
iliary materials are still indispensable, such as the binder. The binder in
an electrode can connect the electrode active materials with current
collector. During the charge/discharge process of LIBs, the ineluctable
volume expansion and contraction is caused by the Li™ ion intercala-
tion and deintercalation on the electrode. As this process continues, the
interface connection between active materials and binder will become
weaken, along with the increase of the interface impedance in particles.
The ohmic resistance of electrode will significantly increase, ultimately
causing the deterioration of LIBs performance. In order to avoid the
volume effect as far as possible, an ideal binder should be of low cost,
strong adhesive property, high physical and electrochemical stability.

The conventional binder applied in LIBs are non-conductive high
molecular polymer, which can generally be divided into two categories
of organic-solvent based binder and aqueous binder [183]. Poly(viny-
lideneflouride) (PVDF), is a kind of typical organic-solvent based binder
which show strong thermoplasticity and high solubility in polar solvent.
According to the theoretical calculation (molecular orbital theory), it
exhibits highest oxidation potential (—14.08 eV) among all binders. In
consequence, PVDF has been extensively used as the electrode binder in
LIBs. However, PVDF still limited from its non-conductive nature and
large volume effect during the lithiation/delithiation cycling process, as
well as environmental unfriendly feature and relative high cost. Sys-
tematically researches have proved that the electrochemical perfor-
mance of LIBs can be significantly improved through rational binder
structure design [18,184]. Developing an effective conductive network
structure with excellent adhesion is the key objective for desirable
binder materials.

Very recently, an effective method water-based latex assembly
technique has been shown to fabricate conducting nanocomposite with
3D hierarchical networks [185]. Inducing from this method, Ma et al.
[18] prepared a 3D hierarchical walnut kernel shape conducting
polymer as water soluble binder via emulsion polymerization
(Fig. 10a). This unique 3D polymer network promoted multi-
dimensional contacts with the active materials and conducting agents
through non-covalent or covalent interactions. The LiFePO, cathode
with this kind of binder showed outstanding rate performance (105
mAh g~ 1at5C) compared to the traditional PVDF binder (90 mAh g_l
at 5 C).

Although a notable improvement of electrochemical performance
has been accomplished, the conductivity of the polymer binders is still
restricted by the insulating polymer chains which could severely im-
pede the electron transportation. In Si composite anode, the Si powder
and carbon particles are dispersed to acquire large contact area be-
tween two components. Upon charging, Si reacts with Li™ and electrons
with an intrinsic volume expansion, which allows a better contact be-
tween Si and carbon particles. Due to this volume expansion, the re-
sistance would drop in the initial step. Once the dealloying occurs,
however, Si particles would contract, causing poor contact with carbon
and eventually the isolation of the particles from the electronic path
made between current collector to carbon particles as the whole elec-
trodes layer is not elastic enough. The loss of electronic path brings
about an increase in both the contact (ohmic) resistance and charge
transfer resistance for dealloying reaction. In the end, due to the huge
internal resistance, the electrode potential reaches earlier at the dis-
charging cutoff limit. In our review, the 3D structured binder could be
used in hollow nanostructures to cause desirable volume expansion
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Fig. 10. (a). Schematic illustration of the synthesis and proposed mechanism of the conductive polymer binder (CPB), Replacing one-dimensional binder or two-
dimensional binder, 3D conductive binder could keep the electrical and mechanical integrity of the electrode during charge/discharge cycles. (b). The formation
process of the 3D conductive PAA/PANI IPN binder for Si anodes and the process of Li* insertion and extraction using different binders. Reprinted with permission

[18,184].

away from the outer surface so that the increase in outer surface area
during reaction could be minimized and allow for the formation of
stable SEI layer, which is critical for the lower resistance [186]. To form
efficient conducting route between the active materials and reduce the
volume expansion, the most meaningful method is introducing a con-
ductive polymer into common polymer-based binder, which could not
only eliminate the utilization of conductive additives and increase the
energy density, but also keep the balance of electrical conductivity and
structure stability of the electrode. In this case, Yu et al. [184], devel-
oped a 3D conductive interpenetrated gel network as a promising
binder for high performance Si anode via a facile in situ polymerization
route of aniline into the PAA hydrogel network (Fig. 10b). This 3D gel
polymer binder could not only accommodate the volume expansion and
maintain electric connectivity, but also assist in the formation of stable
solid electrolyte interphase (SEI) membranes. This Si anode with PAA/
PANI IPN binder exhibited a high capacity of 2205 mAh g~ ! after 300
cycles with a high Coulombic efficiency above 99%.

