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The development of self-powered systems applied in wearable electronics based on triboelectric
nanogenerators introduces advances in the internet of Things, wireless communication, and biomedical
fields. For this, efforts have been conducted to substitute metal-based electronics with non-conventional
components such as conducting polymers, carbon derivatives, and inonogels providing better wearability,
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comfort, self-healability, mechanical resistance, and ease of integration with textiles. In particular, the
conversion of pulsed output in triboelectric nanogenerators into DC power is helpful to drive electronics by
the direct association of energy harvesting systems and energy storage devices that can be assembled in the
same framework (metal-free electrodes). In this review, the multifunctionality of metal-free TENGs is

DOI: 10.1039/d2ma00195k

Open Access Article. Published on 25 April 2022. Downloaded on 10/21/2025 9:04:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

Introduction

The development of the Internet of Things and the progressive
interconnections of data from embedded devices (for the
following exchange of data to the internet'®) depends on the
adequate integration of portable and flexible electronics with
the body, as a part of requisites for the production of self-
powered devices with implication on artificial electronic skins
and motion tracking sensors*® in which data from the body
(movement, foot activity, breathing®”*'°) and environmental
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discussed in light of the development of new autonomous wearable devices.

conditions such as temperature, pressure and humidity'" are
monitored, recorded and transferred to the internet.

As a consequence, the integration of flexible electronics with
clothes and the body is a critical step for the production of
smart and multifunctional devices.” The common drawback for
these applications is the limitation of energy storage devices to
power up these wearable electronics. Conventional lithium-ion
batteries are expensive and characterized as bulky volume
devices (rigid framework, heavy package, and non-environ-
mentally friendly behavior)*'>"? introducing potential hazards
for human health'* and several consequences on comfort and
environmental issues.

The required minimal dependence on devices with energy
storage devices reinforces the necessity of the strategies to
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harvest energy from the environment or the body movement.
If it is considered that a few hundred watts can be collected
from the mechanical movement of the body throughout the
day, the production of wearable harvesting systems is critical
for the development of integrated devices. Also, it is worth
mentioning that harvested electrical signals can be applied as
an input for transduction sensors, inhibiting additional external
sources to drive portable electronics.™

Among the energy harvesting prototypes, triboelectric nano-
generators (TENGs) are one of the most promising electronics
devices. Invented by Wang and coworkers in 2012,"> TENGs
rapidly attracted much attention in the literature™>° due to
the viability of conversion of the mechanical energy into an
electrical signal, making the direct conversion of mechanical
movement into electric signals>*™>® for biomedical applica-
tions®*~>® and bioelectronic systems possible.>” Due to this safe
generation, the use of TENGs as generators of high voltage
(in order of kV) with a small current has been preferable, as an
example, for the development of a refreshable display for
portable e-books for the blind - the TENG is connected to a
refreshable Braille display.”®

As a principle of operation, a typical TENG-based device is
activated by the contact/separation of two different surfaces
with the ability to accumulate oppositely charged species. The
assembly of the device depends on the disposition of tribo-
negative and tribopositive pairs and supporting collectors
(electrodes) that conduct the generated current to an external
load.>"** The big challenge to incorporating TENGs into wear-
ables is the integration of conductive components and active
tribopairs into cotton, wool, silk, or elastomers without sacrifi-
cing the intrinsic characteristics of the original textile in terms
of breathable and fashionable properties.'®*?3>77

One of the most common strategies to develop electrodes for
wearable TENGs is based on the modification of garments with
metal layers, such as the modification of polyester with Ni
film,*® from the incorporation of copper,**™*' aluminum,**™**
ITO" and gold.*®*® However, the modification of textiles with
metal derivatives introduces high cost in the overall production

process,"*® which is combined with disadvantages of characteristic
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high weight, low wearability and non-environmentally friendly
behavior.'**°~>>

