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ABSTRACT

The design of commercial supercapacitors has remained largely unchanged since the 1970s, comprising powdered electrodes housed in
rigid metal cylinders or pouches. To power the next generation of integrated technologies, an evolution in supercapacitor materials and
design is needed to create multifunctional materials that allow energy storage while imparting additional material properties (e.g., flexibil-
ity and strength). Conductive free-standing electrodes produced from fibers or 3D printed materials offer this opportunity as their intrinsic
mechanical properties can be transferred to the supercapacitor. Additionally, their conductive nature allows for the removal of binders, con-
ductive agents, and current collectors from the supercapacitor devices, lowering their economic and environmental cost. In this Perspective,
we summarize the recent progress on free-standing supercapacitors from new methods to create free-standing electrodes to novel appli-
cations for these devices, together with a detailed discussion and analysis on their electrochemical performance and physicochemical and
mechanical properties. Furthermore, the potential directions and prospects of future research in developing free-standing supercapacitors are
proposed.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0123453
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I. INTRODUCTION

Supercapacitors, also known as electrochemical capacitors,
have received considerable attention over the past several decades
due to their superior power density (10°-10° W kg™'), fast
charge-discharge rates (s to mins), Coulombic efficiency (>98%),
and high cycle life (>500000)." As a result, they are presently
deployed in a wide range of commercial applications, such as renew-
able energy load leveling, consumer electronics, computer memory

backup, regenerative breaking, and electric vehicles.” ® Currently,
there are three main types of supercapacitors, electrical double layer
capacitors (EDLCs), pseudocapacitors, and hybrid capacitors. These
types all follow the same basic architecture with a positive electrode
and a negative electrode kept apart by an electrolyte-soaked separa-
tor material. The difference between them is the method of electro-
chemical energy storage. EDLCs store energy through electrostatic
charge accumulation/release at the electrode/electrolyte interface
using high surface area electrodes.” Pseudocapacitors store energy at
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the electrode surface through highly reversible oxidation/reduction
(redox) or Faradaic reactions of electro-active electrode materi-
als.® Alternatively, hybrid capacitors combine a supercapacitor elec-
trode [e.g., activated carbon (AC)] with a battery style anode (e.g.,
graphite).” Important benchmark values for supercapacitors are
their energy density (charge stored per unit volume) and power
density (charge rate delivered per unit volume). Energy density
for a supercapacitor is proportional to its capacity (C) and the
square of the potential window (V). Power density is the square
of the potential window (V) divided by four times the equivalent
series resistance (R;). Supercapacitors inherently have a high-power
density, so the focus of the main body of supercapacitor research
has revolved around enhancing energy density. This can be achieved
in two ways: increasing the capacitance or expanding the voltage
window. For EDLCs, capacitance can be improved by increasing the
available electroactive surface area through porosity development,
whereas capacitance in pseudocapacitors is enhanced by increasing
the number of electroactive groups. The voltage window is governed
by the electrical decomposition point of the electrolyte, so improve-
ments can be gained by using electrolytes with expanded voltage
windows (e.g., ionic liquids). Further information on the fundamen-
tals of supercapacitors, types, and electrolytes can be found in the
several recent publications.”

Commercial supercapacitors are predominately carbon-based
EDLCs constructed using two symmetrical porous carbon electrodes
each bound to a current collector. These electrodes are kept apart
by an organic electrolyte-soaked separator material. To form the
carbon electrodes, the powdered electroactive material is mixed with
binders, conductive agents, and solvents to form a slurry that is
coated onto a current collector foil. The binder, typically a fluorine
containing insulating polymer, such as poly(vinylidene-difluoride)
(PVdF), is needed to form a solid electrode, while the conductive
agent (e.g., carbon black and graphite) improves the charge trans-
fer. Unfortunately, these components contribute negligible amounts
of charge storage; give rise to resistive interfaces between the active
material, binder, and current collector; and occupy space and weight
in the supercapacitor, lowering the overall volumetric and gravi-
metric energy density.'* Additionally, there are environmental and
economic concerns around the use of fluorinated binders and the
teratogen and toxic N-methyl-2-pyridone (NMP) solvent commonly
used in electrode casting.'> Finally, to form the supercapacitor
device, the electrodes are wound or folded into a cylindrical or
rectangular shape to be installed inside a rigid cylinder or rectangu-
lar housing, preventing flexibility and limiting the applications and
locations where supercapacitors can be installed.

Substituting powdered carbon electrodes with a conductive
free-standing electrode allows for the omission of current collec-
tors, insulating binders, conductive agents, and solvents as free-
standing electrodes play the role of current collector and active
material. Removing the current collector can lower the weight of
the supercapacitor by 20%-30% and lower the cost of the electrode
by 59%.” Free-standing electrodes can also be designed to pro-
vide unique mechanical properties to the supercapacitor, unlock-
ing new technologies. For instance, flexible fiber electrodes can
be interwoven into textiles to improve strength while providing
energy storage, while three-dimensional (3D) printed electrodes can
be moulded around device components. In this Perspective, we
will discuss the latest advancements, challenges, and outlook for
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free-standing supercapacitors. It will be structured into two parts:
the first examining advancements in supercapacitor components
using carbon fibers, 3D printed electrodes, and new electrolyte
developments, while Sec. IT will discuss unique applications for
free-standing electrodes.

Il. FREE-STANDING SUPERCAPACITOR COMPONENTS
A. Free-standing carbon fiber mat electrodes

Free-standing carbon fibers in single, entangled, or interwoven
configurations hold an enormous potential as electrodes in energy
storage applications. Carbon fibers are lightweight, easy to handle,
flexible, highly conductive, and chemically stable in a wide range of
electrolytes (i.e., acidic, alkaline, organic, and ionic liquid). These
materials also naturally exhibit double layer capacitance, allowing
them to be utilized as EDLC electrodes in flexible, wearable, and
mouldable energy storage applications.'*'*"”

Several spinning techniques can be used to create carbon fibers
suitable for EDLCs and pseudocapacitors. Melt, wet, and dry spin-
ning techniques produce single micrometer diameter sized polymer
fibers with high tensile strength that can be wound onto a spool.'®
These are applicable in creating single-, coaxial-, or multi-fiber
supercapacitors that can be interwoven into textiles, integrated into
wires, and form sensor networks. Alternatively, electrospinning and
centrifugal spinning can easily create large flexible non-woven 3D
mats of submicrometer diameter polymer fibers suitable for larger
free-standing flexible electrodes.'”'” To create carbon fibers from
these techniques, the spun polymer fiber is typically stabilized in
air at low temperature (<300 °C) before being carbonized at high
temperature (>800 °C) to form the carbon fiber. In-depth informa-
tion on each of these techniques can be found in Refs. 14, 18, 20,
and 21.

