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Summary

Our modern and technological society requests enhanced energy storage

devices to tackle the current necessities. In addition, wearable electronic

devices are being demanding because they offer many facilities to the person

wearing it. In this manuscript, a historical review is made about the available

energy storage devices focusing on super-capacitors and lithium-ion batteries,

since they currently are the most present in the industry, and the possible poly-

meric materials suitable on wearable energy storage devices. Polymers are a

suitable option because they not only possess remarkable mechanical resis-

tance, flexibility, long life-times, easy manufacturing techniques and low cost

in addition to they can be environmentally friendly, nontoxic, and even biode-

gradable too. Moreover, the electrical and electrochemical polymer properties

can be tunning with suitable fillers giving to versatile conducting polymer

composites with a good cost and properties' ratio. Although the advances are

promising, there are still many drawbacks that need to be overcome. Future

research should focus on improving both the performance of materials and

their processability on an industrial scale, where additive manufacturing offers

many possibilities. The sustainability of new energy storage devices should not
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be forgotten, encouraging the use of more environmentally friendly materials

and manufacturing processes.
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1 | INTRODUCTION OF ENERGY
STORAGE DEVICES AND POLYMER
COMPOSITES IMPLEMENTATION
IN THEIR MANUFACTURE

1.1 | The need of energy storage devices

Over the last few decades, humanity is going through a
technological change for the sake of reaching the infor-
mation era, in which more and more electronic devices
are needed. In addition, the industry 4.0 is attempting to
make factories more intelligent by introducing all their
machines and processes interconnected, which requires a
considerable number of electronic devices connected by
internet of things (IoT).

Some of these electronics are being increasingly
demanded by ordinary people,1 who take them as wear-
able electronics2 and sensors.3-5 Textile industry is
already designing fashionable electronic devices that can
be worn as accessories (smart watches, necklaces, ear-
rings, etc.) and clothes.6 For example, Li et al7 reported a

wearable and flexible pressure sensor, very useful in
health care monitoring. This kind of portable devices
need flexible and lightweight materials.

Some of them require low power incoming
(0.1-10 mW) and thus they can be fed with energy
harvesting (EH) devices.8-10 EH (Figure 1) is a clean
energy obtaining method which uses wasted energy that
is free in the environment. However, the electrical power
harvested through these technologies has interruptions
in their generation so, in most applications, it is desirable
to couple an energy storage unit compatible with the
device. Energy production and storage can be achieved
thanks to multifunctional materials, which are able to
develop various tasks (energy storage and harvesting) in
an efficient way.11,12

Taking a historical review, electronic devices have
been powered by rechargeable batteries since Gaston
Planté invented the first one based on acid and lead in
185913 (Figure 2A). This technology faces several disad-
vantages such as their limited lifetime caused by the
heating up and down that the battery suffers when the

FIGURE 1 Energy harvesting
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ions flow back and forward, or the environmental con-
tamination because of their chemical components in the
cathode and anode. Scientists are trying to overcome with
these difficulties hence, new studies are appearing
looking for materials with high power and energy density
properties as an alternative to common batteries. In 1878,
Maiche discovered the metal-air batteries (MABs),14

which seemed like a good lead-acid alternative. MABs
are composed of an air-breathing cathode (which catches
oxygen from the air), a metal anode (zinc,15 lithium,16

sodium, potassium, and more) and an electrolyte, which
can be aqueous or nonaqueous. MABs can be assembled
in several forms (solid-state,17 fiber-type,18 etc) to cover a
wide range of applications. Despite the great advantages
of MABs, such as their remarkable density (3-30 times
higher than lithium-ion batteries [LIB]) or high level of
safety, they face several disadvantages as their lack of
scalability for industrial development, and the need of
more suitable and enhanced materials compose
them.18,19 However, scientists are trying to overcome
these drawbacks20 and hopefully MABs will be present in
our future electronic devices. Nowadays, the storage
devices that are most available in the industry are super-
capacitors (SC) and LIB because of their mechanical
robustness and electrochemical sustainability21 so, this
review is focused those two technologies.

The use of polymers and polymer composites in the
fabrication of energy storage devices has been investi-
gated21 because of its multiple advantages over inorganic
materials. A polymer material is obtained by a polymeri-
zation process, in which a lot of molecules (called mono-
mers) are linked to each other by covalent bonds. They
seem a good alternative to the typical inorganic ones used
so far in energy storage devices because of their intrinsi-
cally physical properties.22 They are flexible, resistant,
tailorable, lightweight, easy to process, and they have
lower cost than inorganic ones. Polymers possess some
intrinsic physical properties (viscoelasticity, glass transi-
tion temperature, etc.) which make them unique and
very useful in several applications. Moreover, the use of
bio-based polymers23,24 can help with the current ecologi-
cal challenges. Biopolymers are obtained from natural
sources, they are non-oil dependent, nontoxic, they help
with the current ecological challenges, and they are bio-
degradable under certain conditions, which make them
discard easily.

For the manufacture of energy storage devices, poly-
meric materials must have certain electrical properties.
The most commonly used are intrinsically conducting
polymers (ICP), generally with poor mechanical proper-
ties, and conductive polymer composites, where an elec-
trical insulant matrix is added with conductive fillers.

FIGURE 2 Schemes of (A) lead acid battery (B) SC (C) SC technologies and principal materials (D) LIB (E) LIB cathodes materials. LIB,

lithium-ion batteries; SC, super-capacitors
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These synergistic combinations allow optimization of
both mechanical and electrical properties, impossible to
achieve from each component alone.

The main target of this comprehensive review is to
explain the principal energy storage devices industrially
available and review the advances in the design and per-
formance of these energy storage devices obtained using
ICP and conducting polymer composites. Therefore, it is
going to focus on new developments for wearable LIB
and SC, where the implementation of polymeric mate-
rials is essential to achieve the desired properties.

1.2 | Super-capacitors

The most studied alternative to lead-acid batteries has
been SC, discovered in 1957 by General Electric's
H.I. Becker.13 SC are a kind of capacitors with a high
capacitance, which makes SC able to store energy. In
these devices, the energy is stored electrostatically within
the carbon pores at the electrodes surface area, so the
capacitance and consequently the energy density increase
with the controlled porosity.25 This results in the increase
of speed in charge and discharge cycles (1-10 seconds26)
but it also produces a reduction in their lifetime. How-
ever, SC possess a high lifetime because they do not need
chemical reactions to store the energy (around 105

charge/discharge cycles27).
SC are mainly composed by two identical electrodes

acting as anode and cathode based on porous materials,
normally carbonaceous (activated carbon, graphite,28 ICP
and others), on account of their high capacitances (up to
394 F g�1)29 and large surface areas. They also possess an
active layer, a separator for avoiding short-circuits
between the anode and cathode, and the current collec-
tors (Figure 2B).

