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Recent advances in wearable electronics have been propelled by the rapid growth
of microelectronics and Internet of Things. The proliferation of electronic devices
and sensors relies heavily on power sources, predominantly batteries, with
significant implications for the environment. To address this concern and to
reduce carbon emissions, there is a growing emphasis on renewable energy
harvesting technologies, among which textile-based triboelectric nanogenerators
(T-TENGs) stand out as an innovative and sustainable solution due to having the
interesting characteristics like large contact area, lightweight design, flexibility,
comfort, scalability, and breathability. T-TENGs can harness mechanical energy
from human movement and convert it into electric energy. However, one of the
challenges is low electric power output, which can be addressed by meticulous
selection of material pairs with significant differences in work function and
optimizing contact areas. The incorporation of carbon-based nanomaterials, such
as carbon nanotubes and graphene, emerges as a key strategy to enhance output.
This review delineates recent progress in T-TENGs incorporating carbonaceous
nanofillers, comprehensively addressing fundamental classification, operational
mode, structural design, working performance, and potential challenges that are
hindering commercialization. By doing this, this review aims to stimulate future
investigations into sustainable, high-performance smart wearables integrated
with T-TENGs.

concerns about the negative effects of
batteries on the environment because
of the harmful chemicals they contain.
Consequently, the weight of batteries makes
wearable devices feel heavy, which can cause
a negative sensation or discomfort on users’
skin. Additionally, batteries have a short life-
time and a negative cost impact on users
due to recurring purchases and difficulties
in recycling.>® Nanogenerators (NGs) are
being suggested as the reliable and sustain-
able alternatives to batteries in this regard.

A nanogenerator is an amazing novel
technology that converts thermal or
mechanical energy, generated from small
scale physical movements, into electricity.
There are different types of NGs such
as triboelectric nanogenerators (TENGs),
piezoelectric nanogenerators (PENGs), and
pyroelectric nanogenerators (PyNGs). Their
energy harvesting mechanisms are also dif-
ferent. For instance, a PyNG collects energy
from a thermal source, whereas TENG and
PENG scavenge energy from a mechanical
source.” " Apart from these energy har-
vesting NGs, there are various wearable har-
vesting systems such as biofuel cells, solar

1. Introduction

With the advent of technologies like wireless sensor networks
and the Internet of Things (IoT),["” the number of wearable
devices is increasing every day. As a result, the demand for
miniaturized power supply sources is also on the rise. Generally,
batteries are used to power these devices. However, there are

cells, and so on. However, they all are associated with distinct lim-
itations (see Table 1).

A TENG, a nascent technology, can capture intermittent
mechanical stimuli, especially low-frequency (<5 Hz) movements
of humans, and convert this low-frequency mechanical energy into
high-frequency sustainable electric power based on triboelectrifi-
cation and electrostatic induction. They are frequently used for
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Table 1. Classification and limitations of different energy harvesting devic
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e-[37,43,48,'|87,'|88]

Classification Energy source Energy harvesting device

Limitations

Nonrenewable External power source Rigid battery

Lithium-ion battery

Renewable Mechanical energy Piezoelectric nanogenerator

TENG

Thermal energy Thermoelectric generator

Pyroelectric nanogenerator

Magnetic energy Electromagnetic generators

Bulky system is incongruous for the skin, predominantly originates from various toxic
chemicals, short life span, poor electrical capacitance, the prerequisite of frequent charging,
costly disposal process, threat to the ecological balance, overcharging poses flammability
threat

Limited scopes of material choice, high impedance, unreliable mechanical durability, strain-

dependent structure which causes lower output power, difficult to integrate with textile as

intermittent alternating current (AC) input needs to convert in direct current (DC), requires
continuous movement of the object, lower efficiency (0.01-21%)

Requirement of frictional contact reduces the mechanical lifespan of the TENG device, some

stacked structures are susceptible to delamination failure, inferior working stability, operation

temperature is constrained by electron thermion emission, movements with several degrees
of freedom are difficult to harvest, output performance heavily relies on input frequency

Impossible to use during a cloudy day or at night due to dependency on temperature gradient,
higher output resistance, complex configuration, low output voltage, limited number of
materials available for selection, low conversion efficiency (0.1-25%)

Susceptible to temperature fluctuation, constrained material selection, pulsed AC as input

Cannot capture low frequency motion, occupies large space, impaired by heavy weight and
rigid texture dependent on coil and magnet, complex structure, short range transmission of

Solar energy Solar cell

Biomass energy Biofuel cells

power

Nonfunctional in the absence of sunlight, heavily dependent on the surrounding environment

Require auxiliary catalysts that are not available regularly, low efficiency, prohibitive cost

different on-body electronics applications.'>* The technology is
functional in multiple operating modes that are biocompatible,
cost-effective, and flexible materials. Their manufacturing route
is not arduous, and the performance of the technology can be fur-
ther tweaked by different surface modification techniques. The
advantages of TENG are illustrated in Figure 1.

The quest for suitable materials to get the best electrical output
from TENG has been a long going effort. In the beginning, most
of the materials used were primarily polymer and metal based.
Although textiles primarily originated from polymers, raw poly-
mers possess low stretchability and flexibility, insignificant air
permeability, limited maneuverability, and hence inconvenience
to the wearer."® Applying these substrates for harnessing bio-
mechanical energy was thus impeded. To encounter these issues,
the inception of textile-based TENGs (T-TENGs) came to light.
However, their application is cumbered by lower output.'*'”]
In this regard, T-TENGs incorporated with carbonaceous sub-
stances like carbon nanotube (CNT), graphene, and graphene
derivatives present an auspicious prospect. T-TENGs have
already emerged as a topic of interest for many researchers.'®*!!
However, to the best of our knowledge, no review article on
the performance of carbonaceous nanomaterial-incorporated
T-TENG for smart wearables has come out. Published litera-
ture has thoroughly reviewed different low-dimensional
carbon nanomaterial-based nanogenerators.[*>?*! But symbio-
sis between textile and carbon material-based TENG has been
overlooked so far. This article unravels the authentic relation-
ship between textiles, carbon materials, and TENG. The review
focuses on electrical performance, durability, washability,
applications, and special attributes of T-TENGs and classifies
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carbon-based nanogenerators according to their fabricated tex-
tile structure. It also identifies the weakness in constituent
materials and proposes a trajectory for future research that
is expected to play a guiding role in the development of smart
textiles of the future.

2. Overview of T-TENG Technology

2.1. Construction of TENG and T-TENG

TENG, first introduced by Z. L. Wang in 2012,%**! converts
mechanical energy into electricity during frictional interaction
between two different triboelectric materials having dissimilar
electron affinities connected by electrode utilizing the contact
electrification and electrostatic induction effect.”*=! The output
electric current produced by this mechanism is irrevocably per-
tinent to Maxwell’s displacement of the current equation.??>*
For this reason, this nanogenerator is highly efficient in terms
of performance. But TENG still suffers from low power output
and poor sensing ability. T-TENG dispels this problem by fully
utilizing the internal space of the textile structure to increase the
contact area between triboelectrification layers.

Electrode is a key constituent for any TENG. Metal-, carbon-,
or polymer-based materials are preferred as electrode materials
for TENG. Although polymeric materials including polydime-
thylsiloxane (PDMS), polymethyl methacrylate (PMMA), polyte-
trafluoroethylene (PTFE), fluorinated ethylene propylene),
poly(ethylene terephthalate) (PET), polypyrrole (PPy), polyamide
(PA), and polyvinylidene fluoride (PVDF) are mostly used, they
are not well suited for T-TENG because polymer incorporation
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Figure 1. The advantages of TENG.

blocks porosity of the textile structure and damages inherent
breathability, wearability, and comfortability of textile.****! On
the other hand, metal-based structures are intrinsically brittle,
heavy, and susceptible to oxidation. These are incongruous with
the lightweight nature of textiles because of not having sufficient
stretchability and flexibility.*® Carbon-based fillers possess
nanoporous structures and are considered mechanically and
environmentally superior compared to polymer or metal-based
materials.’”) Carbon is a variegated material having three differ-
ent hybridization phases: sp, sp®, and sp’. This leverage of
bonding enables versatile geometric formation and tuning elec-
trochemical and physical properties. Additionally, the use of
carbonaceous materials like graphene, CNTs, and graphene
derivatives is burgeoning rapidly due to their salient carrier
mobility, high electrical conductivity, aspect ratio, and surface
charge density.***! Moreover, carbon nanomaterials have diver-
sified morphologies ranging from 0D to 3D.*” Without
any doubt, nanodimensionality, surface tunability, dimensional
structure, flawless electric performance, and abundant supply of
these carbon nanofillers indicate their potential toward energy
harvesting application!*!! Latest research has also dived into
the exploration of fabricating a hybridized structure combining
T-TENG and supercapacitor (SC) for perpetual energy harvesting
and energy storage function. In some of these works, only SC is
fabricated by carbon-based materials!*? which are kept outside of
the scope of this article. It focuses solely on those T-TENGs that
are fabricated using carbon-based materials.
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2.2. Fundamental Operation Modes