It is believed that a well-designed 3D polymer-based binder has a
great potential to be applied for both cathode and anode with great
volume expansion, to improve the electrochemical performance of
ASSLIBs during high rate charging/discharging and long-term cycling
process.

3.2. 3D polymer composite electrolyte for ASSLIBs

The safety issues haunting over commercial LIBs can be addressed
through replacing liquid electrolyte with the solid-state electrolyte.
Developing suitable solid-state electrolyte for high energy density of
ASSLIBs is critical yet challenge [13]. The solid-state electrolyte can be
generally divided into two classes of materials: solid polymer electro-
lyte (SPE) and inorganic ceramic electrolyte. Although inorganic
ceramic electrolyte is rigid and nonflammable, which is generally
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considered as the ultimate solution for the ASSLIBs. However, utilizing
inorganic ceramic electrolyte struggled in low ionic conductivity and
high interfacial resistance to electrodes (both cathode and anode)
[187]. In addition, several ceramic solid electrolytes have been ex-
tensively investigated to date. It is confirmed that they are easily re-
duced by Li metal and they have failed to block dendrite formation as
well as the growth between their grain boundaries [188]. While solid
polymer electrolytes (SPEs) have been also widely investigated due to
their excellent flexibility, easy processing and good interface contact
with electrodes. The ion transport mechanism in SPEs is normally re-
garded that the polar groups on polymer chains can coordinate with the
Li* via the interaction and the polymer owns the chain flexibility to
promote the ion hopping. Ion transport is assisted by the segmental
motion of polymer chains and thus the amorphous of polymer is the
preferable region. Under an electrical field, long distance transport is
realized by continuous hopping, and the number of free ions depends
on the dissociation ability of the lithium salt in the polymer [13].
Taking consideration of these characteristics, 3D polymeric electrolytes
of ASSLIBs must exhibit the following properties: (i) high room tem-
perature ionic conductivity; (ii) low electronic conductivity; (iii) suffi-
cient mechanical strength to inhibit lithium dendrites; (iv) good elec-
trochemical stability window toward lithium metal; and (v) excellent
compatibility with other additives.

To enhance the kinetics of amorphous fraction towards SPEs at
room temperature (RT), composite polymer electrolytes (CPEs) devel-
oped by the integration of non-Li " -conductive (such as SiO, and TiO,)
[189,190] or Li*-conductive (such as perovskite-type Lig sLag ss;TiO3
(LLTO), and garnet-type Li;La3Zr,Oq5 (LLZO)) [191,192] fillers into the
polymer matrix or crosslinking, copolymerization methods are proven
to be effective strategies. For example, Cui et al adopted an in-situ
hydrolysis methods to acquire zero-dimensional (0D) SiO, nano-
particles and homodisperse in the PEO matrix to obtain CPEs [190].
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The crystallinity of PEO was effectively decreased and ultimately
achieving an ionic conductivity of 4.4 x 107°> S cm ™! at 30 °C. Sub-
sequently, they conformed one-dimensional (1D) olyacrylonitrile
(PAN)-based CPEs exhibits several orders of magnitude of ionic con-
ductivity than that of OD LLTO fillers [193]. One-dimensional nanofi-
bers can not only reduce the crystallinity of PEO or PAN matrix but also
serve as ion conducting pathways because of their large length-to-dia-
meter ratio [194]. Although the ionic conductivity of CPEs has im-
proved somewhat through the above-mentioned strategies, it still has
room to improve the performance of the CPEs, especially the 3D
structure among the CPEs. In this part, we will discuss the recent
achievement of composite 3D polymer including organic/organic
composite and organic/inorganic composite applied in solid-state
electrolyte.