In addition, the mechanical fragility of the metallic elec-
trode layer for TENGs is critical for applications involving
contact with the body (such as in muscle motion detection)
since the metal layer introduces constraints in tissue-based
applications. To circumvent these drawbacks, the use of an
ionic hydrogel introduces adhesion ability, stretchability and
superior self-healing properties.>

Alternatives to the metal coating layers have been consi-
dered from the use of conductive organic polymers (CPs), such
as polypyrrole (PPy),>>>*>® polyaniline (PANT),">"”*%>7 poly(3,4-
ethylene dioxythiophene:polystyrene sulfonate) (PEDOT:PSS)”'*°%
prepared by different methods: in situ, interfacial, and vapor
deposition®**1"%* and carbon derivatives such as carbon
nanotubes and graphene oxide, etc.>™®” deposited on textiles,
elastomers or electrospun fibers.

These materials can be explored in a harvesting-storage-in-
one system in which TENGs are integrated with energy storage
devices. In particular, the conversion of pulsed electrical output
into DC power is required to drive electronics.’® The sharing
in the electrodes for TENGs and energy storage devices®*®%7? is
extremely necessary for the reduction of costs and ease of
integration in wearables, facilitating the use of conducting
polymers (prototypes of pseudocapacitive materials) and carbon
derivatives (prototypes of electrical double layer capacitive
components) as good candidates for metal-free integrated
TENGs-supercapacitors.

Herein, the advantages and challenges associated with the
substitution of metal electrodes by polymeric/carbon coating
in prototypes of triboelectric nanogenerators are discussed in
terms of modes of operation, nature of electrodes and tribopairs,
and strategies to connect energy harvesting systems with energy
storage devices to power up different electronics.

Triboelectric nanogenerators

The development of metal-free electronic devices has been
primarily considered a requisite for sustainability issues since
the substitution of metallic parts of devices (such as collectors)
for carbon-based materials is typically associated with improve-
ment in the corrosion resistance, stability against oxidation and
mechanical resistance.””>

In particular, conventional TENGs make use of aluminum
film as a metal electrode. The substitution of these structures
by metal-free species avoids several drawbacks of metal-based
species, such as fatigue resistance (over repeated mechanical
contact), degradation via oxidation in humid environments,
and potential corrosion in saline conditions. These conditions
are common from the contact with the skin for the energy
harvesting from the body movement. In addition, wearable
metal-free TENGs introduce advantages relative to the limited
elastic range of metallic films and poor adhesion on skin.”

As observed, the required high conductivity for electrodes is
conveniently addressed for metal-based materials. However, the
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mechanical properties and degradation under contact with the
body (salinity and water) reinforce the required efforts to develop
metal-free support with high conductivity for integration with
wearables. These characteristics must match with the operation
mode of the TENG device, in a configuration where metallic parts
(highly conductive surfaces) are minimally necessary. In light of
this, the next section is focused on the operation modes of these
devices.

Working mechanisms

The working mechanisms in triboelectric nanogenerators are
defined by two processes: contact electrification (CE) and
electrostatic induction (EI).”®”” The conventional mechanism
is exemplified in ref. 78, in which two polymeric films are used
(defined as tribomaterials), (such as polyvinylidene fluoride
(PVDF) and polyvinyl alcohol (PVA)), coated by a thin layer of
aluminum (Al), applied as an energy collector, in a sandwich
shaped structure. After contact of two polymers through the
application of a compression force, electrical charges are
induced on the surfaces, and after separation, a potential
difference is generated between interfaces of the collectors,
causing a flow of electrons to an external load. The repetition of
the relative movement between polymer layers generates an
electric current in the opposite direction than the first flux.
By repeating successively these cycles, an output of an alter-
nating current is observed.”®”’

The overall efficiency in the power generation for TENGs
depends on the adequate coupling of tribopairs, with special
attention to the ability to couple materials that donate and receive
a high density of charges per cycle. The triboelectric series”® is a
list of materials classified from more tribopositives (that have a
greater affinity to give electrons) to more tribonegative ones. The
closer to the top of the list, the greater the tendency to donate
charged species, on the other hand, the closer to the bottom, the
greater the tendency to receive charged species - the most
efficient TENG combines the tribopositive with tribonegative
materials with adequate current collectors and adequate configu-
ration (mode of operation) for each application.®

The most conventional methods for the energy harvesting
from mechanical movements using TENGs are based on a
vertical contact-separation mode, lateral sliding mode, single-
electrode mode, and independent layer mode,***"*? as illustrated
in Fig. 1.