Electrostatic charges of opposite polarities are generated on the
surface of triboelectric materials when two different triboelectric
materials of juxtaposing polarities come close to each other, and
the exchange of electrons takes place between them. For this
transfer of electrons, two materials (triboelectric) must slide over
each other. Through frictional contact, electric charges are sepa-
rated and transferred (material to material) to establish an elec-
trified contact which is defined as the triboelectric effect. It is to
be noted that one of the two surfaces is negatively charged due to
its high electron affinity while the other surface is positively
charged. The way to create a potential difference between two
charged surfaces is to create a distance between them which
can also be created by an external force. This yields the creation
of potential and a polarization-induced current. Lateral-sliding
(LS), vertical contact—separation (CS), single electrode (SE),
and freestanding (FS) are the four primary working modes of
TENG.[2*]

2.2.1. Vertical CS Mode

A TENG that works on CS mode is composed of two distinct
triboelectric materials facing each other that contain electrodes
and are deposited in opposite directions to form a stacked con-
figuration. At least one of the triboelectric materials must
behave as a dielectric otherwise it will be impossible to hold
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a charge on the surface. One of the prerequisites for conducting
charge toward two oppositely charged surfaces is the establish-
ment of frictional contact between the triboelectric materials.
Here, the potential difference depends on the distance between
the elements. The electrical potential of the electrode is higher
toward the positive surface than toward the negative surface. At
the initial stage, two dielectric materials come into contact when
an external force is applied to them. The triboelectric effect then
causes surface charge transfer on these two interacting surfaces
(Figure 2a.i). The opposing triboelectric charges on the two sur-
faces will naturally split when the external force is detached,
creating an electric field and inducing a potential difference
between the two electrodes. The electrons will move between
two contrasting electrodes to screen this potential difference
(Figure 2a.ii). This process will keep generating electricity until
the potentials of the two electrodes are equal (Figure 2a.iii).
Figure 2a.iv represents that the transferred charges will then
begin to flow back via the external load to create another pulse
of current in the opposite direction when both sheets are forced
together again, causing the triboelectric-charge-induced poten-
tial difference to start to fall to zero. The generation of the AC
signals will continue if this periodic mechanical deformation
occurs. Transfer of electrons occurs due to potential difference,
and it continues until the potential difference is equal or equi-
librium. To increase the rate of electron transfer and to create a
potential difference, the gap must be reduced. Elbow bending,
finger pressing, and foot tapping are prime examples of vertical
contact friction.[*¢*”!

www.advenergysustres.com

2.2.2. LS Mode

A TENG working on LS mode plays a leading role in energy
harvesting via horizontal friction utilizing sliding biomechanical
movements from arm and leg swing of human body.
Interestingly, LS and CS modes are almost identical in construc-
tion.[*® Figure 2b(i-iv) shows a schematic representation of the
mechanism for LS mode-based electricity generation. Two tribo-
electric material surfaces are fully in contact in their initial posi-
tion. The interaction between them will cause electron injection
attributable to the two materials’ unique differences in their
capacity to lure electrons. There is no potential difference
between the two electrodes throughout this time (Figure 2b.i).
Relative displacement happens in the lateral direction as soon
as the positively charged surface begins to glide outward, which
is depicted in Figure 2b.ii. It is noteworthy that when the two
materials are fully mismatched, the potential difference and
the volume of transmitted charges have reached their maximum
values (Figure 2b.iii). Figure 2b.iv displays that the transferred
charges on the electrodes will flow back through the external load
and provide a negative current signal to maintain electrostatic
equilibrium when the top triboelectric material reverse its direc-
tion to move inward. There will not be any transferred charges
left on the electrode once the two materials have fully returned to
their initial location. As a result, no output current can be per-
ceived. One thing is to be noted here, the initial aligned position
of the substrates is mainly required for the electrons to return to
the potential equilibrium state. AC output can be obtained when

Figure 2. Four fundamental operational modes of textile-based TENGs, including a) CS mode, b) LS mode, c) SE mode, and d) FS triboelectric mode

(explained in the clockwise direction).
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periodic sliding occurs between the elements. Due to the greater
frictional contact created by sliding, charge separation occurs,
which is instrumental in bolstering the performance of the
TENG. Unfortunately, the high friction is responsible for greater
material abrasion. Considerably, the lateral movement of the
assembly requires at least twice the area than that of CS mode.
Following this issue, the T-TENG is fabricated with a linear-
grating structure so that the performance of this mode increases
while operating the device under the same surface area by reduc-
ing the sliding distance.[**44*7]

2.2.3. SE Mode

In SE mode, a TENG requires only one electrode. A reference
electrode is often used as a source of electrons and is attached
to the primary electrode.***?>% The transfer of charge between
triboelectric material and human skin happens at the contact
interface when they are in touch (Figure 2c.i). Human skin elec-
trons are infused into triboelectric material. Due to the insula-
tor's properties, the generated negative triboelectric charges
on the triboelectric material plane can be maintained for a long
period. A potential difference between the electrode and the
grounded reference electrode is created as the human skin gets
separated from the triboelectric surface. To reach an electrostatic
equilibrium circumstance, as shown in Figure 2c.ii, the positive
charges on the triboelectric material side will induce negative
charges on the electrode. This will cause a stream of free elec-
trons from the electrode to the ground via the external load.
When negative triboelectric charges on triboelectric material vir-
tually cancel out the generated positive charges on the electrode,
an output current signal can be produced by this electrostatic
induction stage (Figure 2c.ii). The free electrons drift from
the ground to the electrode until the skin and triboelectric mate-
rial film are fully in touch once more when the human finger
turns around to face the triboelectric material again, producing
a negative current signal as illustrated in Figure 2c.iv. It is noted
here that this phenomenon occurs due to the occurrence of peri-
odic vertical contact-dissociation movement in the dielectric. The
primary electrode, which shields an electric field when the elec-
trodes are very close to one another, is what causes the capaci-
tance drop between the dielectric material and the reference
electrode. This mode is very common for T-TENGS because
the transfer of dielectrics occurs without electrical connections
or electrodes.

2.2.4. FS Mode

A TENG on FS mode maintains a fine balance between potential
charges by redistributing the charge across the pair of electrodes,
which is achieved by the exposure and departure of a moving
entity on the surface.’" In the initial state, there will be net neg-
ative charges and net positive charges on the inner surface of the
triboelectric material layer and the surface of the left-hand elec-
trode, respectively (Figure 2d.i). As the triboelectric material
moves from left to right, a potential difference originates
between the triboelectric material and the electrodes, which
causes current to flow (Figure 2d.ii). No current flows through
the external force once the triboelectric material plate fully
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reaches the righthand electrode’s position of overlap
(Figure 2d.iii). An AC is generated in the external load when
the triboelectric material plate is switched to sliding backward
(Figure 2d.iv). This is how power is produced in a cycle. FS
T-TENG utilizes lateral body motion energy.’?! Recently, an
FS mode T-TENG with a novel grated strip textile design was
developed.®®! An interesting point to mention here is that the
amount of voltage required to drive a digital clock can be pro-
duced by this FS T-TENG, which requires the arm to oscillate
at a frequency of 2.5 Hz.

2.2.5. Comparison of Operational Modes

T-TENG can harvest different types of biomechanical energy
(from the human body) for power generation by fully employing
the advantages of the four modes. The critical comparison
between the four operational modes is presented in Table 2.

2.3. Compatibility with Human Motion

The biomechanical motion of the human body is an environmen-
tally friendly, feasible, pervasive, and sustainable solution of
energy for powering on-body electronics.** But this motion is
often intermittent, discontinuous, and hence unpredictable.
This ubiquitous and abundant source of renewable energy will
be a complete wastage unless otherwise utilized properly. For
instance, the energy linked to biomechanical motion can be
reached 67 W during walking.”>°® TENG augments biomechan-
ical motion into a real-time and noninvasive source of energy.
During biomechanical motion, muscles are actively engaged
in positive mechanical work to produce motion and negative
mechanical work to subsume the energy and function as a brake
to curtail the motion. Energy harvesting TENG partly substitutes
the muscle activity by taking over the negative work segment for
effectively converting into electricity without being any interfer-
ence with the natural motion of the human body.?” The major
energy generation points of the human body are the upper limb,
elbow, shoulder, ankle, knee, hip, finger, etc. Figure 3 schemati-
cally presents the position of these limbs in the human body and
the amount of energy generated by these human body parts.
Primarily, the maximum biomechanical energy originates
from lower limb motion, like knee (33.5W), ankle (18.9W),
and hip (7.2 W). The weight of the object human, the walking
or running speed, frequency of the movement, angular velocity
of a joint, bending angle of limbs, and contact area during
motions are crucial factors that shape output electricity genera-
tion. For instance, frequency of movement during walking and
running can be 1 and 3-10 Hz respectively, and alternating
speeds can be 1.75 and 5ms™".2% Moreover, the maximum
impact force of the ground reacting on the shoe is usually 1.2
times the human body weight, and right after the heel strike this
heel compression occurs.”® In addition to that, leg and arm
swinging speeds are usually 1.3 and 0.8 ms™', respectively.*®
Prospectively, the output electrical attributes can also be
enhanced by increasing the bending angle up to a certain thresh-
0ld.”®! These parameters should be kept in mind for impeccably
devising a rationally designed energy harvesting device. It is dis-
cernible from Figure 3 that lower limbs (knee, heel strike, ankle,
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Table 2. Comparison of different operational modes.?”'¢?