3.2.1. Organic/organic composite 3D electrolyte

Over the years, extensive efforts have been made to improve the
performance of the CPEs through the organic/organic composite 3D
structures. Among these, gel polymer electrolyte (GPE) composite with
multifunctional polymer to form rigid-flexible cross-linked network is
considered as a novel strategy to realize relatively higher ionic con-
ductivity and form stabilized SEI layer for ASSLIBs. For example, a dual-
salt (LiTFSI-LiPFg) CPE with 3D cross-linked polymer networks was
designed to inhibit the lithium dendrite growth and build stable SEI
layers [21]. This cross-linked 3D polymerized by poly (ethylene glycol)
diacrylate (PEGDA) and ethoxylated trimethylolpropane triacrylate
(ETPTA) was prepared simultaneously introducing dual-salt electrolyte
in the 3D structure (Fig. 11a). Multiple reaction sites of PEGDA and
ETPTA provided possibilities of polymerizing reactions under thermal
initiation, then the 3D network structure formed via auto-polymeriza-
tion as well as copolymerization. As a result, the thermostabilization
and ion transference of CPEs were enhanced [195,196]. The functional
monomers are applied in work function as follows: the linear molecular
chains of PEGDA greatly benefits the lithium ions transference, while
triple branches of ETPTA largely acting as a cross-linking structure and
forming networks. Consequently, the CPEs basically solved the existing
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intractable issues of LIBs, ensuring an enhanced ionic conductivity
(0.56 mS cm ™! at room temperature) and blocking lithium dendrite
effective (87.93% capacity retention after 300 cycles). Compared to the
traditional irregular lithium deposition of liquid electrolyte, the tight
compact of CPEs ensured uniform Li* distribution and lithium de-
position.

Generally, the incorporation of a chemically cross-linked structure
permeating the host polymer is regarded as an effective method for
improving the mechanical properties and the thermal/dimensional
stability of CPEs. However, the currently used cross-linking reactions
are usually initiated by thermal radicals such as benzoyl peroxide, di(4-
t-butylcyclohexyl) peroxycarbonate, and azobisisobutyronitrile. These
radical initiation processes have an inherent disadvantage in that the
by-products of the thermal initiators such as free radicals and residual
monomer are highly reactive with Li metal. These reaction products
cover the surface of the Li metal, increasing the electrode resistance and
severely degrading the battery performance. Thus, epoxy ring-opening
polymerization has been applied in the production of high-purity
polymer membranes with wide applications as industrial binders and
surfacing coatings [199,200], and this process under mild conditions
totally free of thermal initiators and without the formation of small
molecule by-products. It is potential that such a process is ideal for
producing a CPE meeting the following requirement: simple prepara-
tion, high mechanical strength, high ionic conductivity, excellent
thermal and dimensional stability, and more importantly, free of by-
products formation through a thermal initiator. On this basis, Lu and his
co-workers [197,198] reported a novel initiator-free one-pot synthesis
strategy based on a ring-opening polymerization reaction to prepare a
tough and compact 3D network gel polymer electrolyte (3D-GPE)
(Fig. 11b). In the production process, diglycidyl ether of bisphenol-A
(DEBA) is used as the supporting framework to enhance the mechanical
strength of the polymer matrix, while poly (ethylene glycol) diglycidyl
ether (PEGDE) and diamino-poly (propylene oxide) (DPPO) are cross-
linked throughout this framework to guarantee fast ion transference.
The linear poly (vinylidene fluoride-co-hexafluoropropylene) (denoted
PVDF-HFP) chain embedded in the polymeric network provided the

| Ring-Opening
R Polymerization

Curing

Fig. 11. (a) The specific synthesis route for in situ polymerization of dual-salt 3D-crosslinked CPEs and the changes in the Li electrodes with 3D-CPE during the Li
plating/stripping [21]. (b) Synthesis of the 3D-GPE membrane [197]. (¢) The molecular structures of the MSTP monomer and the MSTP-PE with the polymerization
process. The chemical bonds in the light red area are the cross-linking parts [19]. Reprinted with permission [19,21,198]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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membrane excellent flexibility. In addition, the contact between elec-
trolyte and lithium metal was reduced by incorporating the carbonate
solvent molecules in the 3D-GPE polymeric framework and significantly
suppressed the formation of a thick SEI layer, which contributed to an
even distribution of the Li* flux.