Despite the advancements in electrospinning over the last
decade, the performance of electrospun carbon fiber mats (CFMs)
is still lower than powder-based electrodes. Initially, similar meth-
ods used for enhancing powdered electrodes were applied to carbon
CFMs (e.g., templates™ > and activation agents’*"’). This worked
by increasing the surface area, which in turn enhanced the capac-
itance and improved the energy density of the carbon fibers.”®
For instance, Schlee et al. used a mixture of lignin, polyethylene
oxide (PEO), and NaNO3/NaOH to electrospin free-standing car-
bon EDLC.?” These CFMs achieved 195 F g™! and 350 mF cm™ at
0.1 A g"1 (6M KOH, 1.2 V window) with the performance decreas-
ing by only 15%-30% when the current was increased to 100 A g~'.
An alternative approach enhancing electrochemical performance
is to incorporate pseudocapacitive materials, such as MnO,,>”*"
MoS;,”! SnO;,” and Fe;03,” onto the surface or into the carbon
fibers. For instance, Kim et al. electroplated and then hydrothermally
synthesized NiGa,Ss onto the surface of electrospun polyacryloni-
trile (PAN) carbon fibers to improve the energy density of the
flexible fibers and increase the conductivity of NiGa,S4.!” This com-
bination attained an energy density of 41 Whkg™" at a power density
0f 0.6 W kg™' and displayed a minimal change in performance when
bent around a metal rod, indicating the exceptional flexibility and
conductivity afforded from the carbon fibers.

These studies were important first steps in improving the elec-
trochemical performance. However, increasing the porosity using
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templates and activation agents tends to come at the expense of
mechanical properties (e.g., strength and flexibility) as the carbon
fiber structure is broken/interrupted by the formation of pores.
Thus, one of the main challenges moving forward for CFMs is
how to improve the performance while maintaining the mechan-
ical properties that set them apart from powdered supercapaci-
tors. Recently, Ramachandran et al. demonstrated an interesting
approach to this problem by manipulating the phase separation
behavior of different polymer blends to create porous carbon fibers
with improved mechanical strength via gel-spinning.”* Fibers cre-
ated from a blend of polyacrylonitrile (90%) with poly (acrylic acid)
(10%) had a tensile strength/modulus of 1.7/287 GPa, which com-
pared favorably to polyacrylonitrile fibers (1.9/251 GPa). The pores
in these fibers were oriented along the fiber axis, which did not
interfere with the graphitic order in the fiber, leading to increased
strength. A recent review on the mechanical properties of electro-
spun fibers highlighted the key issues within the field, namely, the
absence of standardized testing and failure mechanism studies and
the difficulty in measuring single fibers. These points need to be
addressed to realize the objective of high strength, high capacitance,
carbon fiber supercapacitors.

Future enhancements in the properties of CFMs are likely to
also come from the development of composite fibers and advanced
fiber architectures. Coaxial spinning, where different polymer solu-
tions are combined at the needle tip to create novel core-sheath and
hollow morphologies, has shown significant promise.”” For instance,
Xiao et al. created porous hollow carbon fibers by using paraffin
oil as the core and PAN mixed with the hard template tetraethyl
orthosilicate as the sheath.”* These CFM exhibited a performance
of 261 F gf1 in 3M KOH (1 A gfl, 1 V, three electrode) and
48 F g*1 in EMIMBF; (1 A gfl, 2.5V, two electrode). More impor-
tantly, folding the electrode over 1000 times to 180° lowered the
capacitance by only 2%, demonstrating the exceptional electrochem-
ical performance under deformation of CFMs. The next step for
coaxial spinning will be to incorporate pseudocapacitive materials
onto the outside of the fibers while maintaining a strong carbon
fiber core. This step would eliminate the need for post-spinning dop-
ing and simplify the process. However, there are several challenges
that need to be overcome when coaxially spinning pseudocapacitive
materials and polymeric carbon fiber precursors. First, an adequate
bond is needed between the pseudocapacitive material and the car-
bon fiber. This bond is important to increase the conductivity of
the pseudocapacitive material and ensure that it does not delam-
inate from the carbon fiber. Second, the thermal stability of the
pseudocapacitive material needs to be higher than the carbonization
temperature for forming the carbon fiber. Finally, fundamental stud-
ies understanding how the morphology of these fibers influences the
performance is also needed.

Sustainability is another challenge for CFMs. The majority
of CFMs reported in the literature and produced industrially are
based on petroleum derived polymers, such as polyacrylonitrile
(PAN),?703336-38 poly(methyl methacrylate) (PMMA),”** and
polyvinyl pyrrolidone (PVP)."" "' To improve the sustainability
of CFMs, alternatives to these polymers have become a hot topic.
One of the leading candidates is lignin, a complex 3D organic
polymer extracted from lignocellulosic biomass and extracted dur-
ing pulp and paper production. To electrospin, lignin is typically

scitation.org/journal/apm

combined with other polymers to enhance its ability to form car-
bon fibers. For instance, Zhu et al. combined fractionated corn
stalk lignin with PAN (1:1) and electrospun CFMs that were chem-
ically activated with KOH to increase the porosity.*” These CFMs
achieved a high energy density of 37.1 Wh kg™ at 400 W kg™’
and maintained an energy density of 28.4 Wh kg™ at a power
density as high as 8 kW kg™' (6M KOH, 1 V window). How-
ever, to make these materials truly sustainable, the petroleum-based
polymers need to be completely replaced. Yang et al. replaced the
polymer with naturally occurring proteins that were subsequently
mixed with lignin and electrospun.”’ At a ratio of 50/50, lignin to
protein was found to be stable under 900 °C, forming a self-standing
flexible carbon fiber mat that was subsequently activated with CO,
at 850 °C. These fibers achieved a specific capacitance of 360 F g™
1A gfl, 6M KOH, 1 V window); however, they were not tested as a
free-standing electrode, suggesting that it is unstable under electro-
chemical testing. Thus, there is significant scope to further develop
natural polymers for the manufacturing of CFMs to enhance their
sustainability.