Modes  Structural characteristics Pros Cons Key parameters Application occasions
Vertical Vertical upward and High output voltage, simple fabrication Pulse output Average velocity, separation Bending, tapping,
CS downward movements of process distance, dielectric thickness, pressing, vibration,
triboelectric layers and position of materials in impacting, sharking
electrodes with large gaps triboelectric chart, operating
between them frequency, relative humidity
LS Sequential contact and Use auspicious impact of horizontal ~ Requires bigger area, causes  Sliding velocity and distance, Swinging, cylindrical
separation mechanism friction, provides continuous and high higher abrasion grating structure, operating rotation, disc rotation
without any gap, utilizes frequency electricity output frequency

lateral polarization

SE SE, bottom electrode is  Straightforward integration by utilizing ~ Lower output performance  Electrode gap distance, contact Typing, sliding, touching
grounded human skin as dielectric material. The and distorted signal area, operating frequency screen
structure can remain stationary and can
be utilized as a touch sensor

FS Multiple styles of Better output performance as there is  Complex integration process Electrode gap, freestanding Vibration and rotational
movements, asymmetric  zero shielding effect, not susceptible to height, operating frequency energy harvesting
charge distribution, heat generation and material abrasion,
symmetric electrode long-term reliability, suitable for

detecting moving objects
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Figure 3. Schematic illustration of major energy generation points®®'7%! and amount of energy generation!"®®'®"! during everyday bodily activities of
human body (Voc = open-circuit voltage).
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hip) generate maximum energy compared to upper limbs, elbow,
and shoulder.

2.4. Compatibility with Textile

The conformity of textiles with TENG endows them with the add-
on features of breathability, pliability, lightweight, and bulk pro-
duction feasibility. As TENGs rely on compressive forces or
stretching, and relative motion, their conformability with textiles
is far better than other self-powered generating devices.***! For
these reasons, TENG has turned out to be a cynosure of self-
powering wearable textile research and has been stated in several
recent papers.®>®*! All the other nanogenerators other than
TENG are handicapped by different internal and external factors
which make them ineffective and unpopular for smart wearables.

TENG is always considered a better nanogenerator for inte-
grating with textiles. Nevertheless, a TENG needs to be engi-
neered properly for utilizing ambulatory power. Improvement
of triboelectric charge density and contact area, and reduction
of dielectric constant and layer thickness have an auspicious
impact on output power and impedance trait. Similarly, fre-
quency and amplitude rate, conformity of the device, and, most
importantly, separation of TENG layers must be ensured for uti-
lizing dynamic motion./**

3. Textile Structures for T-TENG

Textile materials have been part of human civilization from a very
early age. With the progression of time, the role of textiles has
become more diversified that ranging from being simple cover-
ing material to being an intelligent material that can sense, hear,
respond, and bring improvisation if required./> Compared with
other methods of wrapping, embedding, and attaching, textiles
can be more efficaciously integrated with electrical functions
without causing any extra burden or sullying the natural appear-
ance of textiles.®®! Textiles are also naturally endowed with com-
plex deformation to stress and resistance to fatigue wear.
Moreover, they have excellent moisture management properties
and can be utilized to cover complex curved structures.'*”! Thus,
textiles present a wide avenue of design inspiration and multi-
functionality for TENGs. As a result, both seamless energy har-
vesting and superior wearing comfort are ensured in a T-TENG
presenting a new research direction for smart textiles.

Textile structures are classified as 1D or multidimensional. 1D
textile structure or yarn is formed by interlocking/assembling
fibers with texturing, twisting, or twining along the axial direc-
tion. This 1D structure can be further morphed into 2D and
3D textile structures by employing manufacturing techniques
like weaving, knitting, braiding, and nonwoven.*® Weaving
can be regarded as the interlacement of two sets of yarn at a right
angle to each other. The vertical set of yarn is called warp and the
horizontal set of yarn is called weft.® According to the pattern of
interlacement, woven fabric can be classified as plain, twill, and
satin structures. Woven fabrics have robust anisotropic mechan-
ical properties and possession of large in-plane shear enables
them for further 3D deformation.®® That is why weaving has
become an indispensable cornerstone for fabricating T-TENG.
On the other hand, knitting utilizes one set of yarn to produce
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a symmetrical intermesh of loops horizontally and vertically fol-
lowing a tortuous path which finally yields an inherently flexible
knitted structure. Owing to this, knitted fabric can be stretched in
all directions and widely used as T-TENG right after woven struc-
ture.*”) Nonwoven is another form of textile structure that is cre-
ated by haphazardly orienting numerous staple or filament fibers
in a fibrous web. Later, the fibrous web is reinforced by thermal,
chemical, or adhesive methods. Nonwoven structures have
relatively less application in T-TENG due to lower abrasion resis-
tance, durability, and strength.”® Another basic textile structure
is braiding which is created by intertwining at least three sets of
yarns imparting higher strength and stiffness.”" There is also
3D structure-based textile fabric which has a higher number
of fiber arrangement layers in the in-plane direction and bonding
fibers in the out-of-plane direction.®®! As a result, 3D fabric
structures have better dimensional stability, pressure response,
sensitivity, out of plane mechanical properties, and spatial net-
working which foster better electrical performance than micropo-
rous T-TENG. Additionally, 3D printing (3DP) can be utilized to
produce intricate scalable 3D textile structures which provide accu-
rate readings of voltage, current, and output power.”%”?

Besides, the application of electrospun nanofiber-based textile
structures for fabricating T-TENG has gained momentum due to
their excellent breathability, massive specific surface area and
aspect ratio, possession of a large number of contact sites, light-
weight, and flexible characteristics.”* They also render high sur-
face charge density and precisely manipulate the dipole moment
of different polymers by adjusting their crystal structure to attain
higher electrical output. Electrospun nanofibers can further work
as an impediment between two frictional layers and thus improve
durability.”! Because of these spatial features, large output
efficiency can be attained by electrospun nanofiber-based
TENG. Relevant research includes Jiang et al. who fabricated
a TENG utilizing electrospun silk fibroin nanofiber membranes
(NFMs) as positive friction layer and electrospun PVA/MXene
NFM as negative friction layer.”®) According to their finding,
1087 mW m ™2 peak power density was achieved. Another TENG
structure created by Gogurla et al. sandwiched CNT between two
layers of silk fibroin NFMs which yield 6 mW m™* power
density.””) Yin et al. fabricated a novel all electrospun TENG
where the positive friction layer was composed of polylactic
acid/chitosan/aloin NFM and the negative friction layer was pre-
pared by carbon black-incorporated polyurethane (PU) NFM
which yielded flawless charge storage capacity, transfer rate,
and highly durable (>7200 cycles) structure.”” Similarly, Yin
et al. fabricated an electrospun hybrid NFM structure comprising
PU/carbon black nanofibers and polyvinylidene fluoride-co-
trifluoroethylene (PVDF-TrFE) nanofibers which were com-
binedly used as a negative triboelectric layer.”®) PU/carbon black
NFM effectively constrained the delamination of PVDF-TrFE and
as a result better output performance of TENG was observed
(Figure 4).

4. Different Carbon-Based Materials for T-TENG
Fabrication
Carbon-based nanofillers are widely pervasive on earth due to

their distinguishable surface area, thermal and chemical stability,
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Figure 4. Summary of the distinct textile structures of woven, braided, knitted, 3D fabric, nonwovens, and related fabric production technology. a) Woven
and braided structures: i) interlacement of yarns at right angle creates woven structures, ii) in shuttle weaving machines, iii) intertwining of yarns creates
braided structures, and iv) in a braiding machine. b) Weft- and warp-knitted structures: i) interlooping of yarns crosswise constructs stretchable weft-
knitted structures, ii) in flatbed knitting machines, iii) interlooping of yarns lengthwise creates warp-knitted structures, and iv) in tricot warp knitting
machines. c) 3D fabric structures: i) 3D woven, ii) 3D-knitted structures, and iii) the 3D-knitted fabric is manufactured in a double needle bar raschel
machine. d) Nonwoven structures: i) nonwoven structures are formed by directly manipulating fibers; different primary nonwoven manufacturing
processes, such as ii) needle punching, iii) melt-blowing, and iv) spunbonding technologies.'®? e) Modern 3D printed and electrospinning nanofiber
structure: i) 3D printing by fused deposition modeling. Reproduced with permission."®! Copyright 2020, Wiley. ii) Electrospinning by single needle and
iii) electrospinning by multiple needle. Reproduced with permission.’ Copyright 2023, Taylor and Francis.

lighter density, low cost, variegated form, and astounding elec-
trical conductivity.”*#” Despite being biocompatible, flexible,
and deformable, the application of most T-TENGs is cumbered
by low electrical output. The desired triboelectric performance
can be achieved by augmenting the capacity of charge trapping
and reducing the internal impedance through the application of
different low-dimensional carbon nanofillers like CNT, graphene,

Adv. Energy Sustainability Res. 2024, 2400127 2400127 (8 of 38)

graphene oxide (GO), reduced GO (rGO). Their high electrical
conductivity, large surface area, flawless mechanical and optical
property, anticorrosion durability, and inherent carrier mobility
make them ideal constituents for large-scale production of T-
TENG.**#! Figure 5 depicts different nanodimensional (0D to
3D) carbon nanoparticles (NPs) widely used in T-TENG and their
advantageous traits.
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Figure 5. Different low-dimensional carbon NPs for T-TENG and their advantages./?’!