Unlike capacitors, which are composed by two plates
with a dielectric inside as an insulator, SC have an elec-
trolyte as insulated active layer. Therefore, the distance
between their plates can be significantly smaller than in
capacitors. The electrolyte is usually liquid, made by
metal salt solution with organic or aqueous materials as
solvent. Some investigations propose to use dielectric
polymers as SC electrolytes because they avoid the need
of a separately separator.12,30

There are three types of SC; electrochemical double
layer capacitor (EDLC), pseudo-capacitors, and hybrid
capacitors, Figure 2C summarizes the most used mate-
rials in each one. The charge storage mechanism and the
electrodes capacitance change in each of them:

• EDLCs were the first SC discovered when Standard Oil
Co. (1966) was doing experiments with porous carbon

material as electrodes, and they realized that the
energy was stored in the carbon pores. They are mostly
made with carbonaceous materials due to their high
specific surface area, which electrostatically store the
charge at the interface between the electrode and the
electrolyte.31 EDLC can be easily disposable and burn-
able avoiding high costs in their discarding and
recycling. Nowadays, they are still the most used ones
due to their technical development.
EDLC main problems are their low energy density due
to their low capacity. Muralee Gopi et al26 proposed to
use surface modification methods (N- and S-doping,
surface exfoliation, and surface activation) to overcome
these drawbacks.
From another point of view, Liu et al32 focused their
study on ways to avoid SC self-discharge to improve
SC technology. This improvement can be obtained by
tuning the separator, making modifications on the
electrodes, or modulating the electrolyte.

• Pseudo-capacitors do not store the charge electrostati-
cally but electrochemically with reversible surface
(or near-surface) Faradaic redox reactions, this means
the involving of charge transfer reactions throughout
the electrochemical interface. They owe their name to
their kinetic and thermodynamic behavior which can
be explained with the mathematical model for surface
adsorption and desorption.33 Their electrodes could be
made with transition metal oxides or conducting poly-
mers.31,34 Despite their lower specific power density
and stability in comparison with EDLC, their specific
capacitance is high. However, pseudo-capacitors lose
capacity faster than EDLC do because of the electro-
static stresses that they suffer in charge and discharge
processes.

• The Hybrid SC are composed by a combination of
EDLC and pseudo-capacitor leading to high energy
densities and high capacitances.26 New developments

FIGURE 3 Ragone plot
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are appearing in the hybrid SC field as lithium-ion
capacitors,35 which possess high power and energy
density.

Compared to current batteries, SC do not suffer from
explosion, so they gain on security. Moreover, they do
not need toxic chemical materials to work, making them
environmental-friendly and easy to recycle. Besides, SC
are smaller than lead acid batteries and they can be
charged and discharge thousands of times very quickly,
as a result, new applications arise.

The Ragone plot36 (Figure 3) summarizes the energy
and power densities of the different energy storage
devices. Despite current SC do not possess high energy
density, they have the highest power densities making
them suitable in current stabilization applications (vari-
able voltage). That is the reason why SC are very used in
electronic (power supply circuits, computers, inverters,
cameras, etc.), energy production (wind and solar
energy), and transportation devices. Moreover, scientists
are attempting to enhance SC' energy densities improving
the electrodes performance by adding novel 2D material
such as MXenes,25 metal-organic frameworks37 or by
functionalization with thiol.38

In addition, SC are now an essential component in
the development of renewable energy devices because
they can support intermittent input energy. Also, the
electrical vehicle industry has an eye on this technology
on account of their short charge rates, long lifetime, and
small volume making them suitable for fast recharging
vehicles used in short-frequent trips.39 Several
researchers have recently published advances in SC tech-
nology for vehicle applications,40,41 some of them com-
bine super capacitors with other batteries gaining better
performances.42-45

SC are also being used in wearable and portable
energy storage devices.46-48 The investigation reported in
this field always attempt to enhance the energy density,
flexibility, and tailorability. Polymer-based materials can
provide these properties.49 Wang et al50 recently stated
last advances in polymer materials for electrodes and
electrolytes in SC which can be used in wearable
applications.

1.3 | Lithium-ion batteries

During the oil crisis in 1970 decade, Stanley Whittingham
(2019 Nobel Prize) discovered LIB thanks to some experi-
ments consisting of holding lithium ions between titanium
sulfite plates. Although, he did not pay much more atten-
tion to the technology and it was not until 1991 that Sony
and Ashai Kasei developed the first commercial LIB.13

The most outstanding LIB' characteristic is their
energy density because they exceed the values of both
Lead-Acid batteries and SC. Regarding the efficiency, LIB
can achieve a 92% vs the 60% of traditional batteries, con-
sidering the efficiency as the rate charge/discharge den-
sity. The last remarkable advantage of LIB is their
security. LIB do not explode because they have control
systems to protect them from overcharges. By contrast,
the cost of LIB is higher than Lead-Acid ones, but this
parameter is decreasing in recent years.

The main parts of LIB are the cathode, anode, electro-
lyte, separator, and current collectors (Figure 2D). Energy
storage occurs by some electrochemical redox reactions
between the anode and the cathode electrodes composed
by a range of electrochemically active materials. Tradi-
tional LIB has a Lithium cathode, due to its high electro-
chemical capacity and a carbonaceous material anode
(activated carbon, carbon black, graphene, etc.).51

Figure 2E collects possible LIB cathode materials,52 all
of them contain lithium. This material possesses a high
reactivity (even with the water) so, there is no need of com-
plex chemicals as electrolyte. The aforementioned reactivity
also allows them to store a lot of energy in its atomic bonds,
resulting in higher energy density in a lower volume.53

The most common LIB' anodes are the graphite oxide
ones because they support very well the volume changes
that LIB suffer. However, graphite anodes have low
capacities (372 mAh g�1) and their rates of performance
(capacity over number of cycles) are poor so new mate-
rials are being investigated to replace them.54 Other car-
bonaceous materials (carbon nano fibers [CNF], carbon
composites, biomass carbon, mesoporous carbon, etc.)
are a suitable option because they help the lithium diffu-
sivity and electrons movement between electrode and
electrolyte. Another anode material could be the silicon,
because of its high theoretical specific capacity, low cost,
and abundance in nature.55 However, silicon has issues
supporting the volume changes that the cell suffers.

The main purpose of the electrolyte is allowing the
correct movement of lithium ions while the separator
prevents short-circuit. However, the motion of ions
carries degradation problems on the separator and the
electrolyte so, new alternatives to traditional electrolytes
are needed.56 Chen et al57 have recently noted the last
progresses of solid-state electrolytes which reduce the
degradation issue. From a different angle, some studies
are focused on polymer composite electrolytes58,59

because they avoid the need of the separator.
LIB is mainly used in portable electronics, such as

smartphones, due to their high energy density (see Rag-
one plot in Figure 3), but they are also used in vehicle
and industrial applications.37 They can even be used for
ultrafast charging and discharging applications.
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Nevertheless, traditional LIB shows difficulties in
wearable devices due to their lack of flexibility and adapt-
ability to the human body because of their rigid plates as
energy collector, currently made with copper and alumi-
num. To overcome this drawback, scientists are looking
for new flexible and adaptable materials with enough
electrochemical response to be used in LIB fabrication.60

To achieve this goal, researchers have used polymer
composites,56,61 always searching for competitive electri-
cal conductivities, electrochemical properties, and high
mechanical strengths. Their work focuses on using a
polymer or a polymer composite as electrode and then
adding the anode/cathode substances, the most used ones
are lithium titanate oxide (LTO)/lithium iron phosphate
(LFP) and LTO/lithium manganese oxide (LMO). Once
the electrodes are ready it is only necessary to add the
electrolyte to get the LIB. Another field for LIB improve-
ment is the study of new electrolyte materials because
new requirements on their properties are needed like
being environmentally-friendly and low-cost. Focusing
on the physical properties, they must possess a high ionic
conductivity, wide potential window, high thermal,
chemical, and electrochemical stability, and be inert to
the other LIB parts.