While the single-electrode mode is characterized by ease of
integration with wearables, the free-standing mode presents
high conversion efficiency but complex integration with wear-
ables, indicating that in addition to the nature of electrodes
and triboelectric active layers, the operation mode must con-
sider the specific application. The most common operation
modes on TENGs are detailed as follows.

Vertical contact-separation mode (VS mode)

The most common assembly for TENGs is based on the vertical
contact-separation method (see Fig. 2) in which two tribopairs
with distinct polarity are vertically disposed of in a face-to-face
stacked configuration. Relative to the nature of these materials,
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Fig. 1 Fundamental modes for TENG operation for the (a) vertical con-
tact/separation mode, (b) lateral sliding mode, (c) single electrode mode,
and (d) freestanding mode.
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Fig. 2 (a) Disposition of the conducting layer and active triboelectric
electrospun nets. (b) Scheme of the operation mode of the vertical
contact—separation method in a complete cycle of contact separation
and (c) simulation of the potential distribution between two triboelectric
materials. Reprinted from ref. 57, Copyright (2019), with permission from
Elsevier.

it is possible to combine two dielectric layers or a dielectric
and a conductive triboelectric layer. In the case of tribopairs
composed of two dielectric layers, the deposition of a conduc-
tive layer on the outer surface is required, to be used as a
current collector. On the other hand, for an asymmetric
configuration in which one electrode is electrically conductive,
the outer surface deposition of the conductive film is required
for just one electrode, since in this case the conductive tribo-
active layer can be explored as an electrode itself. Under
external effort (pressing force) the two active materials get into
contact and charges are generated (electrical induction) that
result in two oppositely charged surfaces. Upon release, the
layers tend to be separated by a small gap, creating an external
potential’”””® that forces a current to circulate in the direction
of an external load. Under the application of a new cycle of
compressive force on the device, the gap is closed, the potential
tends toward zero and the charges flow back to establish a
new equilibrium condition.>® The resulting alternate current
presents, however, an asymmetric behavior. It is a consequence
of the “sticking effect”’, described in ref. 83 and justified by the
independent ascending and descending steps of layers that are
affected by the adhesion of parts due to an impulsive force that
introduces asymmetric behavior in the overall output, observed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in the electrical output. The overall process described above is
schematically drawn in Fig. 2. A critical point to be considered
in the preservation of the cyclability of the device is the
repetition conditions of contact and the full separation of pairs
under successive uses that result in damage due to the con-
tinuous surface friction. Scheme from Fig. 2 (reprinted with
permission from ref. 57) represents a multiple-layer assembly
for wearable TENG composed of layers of PVDF (the negative
triboelectric layers) and PA6 (positive triboelectric layers) with
conventional cloth coated by polyaniline acting as a conductive
substrate (current collector). As observed, the coating layer of
polyaniline on cloth confers high conductivity to the electrodes
of TENG while preserving the intrinsic properties of the clothes
for the contact with the body, introducing multifunctional
properties such as its intrinsic antibacterial activity.®*

Side-slip mode (S mode)

The same configuration of tribopairs for the contact-separation
mode is explored in the side-slip mode. In this assembly, the
energy harvesting is established by contact-separation steps in
which separation is observed from sliding between surfaces
that not only creates charges but also produces a lateral
polarization along the sliding direction. The created field forces
the circulation of a current along with an external load and the
continuous back-and-forth sliding results in an alternating
electrical output for the generator. To improve the performance
of this type of TENG, variations in the side-slip mode are
obtained from linear movement of disk and cylindric rotation,
with advantages relative to the power output in comparison
with the contact-separation method,> while the integra-
tion with wearables represents a barrier to be considered for
prototypes operating in this mode.