4.1. Graphene

Graphene is a carbon material, which has drawn the attention of
the scientific community in recent years. After the confirmation
of C60 fullerene structure in 1989, followed by the invention of
CNT in 1991, graphene discovery in 2004 by Novoselov et al. chal-
lenged the stereotypical understanding of structure and proper-
ties of 2D carbon-based materials.®” Graphene is a hexagonal 2D
honeycomb crystal structure which is originated from a highly
dense monolayer of carbon atoms and occupies sp® configuration
in the atomic structure.®®! Kim et al. suggested the world’s first
graphene-based flexible TENG for energy harvesting at the year
of 2014.5%! Graphene is different from all other nanomaterials
due to its mechanical, electrical, and thermal properties includ-
ing astounding mechanical flexibility and elasticity, ultrahigh
electron mobility, and extraordinary thermal stability.®*
Surprisingly, although graphene is the thinnest nanomaterial
(thickness of 0.34 nm), it retains more strength than steel and
at the same time remains highly stretchable and conductive.’®)
Also, it is worth mentioning that Young’s modulus of graphene
is 1100 GP.®% Besides higher conductivity, graphene incorpo-
ration improves the capacitance, increases the electron trapping
sites, and abates the dielectric loss. These phenomena com-
binedly bolster TENG’s performance. Surprisingly, when multi-
ple graphene sheets are stacked one over another, the structure
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may turn into highly flexible and conductive graphite. As gra-
phene obstacles the diffusing and drifting of electrons due to
intrinsic densely packed aromatic sp® hybridized structure,
graphite paper endows with electron blocking capability.®"
Additionally, graphene naturally contains many ripples in the
structure due to the inhomogeneous interaction with substrate
which further galvanizes the surface roughness and contact

area.®’”)

4.2. GO

Low impurity graphene production requires costly fabrication
methods which are often commercially not feasible. GO, which
is derived by oxidation of graphene, appears to be a competitive
substituent. The myriad of oxygen functional groups in the struc-
ture enables its dispersibility into water and many other solvents
which ease the fabrication process and lower the cost.®® Because
of these diversified functional groups (carboxyl, hydroxyl, etc.),
graphene nanosheets can be deposited on arbitrary substrates,
unveiling their potential application in energy harvesting.®”
The abundance of oxygen functional groups enables GO with
strong negative charge trapping capability which alongside stag-
gering surface area makes GO an ideal constituent for T-
TENG.”
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4.3. rGO

The rGO can be produced by thermal, chemical, or electrochem-
ical reduction of GO.PY Generally, it possesses less oxygen
content compared to GO. Their electrical properties are not anal-
ogous to graphene and can be modified by manipulating the
functional groups of oxygen.’? Interestingly, rGO can be
prepared in any quantity by different fabrication methods like
photoassisted, microwave, and thermal. What mostly makes
rGO compatible with TENG is its extraordinary conductivity
and superior mechanical stability. Researchers have also found
rGO efficacy in resolving electrostatic induction hindrance and
surface charge decay issues.*®”*! The rGO additionally modu-
lates interfacial energy band alignment which improves the elec-
tron trapping ability and hence higher triboelectric performance
can be achieved."®!

4.4. CNTs

CNTs, which were first reported in 1991 evidently by rolling up
graphitic sheets into 1D tubular form, are composed of either
only one graphitic wall or of several coaxial tubes of graphene
layers. They are known as single-walled CNT (SWCNT) and
multiwalled CNT (MWCNT), respectively.®) CNTs have an
astounding aspect ratio (length to diameter ratio), staggering
surface area, high electrical conductivity, exceptional specific
stiffness, spatial hollow cylindrical topography, low surface ten-
sion, a hydrophobic trait, and convenient surface modification
provision.?>?*1 All these factors foster better triboelectric
performance.

4.5. Fullerene

Fullerene is a 0D structure having highly symmetric and nonpo-
lar carbon molecules.”! Fullerene exerts a positive impact on tri-
bology applications attributed to its lubricating behavior. The
spatial spherical morphology produces robust intermolecular
bonding which is conducive for further surface medication.
Furthermore, the absence of high energy vibration between dif-
ferent bondings in the structure renders high applicability to
T-TENG >

Table 3. Electrical properties of different carbonaceous materials.

www.advenergysustres.com

4.6. Graphene Quantum Dots

Graphene quantum dot (GQD) is a 0D material originating
from 2D graphene.””! GQD possesses graphene lattice inside
the dots, which are ten layers thick and 100 nm in size. The
properties of GQDs can be modulated according to the specific
requirements of diversified applications. Due to the intrinsic
structure, GQDs manifest special edge and quantum confine-
ment effect. As a result, electron distribution is significantly
altered within the crystal boundary. Additionally, GQDs
exhibit higher energy spectral due to nonzero bandgap, and
have better solubility, surface grafting, nontoxicity, and
biocompatibility compared to other carbonaceous nanofillers.
The electrical properties of different carbonaceous materials
are shown in Table 3.

4.7. Carbon-Based Composite

Incorporating MXene with conductive polymers ameliorates the
performance of T-TENG. MXenes, such as transition metal car-
bides, carbonitrides, and nitrides nanosheets, are emerging as
promising 2D nanomaterials, primarily because of their out-
standing metallic electrical conductivity.”®! With terminating
functional groups containing oxygen and abundant fluorine
groups, MXenes are triboelectrically more negative than PTFE,
making them suitable as negative triboelectric materials in
TENGs. MXene has an auspicious impact on polymer crystallin-
ity, dielectric properties, surface charge density, and electrical
conductivity.®!) Mxene—PTFE active layer can lead to 6 and 4
times improvement of current and voltage, respectively, com-
pared to sole PTFE triboelectric negative layer.”” Moreover,
the adaptation of MXene/PDMS composite film as the triboelec-
tric negative layer leads to 7 times enhancement of output
voltage and current compared to pristine PDMS TENG.!
Incorporation of MXene significantly improved the electron trap-
ping ability and decreased the interfacial impedance of the
TENG structure. As a result, the tribonegativity had drastically
increased. MXene was also incorporated with PVA hydrogel,
resulting in higher stretchability stemming from cross-linking
nature.®"! Simultaneously, Mxene also improved ionic transport
and conductivity resulting in higher output of TENG.
Furthermore, TENG originated from MXene/PVDF composite
obtained 1.6 times pick power density than raw PVDF nanofibers

Materials  Diameter ~Aspect  Surface area Electron mobility Electrical Specific conductivity Resistivity ~ Current density References
[nm] ratio m?g™] [em?V7's™ conductivity Sm'g'em™? [Qcm] [Acm™?
[Sem ™
CF 7300 440 0.7 - - - 2.0x1073 - [189,190]
SWCNT 0.6-0.8 10000 415 20-10000 5000 0.5 x 10° 10°° 107 [189,1917]
MWCNT 12,5 8000 ~165.6 - 11200 4x10° 5x10°° 10%-10° [189,191]
Graphene 10 35000 2630 26 000 10° - 1.19x10°° - [189,192]
GO 1.2 3200 ~2391 - - - 21.87x10°° - [189,193]
RGO - - - - 103.3 - 23.73x 1073 - [189,194]
Carbon 15-300 20-50 - 5.4 10° - - - [22,189,195,196]

black
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stemming from electrostatic interaction between the functional
group of MXene and PVDF polymer."" Jiang et al. devised a
TENG utilizing electrospun PVA/MXene NFM as a negative fric-
tion layer and achieved 1087 mW m 2 peak power density.”®
Bayan et al. fabricated a T-TENG that incorporates an active layer
composed of silver (Ag) NPs loaded onto graphitic carbon nitride
(g-C3N4) nanosheets on carbon fibers."*? They demonstrated
that this composite material could generate an open-circuit volt-
age reaching ~200V and charge a commercial capacitor to
around 85 V within only 30 s.

5. Constituents of Carbon-Based T-TENG and
Their Impact on Triboelectric Performance

The role of triboelectricity in influencing the performance of
TENG is undeniable as it plays a major role in creating the sur-
face charge effect. It should be noted here that the smooth for-
mation of triboelectric charges is essential for generating the
desired current and voltage. Charge density can be significantly
increased by enhancing its surface area with the help of nano-
structures and nanopattern materials. Another novel method
of increasing it is the use of charge-trapping additives and
charge-transporting layers within insulating triboelectric materi-
als.?%% Researchers are now increasingly leaning on 2D carbo-
naceous materials in addition to 1D carbonaceous materials. The
main motivation behind this is their remarkable properties such
as high conductivity, flexibility, transparency, stretchability, light-
weight, and high surface-to-volume ratio. These properties are
auspicious for triboelectric performance. As a result, the wide-
spread application of different low-dimensional carbonaceous
materials like graphene, CNT, GO, and rGO either in triboelec-
tric materials or in electrodes is easily observable.

5.1. Carbonaceous Triboelectric Materials

Triboelectrification is the frictional surface charging effect
between two triboelectric materials during their contact and sep-
aration. Therefore, the selection of triboelectric materials exerts a
crucial role in determining the output of the T-TENG.
Triboelectric effect can be produced between two different kinds
of materials or sometimes by two chemically same materials hav-
ing nonhomogeneous surface properties.®” The polarity of tri-
boelectric materials is at the forefront of output performance
of TENG, swayed by work function and electron affinity of that
particular material.*”*¥) Triboelectric polarity can be understood
from a triboelectric series, which is sorted according to the mate-
rial’s intrinsic tendency of losing or gaining electrons. The top-
most materials of the chart will be triboelectrically positive and
further descending into the chart, material becomes triboelectri-
cally negative. Thus, using two materials with further distance
apart in the triboelectric series will maximize the performance
output.