In both SC and LIB electrodes is important not only
the nature of their materials but also its microstructure.
The most common structures in energy storage devices
can be obtained by three methods, mixing type, core-
branch and core-shell (Figure 4). Zhu et al63 reported in
2015 the electrodes microstructure design and they con-
firmed the advantages of two materials composed
electrodes.

Researchers are also worried about LIB security
because the portable devices are really close to the
human body. Chen et al64 recently reviewed the most
important investigations about the electrical, thermal,65

and mechanical issues in LIB. Once these safety concerns
are solved, new applications for LIB will appear.

Table 1 compares the principal energy storage proper-
ties of lead-acid batteries, SC and LIB in order to see the
strengths of each technology. There are also data of the
newest and improved technologies.

1.4 | Required physical properties on the
polymer composites for energy storage

To improve the performance of batteries, the research is
focused on increasing the specific physical properties of
the polymer composites from which they are made. The
main parameters required for studying and comparing
electrochemical cell performance are both energy and
power densities.

The energy density is the amount of charge that a bat-
tery can store whereas the power density is the quantity
of energy that the battery can discharge, both parameters
regarding its mass. A battery with high energy density
provides energy in a lower volume, which means reduc-
ing its cost and footprint. In addition, a battery with high
power-deliver capability is suitable in applications where
high power peaks are required.

The maximum volumetric energy density depends on
the applied electric field as it is shown in Equation (1).
Simultaneously, Equation (2) collects the relation
between the dielectric displacement in linear dielectrics
and the applied field. Solving the Equations (1) and (2),
Equation (3) shows the maximum energy density that a
linear dielectric material can store. Therefore, it depends
on the dielectric parameters of the material because it is
related to the relative dielectric permittivity and to the
dielectric breakdown strength.68

Ue ¼
Z Dm

0
E dD: ð1Þ

D¼ ε0 � εr �E: ð2Þ

Ue ¼
Z Dm

0

D
ε0 � εr dD¼ 1

2
� εr � ε0 �Eb

2: ð3Þ

The dielectric breakdown strength is the most extreme
electrical potential that a material can oppose before the
electrical flow gets through the material. Both electric
breakdown and dielectric permittivity can be easily mea-
sured in a laboratory.68 Polymer dielectric permittivity69

can be measured either directly with a DEA machine or
by measuring the material capacitance, as shown in
Equation (4).

εr ¼ C �d
ε0 �A : ð4Þ

Last, the power density relation with energy density is
shown on Equation (5).

Pm ¼Ue

t
: ð5Þ

FIGURE 4 Main structure solutions of wearable batteries

(Reference: 62. Reproduced with permission. Copyright 2015,

Wiley-VCH)
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Furthermore, parameters as the cycle life, charge/
discharge characteristics, mechanical resistance, durabil-
ity or degradation against external agents (like water,
soaps or ultraviolet radiation) are measured to evaluate
the future performance of the energy storage device.50,70

Currently, there is a lack of high-performance polymeric
electrode and electrolyte materials so new studies are
emerging.67,71,72

Polymer composites are very often used in energy
storage applications due their high dielectric permittivity
and high dielectric breakdown strength.30 However, there
are some important factors such as the material additives,
morphology, internal defects, and chemical impurities
which affect the dielectric properties.

2 | POLYMER AND POLYMER
COMPOSITES FOR BATTERIES
OBTAINING AND THEIR VIABILITY
FOR WEARABLE DEVICES

2.1 | Manufacturing methods of
obtaining polymer-based batteries: additive
manufacturing and electrospinning

The manufacture of more sustainable, efficient, and
cheaper batteries is a key point in the development of
greener energy technologies. One industrial scalable non-
waste method very promising for battery obtaining is
additive manufacturing (AM),73 also known as 3D print-
ing, due to their suitable characteristics like more free-
dom in design and low-cost feed materials. This method
creates physical prototypes from virtual models in an
easy process adding materials layer-by-layer. Nowadays,
AM is being used in several fields such as bioscience,
electronics, and energy storage74 obtaining devices topo-
logically optimized. Furthermore, AM technologies are
becoming more affordable and accessible.

There are several AM processes, each of one is suit-
able for a different feed material and for different final
applications (fusion deposition modelling [FDM], stereo-
lithography [SLA], liquid deposition modeling [LDM],

selective laser sintering, electron beam melting). How-
ever, the most used ones in energy storage devices are
Fused Deposition Modeling and Liquid Deposition
Modeling due to their scalability and their easy design
method.75 Both FDM and LDM are capable of printing
macro- or micro- (even nano-) structures so different
ones (fiber, cable, mesh, etc.) can be obtained.76

An alternative to AM technologies is electrospinning
(Figure 5C), a widely used technique which obtains
ultrafine polymer fibers with nano-sized diameters.77

Electrospinning obtains nanofibers trough the coaxial
stretching of a viscoelastic solution by applying a high
voltage.78 They possess a high area/mass ratio so they fit
in energy storage devices as electrodes due to their ease
in charge conduction mechanism.61

Following, the principal AM and electrospinning
obtaining methods for batteries are explaining with some
published investigations as examples. Table 2 collects
capacity and electrical conductivity data of these studies
to compare their electrical performance.

2.1.1 | Liquid deposition modeling

A huge amount of the 3D-printed LIB electrolytes91,92

and electrodes81 were obtained by LDM process, also
known as direct ink writing.93,94 The LDM method
involves a syringe which prints the fed ink by a pneu-
matic system (Figure 5A). The inks are in a liquid state
when they reach the nozzle and then they change to a
solid-like state when the material exits the printer.

A big advantage of LDM is its capacity to print mate-
rials with a high loading of conductive fillers.75 However,
LDM technique requires post-processes like thermal
annealing to solidify the final object and the layer resolu-
tion is limited.

Several researchers are looking for new polymer com-
posites inks with suitable viscosity, which is an important
property for this method. They are composed by active
materials, fillers (organic as graphene oxide [GO] or inor-
ganic as ceramic materials), and sometimes a polymer
matrix (poly vinylidene fluoride [PVDF] mostly).

TABLE 1 Comparison of the principal properties between the different energy storage technologies

Energy storage technology Energy density (W h kg�1) Power density (W kg�1) Cycling stability References

Lead-acid battery 25-35 150 50-100 66

Super-capacitors (SC) 100-150 10 000 >30 000 26,32

SC (graphene oxide scrolls) 206 32 000 >20 000 38

Lithium-ion batteries 100-250 500-2000 >500 26,33,55

Li-S 2600 — — 67
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Joao et al79 reported a terpolymer (which results from
copolymeration of three monomers) called poly(vinylidene
fluoride-trifluoroethylene-chlorofluoroethylene) suitable
for LDM processing to be used as a polymer binder for
LIB. The terpolymer possess the needed rheological prop-
erties to be printed by LDM and it showed enhanced

dielectric constant and low electric loss compared to the
PVDF (one of the most common polymer binders in the
current commercial batteries). In addition, this material
could be a good option for wearable energy storage
devices because of its flexibility. The same researchers'
group80 announced a strategy to print by LDM poly

FIGURE 5 Manufacturing methods of obtaining polymer composites (A) liquid deposition modelling printing process (B) fusion

deposition modeling printing process (C) electrospinning process

TABLE 2 Different examples of materials obtained by several manufacturing methods and their electrochemical properties

Materials Composition Flexible
Obtaining
Method

Capacitance
(F g�1)