An interesting method that separates charges in wearable
TENGs from sliding makes use of electrostatic breakdown,
which is observed in wool-based fabrics in very dry weather.
As schematically drawn in Fig. 3 (reprinted with permission
from ref. 34), the interwoven warp yarns with wearable TENGs
explore the principle of air breakdown with the contact-sliding
motion mode charging the frictional electrode under contact.

Single electrode mode (SE mode)

The single electrode mode is a configuration of TENG in which
the moving triboelectric layer is in contact with one electrode.
The second electrode is a source of electrons (such as a
grounded surface). The exchange of electrons between the
moving triboelectric layer to the reference controls the potential
and the assembly of the device can combine vertical and side-
slip methods to favor the use of self-powered sensors. Fig. 4
shows the modified fibrous electrode coated with polypyrrole
applied as a wearable electrode, the general scheme of opera-
tion under the contact-separation mechanism, and the result-
ing open-circuit voltage and short-circuit current as a function
of different chemical treatments on a single electrode.>® The
easiest configuration of the single electrode mode facilitates
the integration with wearables while the lower power output is
an important issue to be addressed in the improvement of its

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scheme of the fabrication process and working mechanism of the
wearable contact-sliding TENG (a) the electrostatic breakdown in clothes,
(b) the fabrication process of wearable TENG, (c) photos of the air brake
under PTFE contact-sliding motion, (d) working principles of the wearable
TENG, (e) electrical output performances of the device and (f) simulated
electric field distribution before and after an electrostatic breakdown.
Reprinted with permission from ref. 34. Copyright 2020 American Chemical
Society.
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Fig. 4 SEM of textile-based electrodes (pure and chemically modified)
(a)—(c); schematic view of the operation of the TENG (d) and (e and f) Voc
and Isc curves of the resulting devices. Reprinted with permission from
ref. 52. Copyright 2019 American Chemical Society.

overall performance. The reduction from two to one surface
acting as an electrode for the SE mode introduces a strong

Mater. Adv., 2022, 3, 4460-4470 | 4463
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Fig. 5 Schematic representation of a complete cycle of charge genera-
tion/separation in a TENG of polypyrrole-modified textile. Reprinted with
permission from ref. 85. Copyright 2022 American Chemical Society.

advantage for the implementation of metal-free TENGs, that
explore the skin as an active layer and a primary electrode for
the device.

As an alternative to the conventional assembly explored for
S-TENG in Fig. 4, it is possible to substitute a polymeric
tribolayer by the skin that acts as an electron transfer layer.
In the paper recently published by our group (see Fig. 5 for a
schematic view of the device), an S-TENG is assembled with a
modified textile prepared from the deposition of polypyrrole on
textile in contact with a layer of Ecoflex.®

Independent triboelectric layer mode (I mode)

The independent TENG mode is typically explored from two
different configurations: a moving triboelectric layer that slides
between fixed electrodes (introducing the possibility for the
development of non-contact sliding generation) and face-to-
face pairs that can move up-and-down introducing variation in
the vertical contact-separation mode. An important configu-
ration to be considered is the rotating-disk mode for TENG in
which the circular movement of disks provokes periodic sliding/
contact modes of TENG operation, facilitating the conversion of
rotatory mechanical energy into electric energy.

As an example of this mode, a free-standing TENG based on
dielectric textile by PTFE and cotton threads is schematically
drawn in Fig. 6(a). Results for the one-way sliding cycle opera-
tion of the device are shown in Fig. 6(b) while photos for the
grating structure are shown in Fig. 6(c) and (d) (reprinted with
permission from ref. 86).