Before the invention of TENG, Park et al. discussed a tribo-
electric series based on various plastic materials.["®* This tribo-
electric chart was supplemented by Zou et al. who summarized
triboelectric chart based on the versatile class of materials.l"**]
Following this, Hatta et al. more exhaustively analyzed different
triboelectric materials and ranked them according to their
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triboelectric charge density.“os] However, at first, it was consid-
ered that planar membranous construction does not represent
highly deformable and porous textile structure. For this purpose,
Liu et al. measured the tribocharge densities from 21 widely used
textile fibers by sliding mode triboelectrification.'"*” The charge
density of textiles can be effortlessly measured under fabric den-
sification phase when triboelectrification reaches its saturation
point."”) Tt appeared that there was not much discrepancy
between the results of complex hierarchical structure and planar
membranous structure. Therefore, it was concluded that tribo-
electric series representing film materials is also applicable to tex-
tile materials."° The study also identified effective surface area as
the most critical structural characteristic of textiles for measuring
triboelectrification performance compared to other characteristics
(frictional coefficient, compressibility, surface roughness). Hence,
it can be said that carbon fiber and other low-dimensional carbon-
based materials find their efficacy as triboelectric material in
TENG structures predominantly for large surface areas.

5.2. Carbonaceous Electrode Materials

It is evident in various studies that electrodes can greatly
influence the performance of T-TENG. Any inferior electrical
characteristics of the electrode including low carrier mobility
and density can result in a downgraded efficiency of TENG.
Regarding the selection of electrodes, metal electrodes are less
durable, and they are also not compatible with textiles as they
lack stretchability and breathability and to some extent even sus-
ceptible to failure from cyclic bending."®! A more rational
approach is polymer-based electrodes which also lack compatibil-
ity with porous fiber and complex geometrical structures.!%”!
Besides, polymer-based electrodes naturally possess less conduc-
tivity.*®) So, the electrodes should be redesigned because there is
no chance to underestimate the role of electrodes in energy con-
version. In this regard, carbon-based electrodes are considered
best due to their high conductivity, flexibility, stretchability,
hydrophobicity, washing resistance, and improved chemical,
mechanical, and electrical stability.”?! Figure 6 presents an ideal
wearable electrode’s key performance factors which are all
checked by a carbon-based electrode.

Additionally, carbon-based materials can also be coated on
metal electrodes to substantiate the electrostatic induction effect.
For instance, copper is prone to oxidation which occurs at room
temperature and causes damage. In 2020, Yang et al. reported a
more preferable approach to prevent the oxidation of copper elec-
trodes by graphene dispersion which was fabricated by spin coat-
ing."'% Chu et al. presented a SE TENG structure that was based
on chemical vapor deposition (CVD) grown atomically thin
graphene (<1nm)."""! Yang et al. fabricated the graphene elec-
trodes by spin coating the conductive polymer PEDOT:PSS
(PH-1000) on the transferred graphene.['*® Graphene dispersion
ameliorates the charge collecting capability of electrodes.!''*"?!
Besides graphene, CNTs are the most widely used electrode for
mass scale fabrication of T-TENG.!"* For fabrication, dipping
and drying method is widely used for incorporating SWCNT
or MWCNT in T-TENG structure.[''%

Laser-induced graphene (LIG) is produced by exploding and
synthesizing a carbon source, and this synthesis is done by
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Figure 6. Key factors of an ideal wearable electrode.['3¥

carbon dioxide laser. This LIG is a graphene-like material. The
conversion of sp® carbon to sp* and the removal of noncarbon
ingredients is performed by pulse laser irradiation which is a
photothermal process. The production of TENG by LIG electro-
des is gaining popularity day by day because it has certain prop-
erties that distinguish it from others, such as high conductivity,
good physical strength, and thermal and chemical stabil-
ity.""*115] Thus, graphene and its derivatives, CNTs, fullerenes,
diamonds, activated carbons, etc. play a crucial role in fabricating
T-TENG. Between all these materials, CNT translates better elec-
trical performance in structure because of having robust struc-
tural interaction and a more aligned structure. On the
contrary, graphene fibers are advantageous for their facile,
low-cost fabrication method.!*'®

6. Classification of T-TENG Based on Geometrical
Structures

Based on the review of contemporary literature, T-TENGs can be
classified as a) fiber- and yarn-based T-TENG and b) fabric-based
T-TENT according to their basic textile structures. Further, they
can be subclassified into different categories according to
their textile geometry which are elaborated in the following
subsections.

6.1. Fiber- and Yarn-Based TENG

1D fiber-based TENGs can be readily integrated with conven-
tional textiles because of their advantageous nature in terms
of extensibility, deformability, washability, compactness, and
breathability.'’”) They are functional under multidirectional
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forces and appear to be more reliable for long term usage.
Their classifications are described below.

6.1.1. Entwined Fiber-Based T-TENG

Zhong et al. shed light on a fiber-based TENG that converts
vibrational energy and biomechanical motion into electricity
by electrostatic induction.'*® Built upon an entwined structure
principle, these fiber-based TENGs are made of CNT-coated cot-
ton thread (CCT), and PTFE and CNT-coated cotton thread
(PCCT). Both threads were entwined in a double-helical config-
uration (Figure 7a). CNTs strongly adhere to the cellulose surface
due to their intrinsic nature of chemical bonds. The double heli-
cal structure can either be kept in linear form (Figure 7b) or con-
verted into a curvy shape (Figure 7c) due to the intrinsic flexibility
of the structure. This twisted fiber-based TENG can be later
woven into fabric (Figure 7d) to devise a “power shirt” for wire-
less temperature monitoring purposes. Figure 7e demonstrates a
simplified circuit of fiber-based generator based on CS mode.
PTFE is known as the most electronegative material in the tribo-
electric series and can hold static charges on its surface for a long
time. Through oxygen plasma treatment, the accumulated
charges can be sustained for more than 20 days resulting in
greater longevity of the device. Simultaneously, CNT in both
CCT and PCCT would accumulate positive charges on the sur-
face. Consequently, change in interfiber gape distance between
PCCT and CCT would result in accumulation of positive charges
on the CNT layer of CCT which later unobtrusively flow toward
CNT layer of PCCT to balance the electrical field. Due to stretch-
ing and releasing function, an AC output signal will be generated
via CS principle and the device always returns to its original
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Figure 7. a) Schematic diagram of fiber-based generator based on entwined structure principle; magnified photo of NG with b) linear shape, c) curved
shape, and d) woven into fabric; (e) schematic diagram of power generation mechanism of fiber-based NG; f) current-time response curve of self-
powered active sensor for body motion detection; and g) schematic diagram of wireless body temperature sensor system triggered by the “power shirt.”
Reproduced with permission."'8 Copyright 2014, American Chemical Society.

shape denoting high flexibility. This device could produce an
average out power density of 0.1 uW cm ™2 which is applicable
to active body motion detection. As Figure 7f depicts, those five
different motions of index finger fixed with TENG produced dif-
ferent output currents. The “power shirt” can be actively engaged
as a wireless temperature monitoring system (Figure 7g) by
proper integration with capacitor, microcontroller, and other
electronic equipment.

6.1.2. Coaxial Fiber-Based T-TENG

Coaxial structure fiber is another fiber-based TENG in which two
different materials are exposed to each other but separate within
a single fiber structure. Coaxial structures have better stretching
and bending performance than entwined double-helical struc-
tures. The very first coaxial structure consisted of Al, PDMS,
and nanowires with nanotextured surfaces.'' This spatial
structure ensured increased contact area and higher flexibility
of TENG which vyield higher output. Carbon material-
based TENGs are also readily fabricated by this orientation.

Adv. Energy Sustainability Res. 2024, 2400127 2400127 (13 of 38)

Yang et al. developed a carbon material-incorporated TENG
based on the coaxial structure principle which was latter inte-
grated with a SC."?% Here, carbon fiber bundles were employed
as electrode material for higher conductivity and capacitance
behavior and silicone rubber was used as both triboelectric
and encapsulation material for TENG and coaxial fiber, respec-
tively. As can be seen from Figure 8a, carbon fiber electrode
materials were first wrapped around the SC which was based
on H3PO4/PVA electrolytes. Later, silicone rubber encapsulates
this structure. The TENG functions according to SE principle
and charges are accumulated on silicone layer (Figure 8b).
The measured diameter of the coaxial fiber was just 2 mm.
This unique coaxial structure performs remarkably well during
enwinding, bending, and knotting which is prerequisite for
smart wearable textile fabrication. The highest output power gen-
erated was 1.12 pW at a motion frequency of 2.5 Hz (Figure 8c).
In addition to that, Zhang et al. proposed a fiber-based coaxial-
structured TENG where CNT ink acted as core electrode material
and silk fibroin and PET were chosen as triboelectric pair
(Figure 8d)."*" The pattern was then 3D printed on conventional
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Figure 8. a) Fabrication process of coaxial fiber TENG integrated with supercapacitors, b) working mechanism of the TENG in the SE mode, and c) output
power of the single fiber of TENG under different operational frequency. Reproduced with permission.!'*”! Copyright 2018, American Chemical Society.
d) Schematic illustration of 3D printing process utilizing a coaxial spinneret, e) working mechanism of smart textile, and f) output voltage and current on
the textile while contacting/separating with a PET film at different displacement speeds. Reproduced with permission.'?"! Copyright 2019, Elsevier.
g) Schematic fabrication illustrations of CNT-incorporated 1D coaxial stretchable yarn TENG. Output current of stretchable yarn TENG at different
h) strain%, i) folding angle, and j) twisted state. Reproduced with permission.'?! Copyright 2022, Elsevier. k) SE working mechanism of triboelectric
sensor based on combined triboelectric and piezoelectric effect. The current signals of the yarn TENG under |) finger bending, m) elbow bending, and
n) walking. Reproduced with permission.l'*l Copyright 2022, Elsevier. o) Schematic diagram of the 3D printing process of coaxial stretchable smart fiber
involving graphene, p) SE mode of producing triboelectric effect, and q) comparison of the voltage signal of the fiber with different tensile strain under the
same press force. Reproduced with permission.['®! Copyright 2021, Elsevier.