Conductivity
(S cm�1) Uses References

P(VDF-TrFE-CFE) 8:1:1 Yes LDM — — Binder 79

PVDF-HFP No LDM — 3.8 � 10�3 Battery separator 80

Commercial graphite
slurry

No LDM 1.3 � 102 — Electrodes for LIB 81

Graphite/
LiNi0.6Co0.2Mn0.2O2

Several Yes LDM (0.6-1.2) � 10�2 (5-9) Wearable LIB 82

(LFP/PLA)/(SiO2/PLA) 6:4 No FDM 1.11 � 10�3 3.96 � 10�5 Electrodes for LIB 83

Li2TP/CB/PLA/
PEGDME500

4:4:1:1 No FDM 84

PEO/LiTFSI 20:1 No FDM — 3.79 � 10�6 Electrolyte for LIB 72

Graphene+active
materials/PLA

4:6 No FDM — — Electrodes for SC and
LIB

85

EGPEA/PANI-HCl/TPO 94.8:4.8:0.4 Yes DLP — 10�3 SC 86

(AILCFN/NiCoS)/
AILCFN-3

— Yes Electrospinning 2.79 � 103 1.17 � 101 Electrodes for SC and
LIB

87

PHBV/CFO 9:1 — Electrospinning (3–4) � 10�3 10�3 Binder for LIB 88

PEDOT:PSS 94:6 Yes Electrospinning 3.6 1.8 Electrodes for SC 89

HN-CNFs/GNs 98:2 Yes Co-electrospinning 2.49 � 102 — Electrodes for all-
solid SC

90

Abbreviations: CB, carbon black; CFO, cobalt ferrite; DLP, digital light processing; FDM, fusion deposition modelling; GN, graphene nanosheets; HN-CNF, N-doped
carbon nanofibers; LDM, liquid deposition modeling; LFP, lithium iron phosphate; PANI, polyaniline; PEO, polyethylene glycol; PLA, poly lactic acid; PVDF-HFP, poly
(vinylidene fluoride)-co-hexafluoropropylene.
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(vinylidene fluoride)-co-hexafluoropropylene (PVDF-
HFP) copolymer, trying different infill densities and
evaporation temperatures. They obtained remarkable
cycling stability with 100% of infill density which is desir-
able in binders. These two options seem useful in those
energy storage devices which do not possess a polymer
electrolyte and therefore, they need a binder to ensure its
correct operation.

Regarding the electrodes, on the one hand Zhang
et al reported a method to obtain LDM printed ones with
commercial graphite slurry.81 They obtained remarkable
capacity values in comparison with traditional electrodes
used in LIB. This material is not flexible so it cannot be
used in wearable devices. On the other hand, Praveen
et al recently reported a yarn-type LIB obtained by LDM
for smart fabrics.82 They used natural graphite and LiN-
i0.6Co0.2Mn0.2O2 as electrode materials. The 3D printed
prototype displayed remarkable flexibility and chemical
performance.

As a conclusion, several attempts to obtain flexible
and wearable energy storage devices by LDM have been
made but this is yet an immature technology and more
investigation is needed before manufacturing LDM wear-
able batteries at a large scale.

2.1.2 | Fusion deposition modeling

FDM95(Figure 5B) technology appears as an alternative
to LDM. Researchers are looking for new polymer com-
posites with enhanced properties suitable to feed FDM-
printers because this method does not require post-
processing and the fed polymer materials are cheap.
Moreover, energy storage devices obtained by FDM96 pos-
sess scalability, low-price, customizable properties and
they can be obtained with environmentally friendly
biopolymers.

For illustration, Maurel et al83 described some fila-
ments composed by poly lactic acid (PLA) and carbon
black composite specifically conceived for LIB electrodes.
The polymeric material was obtained by solution method,
while a poly ethylene glycol was added to increase flexi-
bility and abolish possible complications in the impres-
sion. When the solution was perfectly uniform, the excess
of solvent was evaporated by the cast method. Once the
film was cut, they obtained the filament by melt-extru-
sion. They also reported another PLA conductive fila-
ment for LIB obtaining84 with a new method which did
not need toxic solvents for its production because the fila-
ment was made directly in the extruder. Later, the same
researchers detailed a new polymer composite with lith-
ium charges (polyethylene glycol [PEO]/LiTFSI) suitable
for LIB electrolyte material.72 The process flowchart is

like the first one hence, a complete LIB can be printed by
FDM. The highest conductivity was obtained with a 20:1
PEO/LiTFSI ratio.

The previous polymeric LIB prototypes were all
obtained by FDM however, their lack of flexibility dis-
ables them for wearable applications.

SC are mainly obtained by 3D printing and coating
methods accordingly so, FDM processes are suitable.74 For
illustration, Ghosh et al85 reported a filament polymeric
composite suitable for LIB and SC electrodes composed by
PLA, graphene, and metal-based impurities like iron and
titanium oxides. Some commercial PLA/graphene fila-
ments were modified with oxide impurities to enhance
their electrochemical properties. The resultant material
was tested in SC devices showing higher pseudo-
capacitance properties than the commercial one.

FDM is easily scalable, the prototyping is very quick
and customizable to each concrete application. Moreover,
some thermoplastics can be flexible, so this technology is
presented as a good option for wearable energy storage
devices. However, there is a lack of functional and suit-
able materials currently and therefore more investigation
in the field is needed.

2.1.3 | Other AM techniques (SLA and
digital light processing)

Other AM techniques which can be used in batteries
manufacturing are SLA and digital light processing
(DLP). Both capable of printing complex structures with
high resolution using photocurable polymers.97 As illus-
tration, Arias-Ferreiro et al86,98 reported a photocured
polyaniline (PANI)/acrylate polymer composite obtaining
suitable electrical and electrochemical properties for
SC. Despite SLA and DLP technologies are able to print
flexible and customized devices, they do not allow the
integration of different components in the same process,
so they are not the most suitable obtaining technique for
energy storage devices in the present.

2.1.4 | Electrospinning

The electrospinning technique offers a high production
rate, uniformity, high nanofiber quality, large surface
areas, and low cost.99,100 Nanofibers are better than
other 1D nanomaterials (nanotubes, nanorods, nano-
wires, etc.) because once collected they do not need fur-
ther purification, while they provide enhanced
mechanical strength. Furthermore, several nano-
architectures (core-shell, hollow, porous, tube, cross-
linked) can be obtained thanks to their variants as melt
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electrospinning, emulsion electrospinning, needle-less
electrospinning, or coaxial electrospinning.101

Polymers reinforced with nanofibers show better
mechanical performance than the matrix alone because
of the nanofiber's structural parameters of size, aspect
ratio, and alignment. Moreover, electrospun fibers
obtained from conductive polymers possess a huge elec-
trical conductivity range (10�11-105 S cm�1) making
them suitable for energy storage applications. Lee et al71

reviewed polymer materials (polyvinyl acetate [PVA],
PLA, Cellulose, PEO, etc.) reinforced with functionalized
carbon nano-fillers (carbon nano tubes [CNT], graphene,
QD) prepared by electrospinning technique. These mate-
rials present large surface areas and porosity but nowa-
days they do not possess scalability. In addition, Robert
et al102 reviewed last advances on electrospinning tech-
niques for lithium, sodium, and potassium ion batteries
electrodes. They affirmed that new and flexible materials
are needed to make potassium and sodium batteries
succeeded.

As electrospinning-obtained electrodes for energy
storage device recent example, Zhou et al87 reported a
lignin-derived electrospun carbon material with
enhanced charge transport characteristics valid for both
SC and LIB electrodes. The fibrous composite showed
remarkable flexibility and durability, desirable properties
in wearable devices.