3.2.2. Organic/inorganic composite 3D electrolyte

SPEs composite with active inorganic fillers have been demon-
strated to be an effective strategy to enhance the performance of
ASSLIBs. The drawbacks of inorganic electrolytes on flexibility and
interfacial wetting property can be exhibited in the solid composite
electrolyte. For example, the lithium aluminum titanium phosphate
(LATP) with the sodium superionic conductor (NASICON)-type struc-
ture has been widely investigated as a competitive Li* conductor be-
cause of its high ionic conductivity (> 10~ S cm ™ 1), good stability at
room temperature, and simple integrability. However, when LATP di-
rectly contact with lithium metal, it exhibits a chemical instability be-
cause of the reduction of Ti**. Typically, Li; 4Aly 4Ti;.¢(PO4)3 (LATP)
was used as fillers to prepare CPEs (PEO-LATP) and the particle-fillers
composite PEO-LATP was demonstrated with unsatisfactory electro-
chemical stability in Li metal batteries, which indicated that LATP
probably reacted with Li metal when directly mixed with PEO as par-
ticle-fillers [201,202]. To improve stability and maintaining ionic
conductivity, a 3D fiber-network-reinforced bicontinuous CPEs with
high stability and Li dendrites suppression against Li metal for ASSLIBs.
LATP composite with polyacrylonitrile (PAN) as a network filler pre-
pared by electrospinning promoted to improve the mechanical property
of PEO-based polymer matrix and enhance ionic conductivities by de-
creased segmental reorientations of polymers. Meanwhile, the reaction
of LATP with Li anode was effectively inhibited from utterly isolating
chemically active Ti** with Li metal because LATP particles are well-
enveloped within PAN polymeric chains. Thus, a high ionic con-
ductivity (~10"*S em™ 1) and extended electrochemical window (> 5
V) were acquired [202].

The improved performance of inorganic/organic CPEs are attributed
to the rapid interphase conduction between active filler and polymer
electrolyte [193,203]. For this reason, the conductivity improves as the
filler ratio increases owing to the higher interphase volume. However,
after reaching a certain filler ratio, the conductivity begins to decrease
as a result of the particle agglomeration at high concentration which
lowers the volume fraction of interphase and destroys the percolated
network of interphase [202,204]. In this circumstance, nanostructured
fillers were adopted to address this problem, which can lower perco-
lation threshold through the high specific aspect ratio, and superior Li*
conductivity compared to the pristine inorganic fillers. It is particularly
important to form a percolated network of nanofillers with high filler
concentration to take full advantage of rapid conduction along the in-
terface. Moreover, a higher ratio of nanofillers will also lead to a re-
latively low weight ratio of polymer, which is essential for the im-
provement of the electrochemical stability and battery safety
[205,206]. Among several approaches, the 3D nanostructured hydrogel
frameworks have been widely developed to provide various merits such
as tunable hierarchical structures and 3D channels for facilitated ion/
electron transport. Recently, a 3D nanostructured hydrogel derived pre-
percolated Lig 3sLagssTiO3 (LLTO) frameworks for high-performance
CPEs was proposed [20]. (Fig. 12) After a simple gelation of the pre-
cursors and hydrogel, a continuous framework was formed via the heat
treatment. This interconnected 3D percolating nanostructure consisted
of nanoscale phase separation of polymer, water and LLTO. This CPE
with LLTO framework exhibited a high ceramic content (44 wt%) and
an improved ionic conductivity of 1.5 x 10™* S cm™?! at room tem-
perature. The PVA in this system would stem the segmental motion of
polymer chains and lower the activation energies (E, =0.64 eV) above
the melting temperature [207], which was critical factor for fast Li*
transport. In addition, the pre-percolated LLTO network could provide a
continuous interphase as a pathway for Li* conduction, as well as
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providing a 3D interconnected structure.
4. 3D polymers for other batteries

There is more and more research employed 3D conductive network
for Li-S batteries [141,208], Na-ion batteries [129], Li-O, batteries
[209]. As similar to the commercial LIBs, the development of other
batteries based on inorganic materials are also limited by slow ionic
diffusion rates, low theoretical capacity and structural instability. In-
spired by the application in LIBs, the 3D polymer binder has been ex-
tensively utilized in electrode to replace conventional PVDF binder
because of their high ionic conductivity and stability. Recently, a 3D
cross-linked polyethylene oxide (PEO)/tannic acid (TA) binder have
exhibited excellent adhesiveness and multiple functions [143]. As a
kind of plant polyphenols, TA can cross-link with the water-soluble
polymer like PEO via hydrogen bond and reduce the solubility of
polymers [210]. A 3D cross-linked network is built up due to these
abundant hydroxyl and ether groups between PEO and TA chains. This
unique 3D PEO/TA would maintain cathode integrity and benefit the
corresponding cathode to buffer the volume change. Additionally, the
strong interaction in TA can chemically anchor polysulfides through the
dipole-dipole interaction to retard the shuttling effect. This multi-
functional 3D binder provides a simple and effective strategy for the
construction of excellent performance cathodes towards Li-S batteries,
which also applies to advanced ASSLIBs, Li-O, batteries and Na-ion
batteries.