A final key challenge is the limited production capacity of
traditional single-needle electrospinning (0.1-1 g h™') commonly
deployed in the literature. Multi-needle setups have been used to
increase the throughput, but suffer issues with electrostatic repul-
sion, needle clogging, and a lower level of quality control. Two
potential alternatives have been identified to enhance CFM produc-
tion: (a) needleless electrospinning and (b) centrifugal electrospin-
ning. In needleless electrospinning, a thin layer of polymer is coated
onto an open surface, such as a cylinder, disk, ball, spiral coil, bowl,
or mushroom,* and rotated to form multiple conical spikes on the
surface of the solution.”” Applying a potential converts these spikes
into Taylor cones and ultimately the polymer jets that form carbon
fibers. Due to the high number of Taylor cones that can be created,
needleless electrospinning has a higher throughput than needle-
based electrospinning. However, the following drawbacks need to
be overcome: (a) the high potential (50-100 kV) needed to form
the Taylor cones vs needle-based spinning (10-25 kV), (b) limited
control of fiber morphology, and (c) difficulty in creating coaxial
fibers.*¢

Centrifugal spinning uses a high-speed spinneret to exert a
centrifugal force on the polymer solution, creating a liquid jet that
is then stretched into fibers.”” The process is simple and has a high
production throughput and good fiber alignment. When combined
with electrospinning, the morphology of the fibers is enhanced, and
nano-sized CFMs are achievable. For instance, Zheng et al. cen-
trifugally electrospun a mixture of PAN and polyethylene glycol
forming nanosized fibers that had a 400% higher tensile strength
than the purely electrospun fibers.”” These CFMs also exhibited a
specific capacitance of 277 F g_1 02 A g_l, 1M H,SOy4, 1 V win-
dow), negligible difference in the cycling voltammetry curve when
bent to 180°, and 8.18 Wh kg™" energy density at 4.27 kW kg™
power density. As with needleless electrospinning, centrifugal elec-
trospinning is still in its early stages, and further studies are needed
to understand how the spinning parameters influence the final fiber
properties.

With intrinsic flexibility, conductivity, electrical double
layer capacitance, and dopability to introduce pseudocapacitance,
along with the ability to eliminate binders, conductive agents, and
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current collectors, CFMs are the next step in flexible supercapacitors for supercapacitors. Improvements to sustainability, performance,
and energy storage. Although our understanding of electrospinning ~ manufacturing, and understanding the structural significance for
and developing CFMs with novel morphologies and properties are mechanical properties are vital to driving this promising technology

improving, we are still in the nascent stage of CFM development forward (Fig. 1).
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FIG. 1. Future key areas for the advancement of free standing supercapacitors with current examples from the literature. (a) Examples of needless electrospinning setups.
Reproduced with permission from Yu et al., Macromol. Mater. Eng. 302(7), 1700002 (2017).4> Copyright 2017 John Wiley & Sons. (b) Novel mushroom spinneret for needless
electrospinning. Reproduced with permission from Xiong et al., Mater. Des. 197, 109247 (2021).44 Copyright 2021 Elsevier. (c) Nano-channel carbon fibers created from
centrifugal electrospinning. Reproduced with permission from Zheng et al., Microporous Mesoporous Mater. 316, 110972 (2021).4” Copyright 2021 Elsevier. (d) Lignin-
based carbon fiber supercapacitors from different lignin sources. Reprinted with permission from Khamnantha et al., ACS Appl. Nano Mater. 4(12), 13099-13111 (2021).4¢
Copyright 2021 American Chemical Society. (e) ZnO-assisted synthesis of microporous lignin carbon fibers. Reproduced with permission from Ma et al., J. Colloid Interface
Sci. 586, 412-422 (2021).4° Copyright 2021 Elsevier. (f) Silver plated carbon nanofibers. Reproduced with permission from Kim et al., Chem. Eng. J. 353, 189-196 (2018).5
Copyright 2018 Elsevier. (g) Electrospun polyacrylonitrile@polyaniline core—shell nanofibers. Reproduced with permission from Miao et al., Electrochim. Acta 176, 293-300
(2015).5" Copyright 2015 Elsevier. (h) Manganese-doped zinc oxide carbon nanofibers. Reproduced with permission from Samuel et al., Chem. Eng. J. 371, 657-665
(2019).52 Copyright 2019 Elsevier. (i) Possible fiber architectures for energy storage using coaxial electrospinning. Reproduced with permission from D. Han and A. J. Steck,
ChemPlusChem 84(10), 1453-1497 (2019).2> Copyright 2019 John Wiley & Sons. (j) Hollow-porous carbon fibers. Reproduced with permission from He et al., Electrochim.
Acta 222, 1120-1127 (2016).25 Copyright 2016 Elsevier. (k) Densification of lignin carbon fibers to enhance volumetric density. Reproduced with permission from Hérou
et al., Adv. Sci. 8(17), 2170109 (2021).>3 Copyright 2021 Author(s), licensed under a Creative Commons Attribution 4.0 License. (1) Carbon nanofibers decorated with FeO

nanoparticles. Reproduced with permission from Samuel et al., Chem. Eng. J. 328, 776-784 (2017).54 Copyright 2017 Elsevier. (m) Carbon nanofibers decorated with
NiGa,S;. Reproduced with permission from Kim et al., Chem. Eng. J. 420, 130497 (2021).'7 Copyright 2021 Elsevier.
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B. 3D printed free-standing supercapacitor
components

3D printing, also known as additive manufacturing, is an alter-
native to spinning methods for fabricating the components of free-
standing supercapacitors.”””” The ability of 3D printing to generate
a wide range of functional 3D structures with complex geometries
allows for facile freeform fabrication and rapid prototyping with
a minimal usage of materials and low cost. So far, different 3D
printing techniques, such as laser-, lithography-, and extrusion-
based methods, have been applied for the preparation of single
free-standing carbon or pseudocapacitive material-based electrodes
for supercapacitors.””"' Based on the type of fabrication, they can

scitation.org/journal/apm

be broadly classified into direct 3D printing, 3D printing combined
with pyrolysis, and hybrid approaches (Fig. 2).

Direct 3D printing is a single-step approach that allows for
direct construction of 3D printed electrodes, providing high flex-
ibility for the creation of complex architectures via non-contact
fabrication processes.®” Fused filament fabrication (FFF) or fused
deposition modeling (FDM) [Figs. 2(c) and 2(d)], inkjet printing
(IJP) [Figs. 2(e)-2(g)], and direct-ink writing (DIW) [Figs. 2(h)-
2(k)] (also known as robocasting) are the most used extrusion-based
3D printing processes.”””*’ To fabricate the different components
of supercapacitors with these methods, inks are commonly prepared
by suspending carbon-based materials, such as activated carbon