Several electrospun polymers (poly propylene, PVDF,
poly acrylonitrile, etc.) have been used as binders.
Recently, Barbosa et al recently reported88 an environ-
mentally friendly LIB separator based on poly(hydroxy
butyrate-co-hydroxyvalerate) (PHBV) (a new renewable
polyester) and cobalt ferrite (CFO). The biopolymer
matrix provided flexibility and biodegradability while the
CFO added dielectric performance. The PHBV looks very
promising in energy storage devices due to its intrinsic
physical properties but currently its higher cost than
other biopolymers due to its obtaining method limits its
applications.

Regarding to SC devices, C�ardenas-Martínez et al89

mentioned some SC electrodes made of PEDOT:PSS. The
electrospun nanofibers obtained from the polymer solu-
tion were immersed into ethylene glycol to increase their
electrical conductivity. Once the nanofibers were
enhanced, they were deposited by spin-coating into a
poly ethylene terephthalate flexible substrate completing
the electrode which was tested in an all-solid-state SC
prototype.

The same year, Li et al90 reported a binder-free flexi-
ble electrode for all-solid-state SC made with 2D
graphene nano-sheets embedded in 1D hollow N-doped
carbon nanofibers (HN-CNF/graphene nanosheets
[GN]). GN improve the accessible specific surface area,

increasing the charge storage capacity, and the capaci-
tance of the final composite. The electrodes were
obtained by coaxial-electrospinning and a thermal treat-
ment giving rise to a shell-core structure. An all-solid-
state SC was created to check the electrodes properties
and an excellent capacity retention (90% after
2000 cycles) was showed.

Despite electrospun polymers advantages, the tech-
nique requires the use of solvents in the process, usually
toxic or low environmentally friendly. Also, electrospinning
has a lack of scalability nowadays.

Once the obtaining methods are reviewing, the next
step should be revising the available polymer composites
structures for LIB and SC, discussing which of them are
suitable ones in wearable devices, paying special atten-
tion to the flexibility, and durability that each one can
develop.

2.2 | Common polymer composites
structures in wearable energy storage

2.2.1 | Fibers

Wearable electronic devices require wearability, durabil-
ity, and comfort to the person who wears them8 so, most
wearable electronics are developed in fabrics with 1D
fiber-shape. 1D fibers possess flexibility and tailorability,
necessary properties in daily garments for standing the
tensile efforts that they are submitted to. They have
micro or nano-sized diameter, which is a very suitable
characteristic in energy storage because their high aspect
ratio increases their permittivity.

The first fiber-shaped energy storage device reported
was a SC.103 A SC is very easy to build fiber-shaped
because the general obtaining method does not even
require a strict fabrication process, it involves just adding
two thin-film electrodes into the electrolyte. By contrast,
a LIB needs fiber-electrodes, which is a hard task to
achieve, and more complicated components in its fabrica-
tion like conductive additives, separators, binders and
packaging materials. Nevertheless, current energy storage
studies are focused on the search of new fiber materials
for SC and LIB.82,104

Flexible energy storage devices can be fiber or cable
shaped, as it is shown in Figure 6. On the one hand,
nanofibers are usually made with carbonaceous elec-
trodes as CNTs, electrospun carbon nanofibers or
graphene.109,110 Their obtaining is directly thanks to AM
and electrospinning techniques. On the other hand,
cable-type requires coating process for increasing the
conductivity, which usually comes with a lack of durabil-
ity and flexibility. The energy-storage fabrics are mainly
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obtained by coating deposition of yarn electrodes or poly-
meric fibers.82

As way of illustration, Lyu et al recently reported a
grafted polymer network of carbon nanotube fibers to be
used in fiber-shaped flexible SC.104 They fabricated solid-
state fibers (CNF/poly tri-phenyl amine [PTPA]) from
PVA/H3PO4. The PTPA provides porosity and electro-
chemical activity while the CNF supplies high electrical
conductivity, giving rise to a functional wearable energy
storage device. Furthermore, Khudiyev et al111 described
a super-long SC fiber quite scalable to the industry, a
100 m long fully functional fiber which was tested in a
3D printing machine. The electrodes were made by ther-
mally drawn gels with active material, carbon black, and
PVDF (45:10:45). This study shows that supercapacitor
fibers do not work only on a small scale but can be
brought to industry.

The fabrication of fiber-shaped LIB carries on huge
manufacturing problems, so they are conventionally fab-
ricated in rigid structures, which are not suitable in wear-
able devices so, researchers should look for solutions and
new materials. Recently, Lopez et al reported some LIB'
anodes composed of TiO2 and carbon. The composite was
obtained by centrifugal spinning of precursor fibers
(TiS2/polyacylonitrile) and thermal post-processing.
These new anodes developed better current densities in
comparison with a graphite anode. Therefore, polymer
materials could be useful in the progress of fiber-
shaped LIB.

2.2.2 | Polymer meshes

Polymer meshes, composed by interconnected fibers
assembled inside a polymer matrix, are also very present
in wearable energy storage devices. Moreover, their

planar-shape and their processing methods are accurate
to LIB's obtaining. The polymer substrate (PVA, PA,
PEO, poly vinyl pyrrolidone, PVDF, etc.) apports synthe-
sis simplicity, flexibility, durability, and low cost while
the filler (carbonaceous, mineral, etc) added by physical
or chemical deposition, acts as the conductive component
if necessary. The structure of these materials allows the
obtaining of strength112 fibrous mesh scaffolds, with
appropriate characteristic for wearable electronic devices
like high surface areas, remarkable ion conductivity,
enhanced electrochemical response, adaptability, and
stretchability.

Gong et al21 reviewed the last progresses in polymer
nanocomposites meshes. They classified them according
to their obtaining method (natural meshes like cellulose
fiber, electrospinning, in situ polymerization, and photo-
lithography) and they concluded that electrospinning-
based meshes were the most suitable for wearable
devices.

Polymer nanocomposites meshes can be used in elec-
trode materials or separators for energy storage devices,
depending on their electrical conductivity response. As
an example, Alameen et al113 reported some flexible SC
electrodes obtained by unipolar pulse electrodeposition
of a C-ZIF-8/PANI composite film over the substrate. The
electrodes were electrochemical tested in an acid solution
and the enhancement in the cathodic peaks with the
addition of the PANI was demonstrated. They also
assembled a SC with PVA acting as electrolyte and sepa-
rator and these new electrodes to probe its viability, get-
ting remarkable power density.

Lately, Meng et al114 also used PANI for SC electrodes
but they electrodeposited the polymer on a Ti mesh sub-
strate with MoO3 particles. The final electrodes developed
high capacity retention and capacitance under acid elec-
trolyte, proving its viability as SC electrode.

FIGURE 6 Main structures in wearable energy storage devices105 redrawn,106,107 redrawn.108 Reproduced with permission. Copyright

2014, 2012, 2012, 2004, Wiley-VCH
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Despite the viability of these materials in wearable
energy storage devices, they are not all-polymeric, this
is an important point because it hinders its disposal
process once the life-time of the device ends. Moreover,
inorganic conductive or semiconductive materials are
not flexible and their elasticity is limited. Therefore,
investigation should be focused on all-polymeric
materials.

In addition, the investigation in polymer meshes
materials for LIB is scarce. In 2016, Li et al reported some
anodes for LIB based on LiZnBO3 and carbon mesh syn-
thesized by pyrolysis method.115 The anode was tested
with a commercial LiCoO2 cathode obtaining remarkable
energy density.