5. Summary and outlook

In this review, we have discussed recent advances on the synthetic
strategies and solid-state electrochemical energy storage applications of
3D polymers. In summary, 3D polymers can be rationally constructed
via inclusion polymers with existing 3D frameworks, adding cross-lin-
kers into polymers or self-crosslinking polymer chains. Due to the un-
ique interconnected networks and highly continuous porous structure
of 3D polymers, it can be widely employed to fabricate high perfor-
mance solid-state electrochemical energy storage devices including
SSCs and ASSLIBs. It can be clearly concluded that electrochemical
performance of energy storage devices is closely related to the synthetic
routes of 3D polymers, nanostructures and pore size of 3D polymers,
interfacial interaction between 3D polymers and other functional
components. Beyond the exciting advances reported in state-of-the-art
works summarized by this review, we believe that there are consider-
able opportunities and challenges remaining for further investigation.

One for the supercapacitor, (i) Cyclic stability of SSCs 3D polymer
electrodes. Although 3D polymers with high electrochemical activity are
demonstrated to be beneficial to increasing specific capacitance and
energy density of SSCs electrodes, they still suffer from poor cyclic
stability due to limited electronic conductivity. Moreover, the doping
and de-doping process of CPs usually leads to structure collapse of 3D
polymeric networks, which will also deteriorate cyclic stability of SSCs.
Inclusion 3D polymers with carbonaceous materials is demonstrated to
enhance cyclic stability and conductivity of 3D polymers simulta-
neously, but it is challenging to obtain considerable carbon/CPs inter-
faces. In this content, future works should shed light on increasing
cyclic stability of 3D polymer SSCs electrodes and understanding in-
terfacial interactions between CPs and carbonaceous materials. (ii) Ionic
conductivity and interface of SSCs 3D polymer electrolyte. One of the
biggest challenges of solid-state 3D polymer electrolyte is increasing its
ionic conductivity. Modifications to the electrolyte film in order to
improve its water retention capability and to reduce the sensitivity to
the environment are essential. Due to the fact that few studies are de-
voted to the electrode—electrolyte interfaces, starting from the gel form
to the solidified form of the electrolyte. More fundamental work is
needed to fully understand the ion transport in SSCs electrolyte and
their interaction with electrode materials to maximize ion mobility
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while minimizing self-discharge.

As for the ASSLIBs, First, it should be noted that the electrochemical
properties of each component are critical for the development of high-
performance 3D polymer based ASSLIBs. For electrodes, several novel
organic electrodes or conductive polymers available to be integrated to
acquire superior 3D structure and excellent electrochemical perfor-
mance and robust cycling stability. Meanwhile, more electrode mate-
rials need to be tested with solid-state electrolyte, which is essential for
the development of ASSLIBs. In terms of the electrolyte, further opti-
mization is required. The development of 3D structural solid-state
electrolyte with higher ionic conductivity and larger electrochemical
stability windows is a significant trend in the future. Second, non-
uniformity of the polymer matrix in terms of size, shape, and functional
groups existed on the polymer surface inhibited the precisely-controlled
reaction/fabrication and deep understanding of the assembly me-
chanism during polymer-based 3D network architectures. It is essential
to develop a proper strategy to avoid the intrinsic polymer thermo-
dynamic instabilities during the assembly 3D structure process and fa-
cile preparation to acquire high quality materials with these unique
structure on large scale. Third, the electrode/electrolyte interface is a
problem of great importance for cycling stability of ASSLIBs. In spite of
the lithium dendrites growth and SEI layers deteriorate can be partially
inhibited via the 3D polymer structure, precise characterizations like in-
situ analysis are required to facilitate the understanding of the sig-
nificance of this architecture and ultimately achieving dendrite-free and
dense stable SEI layer in practical applications. Further, it is an urgent
need to develop some easy, fast and controlled manufacturing pro-
cessed for 3D polymer materials in order to achieve large-scale and low-
cost production.

Looking to the future, energy storage technologies will continue to
increase due to the fact that the demand for renewable energy sources is
increasing in soaring rate, but scale-up and commercialization of 3D
polymer based solid-state electrochemical energy storage devices still
need to overcome many hurdles. Therefore, comprehensive approaches
and multi-disciplinary efforts is necessary to push the research frontiers
forward. As evidenced in this review, these 3D polymer and 3D
polymer-based composites enabled high performance solid-state

electrochemical energy storage technology and device will become
mature in the near future.
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