As observed in the literature, there are several advantages of
applying VS and SE modes in metal-free assemblies while
modes I and S favor the metal-based assemblies. Based on this
matching of conditions, there are many applications for metal-
free TENGs based on these configurations, described in the
following section.

The influence of the mode of operation and the nature of
electrodes on the performance of TENGs

The development of wearable and multifunctional devices (also
able to harvest energy) requires the use of stretchable and
flexible supports, as represented by elastomeric supports. For
metal-based structures, the physical vapor deposition intro-
duces a metal coating layer on flexible supports to be explored

4464 | Mater. Adv, 2022, 3, 4460-4470
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Fig. 6 (a) Scheme of the free-standing mode PTFE grating textile and
interdigital carbon textile electrode for horizontal motion, (b) measure-
ments of Voc, Isc, and Qsc under operation, (c and d) photographs of the
electrode and sliding textile under operation with commercial blue LEDs.
Reprinted from ref. 86. Copyright (2018), with permission from Elsevier.

as an electrode layer,>® but at the cost of the disadvantages
described in the Introduction.’” To circumvent these draw-
backs, several strategies have been drawn to substitute metal
in electrodes by conducting polymers, carbon derivatives,
hydrogels, and ionogels introducing relevant aspects concern-
ing the chemical and thermal stability, low cost of production,
the high electric conductivity of free-of-binders templates, and
with superior mechanical strength.>* The chemical modifica-
tion of stretchable and wearable templates is observed from the
coating layer deposition of additives on elastomers or textiles,
the production of electrospun nets with required properties for
TENGS, and more elaborated processes such as the production
of coaxial TENGs.

In general, the most common assemblies for wearable and
metal-free TENGs are the direct coating of conducting fillers on
elastomeric supports, the modification of elastomers, and the
production of electrospun nets of fibers, and the development
of coaxial TENGs, which are described as follows.

Coating by conducting polymers

The modification of electrodes by incorporation of conducting
polymers in elastomers represents a conventional method for
the adaptation of flexibility of support and the conductivity of
the filler. Wen et al.®® explored the poly(dimethylsiloxane) -
PDMS as an elastomeric support to grow wrinkled films of
poly(3-4-ethylene dioxythiophene) - PEDOT and poly(4-styrene
sulfonate) - PSS as a transparent and conductive layer for the
electrode.

In correspondence to the incorporation of PEDOT-PSS in
elastomers, the chemical modification of textiles with poly-
pyrrole and polyaniline introduces advantages for the resulting
all-polymer TENG in terms of high-flexibility, biocompatibility,
and good mechanical properties in cost-effective structures
with eco-friendly behavior. In addition to these intrinsic
properties of conducting polymers, applications of TENGs tend
to be extremely dependent on the self-healing properties of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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materials, affecting the durability of the device (in consequence
of a sequence of mechanical efforts). It is worth mentioning
that different strategies must be conducted to reach desirable
conditions of breathability and waterproof properties for a
conducting polymer since these characteristics have been consi-
dered key to the comfortability of wearable devices such as from
the coating of conducting polymers on composite aerogels.*
Self-healable structures of polyaniline-polypyrrole nano-
flakes were explored to avoid the effects of mechanical failures
after steps of successive deformation under operation."* Conven-
tional supports with self-healable behaviors are introduced with
organohydrogels crosslinked with phytic acid and coated with
PEDOT:PSS as an active conductive layer.”® An alternative to the
substitution of conducting polymers is explored through the use
of ionic hydrogels applied mutually as an electrification layer
and electrode.” For applications in which transparency and
stretchable-freezing tolerant devices are required, conductive
gelatin/NaCl organohydrogels®” introduce long-term stability in
association with freezing resistance and self-healing properties.

Alternatively, ionic-liquid-locked ionogel-based samples have

been mutually explored as electrode and electrification layers.”?

Electrospun-based assemblies and coaxial fibers

An alternative to electrospun-based TENGs was investigated

from experimental systems in which electrospun fibers of silk
fibroin and poly(vinylidene fluoride) - PVDF are deposited on
conductive fibers, associated with piezoelectric and triboelec-
tric effects.’