By last, the Table 3 collects the principal energy stor-
age characteristics of the previous examples.

2.3 | Last developments in polymer
composites for energy storage devices and
their viability in wearable gadgets

Several polymer composites are promising materials in
energy storage devices due to their low electric losses,
high charge discharge speed, and high-power density.
The polymer matrix adds processability, getting light-
weight final components, and conductive nano-fillers
provide electrical conductivity and sometimes mechan-
ical reinforcement.22 Table 4 summarizes the most used
polymer matrixes in wearable batteries, it is divided in

intrinsically conductive polymers, which are conduc-
tors themselves, and dielectrics, which are not.

In some cases, the polymer composite contains an
inorganic nano-filler (SiO2, AlO3, MgO, etc) inside a poly-
mer matrix. The inorganic filler increases the polymer
dielectric properties but, they are not the most
environmental-friendly option so, all-polymeric (poly-
meric composites with organic fillers) electrodes and
electrolytes are emerging due to the advantages that they
provide.121,122

All-polymeric composites have good cycling stability,
high power densities, and their capacitance increases due
to the higher porosity of the conductive polymers.50 They
usually develop a high flexibility, but it comes at the
expense of the electrical conductivity so, the optimal
point between enhanced mechanical and electrical prop-
erties should be found.

Focusing on wearable energy storage devices fiber-
like, 3D porous, and paper-like active materials are being
studied for SC and LIB electrodes.36 The fiber ones are
the easiest to wove into clothes and they show enhanced
physical properties (tensile strength and elastic modu-
lus)11 so, they are very present in wearable batteries.
Regarding to the obtaining method, both 3D printers and
electrospinning technique are capable of producing the
fibers which give rise to the smart garments.

Next, the main characteristics of each polymer matrix
are going to be explain adding studies as examples. The
Table 5 collects the principal electrochemical parameters
of these studies in order to compare their efficiencies.

TABLE 3 Energy storage performance and flexibility of different LIB and SC changing the structure of their materials

Material Shape Flexible
Capacitance
(F g�1)

Energy density
(W h kg�1)

Power
density
(W kg�1) Capacity retention References

CNF/PTPA Fiber
SC

Yes *6.7 � 10�2 *1.83 � 10�5 — 84% over
10 000 cycles

104

PVDF/CB Fiber
SC

Yes 4.34 � 101 — — 100% over
13 000 cycles at
1.6 V

111

TiO2/Carbon Fiber
LIB

Yes 6.18 � 10�3 — — 99.4% over
100 cycles

116

C-ZIF-8/
PANI/
SSWM

Mesh
SC

Yes 3.63 � 102 9.16 162.5 100% over
10 000 cycles

113

PANI/Ti/
MoO3

Mesh
SC

No 3.33 � 103 54 900 109% over
1000 cycles

114

LiZnBO3/C Mesh
LIB

No 2.25 � 10�4 334.8 — 94.47% over
600 cycles

115

Note: The values with * are F cm�1 or W h cm�1.
Abbreviations: CB, carbon black; CNF, carbon nano fibers; LIB, lithium-ion batteries; SC, super-capacitors; PANI, polyaniline; PTPA, poly tri-phenyl amine;
PVDF, poly vinylidene fluoride.
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TABLE 4 Common polymer matrixes in energy storage devices

Polymer

Electrical
conductivity
(S cm�1) Advantages Disadvantages Molecular structures References

ICP

PEDOT:
PSS

4.7 � 104 -High electrical
conductivity

-Commercially
available as a water
dispersion,
lightweight

-Water dispersion
possess much lower
electrical conductivity
(1 S cm�1) thereby
they need additives

-Mechanical properties
and processability of
pure PEDOT:PSS
need improvements

3

PDA 2.6 � 105 -Easy synthesis by
exposing dopamine to
air

-Good as coated
material, it adds
resistance

-Easily
functionalization

-Difficult control of the
material architecture

-Its structure is not
completely studied
yet

117

PPY 10-50 -Low cost, easy
preparation and
modification

-It is soluble in water
-There is a lot of
information about
how to work with this
material

-Poor mechanical
properties such as
brittleness

-Poor thermal stability
in air

-It is a non-
biodegradable
material

118

PANI 7.25 -Easy doped/undoped
material thanks to the
-NH group

-Good electrochemical
and thermal stability

-Poor electrical
conductivity

86

Dielectric

PLA — -Cheap
-Mechanical strength
-Biopolymer and
biodegradable

-It only requires little
energy on its
production

-Low glass transition
temperature (about
55�C), which make it
unsuitable in
applications that
require more thermal
stability

-Poor ductility

62

PVDF 10�5 -Thermodynamically
stable in its β phase

-Piezoelectric polymer

-Low energy conversion
efficiency

-Low output power
-Poor mechanical
strength

-Elevated cost

119

(Continues)
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2.3.1 | Polymer composites with ICP
matrixes

Conductive polymers are wide used in both SC and LIB
electrodes due to its unique electronic properties, their
large surface areas, and their remarkable electrochemical
properties.74,118

PEDOT:PSS
The most widely studied ICP is PEDOT:PSS due to its sta-
bility, high conductivity, and water resistance, making
them suitable for roll-to-roll manufacturing. Tseghai
et al3 reviewed the PEDOT:PSS conductive textiles and
their obtaining methods. PEDOT:PSS can be deposited
on a textile flexible substrate by an in-situ polymeriza-
tion, by fiber spinning process or by printing textile fab-
rics. The authors conclude that the processes obtain
conductive fabrics with enhanced flexibility and mechan-
ical resistance, but their electrical conductivity decreases
during the process.

Mostly, PEDOT:PSS composites for wearable energy
storage devices are found with fiber-shape123-125 because
of their lightweight and mechanical flexibility. And as it
was discussed before, fiber-shaped energy storage devices
are mainly SC.

Recently, Mirabedini et al123 described a PEDOT:PSS-
based polymer composite for SC electrodes. The CNT
fibers were coated to the PEDOT:PSS matrix by coaxial
wet-spinning method, adding flexibility to the composite
and its enhanced mechanical properties. The SC possess
a thickness lower than 100 μm, which brings low weight
to the device, and it is highly flexible, both properties are
desirable for wearable devices. In addition, the gadget is
able to perform a remarkable power density.

Liu et al124 also mentioned some PEDOT:PSS fibers
for wearable SC applications but with rGO instead of
CNT as electrical conductive nanofiller. The fibers were
obtained in a tube mold by hydrothermal confinement
process, a very easy processing method which enhanced
the capacitive properties of the material thanks to the

cross-linking between the rGO and the polymer matrix.
The final prototype possesses remarkable flexibility and
tensile strength.

Moreover, Teng et al125 reported a similar PEDOT:
PSS/rGO fiber SC which were also obtained by a confined
growth process but they tried post processing with anacid
treatment. This new procedure got enhanced electrical
conductivity and partial capacitance thanks to the fast
ions diffusion throughout the porous channels of the
nanofiller inside the PEDOT:PSS matrix. In summary,
they obtained a SC with high capacitance and astounding
capacitance retention.

The wearable SC devices are not only presented as
fiber-shaped but also as paper and film. To way of illus-
tration, Song et al126 demonstrated some paper-shaped
flexible SC composed by PEDOT:PSS as polymer matrix,
which provides toughness, flexibility, and structural sta-
bility, rGO, and CNT as electrically conductive
nanofillers and Fe2O3 to increase the electrochemical per-
formance of the new composite. The final electrode dem-
onstrated high specific capacitance.