fabric for harnessing mechanical energy from human move-
ment. The working principle of this T-TENG based on CS mode
is described in Figure 8e. PET has a strong affinity to receive
electrons and silk has a strong tendency to dispatch electrons

Adv. Energy Sustainability Res. 2024, 2400127 2400127 (14 of 38)

via CNT ink-based electrodes, resulting in a greater triboelectric
effect. It was also evident that changing displacement velocity
from 5 to 18 cm s~ ' results in increased output current and volt-
age to 7pA and 55V, respectively (Figure 8f). The achieved
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output power density by this core-sheath structure was around
18 mW m 2. The TENG was mechanically sustainable as the
structure can withstand 15000 cycles of loading/unloading.
Furthermore, Yu et al. fabricated a coaxial-structured TENG
employing CNT sheets as outer and inner electrode material
and PDMS and PMMA as triboelectric pair.'*? Introduction
of micropores (5pm) in the triboelectric structure resulted in
the surge of roughness and contact area which yields 130%
and 150% improvement of current and voltage, respectively.
The porous structure can respond to multidirectional mechanical
stimuli (compression, vibration, stretching, bending, twisting)
without any cracks.

Moreover, Kim et al. fabricated a spatial FS 1D coaxial TENG
endowed with the capability of morphing into versatile geomet-
rical orientations under stretching or twisting.'**! Here, CNT
composite layer along with latex and PDMS was used for dip-
coating bare inner yarn where PDMS acted as the triboelectric
negative element and bare outer yarn acted as triboelectric posi-
tive element (Figure 8g). The fabricated device remained refrac-
tory against stretching, deforming, and impairment by water.
The maximum output voltage did not flinch even after 6000
cycles demonstrating the superior stability of the structure.
Figure 8h—j reveals a decrease of output current from 4.25 to
2.75pA at 100% strain, 6.06 to 0.9 pA at 50% folding state,
and 6.56 to 1 pA under 1.5 turns, respectively. But all these out-
puts of scalable array coaxial stretchable yarn TENG retain their
original performance after recovery denoting their flawless
power generation property despite being stretched, twisted,
and folded. In addition to that, Yan et al. reported a rare coaxial
fiber TENG based on SE mode (Figure 8k) for recognition of ges-
ture where CNT-based composite was coated on the silver nano-
wires and elastic nylon-based conductive electrode to realize
flexible and elastic coaxial fiber which was later applicable as
textile-based triboelectric sensor."*!! This type of T-TENG is
unlike to change at 150% tension and can be easily knitted,
folded, or reversed into various convenient shapes. The hierar-
chical structure is built upon a rough surface morphology that
can be attributed to the irregularly stacked CNTs composite clus-
ter. This rough surface ensures a conductive percolation system
with multiple pathways for transporting charge which subse-
quently results in high stability and deformability of the core con-
ductive electrode. The sensor builds upon this principle can later
detect finger bent (Figure 8l), arm bending (Figure 8m), and
measure the actual number of footstep completed during walk-
ing (Figure 8n). Additionally, novel polycation-modified carbon
dot-incorporated PVA matrix found their efficacy in fabrication
of nanocomposite polymer electrolytes (NPEs) which latter can
be transformed as NPEs fiber.'*! Following this, core-sheath-
structured NPE-TENG is fabricated which is endowed with phe-
nomenal electrical output (265.8 uW m ') predominantly arising
from high dielectric constant. This higher dielectric output is
achieved by fostering ionic conductivity through modification
of functional carbonaceous nanofillers. Other than that, the
structure maintains good washability and mechanical stability
which are paramount for wearable textiles. Besides these, 3DP
technology can be used to fabricate a core—shell structure whose
core is filled with graphene and PDMS and shell is occupied by
PTFE and PDMS, respectively (Figure 80)."?* The incorporation
of graphene modulates the rheological properties of PDMS and
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improves the conductivity and sensitivity. Graphene has a high
aspect ratio which augments the strength of PDMS matrix by
forming conductive web pathways. Figure 8p demonstrates
the working principle of this TENG in SE mode while utilized
as a tactile sensor. The fiber-based TENG was attached with a
copper wire for signal acquisition. There was a direct analogy
between contact pressure and electric signal of TENG. The effi-
cacy of this TENG as a tactile sensor was validated by decreasing
voltage signal from fiber stretching (Figure 8q). Stretching yields
reduction of fiber diameter and hence reduced contact area.

6.1.3. Wrinkled Fiber-Based T-TENG

Another type of coaxial fiber-based TENG is reported for its
increased stretchability due to added wrinkle layer which
is known as wrinkle-structured TENG. Sim et al. employed
MWCNT fabricated by CVD method as outer electrode of stretch-
able triboelectric fiber with wrinkle structure at outer surface.!"”)
This type of TENG is more adaptable for body parts with high
strain such as knee joints, fingers, and elbows. At first, a stretch-
able electrode based on PU fibers was wrapped by nylon 6,6 yarn
coated with Ag. Later electrospinning method was used to fabri-
cate highly triboelectrically negative PVDF-TrFE material with a
diameter of 750 nm. Finally, CNT outer electrode was used to
wrap the stretched structure at 180% strain. Due to the nonelastic
nature, PVDF-TrFE will absorb this large strain of 180% by align-
ing haphazardly oriented nanofibers at the initial stretching
direction. As a result of this, upon releasing the strain, CNT
and PVDF-TrFE will combinedly form uniform and tightly
packed wrinkles in a multilayered core-shell structure
(Figure 9a). CNT showed excellent conductivity by robustly
adhering to the PVDF-TrFE. Here, Ag and CNT worked as
two electrodes and PVDF-TrFE and nylon/PU functioned as
two triboelectric materials and generated electricity based on
CS method (Figure 9b). As the distance between the electrodes
increased, the electric output power also increased.

Moreover, Chen et al. fabricated a wrinkle-shaped TENG
through porous carbon/PEDOT:PSS-based materials.'**! The
output efficiency of the structure was propelled by increasing
the carbon concentration. The higher output performance can
be attributed to increased contact area. The structure was
extremely stable which was compatible for various wearable elec-
tronic textiles. The PEDOT:PSS@porous carbon was spin-coated
on prestretched plasma-treated Ecoflex substrate. Upon releasing
this prestrain, the carbon-based structure transforms into a wrin-
kled form. This wrinkled structure acted as both triboelectric
material and electrode in fabricated TENG in pair with PTFE
as other triboelectric material and gold as other electrode
(Figure 9c¢). Plasma treatment is liable for improvement of sur-
face adhesion which enables packing of carbon more densely. As
a result, plasma-treated PEDOT:PSS@porous carbon structure-
based TENG can observe an increase of 17% in output voltage
and 15.30% in output current to raw PEDOT:PSS-based
TENG (Figure 9d). Another perk of carbon deposition is
increased surface roughness which also increases the output per-
formance. Additionally, the wrinkled structure TENG sustained
an increase of output performance up to 100% strain and 5000
stretching cycles conforming device performance and durability.
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Figure 9. a) Stretchable triboelectric fiber structure and morphology and b) electrical energy generation process of stretchable triboelectric fiber.
Reproduced with permission.l'?”! Copyright 2016, Nature. c) The fabrication process of wrinkled TENG based on crumpled PEDOT:PSS/porous carbon
electrode and d) comparison of output voltage and current with other condition. Reproduced with permission.'?! Copyright 2022, Springer Nature.
e) The fabrication process of wrinkled TENG based on CG electrode and f) output voltage and current at different crumple degrees. Reproduced with

permission."*% Copyright 2019, Elsevier.

Similarly, crumpled rGO-based T-TENG showed sharp increase
in electricity conductivity of TENG.!'*’!