Coaxial triboelectric nanogenerators were produced on a
PDMS fiber substrate and two-multi layer aligned carbon nano-
tubes were applied as inner and outer electrodes exploring

View Article Online
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poly(methyl methacrylate) - PMMA as a tribopair.”* The direct
modification of cotton textiles with PDMS for the following
chemical polymerization of PPy represents an important step in
the production of highly flexible and conducting electrodes
for TENGS.

As can be seen, the performance and the wearability of
TENGs depend on different parameters that vary from consti-
tutive materials, operation mode, choice of triboelectric pairs,
and the conductivity of electrodes.

This complex and delicate balance of preparation conditions
for the metal-free TENGs concentrates applications into two
specific operation modes (single electrode and vertical contact-
separation mode) exploring the modification in the flexible
electrodes by impregnation with conductive fillers (conducting
polymer and carbon derivatives: carbon nanotubes, activated
carbon and graphene). A diversity of applications has been
observed for metal-free TENGS, such as their use in electronic
devices,*®® self-powered sensors,”>*” sensitive e-skin sensors
and sensitive epidermal controllers,”® robotic control and CO,
sensing,'* touch sensors,*® self-powered touch/gesture sensors,”®
and so on.

Table 1 summarizes the dependence of the mode of opera-
tion, type of conductive filler for electrodes and the resulting
power output, current of short circuit, and voltage of open
circuit for metal-free TENGs reported in the literature.

For comparison with standard TENG devices, the response
of conventional wearable TENGs making use of metal electro-
des is shown in Table 2.

As can be seen, a diversity of operation modes is observed
for metal-based electrodes for TENGs with the prevailing
implementation of VS mode devices. Using this aspect, the

Table 1 Performance of different wearable TENGs operating with metal-free electrodes (CF = conductive fabric)

Mode Electrode Voc (V) Isc (nA) P (mW cm?) Ref.
Vert. cont. separ. (VS) CF 1403 780 1.06 97
PANI 1000 200 1.72 57
PEDOT:PSS 540 0.787 2x107" 14
CF 500 12 3.10 x 107 * 6
PPy NW 351 3.4 x 102 — 55
PANI 350 4.5 x 1072 1.13 56
PPy 200 6 8.2 x 1072 52
CNT 145 6.4 — 98
MO-PPy@CLF 129 7.0 — 99
Carbon wire 175 8.0 — 86
Carbon film 115.2 20 1.52 x 107" 65
Graphene 100 5 — 100
BC-CNT-PPy 29 0.6 0.83 x 107* 101
Single Electrode PPy 670 17.2 4.61 x 107" 85
C-coffee ground 150 2.1 6.38 x 10°° 95
Waterproof fabric 135 7.5 6.32 x 1072 102
Graphene oxide (GO) 123.1 18.61 4.97 x 10" 66
PPy 60 8.8 8.3 x 1072 5
Graphene 471 7 1.44 x 1072 103
Carbon fiber 42.9 0.51 0.6 x 10 104
Organogel 40 1.2 4.0 x 107 105
Graphene 30.8 1.1 2.25 x 1072 67
CNT 7 0.18 — 96
Freestanding mode Carbon wire 118 1.5 — 86
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 4460-4470 | 4465
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Table 2 Performance of different wearable TENGs operating with metal-
based electrodes