SC electrodes
based on 3D

Printing
technologies

FIG. 2. Schematic illustrating the various supercapacitor electrodes fabricated based on 3D printing technologies. (a) Selective laser sintering (SLS). Reproduced with
permission from He et al., Carbon 161, 117-122 (2020).”> Copyright 2020 Elsevier. (b) Selective laser melting (SLM). Reproduced with permission from Zhao et al.,
Electrochem. Commun. 41, 20-23 (2014).7 Copyright 2014 Elsevier. (c) Reproduced with permission from Zhang et al., Synth. Met. 217, 79-86 (2016).”” Copyright 2016
Elsevier. (d) Reproduced with permission from Areir et al., J. Manuf. Process. 25, 351-356 (2017).”8 Copyright 2017 Elsevier. Fused deposition modeling (FDM). (e)
Reproduced with permission from Wang et al., Energy Storage Mater. 36, 318-325 (2021).79 Copyright 2021 Elsevier B.V. (f) Reproduced with permission from Liu et al.,
J. Mater. Chem. A 4(10), 3754-3764 (2016).50 Copyright 2016 Royal Society of Chemistry. (g) Reproduced with permission from Choi et al., Energy Environ. Sci. 9(9),
2812-2821 (2016).5" Copyright 2016 RSC Publishing. Ink jet printing (IJP). (h) Reproduced with permission from Liu et al., Adv. Funct. Mater. 28(21), 1706592 (2018).2
Copyright 2018 John Wiley & Sons. (i) Reproduced with permission from Yao et al., Joule 3(2), 459-470 (2019).56 Copyright 2019 Elsevier. (j) Unpublished work DTU Nanolab
Direct ink writing (DIW). (k) 2 photon polymerization (2PP). Reproduced with permission from Bauer et al., Nat. Mater. 15(4), 438-443 (2016).83 Copyright 2016 Springer
Nature. (I) Projection micro-stereolithography (PuSL).%* (m) Reproduced with permission from Xue et al., Nano-Micro Lett. 11(1), 46 (2019).55 Copyright 2019 Springer
Nature. (n) Reproduced with permission from Park et al., Langmuir 34(37), 10897-10904 (2018).55 Copyright 2018 American Chemical Society. (o) Digital light processing
(DLP). Reproduced with permission from Narita et al., Adv. Energy Mater. 11(5), 2002637 (2020).57 Copyright 2020 John Wiley & Sons. (p) Stereolithography (SLA).” (q)
Reproduced with permission from Wang et al., Adv. Mater. Technol. 5(6), 1901030 (2020).3 Copyright 2020 John Wiley & Sons, Inc. Al rights reserved.
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(AC), graphene,** carbon nanotubes (CNTs), or MXene,* for elec-
trodes or dissolving polymeric, colloidal, or poly-electrolyte building
blocks for electrolytes into a liquid.””" For example, Yao et al.
printed a 3D scaffold containing graphene oxide (GO) that was
loaded with MnO,, achieving a specific capacitance of 187.2 F g™
(10 mA cm™}, 0.8 V window, 3M LiCl).°° Additionally, increasing
the electrode thickness led to an increase in areal capacitance with no
loss of gravimetric capacitance, demonstrating that larger electrodes
can be printed without loss in performance.

A major challenge of extrusion-based 3D printing is its resolu-
tion as the material used for preparing the ink tends to agglomerate
and clog the nozzle.%” This issue results in larger nozzles for print-
ing, limiting the resolution of these 3D printed electrodes. Thus,
future advancements in this field will come from the develop-
ment of new printable inks and identifying their optimal printing
parameters. To achieve this, first, the viscoelastic properties of the
inks need to be optimized to allow flow through the nozzle and
achieve printing through extrusion. For example, for inkjet printing,
liquid inks with low viscosity are usually used to create thin films or
patterns with uniform thickness as they can quickly form droplets
and deposit on the building platform.’® Second, the ink should
have sufficient mechanical strength to support the entire 3D struc-
ture during the ink deposition and rapid solidification processes
post-printing. Thus, it is crucial to have good control of ink for-
mulations and rheological properties to generate a stable dispersion
that promotes the fluid-to-gel transition for shape retention after
printing. Ideally, an open-source library of printable ink formula-
tions is needed to accelerate the development of extrusion-based 3D
printing techniques.

An alternative solution to the limited resolution of extrusion-
based 3D printing is using lithography techniques to create 3D
polymer structures that are subsequently pyrolyzed at high tem-
peratures. This type of 3D printing generally creates 3D structures
in a layer-by-layer fashion by using photo-polymerization to solid-
ify each layer of light-sensitive resins, with resolution depending
on the type of UV source and the material [Fig. 2(I)]. Recent
developments in this field with the introduction of projection micro-
stereolithography (PuSL) have enabled the creation of features as
small as 2 gm [Figs. 2(m)-2(0)]."”"" Although lithography-based 3D
printing techniques can fabricate polymer-based 3D structures with
complex shapes and high resolution, the obtained carbon structures
do not immediately possess good electrochemical performance.”! To
overcome this limitation, Rezaei et al. used stereolithography (SLA)
followed by pyrolysis to create complex 3D pyrolytic carbon elec-
trodes [Figs. 2(p) and 2(q)].”" They found that directly pyrolyzing
at 10°C min~" resulted in a 31% lower charge transfer resistance
than the one obtained with a two-step approach, indicating the
importance of pyrolysis conditions for this technique.

Similar to CFMs, additional electrochemical performance can
be achieved through the incorporation of pseudocapacitive materi-
als onto the surface of the 3D printed electrode. For example, Mn3 Oy
nanostructures added to a 3D printed microporous architecture lead
to a gravimetric capacitance of 186 F g_1 and an aerial capaci-
tance of 968 mF cm™2 (0.5 mA gfl, 1.1 V window, 1M H,S0,).””
Future developments in this field are likely to come from modify-
ing the resin by adding sacrificial or hard templates to increase the
porosity and conductive polymers to enhance the conductivity and
pseudocapacitive materials.
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Realistically, the ultimate goal for 3D printed supercapacitors
from an industrial perspective is to 3D print an entire supercapacitor
device. This is unlikely to be achieved with a single printing method,
and as such, the benefits of different 3D printing techniques could
be combined to create each component. For instance, lithography
could be used to build the electrode structure, while extrusion-based
3D printing could add pseudocapacitive materials to the surface and
the electrolyte.

Another crucial step is improving the sustainability of 3D print-
ing through the manipulation of biomass-derived carbon materials.
These materials are well known for their hierarchical porous struc-
ture, which is highly beneficial as electrodes for supercapacitors.””’*
However, no works have yet been reported fabricating 3D structured
electrodes using biomass for supercapacitor application. One way
to fabricate 3D structured free-standing electrodes from biomass is
to exploit direct ink writing by using inks prepared from biomass
materials [Fig. 2(j), unpublished work DTU Nanolab]. As these
organic materials are non-conductive, a high temperature pyrol-
ysis, laser, or microwave irradiation is required to convert them
into conductive 3D carbon for supercapacitors, which can further
tailor the properties of these materials. This combined approach of
biomass, 3D printing, and carbonization is in its nascent stage and
will likely bring exciting new sustainable possibilities to 3D printed
supercapacitors.