In addition, Huang et al127 recently reported a
PEDOT:PSS/carbon nanocoils polymer composite to
obtain SC electrodes with film-shaped. The polymer
matrix apported mechanical stability while the
nanofillers allows the formation of interconnected hier-
archical pores, which operate as ions transport chan-
nels, shortening the diffusion pathways, and as
electrolyte storage reservoir. This composite was
obtained by repeated drop-casting technique, which
facilitates its processability. The final film-shaped elec-
trode developed notable electrochemical properties as
well as enhanced flexibility (twisting and bending
resistance).

The previous studies seem a good advance to get
wearable SC but their obtaining methods are testing only
at laboratory scale. In conclusion, it is necessary to get
materials not only with high electrochemical perfor-
mance, enhanced flexibility, and mechanical resistance
but also scalable to industrial manufacturing.

TABLE 4 (Continued)

Polymer

Electrical
conductivity
(S cm�1) Advantages Disadvantages Molecular structures References

Cellulose — -Biopolymer abundant
in nature

-Nontoxic,
biodegradable, and
renewable material

-Widely studied

-Poor resistance to
water

-It requires long time to
compost

23,120

Abbreviations: ICP, intrinsically conducting polymers; PANI, polyaniline; PDA, polydopamine; PLA, poly lactic acid; PPY, polypyrrole; PVDF, poly vinylidene
fluoride.
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Despite PEDOT:PSS conductive composites are
mainly used in SC some authors propose to use them in
LIB components, as polymer binders146,147 or anodes.128

However, these studies developed rigid prototypes, which
are not useful in wearable LIB.

PDA
Another important ICP is the PDA,148 which is obtained
by the oxidation of dopamine, a quinone material. PDA
is composed by an isomeric mixture of tetramers and
octamers induced by a constant redistribution of the elec-
trons from the ketone groups resulting in enhanced spe-
cific capacitance. In addition, PDA is a biopolymer which
gives rise to environmental friendly energy storage
devices with a fast and reversible redox activity, develop-
ing a remarkable electrochemical performance149,150 so it
is very useful for the obtaining of SC electrodes. As way
of illustration, Zhu et al reported some PDA-based poly-
mer electrodes for supercapacitors129 with NiS particles
acting as filler. They obtained the new polymer compos-
ite by PDA polymerization on the NiS surface, getting an
interconnected network framework and superior N dop-
ing, and posterior pyrolysis, improving the specific capac-
ity of the electrodes. The composite was synthesized with
a core-shell structure, developing an enhanced electro-
chemical performance because it helped with the adapta-
tion of the material to the volumetric changes during the
charge/discharge processes.

Moreover, Tian et al mentioned130 some SC electrodes
formed with PDA matrix, rGO as organic conductive
nanofiller and Co3O4 nanorods as inorganic filler. The
Co3O4 helps with the charge storage, but it usually suffers
deactivation during de charge/discharge process. How-
ever, this PDA/rGOCo3O4 composite keeps the nanorods
activated thanks to the reversible redox reaction that the
PDA/rGO composite apports to the electrode. This novel
composite develops electrodes for cycle stable, durable,
and robust SC.

Both studies129,130 show great promise for obtaining
electrodes for SC based on materials from nature, how-
ever, they are rigid materials so they cannot be used in
wearable energy storage devices.

The PDA can develop flexible devices151 if the correct
fillers are selected. Recently, Wang et al131 reported a
PDA-based material for aqueous zinc batteries. They used
some CNF as organic substrate and coated them with
PDA, obtaining organic cathodes. The final power fibers
possess high capacity, energy density, flexibility, and
strength resistance. The organic fibers are washable and
they can be processed by a sewing machine, so its imple-
mentation in the fabrics is direct. So, this new technology
looks very promising in the next generation of wearable
energy storage devices.T
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PPY
PPY is another ICP suitable for energy storage devices.
This polymer develops superior environmental stability
and biocompatibility, making itself very useful in a wide
range of applications and it possess intrinsic flexibility,
desirable property in wearable devices. It can be synthe-
sized using electrochemical or chemical polymerization
techniques and its conductivity comes from a p-type
doping.118

Several authors propose to use PPY in the design of
new SC.132-134 For illustration, Zhang et al132 recently
reported SC electrodes composed by carbon cloth coated
with PPY films electrochemically deposited. They used
HCl as acid dopant in the PPY films to make them more
flexible achieving an enhanced specific capacitance. The
assembled flexible SC is suitable for wearable energy stor-
age applications however, its cycling stability is quite
poor, so its durability is compromised.

In addition, Lima et al133 described very novel a sym-
metrical wire-shape SC composed by functionalized car-
bon threads with PPY as electrodes. The resulting SC is
the first to use the wearer's sweat as an electrolyte, and it
demonstrated a very high power density. Moreover, the
prototype is flexible and possess remarkable stability
under mechanical deformation. However, it possesses
very low energy density, which can be a problem for
some concrete applications.

Later, Hao et al134 mentioned a twisted yarn-shaped
SC composed by PPY/CNT electrodes. They were
acquired by in situ polymerization of PPY on CNT and
posterior inlay of it into cotton yarns. PPY/CNT elec-
trodes demonstrated remarkable electrical conductivity
(20 Ω cm�1), cycle stability, and capacitive performance.
The SC prototype exhibited lightweight, small volume,
and high energy density, providing a wearable yarn-
shaped SC.

Regarding the next-generation energy storage devices,
Li et al135 recently fabricated a Zn battery cathode com-
posed by graphite nano-platelets (short stacks of platelet-
shaped graphene sheets) coated with PPY via in situ poly-
merization. The prototype showed remarkable porosity
and a super high power density.

To achieve commercial wearable energy storage
devices with PPY-based flexible composites it is necessary
to advance in industrially scalable processing techniques.

PANI
The PANI is an ICP used in SC and LIB.152 This polymer is
very easy to dope so both the electronic conductivity and
the color can be modified making PANI a suitable material
for electronic devices. Due to its high specific capacitance
(2 � 103 F g�1) it is used for increasing the specific capaci-
tance of other polymers for energy storage devices.

For instance, Chu et al136 described some ultrathin
electrode for all-solid state wearable energy storage
devices composed of PANI and PVA membranes. The
PANI/PVA was obtained by crosslinking reaction
between PANI chains and PVA creating a robust, flexible,
foldable, and freestanding membrane.

Regarding SC electrodes, Jiang et al recently137

reported an all-organic PANI/GO/CNT composite suit-
able for wearable SC electrodes. They obtained the com-
posite in different forms (helical fibers and planar films)
to obtain a higher adaptability to multiple applications,
and both showed excellent electrochemical behavior. The
combination of the PANI with the conductive nanofillers
develops electrodes with remarkable electrochemical per-
formance, flexibility and stability under deformation con-
ditions, required properties in wearable energy storage
devices.

Taravati et al also mentioned138 some electrodes for
SC based on PANI but with inorganic filler. They synthe-
sized by electrochemistry φMnO2 and Au particles on
stainless steel mesh which was coated with GO immedi-
ately after. Then, the PANI was added by in situ polymer-
ization reaction, obtaining some polymer nanocomposite
films. The electrodes developed superior reversible capac-
itance and remarkable recyclability.