Interestingly, according to another study by Chen at al., the
higher crumple degree has an auspicious impact on triboelectric
performance.*” They devised a flexible crumpled graphene
(CG)-based TENG where two triboelectric materials (PDMS
and CG) were connected by four springs which act as spacers
to manipulate the gap distance (Figure 9¢). As the crumpled
degree enhanced from 100% to 300%, the output voltage and cur-
rent increased from 18.7V and 6.66 pA to 83V and 25.78 pA,
respectively (Figure 9f). The surface roughness, contact area,
and work function difference are pivotal factors for the improve-
ment of output performance by stretchable 2D CG electrodes.
Moreover, it was validated that power density surged 20 folds
when utilizing CG compared to planar graphene-based TENG.
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Besides, Xia et al. fabricated nanowrinkles TENG based on bime-
tallic hydroxide where carbon cloth was used as a substrate mate-
rial.*Y The bimetallic hydroxide of copper-nickel was grown on
carbon cloth by manipulating the surface morphology through
altering the reaction conditions during hydrothermal method.
Here, carbon cloth-based copper—nickel bimetallic hydroxide
acted as a triboelectric material and was paired with PTFE.
The electrical output was maximized (328 V and 36.15 pA) when
nanowrinkle structures were kept in sphere shape which maxi-
mizes the surface roughness and contact area. Chandrashekar
et al. fabricated an “arch-shaped” wrinkled structure flexible
TENG through eco-friendly, metal etching free exfoliation of gra-
phene imposed as both electrode and triboelectric material.!'*?
The ripples and wrinkles in the structure make graphene more
applicable for high voltage applications.
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6.1.4. Elastomeric Fiber-Based T-TENG

The elastomeric fiber-based T-TENGs are known for their higher
stretchability which generally surpasses coaxial- and wrinkle-
structured fiber-based TENG. A study by He et al. utilized sili-
cone rubber as the core of the fiber.'**) CNT and polymer
matrix-based conductive layer was coated on it which was used
as one electrode. Following this, stretchable silicone rubber thin
film, which acts as an insulating triboelectric material, was
formed around this stretchable electrode. Finally, copper micro-
wires, which act as other electrode, were wrapped around the sil-
icone yielding a functional elastomeric fiber-based TENG
(Figure 10a). CNT/polymer layer imparts unparallel stretchabil-
ity, flexibility, mechanical stability, and electrical conductivity. In
addition to being highly stretchable (Figure 10b), the fiber-based
TENG also was highly bendable (Figure 10c) and twistable
(Figure 10d). The good combination between CNT and matrix
in the electrode ensured higher electrical conductance even with
the increase of the elongation of fiber-like TENG. This statement
is affirmed by surface microstructure of fiber-based TENG at
both released (Figure 10e) and stretched (Figure 10f) states
under 50% strain as there was no phase separation discernible.
This corroborates many conductive pathways built by CNT even
under large strain. Figure 10g illustrates the working principle of
this fiber-based TENG based on CS method.

Furthermore, Wang et al. fabricated an elastomeric helix-belt-
type TENG structure that produces impeccable performance due
to the symmetrical structure which results in indifferent contact
area at different directions of pressing.!"** The triboelectric layer
consisted of elastomeric silicone which has strong proclivity to
gain electrons and possesses excellent stretchability and flexibil-
ity in all directions. The inner and electrodes are predominantly
composed of CNT and carbon black which render a high stretch-
ability limit of 620%. CNT enlarges the contact area and
improves the conductivity under high strain. Besides stretchabil-
ity, this type of TENG accounts for excellent water resistance and
can aggregate a high surface charge density of 250 mCm™2,

Besides these tribonegative elastomeric yarns, tribopositive
yarns are also widely used. One such instance is MWCNT
nanomaterial-incorporated elastomeric TENG which displays
flawless real-time sensitivity. It increases the output voltage from
0.97 to 3.90 V when strain is altered from 25% to 125%."**! Here,
mechanical and electrical performance were not dispensed to
each other but rather delicately balanced. Besides this, carbon
conductive ink, which is an amalgam of primarily carbon and
graphite, was adapted as the core conductive electrode inside pol-
y[styreneb-isoprene-b-styrene] (SIS) elastomeric tube-based
highly flexible 1D TENG.** The composite of PDMS and bar-
ium titanate NPs (BaTiO3 NPs) was coated on this SIS tube to
modulate the dielectric permittivity. Thus nylon 6-coated conduc-
tive Ni-Cu fabric and PDMS/BaTiO3; NPs were chosen as two
triboelectric pairs of this highly flexible TENG based on vertical
CS principle (Figure 10h). Interestingly, the structure showed no
performance degradation even after 7000 stretching and releas-
ing cycles under 100% strain. Similarly, the T-TENG retained
their original output voltage (Figure 10i) and output current
(Figure 10j) even under harsh conditions (twisting, 30 min wash-
ing, 100% stretching, folding). Because of these characteristics,
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this T-TENG can be used as a self-power-driven human knee pro-
tector (Figure 10k).

6.1.5. Miscellaneous Fiber-Based T-TENG

Besides these regular methods, there are also some exceptional
methods for fiber-based TENG fabrication. Su et al. devised a
TENG fabrication method involving electrospinning and electro-
spraying of CNT and silk.'*”) After electrospinning of thin con-
stituent of silk fibers, CNT-silk layer was electrosprayed on this
electrospun silk layer, yielding a conductive fiber-based TENG.
Having a special layered microstructure, the fiber-based TENG
was extremely flexible and easily compatible with textiles. This
method effectively broke the barrier of difficulty of equipping
a TENG with excellent softness and higher tensile strength while
maintaining biodegradability, elasticity, stability, and uniformity.
In the structure, CNTs are entangled with silk fibers to occupy
the nanoscale gaps. The highest power generation output was
317.4pW cm 2 which is more than sufficient for driving nano-
scale devices like humidity thermometers.

6.2. Fabric-Based Structures

Fabric-based structures also have diversified applications in T-
TENG fabrication. Fabric-based T-TENGs have the advantages
of higher output efficiency, rapid prototyping, and large contact
area.l’”) Their classifications are described below.

6.2.1. 3D Fabric T-TENGs

3D fabric T-TENGs are developed based on the in-plane sliding
mode to avoid the requirement of air gap or spacer between the
triboelectric layers. Besides, through this mode of operation,
energy can be harnessed during the swinging motion of arms
while running, walking, sprinting, or a cool-down walk.

Jung at al. produced a 3D T-TENG could scavenge mechanical
energy during the friction between the torso and arm
(Figure 11a).l*) Two TENGs were fabricated by patterning on car-
bon fabric with polyimide (PI) and PU, and with PDMS and alu-
minum, respectively (Figure 11b). Later, both TENGs were
integrated with a symmetrical fabric-based SC which finally pro-
duced a 3D wearable TENG (WTENG) with no spacer between
the triboelectric layers. Here, CNTs, which act as electrode, were
synthesized on carbon fabric through CVD method. The deposi-
tion of CNTs maximizes the surface area which is conducive
to higher flow of electricity. At a speed of 1.5Hz, the
WTENG-based textile structure could generate output voltage
of 33V (Figure 11c), rectified current of 0.25 pA (Figure 11d),
output power density of ~0.18 uW cm ™2 with the leverage of har-
nessing both vertical and horizontal friction simultaneously. This
higher output efficiency of the structure does not skew at a
strained condition of 135° bending and 70 kPa external pressure
which allows the device to be used as a pervasive self-powered
wearable human motion monitor at multifarious states like
stretching, walking, running, sprint, etc. (Figure 11e).
Furthermore, Wu et al. fabricated a T-TENG based on textile/
Ag nanowires/graphene that emulates in-plane sliding mode
and is capable of harnessing mechanical energy induced by
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Figure 10. The structure schematic of silicone rubber, CNT, and copper wire-based elastomeric fiber-like TENG: a) fabrication process of the fiber-like
TENG; the digital images of the fiber-like TENG at b) stretched state, c) bent state, and d) twisted state; zoomed-in images of the fiber-like TENG at
e) released state and f) stretched state; g) the basic electricity generation mechanism of the fiber-like TENG based on CS principle. Reproduced with
permission.["**! Copyright 2016, Wiley-VCH. h) Working mechanism of CCl-based TENG under repeated contact separation process, i) output voltage,

and j) output current after different extreme deformation conditions; k) fiber TENG-based human knee protector. Reproduced with permissio

Copyright 2020, Wiley-VCH.

low-frequency friction.['*®! Here, polyester yarn was used as the
textile-based substrate which enables the nanogenerator to be
firmly compatible with clothing. Although Ag nanowires coating
is attributed to higher conductivity, this preliminary structure

Adv. Energy Sustainability Res. 2024, 2400127 2400127 (18 of 38)

n.['I36]

still fell short of mechanical and electrical stability which
constraints the massive-scale production of industrial TENG.
However, the deposition of GO nanosheets can turn the tide
due to the inherent flexibility and large surface area of the
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Figure 11. a) Schematic illustration of a swinging arm equipped with TENG and SC, b) schematic illustrations and digital photos of individual compo-
nents: TEG | (top), TEG Il (bottom), c) open-circuit voltage, d) rectified current originated by the TENG from arm swings, and e) feasibility of carbon-based
TENG as human activity sensor. Reproduced with permission.'® Copyright 2014, Wiley-VCH. f) Schematic diagram of fabric-based TENG structure based
on BC/CNT/PPy and two working modes, g) output voltage of fabric-based TENG before and after washing, h) increment of the conductivity of macrofiber
due to incorporation of CNT, i) testing photograph and output voltage signals of fabric-based TENG as self-powered sensor fixed to various parts of
human body (heel, elbow, side of torso, and knee joint) to monitor mechanical motion: 1) walking, 11) running, IIl) jumping, IV) arm lifting, V) arm
bending, and VI) leg lifting. Reproduced with permission.l'*®! Copyright 2022, Springer Nature.
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graphene nanosheets which bolster the van der Waals force
between the substrate and textile. The highest output power gen-
eration by this TENG was 7 nW cm 2.