Another approach that could be exploited is to use the hybrid
technique reported by Pan et al®® where conventional UV pho-
tolithography and stereolithography-based 3D printing are com-
bined to obtain high aspect ratio 3D structures that are otherwise
impossible to fabricate by conventional photolithography alone.
Combining this hybrid technique with wet or electrochemical depo-
sition of electroactive materials could be utilized to fabricate on-chip
supercapacitor devices.”’ Moreover, by replacing SLA-based 3D
printing with PuSL, electrodes with much higher resolution and
aspect ratios could be fabricated. This would help to achieve opti-
mal use of the vertical dimension by increasing the active materials
without increasing the footprint area and dramatically improve the
volumetric capacitance, energy, and power density of the superca-
pacitor device.

Overall, 3D printing allows for the manufacturing of free-
standing 3D-printed electrode architectures with well-defined
morphologies, diverse features, and a high degree of design free-
dom. Moreover, it provides the ability to create high aspect ratio
structures with optimal use of the vertical dimension, which are sim-
ply not possible using conventional slurry-based fabrication. As a
result, 3D printed architectures will continue to emerge and establish
a significant and pervasive impact on supercapacitors.

C. Electrolytes for free-standing supercapacitors

To fully exploit the advantages of free-standing supercapaci-
tors, the electrolyte needs to be more than just an ionic conductor.
Ideally, it should impart mechanical strength while maintaining high
ionic conductivity, provide excellent contact between the electrode
and the electrolyte, and have high stability. Many of the studies
in powdered and free-standing supercapacitors use aqueous KOH
electrolytes to demonstrate the performance of their materials. This
is due to its inherently high ionic conductivity, leading to higher
capacitances than many other aqueous electrolytes. Thus, it has
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become a pseudo-benchmark electrolyte for EDLC studies. How-
ever, KOH electrolytes are not necessarily suitable for free-standing
applications due to their small voltage window (1-1.2 V), highly
corrosive nature, and safety risks around leaking. Recently, hybrid
electrolytes have emerged as a possible solution achieving these
objectives. These electrolytes are synergistic mixtures of compounds
(e.g., polyvinyl acetate/H,SO4) that result in expanded voltage
windows, ionic conductivity, stability, and, most importantly for
free-standing supercapacitors, improved mechanical properties.
Quasi-solid-state polymer gel electrolytes are the most employed
hybrid electrolytes used in free-standing capacitors, comprising a
liquid electrolyte entangled in a host polymer.”! The electrolytes
with the highest capacitance so far are aqueous/polymer mix-
tures, with 563.7 F g7' (0.5 A g™, 1 V) being achieved using
a H,SO4/polyvinyl acetate.”” However, aqueous electrolytes are
restricted to a voltage window of ~1.2 V, limiting the energy density.
Alternatively, 442.3 F g™ (5 mA cm™?) was achieved with an organic
PVDEF-PC-Mg(ClO4),-SiO; as the electrolyte in an expanded 2 V
window.”

One of the main challenges for polymer gel electrolytes is
achieving a high contact area between the electrode surface and the
electrolyte. Ensuring that the polymer permeates into the pores of
the electrode is critical for achieving high capacitance and minimiz-
ing the equivalent series resistance. Additionally, the thickness of
the polymer electrolyte should be kept to a minimum to improve
the ionic conductivity. This is where 3D printing is likely to excel
over casting methods as gel electrolytes could be mixed at the print
head to enable them to easily permeate into the pores before quickly
solidifying to form the gel-electrolyte.

Future developments in electrolytes are also likely to come
from the incorporation of additives into the electrolyte matrix.
For instance, adding redox active species to the electrolyte creates
redox couples on the electrode surface that increase the capacitance
of the supercapacitor, improving the overall energy density. Sun
et al. added Na;MoO4 to H,SO4 and achieved 841 F g7l 18V
window) on activated carbon electrodes.” However, cycle stabil-
ity and self-discharge are major challenges for these electrolytes.
An alternative approach is to incorporate liquid crystals into the
electrolyte to combat the self-discharge and leakage current behav-
ior of supercapacitors, which prevents them from storing charge
over prolonged periods of time. For instance, Xia et al. reported a
80% reduction in the leakage current by adding the liquid crystal
2% 4-n-pentyl-4’-cyanobiphenyl (5CB) to 1M triethylmethylammo-
nium tetrafluoroborate (TEMABF,) in acetonitrile electrolyte. The
incorporation of the liquid crystal increased the electrolytes vis-
cosity, slowing the diffusion on ions and self-discharge as a result.
Overall, understanding how these electrolytes work to enhance the
performance of supercapacitor systems is key to unlocking their
potential.”

Ill. FUTURE APPLICATIONS FOR FREE-STANDING
SUPERCAPACITORS

A. Wearable free-standing supercapacitors

Distributed sensors in body-area networks for motion sens-
ing in sportswear and point of care diagnostics for healthcare
require local energy supply to power sensors on demand. Wearable
energy nanogenerators can be integrated into clothing; however,
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their supplied energy is not constant and uniform. Thus, wearable
supercapacitors built on free-standing and flexible materials and
integrated into textiles promise to deliver the required energy supply
when needed.”® After being incorporated into the fabrics, free-
standing supercapacitors can power other small electrical devices,
such as a simple light-emitting-diode (LED)”"” and a cable-type
sensor and transistor,”® and store energy harvested by energy con-
vertors, such as solar cells” and nanogenerators,'’’ enhancing the
feasibility of various electronic devices’ wearable applications.'"’
Compared with standard commercial supercapacitors, wearable
supercapacitors need to be lightweight, flexible, safe for humans
and the environment, and stable and have a long life. To move
from the laboratory to commercial production, wearable superca-
pacitors still need further improvements on their electrochemical
and mechanical performance to become suitable for large scale
manufacturing.