Mode Electrode Voc (V) Isc (1A) P (mW cm ?) Ref.
VS Cu 71 0.7 (56 uW) 106
Cu 500 4 0.10 107
Ag-nylon yarn 174 7.5 2.75 x 107> 108
Ni 8.3 — — 109
Au 124.6 10.13  0.22 47
Cu 12.6 0.15 — 36
Ni 40 5 2.42 110
Al 196 4.5 1.1 x 1072 9
Pani@WCT 350 45 1.13 111
Stainless steel fibers 200 200 1.4 x 1073 35
Ag 80 4 1.1x 107 112
Al 200 1.1 3.1 x 1073 113
Al 480 75 46 x 1073 8
Ni 50 4 3.93 x 1072 38
Al 760 51 0.77 114
Al 130 14 0.28 115
Cu 9 0122 — 116
Al 124 18.7 6.09 x 1072 117
MME/Al 175.77 4.65 8.5 x 1072 118
Ag NW/Al 162 42 0.125 119
Al 260 27 — 120
Al 150 1.02 1.57 x 107° 121
Cu NWs/RGO 125 2.3 7.3 x 1072 122
I Cu 200 750 — 123
Al 0.6 — — 124
Ag 62.9 (RMS) 1.77 5% 107* 125
Al 600 20 — 126
Stainless steel 166 8.5 9.3 x 103 127
SM  Cu/Al 190 2040  — 128
Cu 270 11 2.5 129
Ga/Cu 206 28.7 3.04 x 107° 130
Ag-MXene 38 1.5 7 x 107* 131
LM-Ag flakes-SEBS 85 4 2.19 x 1072 132
Coil spring 21 0.1 — 133
SE Stainless-steel 75 1.2 6.0 x 1073 13
Ni 49 1.8 9x10° 37
Stainless steel 150 2.9 8.5 x 1072 4
Cu 870 60 0.8 134
Cu 465.63 26.04  0.208 135
Cu 120 9.5 0.12 136

data from the tables for power output, current of short circuit,
and voltage of open circuit for metal-based and metal-free
devices (VS mode) were plotted for comparison of performance.
Fig. 7(a)-(c) summarize the Vo, Isc, and output power data for
two groups of samples. As can be seen, there is no difference in
the overall response of devices, with groups in black for metal-
based samples and in red for samples prepared with metal-free
electrodes. As shown, the variation of V¢ is in the range of
10 to 1000 V, with Isc in the range of 10~7 A to 10~ * A and power
output in the range of 10> to 10° mW cm > and is the same for
all of the groups.

These results confirm that the corresponding level of the
electrical output range in terms of power, voltage, and current
is observed for metal-free and conventional TENGs; revealing
that the low conductivity level for metal-free electrodes is
conveniently circumvented by filler that introduces several
mechanical advantages for the skin contact. In terms of the
costs, several factors must be considered for the scale-up
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Fig. 7 Comparison of the responses summarized in Tables 1 and 2 for the
vertical mode of operation for metal-based devices (in black) and
no-metal-based devices (in red) for Voc (a), Isc (b), and power output (c).

production of TENGs. The output power, size, meantime to
failure, efficiency, and type of materials are some of the critical
parameters to be evaluated in the fabrication process. The
substitution of metal films with metal-free (or green) materials
has been considered an environmentally friendly procedure
since the use of cellulose-based materials introduces advan-
tages relative to the mass production capacity with a direct
impact on the production costs."’

All-in-one devices and perspectives for wearable TENGs-based
applications

The conversion of low frequency from irregular mechanical
movement by a TENG into the pulsed power output and the
following use in devices depends on the integration of energy
harvesting components with energy storage devices. As a con-
sequence, the connection of the electric signal output from a
TENG to a rectification device and a storage unity (conventional
capacitor/battery/supercapacitor) is critical.’”*>'*

The assembly of the harvesting-storage-in-one system is
based on the integration of TENGs and energy storage devices
according to several different strategies. One of the most simple
procedures is observed from the association of a TENG and
supercapacitor,” in which an environmentally friendly proce-
dure explored cellulose paper coated with polypyrrole mutually
as a positive friction layer and an electrode connected to a
bridge rectifier and symmetric supercapacitor with the same
electrode of PPy/cellulose applied in the TENG. As an alter-
native to the use of cellulose, the deposition of polypyrrole on
cotton textile coated by a PDMS layer results in an efficient
device connected to a rectifier and a conventional capacitor and
disposed to drive small electronics such as a digital watch.®”