In addition, Huang et al described139 other SC using
PANI electrodes and a high strain resistant hydrogel
(PVA/H3PO4) electrolyte. The novel SC was obtained by
electrodeposition route, a cost-effective and facile tech-
nique. The device showed enhanced stretchability and
flexibility due to the intrinsic properties of the polymeric
electrodes and electrolyte. This approach of getting poly-
meric SC gets organic devices with superior recyclability,
mechanical resistance, flexibility, and adaptability.

As a conclusion, all this studies about PANI uses in
wearable energy storage devices is going to be very useful
for the upcoming devices do to the polymer' intrinsic
properties.

2.3.2 | Polymer composites with dielectric
polymers matrixes

Dielectric polymer materials possess remarkable proper-
ties such as low electric losses, high flexibility, high elec-
tric breakdown field and an easy preparation. That is
why they are suitable in wearable energy storage devices.

PLA
PLA, a bio-based and compostable amorphous thermo-
plastic polyester, is the most used fed material in 3D
printers because it is easily printable and it possess inter-
esting mechanical properties. It is obtained from natural
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resources as sugar cane, corn starch, or potato so it is bio-
degradable under certain conditions. The PLA can be eas-
ily processed by multiple standard techniques such as
FDM, injection molding, or extrusion. Some authors pro-
pose to fabricate a conductive filament by extrusion based
on PLA for the obtaining of flexible energy storage
devices by FDM 3D printing.153 Currently, there is a com-
mercial PLA is conductive nanofiller called Blackmagic
which is very useful for the study and obtaining of 3D
printed electrodes.154,155 This method possesses several
advantages as rapid design, low-cost materials, repeat-
ability, customizability, and the most important: scalabil-
ity. Following this strategy, Reyes et al reported140 a LIB
prototype all 3D printed with PLA, different conductive
nanofillers (graphene, MWCNT and more), and several
active materials (LTO and LiMn2O4). They demonstrated
the possibility of creating wearable devices printing a
bracelet and some glasses.

As it was discussed before, despite the advantages 3D
printed energy storage devices obtained from conducting
PLA composites, currently the maximum of the material
properties has not been obtained yet. As a conclusion,
novel and enhanced PLA polymer composite materials are
needed to boost the next-generation of wearable batteries.

From a different approach, Nie et al141 recently reported
a fiber-shaped SC based on PLA filament coated GO/PPY
polymer hybrid acting as conductive filler. The PLA matrix
allows the addition of high loading of the active material
while it contributes to the stability of the composite. The
final electrodes developed flexibility, enhanced energy den-
sity, and capacitance even under bending deformation.

Recently, Jellet et al142 mentioned some PLA/graphite
flexible electrodes with film shape. The polymer compos-
ite developed superior electrical conductivity owing to its
high nanofiller content (around 64 wt%) and enhanced
flexibility thanks to the PLA matrix and the film shape.
In addition, its electrochemical performance did not
decrease when it was working under bending forces,
making it valid for wearable energy storage devices.

PVDF
Another dielectric material used in polymer composites
preparation is the PVDF, a semi-crystalline polymer with
enhanced properties in energy storage.111 This polymer
possesses remarkable dielectric properties in virtue of its
ferroelectric phase and superior mechanical resistance.69

As way of illustration, He et al143 mentioned a flexible
and wearable SC device composed by PVDF-HFP/single
walled carbon nano tubes electrodes sandwiched between
self-healing layers, providing durability and flexibility to
the device. The electrodes were obtained in film shape by
drop-casting method with superior thickness (80 μm).
Then, the anode, cathode, and electrolyte were assembled

by hot-pressing molding. After, the novel SC preparation it
was integrated for the first time with a mechanical energy
harvester device getting an auto-fed wearable electronic
device. This study offers up possibilities for the flexible and
wearable technology to be further developed for future
energy storage and harvesting applications.

In addition, Yu et al59 described a nontoxic and safe
wearable energy storage device composed by PVDF-HFP
as electrolyte material and CNT as conductive electrodes.
They obtained the CNT electrodes from the calcination of
a CNT fabric, later the PVDF-HFP electrolyte was added
by drop-coating and tape casting to fill both the pores
and the surface of the electrodes. Finally, a flexible all-
solid-state LIB with enhanced electrochemical properties
was obtained.

Cellulose
One renewable alternative to these materials and abun-
dant in nature is the cellulose biopolymer, the most
abundant biopolymer on earth.156 It is formed by carbon,
hydrogen, and oxygen molecules making a complex poly-
saccharide. Cellulose presents a wide electrochemical sta-
bility window, superior physical properties, and
enhanced thermal stability thereby some authors con-
sider it as a good candidate to use as SC electrodes.23,120

Recently, Chen et al144 propose to use the cellulose as
flexible substrate for a cellulose/rGO/PDA polymer com-
posites. This material serves as conductive and active
material, and as a binder owing to move between the N-
doped carbon interface and the adhesive PDA interface.
The obtained electrodes developed high specific area,
porosity, enhanced charge transport, and remarkable
capacitance suitable for wearable all-solid-state SC.

Later, Haghshenas et al145 reported another new
nanocomposite base on cellulose compose by methyl cel-
lulose and CoFe2O4. The material was obtained by chemi-
cal deposition method and by hydrothermal method but
only the first one succeeded. The nanocomposite was dis-
posed as cathode in an asymmetric SC, obtaining high
capacity retention and cycling stability.

These new polymer composites, based in a biopoly-
mer matrix, abundant in nature and biodegradable are
displayed as possible materials for next-generation wear-
able storage devices thanks to their flexibility, adaptabil-
ity, long-life, and remarkable electrochemical properties.

3 | CONCLUSION, FUTURE
CHALLENGES, AND
INVESTIGATION PERSPECTIVES

Nowadays, researchers are looking for enhanced batte-
ries, with improved properties thereby, new materials are
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being investigated to overcome the actual challenges.
These new materials should be flexible, lightweight, and
tailorable to fit in the wearable devices. They also have to
present better electrical performance to improve the
energy storage properties.

The first aim should be the obtaining of new longer-life
materials to tackle actual demands from electronic devices,
cars, wearable devices, and more technology. These new
longer-life materials will be able to sustain a higher number
of charge/ discharge cycles giving rise to better batteries.

The investigation should focus on nontoxic,
environmental-friendly and even recyclable or biodegrad-
able materials. Polymer composites are a suitable option
for new components of batteries because they can possess
all the aforementioned requirements.

The third improvement topic is the electrical character-
istics of current store devices: energy and power densities.
SC show low energy densities and LIB low power densities
therefore the new material developments should overcome
these shortcomings. Both parameters are affected with the
election of the active materials. New active materials are
appearing as graphite substitute (in LIB) with better cur-
rent capacities. These new materials are dealing with a lack
of adaptability at the volumetric changes that they suffer
on the charge/discharge processes.

In addition, mechanical properties suitable for a spe-
cific application should be developed to keep the battery
performance during its service life. Some authors propose
to improve it with reinforced materials, adding some
mechanical resistant one. In this field, the waste recovery
is gaining a lot of importance because some materials
such as the lignin, a natural polymer, that can be used as
mechanical reinforcement in polymer composites.

Focusing on the material sustainability it is not only
necessary to use bio-based materials, like biopolymers,
but also obtain the different batteries components by eco-
friendly processes. Nowadays, the carbon footprint of
each single process should be taking on account. Further-
more, once the battery is not more useful all their parts
should have an easy recycling process so they will not be
a waste problem.

By last, the new materials should reach the industry
level so more effort should be focused on industrial scale-
up of those materials that have demonstrated better prop-
erties at laboratory scale.
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