Wearable supercapacitors can be designed as thin-film superca-
pacitors or fiber-shaped supercapacitors. Thin-film supercapacitors
are normally composed of conductive flexible planar substrates
as electrodes and solid electrolytes with separator layers.”® For wear-
able applications, which need devices to be flexible and lightweight,
commonly used metal electrodes are not suitable due to their
rigid nature.'’”” New materials, such as graphene, graphene oxide
(GO)," """ reduced GO (rGO), and MXenes,'*° have demonstrated
suitable electrical and mechanical properties for highly flexible
textile and fiber-based supercapacitors,'’® while semiconducting
Transition Metal Dichalcogenides (TMDs), such as molybdenum
disulfide (Mo0S;)'’” or molybdenum diselenides (MoSe;), are semi-
conducting 2D materials suitable for wearable and textile elec-
tronics (Table 1).°“'" Through dip-coating or vacuum filtration
through membranes, these materials can be combined with flexible
substrates, including cotton/carbon fabrics, papers, and plastic sub-
strates, such as polyaniline (PANI), polypyrrole (PPy), and poly-
thiophene (PT) sheets,'”” resulting in films or textiles with high
tensile strength and relatively low Young’s modulus [Fig. 3(a)].”*"""
Besides the mechanical strength, the high stretchability and elas-
ticity of the devices are significant in wearable applications. To
maximize these material properties, efforts were made modifying
the geometrical design of the substrates. Wrinkled structures or
gaps were introduced to the substrate surfaces to enhance the sub-
strate strength during bending or stretching [Fig. 3(b)]. Compared
with simple reliance on the stretchability of the material, strength-
ening from modification of the configuration could minimize the
negative influence on electrochemical performance during bending
or stretching. From an industrial perspective, it would be ideal if
these materials could be integrated in a single step into the spun
textile fiber. Electrospinning offers this possibility; however, the
mechanical properties of electrospun carbon fibers still need to be
enhance.

Considering the comfort during wearing, single fiber-shaped
supercapacitors have been developed, which have a higher degree of
flexibility to be woven into the textile together with other electrical
devices. The fiber-shaped supercapacitor structure can be a paral-
lel fiber arrangement (use two electrode fibers placed in parallel or
twisted with each other) or a coaxial arrangement.''? In the first con-
figuration, two fibers were used as electrodes and separated by a solid
or gel electrolyte around them, and in the second one, a single fiber
was built with an inner core electrode fiber and an outer electrode
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FIG. 3. (a) Volume electrical conductivity as a function of Young's modulus for electrically conducting fibers or yarns.'?2 (b) Stretchable fibers for energy storage. Reproduced
with permission from Liu et al., Adv. Mater. 29(1), 1603436 (2017).'2° Copyright 2017 John Wiley & Sons. (c) Elastic fiber supercapacitors for wearable energy storage.
Reproduced with permission from Qin et al., Macromol. Rapid Commun. 39(13), 1800103 (2018). Copyright 2018 John Wiley & Sons. (d) Single-fiber-based hybridization
of energy converters and storage units using graphene as electrodes. Reproduced with permission from Bae et al., Adv. Mater. 23(30), 3446-3449 (2011). Copyright 2011

John Wiley & Sons.

shell separated by a solid or gel electrolyte. Compared with the par-
allel arrangement, the coaxial arrangement ensures a more reliable
insulation layer between the two electrodes, especially during the
twisting and bending in the wearing process. A coaxial fiber-shaped
supercapacitor provides typically a larger active area than a parallel
arranged one.'"’

The size of a fiber-shaped supercapacitor is usually between
a few micrometers and millimeters.”® To make these small electric

TABLE I. Examples of capacitance of supercapacitors with 2D material electrodes.

Electrolyte Specific
Electrode materials material capacitance  References
Graphene/GO KCl 135Fg™ 110
rGO PVA/H;PO,  304.5F cm™ 111
MXene (Ti3C,Ty) PVA/KOH 530 Fcm™ 105
1T-MoS; K,SO4/KBr/KCl 700 F em™ 107

devices meet the electrochemical and mechanical demands in wear-
able applications, efforts were made to develop suitable materials
and reliable fabrication techniques. Like thin-film supercapacitors,
2D materials, conductive polymers, and transition metal oxides were
commonly used in a fiber-shaped supercapacitor due to their high
electrical conductivity and flexibility. Moreover, fiber integration
processes, such as weaving or knitting, require mechanical flexi-
bility. Using conductive stretchable fiber substrates, such as elastic
polymer fibers, metal nanowires, and carbon materials, such as rGO
or CNT fibers, is a straightforward way to overcome the problem.
Besides adjustment to the materials, modification to the structure
also strengthens the fiber. Through the modification of the super-
capacitor configuration, Shang et al. used a single twisted helical
structure fiber configuration to successfully design a fiber-shaped
supercapacitor with tensile strains of up to 285% [Fig. 3(c)].!'"* A
similar structure was applied by Ren et al. to build a stretchable
fiber-shaped supercapacitor based on two coiled CNT yarns, which
showed a specific volumetric capacitance of 18.12 F cm™ and kept
a 90% capacitance under 100% strain.''® These spring-shaped elec-
trodes, also used by Zhang et al., were covered by gel electrolytes,
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resulting in a fiber-shaped supercapacitor that could be stretched
over 300% and kept over 90% specific capacitance under 100%
stretching.!'¢

As an energy storage unit, a supercapacitor can be used to
charge other wearable devices and store the energy from a wear-
able energy system. Combination with energy harvesting devices
is a significant region for wearable supercapacitors to develop and
build up a wearable self-powered system in the future. By integrat-
ing with solar cells or nanogenerators, wearable supercapacitors can
collect solar energy and mechanical energy during daily wearing.
Fiber-shaped solar cells can transfer solar energy to electrical energy
and then store it as chemical energy in supercapacitors. The energy
stored in the supercapacitors can then be used as an energy source
for other wearable electric devices. CNT/TiO, fibers were wound
together with fractional decoration of light-sensitive dye N719 and
electrolyte to build a solar cell and a supercapacitor on a single
fiber.”” Eight of these supercapacitors with a specific capacitance of
0.6 mF cm™> can be woven together and light an light-emitting-
diode (LED) on textile. To increase the capacitance and energy
conversion, a polyaniline (PANi) coated stainless steel wire was used
as the electrodes instead of CNT yarn, which increased the specific
capacitance to 19 mF cm™2Y

Besides solar cells, a nanogenerator is another applied wearable
energy convertor, which can convert mechanical energy to electri-
cal energy and store it in supercapacitors. Xiao et al. built a coaxial
carbon/MnO; fiber-shaped supercapacitor linked with a triboelec-
tric generator. This self-powered system could provide the energy
output to power a liquid crystal display (LCD) or a LED.!'” The
energy convertors can also be integrated together to harvest differ-
ent types of energies, such as Bae et al. integrating a nanogenerator, a
solar cell, and a supercapacitor along a single fiber to simultaneously
collect mechanical and solar energies [Fig. 3(d)].!*8

Another meaningful wearable application of fiber-shaped
supercapacitors is charging sensors on textiles. Through power-
ing the different wearable sensors, various data can be collected
and analyzed in real time. One example is the UV photodetector
powered by flexible carbon fiber-shaped supercapacitors.'”” After
charging the three fiber-shaped supercapacitors connected in series
to 3 V, the UV photodetector was powered and showed a change in
current in response to UV light. Photodetection can be achieved by
Co304 coated metal (Ni or Ti)/graphene-coated carbon supercapac-
itors, where the graphene coating is photoactive and responds to a
white light source through a change in leakage current.!”’ Flexible
supercapacitors can also power strain sensors in wearable applica-
tions. Pan ef al. integrated their coaxial fiber-shaped supercapacitor
with a strain sensor and LED.'”! The elastic fiber coated with CNT
with MnO, or PPy and electrolytes functioned as an asymmetric
supercapacitor with a 1.8 V voltage window, which could power a
strain sensor coating.