In all of the situations, the big challenge to be considered in
TENG-supercapacitor-in-one self-powered sources is the use of
a unique manufacturing technology. The use of 3D printing
technology using resin and an ionic hydrogel as a template
for mutual use in electrification layers and electrodes are
completely described in ref. 138. More elaborated assemblies

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Carbon fiber

Fig. 8 Schematic diagram of a coaxial assembly of TENG-super-
capacitor-in-one device (a) and mechanical properties of the coaxial
TENG and SC fiber (b—h). Reprinted with permission from ref. 104. Copyright
2018 American Chemical Society.

of integrated devices are obtained from the production of
coaxial fibers in which energy harvesting and storage can be
explored in an integrated fiber,'** as schematically drawn in
Fig. 8.

The advantage of this system regards the compact distribu-
tion in a coaxial assembly of TENG and supercapacitor, intro-
ducing the possibility of association of fibers to improve the
power output of the resulting system.

In terms of the future perspective for TENGs, the develop-
ment of more efficient TENGs opens new possibilities for
the technology of wearables and implantable. The boost in
the performance of these devices as energy harvesting compo-
nents can be considered in two specific conditions: TENGs
associated with energy storage devices and active free-of-
batteries sensors. For both sets of applications, there are advan-
tages and bottlenecks to be considered to boost the performance
of the resulting devices, described as follows.

For wearable-based technologies, the boost in the perfor-
mance of TENGs can be explored to power up mobile phones,
tablets, and electronics,"*® resulting in advances in wireless
communications with the possibility to drive commercial Blue-
tooth devices,"*® and reinforcing the development of bionics
(prototypes in soft robotics and electronics skin)'*® and self-
powered smart systems."*" The big challenge for the integration
of TENG-supercapacitor-in-one devices that needs to be focused
on is the improvement of isolated components and also in the
integration strategies. For this, investigations focused on the
boost of the output power, energy density, and stability of
the TENGs is required. In terms of the optimization in the
response of the coupled components, the efficiency of energy
transference between parts needs to be optimized, avoiding
events of impedance mismatching of devices.*

Another important advance in all-in-one devices is the
elimination of a rectifier bridge between TENGs and energy
storage devices. For this, the investigation of Li-ion batteries
to evaluate ion diffusion and transport under pulsed input is
necessary.®” Relative to the use of TENGs as active sensing
elements, the development of independent unities (without

© 2022 The Author(s). Published by the Royal Society of Chemistry
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energy storage unities) introduces important implications in
human-machine interactive systems'*® with a relevant contri-
bution for implantable triboelectric active sensors applied
(as an example) in respiratory monitoring.**° In addition, the
biomedical field can be favored by characteristic pulsed power
output that can be addressed for applications in wound healing
and muscle stimulation.”®

Conclusions

The development of triboelectric nanogenerators integrated
with energy storage devices and as independent active sensing
devices represents a very promising strategy applied in the
conversion of mechanical movements into pulsed electric
energy. The adequate coupling of TENGs and energy storage
devices makes possible the DC power up of conventional
electronic devices from truly flexible and integrated harvesting
systems with the body. The substitution of metal in electrodes
by carbon derivatives and conducting polymers improves
the wearability of devices while making possible the use of a
common substrate as an active tribolayer and contact for
TENGs and supercapacitors. More elaborated strategies applied
in the production of coaxial TENG/supercapacitor in textile
fibers make possible the interaction of core/shell structures
for the following step of association of fibers to reach desirable
energy and power output. On the other hand, the use of TENGs
as active components for motion detectors opens possibilities
for the production of implantable ones, with a self-powered
structure that inhibits interventions for removal/change of
depleted energy storage devices. The self-healable behavior
and the integration with textiles are important advantages for
metal-free electrodes that must combine these characteristics
with breathability and waterproof properties in highly conduc-
tive structures (truly incorporated in textiles) with the ability to
preserve properties under extreme mechanical efforts and
washing procedures.
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