Overall, the development of fiber and textile supercapacitors
paves the ways to wearable supercapacitors. Such wearable superca-
pacitors underpin the generation of wearable self-powered systems
and could support various devices, such as personal healthcare
(individual management and continuous monitoring of patients),
environmental and safety (fire prevention, air, and water quality
measurements), and other wearable personal electronics. "

To this end, textile supercapacitors and fiber-shaped superca-
pacitors still need further developments to improve performance.
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First, compared with common energy units, such as batteries, flex-
ible supercapacitors still show weak points in their energy density.
Moreover, improvements in the stretchability and elasticity of the
flexible electrodes are necessary steps for both thin-film supercapac-
itors and fiber-shaped supercapacitors. The best approaches to solve
these problems are further developments in flexible electrode mate-
rials. Some 2D materials, which are biocompatible, strong in both
geometrical directions with electrical conductivity are good choices
to build high-performance flexible electrodes for wearable applica-
tions. Further improvements can be achieved by developing novel
geometrical configurations for wearable supercapacitors. This will
not only enhance the mechanical strength and stretchability of the
devices but also ensure that their electrochemical performance is
retained under bending and stretching.

B. Free-standing supercapacitors as structural
supercapacitors

The laminated architecture and the use of carbon-based
electrodes in supercapacitors mirror the architecture of high-
performance carbon fiber/polymer composites. These synergies
have driven the emergence of structural supercapacitors'’”—
electrochemical devices, which have the capacity to bear significant
mechanical load.'”” '** This melding of two disparate functions as
a multifunctional material is generating considerable academic and
industrial interest. By dispensing with the parasitic mass associated
with conventional electrochemical devices, free-standing structural
supercapacitors can offer huge weight and volume savings'*’ and
free design constraints in sectors such as electrification of trans-
port,'*" infrastructure, and portable electronics. The development
of structural supercapacitors is still relatively immature, and there
are still considerable hurdles to be addressed, but the potential to
revolutionize future systems is captivating.

First, the constituents for structural supercapacitors must be
considered (Fig. 4). Electrodes for structural supercapacitors have
used conventional high performance carbon fibers as a backbone,'*
but these materials alone do not offer a sufficient surface area
to provide useful electrochemical performance. Therefore, routes
to enhance the surface area have included chemical activation
and grafting or sizing of nanocarbons, such as carbon nanotubes
or graphene, onto the structural fiber surfaces. Such approaches
can add modest improvements in capacitance and some enhance-
ment in mechanical performance, particularly matrix-dominated
behavior.!”” An alternative has been to surround the structural
fibers with a carbon aerogel (Fig. 4),"*! which provides consid-
erable improvements in electrochemical performance (1.12 F g™,
0.80 Wh kg™', 32 W kg™' normalized by the full device mass)'**
and mechanically reinforces the matrix space, imparting improve-
ments in mechanical performance.'*> However, carbon aerogel is
very brittle and complicates the device manufacturing process.
Finally, further strategies have included the introduction of conduc-
tive polymers, such as polyaniline, yielding 22 mF g™*, 49 mWh kg™,
58 W kg™! with a shear modulus of 1.1 GPa and a shear strength
of 6.3 MPa,'** and the adoption of metal oxides or hydroxides
to imbue pseudocapacitance.”” " The latter has presented sig-
nificant improvements in electrochemical performance (29 F g™',
0.19 Wh kg™, 37 W kg™') and some apparent enhancement in
mechanical performance (Young’s modulus of 33 GPa and tensile
strength of 489 MPa).
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FIG. 4. Structural supercapacitor constituents inside a multifunctional fuselage
beam demonstrator.

The development of structural electrolytes, on the other hand,
is relatively immature because of the considerable challenge of the
conflicting requirements of mechanical rigidity and ion transport.
The aspiration has been to achieve a Young’s modulus exceeding
1 GPa and ionic conductivity over 0.1 mS cm™"."* Conventional
polymer electrolytes are too soft, and therefore, strategies have
included (i) homopolymers in which polymer scaffolds are syn-
thesized with structural and ionically conducting phases, which
couple mechanical and electrochemical functions; """ (ii) copoly-
mers that decouple these functions where one monomer with
sidechains promotes ion conduction and one crosslinking monomer
promotes high modulus;'** (iii) nanocomposites in which nanopar-
ticles or whiskers are introduced into the electrolyte to provide
mechanical stiffening; and (iv) gels in which crosslinked structural
phases are immiscible with liquid electrolytes, leading to a bipha-
sic structure.'"”'** The latter has been the most successful approach,
principally though using epoxy or vinyl ester structural phases with
ionic liquids, often with dissolved lithium salts (such as LiTFSI) to
supplement the ion concentration.'*

Regarding the separators, the role is to electrically insulate the
electrodes from each other while permitting ion flow between them
(Fig. 4). The separator should be chemically inert, porous, and thin
to reduce the ion transport distance and tortuosity and to mini-
mize parasitic weight. From a structural perspective, the separator
should be robust enough to cope with the processing conditions
and stiff/strong to elevate device mechanical performance while
forming a strong bond with the electrodes to permit load trans-
fer. Many of the separators used to date have been drawn from
conventional electrochemical devices, such as stretched polypropy-
lene (Celgard) membranes, but these polymers suffer from poor
mechanical bonding to the electrolyte.'*® Alternatively, cellulose or
polymeric non-woven veils and glass fibers (both woven fabric and
non-woven veils) have been adopted.'*” These fibrous separators
have also presented issues associated with electrolyte compatibility
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and loss of ionic conductivity. Novel solutions, such as vertically
aligned nano-alumina, have been developed although it is not clear
how scalable such processes would be.'**

Selection and optimization of the current collector (Fig. 4) are
critical to the scalability of structural supercapacitors, and using
conventional materials (such as copper) can add substantial mass to
the device. It is notable that in conventional devices, the electrode is
deposited as a powder onto a current collector foil, which can con-
stitute as much as 25% of the device mass, but for structural superca-
pacitors, such an approach is not optimal.'*® Moreover, depositing
the current collector onto the structural electrode offers consider-
able scope for device mass reduction and optimization.'*” Studies at
Imperial'*” have demonstrated that the scale-up of devices from 0.8
(Swagelok) to 446 cm? (A4 size) with edge strip current collectors
(as used in much of the literature) leads to enormous reductions
in electrochemical performance. The specific power fell consider-
ably, from 2.05 (Swagelok) to 0.027 kW kg™ (A4 size), and only
slightly recovered to 0.066 kW kg™ when the copper mesh was used.
This loss in performance with scale is principally attributed to the
resistive losses during current collection, which can be partitioned
into in-plane (longitudinal and lateral), out-of-plane, contact (elec-
trode/current collector), and inherent current collector resistances
in the device. The former (in-plane) is associated with the in-plane
resistivity of the electrode, which is dictated by fiber/fiber contact,
while out-of-plane resistivity is associated with electrical conduc-
tion through the electrode. Contact resistance between the current
collector and the electrode is the dominant source of power dissipa-
tion for the devices tested, and predictive studies have shown that
considerable performance enhancements can be achieved through
optimization of the current collector and reduction in contact resis-
tance. These studies have also shown the importance of pressure
on the device during use. Compaction of the device improves the
fiber/fiber and current collector/electrode contact, hence reducing
the resistivities and, thus, the power losses. However, too much
pressure leads to shorting of the electrodes and loss in device per-
formance, indicating the importance of the separator in the device.
Although in isolation, such as in a laboratory environment, it is fea-
sible to apply the optimum pressure on the device, when in use,
controlling the compaction will be challenging. There is a need
to find solutions to maximize the performance of devices, perhaps
exploring routes to imbue internal through-thickness compressive
stresses in the devices to enhance electrochemical performance.
This approach has been used in a recent structural supercapacitor
demonstrator (Fig. 4) where a C-section beam representative of a
fuselage structural component can provide the power to open and
close a scale model of an aircraft passenger door.'**

The encapsulation electrically isolates the cell from the sur-
rounding structure and systems and protects the cell from the envi-
ronment (i.e., moisture). The encapsulation material should be light
weight and robust enough to cope with the handling and process-
ing conditions. The encapsulation material could contain multiple
stacks of cells to minimize the parasitic mass associated with the
encapsulation. Encapsulation can account for a sizable proportion of
the device mass (i.e., 10%’s).'*” For structural power devices, there is
the additional requirement that the encapsulation material should
transmit mechanical loads across the device/encapsulation/system
interfaces: none of the conventional encapsulation solutions address
this need, so fresh solutions are required.
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Overall, structural electrode development is fairly well advan-
ced, with the main challenge being to increase the electrode vol-
ume fraction to enhance both mechanical performance (i.e., Young’s
modulus) and active mass. Generally, to ease processing, woven
carbon fiber fabrics have been used, but eventually, unidirectional
tapes would be preferable to maximize mechanical performance.
For structural electrolytes, although encouraging mechanical and
ionic conductivities have been demonstrated in the bulk, chal-
lenges arise upon introduction to the reinforcements (electrodes
and separator), leading to heterogeneity and loss of the optimal
microstructure. Finally, some studies have considered inorganic
electrolytes, which have a high modulus but present considerable
issues regarding brittleness, interface optimization, and processabil-
ity. Additionally, several challenges arise when manufacturing large
scale multifunctional components for demonstrators that are not
encountered when manufacturing single-cell lab-scale devices. The
key issues are resistive losses, scale-up, multicell architecture, repro-
ducible manufacture, and complex geometry components. Solu-
tions to these engineering challenges would enable structural power
composites to revolutionize structural and electrical engineering
applications.

IV. SUMMARY AND OUTLOOK

In conclusion, shifting from powdered to free-standing super-
capacitor electrodes is now becoming a leading solution to realize
new applications and technologies using supercapacitors as their
energy source. Challenges in creating fiber mats, 3D printed elec-
trodes, wearable, and structural applications still exist, with specific
problems outlined above. However, there are overlapping chal-
lenges that also need to be addressed to fully realize the benefits of
free-standing supercapacitors.

First, understanding the linkage between mechanical proper-
ties and the morphological and physicochemical properties of the
electrode or electrolyte is critical in tailoring free-standing superca-
pacitors toward specific applications. For instance, wearables require
highly flexible, lightweight, stretchable, and washable materials,
whereas structural supercapacitors require high stiffness, strength,
and toughness. Currently, this understanding is hindered by the
lack of standardized methods for testing the mechanical proper-
ties of these materials. Developing standardized testing regimes will
enable easy comparisons between materials developed by different
teams.

Second, the performance of free-standing electrodes, whether
they are fiber-based or 3D printed, needs to be improved to match
the same level as current commercial supercapacitors while main-
taining their mechanical advantages. This enhancement is likely to
be achieved through the development of complimentary compos-
ite materials that exploit the advantages of carbon (e.g., flexibility
and conductivity) and pseudocapacitive (e.g., energy density) mate-
rials. Ideally, these materials will be combined in single-step syn-
thesis methods (e.g., coaxial) to lower the industrial production
cost. Furthermore, directly 3D printing onto carbon fibers is an
exciting new possibility for industrially producing free-standing
supercapacitors. For example, the flexible carbon fiber mat can act
as the base electrode and the current collector, while 3D print-
ing can build on top to add pseudocapacitive materials and the
electrolyte.

scitation.org/journal/apm

Third, the utilization of biomaterials for spinning and 3D print-
ing should be examined. Biomaterials contain a range of ordered
porous morphologies that are beneficial in improving the electro-
chemical performance of supercapacitors. For instance, Yu et al
demonstrated that carbonized flower petals can be directly utilized
as flexible electrodes.'”” Additionally, the use of biomaterials instead
of fossil sources for raw materials will improve the sustainability
of free-standing supercapacitors and likely reduce their end-of-life
impact on the environment.

Fourth, self-discharge and leakage current are issues that pre-
vent supercapacitors from storing charge over long periods of
time.'>! Developing strategies to reduce the level of current leakage
will enable supercapacitors to be utilized in long term energy storage
solutions without the need for batteries.

Finally, the development of electrolytes that enhance the
mechanical properties of free-standing supercapacitors is needed.
New hybrid electrolytes incorporating different polymers and redox
active materials represent an exciting step forward for supercapac-
itor electrolytes. However, understanding how they interact with
the electrode surface using in-operando methods is needed to truly
unlock their potential.

Overall, the development of free-standing supercapacitors is a
long-term shift in the field, with many challenges remaining before
they become commercially available. To a certain extent, the direc-
tions mentioned in this Perspective should improve the performance
of these materials in the future. However, we have every reason
to believe that the unsolved challenges will be addressed through
joint efforts as the benefits of free-standing supercapacitors will
be the catalyst needed to deliver the next generation of integrated
technologies.
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