Moreover, Hu et al. underscored the necessity of fabricating
TENG with conductive biodegradable materials without
compromising robustness and flexibility."** For this reason,
according to the principle of in-plane siding mode, a TENG
was fabricated by sustainable bacterial cellulose (BC)-based mac-
rofiber integrated with conductive nanofillers primarily CNT and
PPy. Here, nylon was unified with BC/CNT/PPy structure form-
ing a friction layer and PDMS/Ag was applied as another friction
layer (Figure 11f). The fabricated TENG has a power output of
352 pW and can be utilized for sensing mechanical deformations
during jumping, walking, running, arm bending, and leg lifting.
After homogeneous dispersion of CNT, both roughness of
the macrofibers and fiber diameter increased. This carbon mate-
rial-based macrofiber structure translates excellent mechanical
strength in the fabric-based TENG without compromising dura-
bility and stability. The TENG is fully degradable within 108 h
and can sustain compression for more than one thousand cycles
which mirrors its excellent biodegradability and stability, respec-
tively. Moreover, the introduction of CNT yields looseness in the
structure which imparts the TENG with washability property and
results in negligible change of electrical performance before and
after washing (Figure 11g). Additionally, incorporation of CNT
imparts excellent electrical conductivity of 5.32Scm ™" to the
macrofiber (Figure 11h). As a result, for different movements
like walking, running, jumping, arm lifting, arm bending, and
leg lifting, excellent electricity of 40, 50, 90, 13, 2.7, and 60V,
respectively, was generated by fabric-based TENG (Figure 11i).
Additionally, Zhang et al. employed an innovative brush coating
method for developing nanopatterned CNT-PDMS coating on
silver textile."*”! This in-plane sliding mode-based brush-coated
TENG showed 72.65% increase of both open-circuit voltage
and short-circuit current compared to conventional dip-coating
method and was bestowed with excellent compatibility, implant-
ability, and durability. Similarly, Shi et al. fabricated an in-plane
sliding mode-based TENG employing CNT as electrode which
can be later used as a smart patch for active status monitoring
during walking, running, or standing.!"*!!

6.2.2. Multilayer Stacked 3D T-TENG

Fabrication of multilayer stacked 3D TENG (ML-TENG) is advan-
tageous for its faster and simpler bulk production nature in addi-
tion to higher energy generation activity. This method primarily
involves the employment of conductive fabric onto the commer-
cial textile substrates.

Different carbon-based materials happen to be found in their
application in ML-TENGs. For instance, Cao et al. fabricated a
washable electronic textile utilizing CNT as an electrode.*?!
In this ML-TENG structure, triboelectric layer of silk fabric
was positioned over nylon fabric substrate with arrays of
CNT electrodes working as middle layer positioned in between
(Figure 12a). The human skin effectively worked as a second fric-
tional layer. As a result, the ML-TENG could generate electric
signals when pressed with a finger (Figure 12b). Here, CNT
orchestrates stellar mechanical performance during washing
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and folding by adhering to the nylon substrate. As a result, no
properties were degraded after 15h of immersion (Figure 12c).
Besides, the performance of CNT-based electrodes showed no
sign of declination even after 2000 bending cycles which is evi-
dent of higher durability (Figure 12d). Eventually, this carbon-
based 3D ML-TENG provided outstanding conductivity, breath-
ability, and reliability.

In addition to that, Feng et al. booted the triboelectricity of a
commercial pristine velvet fabric by growing hierarchical nano-
structures through chemical modification of CNT and polyethy-
lenimine (PEI).'"! In this ML-TENG structure, conductive
fabrics were stacked on the backside of both pristine velvet fabric
and modified velvet as current collectors (Figure 12e). The work-
ing principle was based on CS method (Figure 12f). Notably,
comfort, stability, washability, and integrability with clothing
were ensured along with higher triboelectric output. In this
method, contact charge generation between two triboelectric
pairs was enhanced by increasing the surface roughness stem-
ming from hierarchical nontopographic structure at a reasonably
low modifier chemical content. This decisive surface patterning
certainly does not compromise the mechanical properties of tex-
tile substrates. When this modified velvet fabric was paired with
pristine velvet, an appealing voltage of 16.3 V was recorded at a
CNT-PEI concentration of 0.4 mgmL™", denoting 23.3 times
improvement (Figure 12g). This is the optimal modifier concen-
tration because any superfluous coating may cause particle
agglomeration and degradation of nanogenerator property.
The TENG also showed salient washability because output volt-
age and current decreased only 13.44 and 20.63% after 24 h of
washing. Moreover, Liu et al. subvert the conventional idea of
ML-stacked TENG by devising a one-step TENG fabrication
method where commercially available three-dimensionally pen-
etrated 3D spacer fabric was coated with PDMS alone.***! Here,
carbonaceous CNT sheets were stacked onto the treated fabric
which worked as an electrode and silver paste acted as another
electrode (Figure 12h). Most importantly, no extra patterning
effect was required on the surface of the structure because inge-
nious holes of the textile fabric produce a rough surface upon
incorporation of a CNT sheet which is instrumental for higher
conversion efficiency. As a result, the electric potential of the
structure was exponentially improved and bestowed with an
open-circuit voltage of 500V and peak power density of
153.8 mW m 2. Moreover, due to the intrinsic nature of CNT
sheet, the structure maintained integrity under bending and tre-
mendous electrical conductivity and mechanical performance
under all circumstances. The electricity generation during press-
ing and releasing is shown in Figure 12i.

Consequently, Bai et al. built a multilayered T-TENG utilizing
flexible functional elastomeric layers and conductive fabric.!'*"!
The spatial elastomeric layer is composed of CNTs/Ecoflex nano-
composite and low-temperature vulcanized silicone. Intuitively,
the charge density and migration of these charges in TENG struc-
ture upsurge with the higher content of CNT in the structure but
up to a certain point (1.6 wt%). The further increment CNT con-
tent witnesses a decline in the electrical performance of TENG
due to “blocking-rejection” effect. According to this principle, the
freshly accumulated charges are localized at different positions of
the electrification layer and hinder the accessibility of potential
newly formed charges. As a result, the accumulated charges
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Figure 12. a) Structure design and triboelectric mechanism of the ML-TENG based on PU-CNTs ink-coated nylon fabric-based electrode and silk fabric-
based triboelectric layer, b) schematic diagram of the process to generate a signal of the TENG, c) resistances of the electrode after being submerged in
water for different times, and d) stability of the CNT electrode on a nylon substrate after 2000 cycles. Reproduced with permission.I"*? Copyright 2018,
American Chemical Society. e) Schematic of the assembled fabric-based TENG, f) working principle of fabric-based TENG, and g) output voltage results
of TENGs assembled using different modified fabrics as tribopositive layer and pristine fabric as the tribonegative layer. Reproduced with permission.l'*’]
Copyright 2021, American Chemical Society. h) Schematic illustration of the fabrication of the triboelectric textile and i) schematic illustration of the
electricity generation under pressing and releasing. Reproduced with permission."*l Copyright 2016, Royal Society of Chemistry.

reach a saturation point upon which any further inclusion of
CNT renders zero impact on charge accumulation.

6.2.3. Woven 2D T-TENGs

Chen et al. fabricated a T-TENG using traditional 2D weaving
principle by combining carbon, cotton wires, and PTFE.’?
The electrode of the T-TENG consisted of conductive wires of
carbon was inserted through shuttle in the weft direction and
nonconductive cotton thread was used in the warp direction
which acted as a skeleton material of the TENG fabric. For
the dielectric textile, carbon wires were used as warp thread
and PTFE wires were used as weft thread. Figure 13a,b repre-
sents the working principle of FS T-TENG and CS T-TENG,
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respectively. Eventually, the fabricated TENG mimics the advan-
tage of being lightweight, flexibility, and strong which later can
be woven with SCs for further energy scavenging and storage
purposes. The warp and weft thread density and diameter of car-
bon wires are two major parameters affecting the performance of
TENG. Moreover, 80% of the original output performance can be
sustained after 15 000 times repeated sliding processes. T-TENG
was then attached with a pair of cotton gloves. During natural
rubbing (Figure 13c) and flapping (Figure 13d) of the two gloves,
the TENG experienced FS and CS modes of operation, respec-
tively. This mechanical friction generated electricity can be uti-
lized for powering up 18 LEDs. Speaking about carbon-based
wearable electronic, cellulosic raw materials have a large skeleton
of carbon structure. On the other hand, graphene is a 2D
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interlaced TENG attached onto a pair of gloves utilized for lighting up LEDs under natural c) rubbing (FS mode), and d) flapping (CS) of hands.
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carbonaceous structure that is widely availed for flexible electron-
ics fabrication purposes. Based on this, Wu et al. fabricated a
rGO-modified low-cost, sustainable carbonized cellulosic fabric
based on weaving principle.*® The textile was further coated
by PDMS and thus fabric-based TENG was devised. Coating with
RGO certainly increases the surface roughness of the substrate
which is instrumental for higher contact electricity generation. In
this study, conversion efficiency of two basic weaving structures
(plain, twill) was contrasted. In the weaving structure, fabric
tightness factor has a direct command over surface electricity.
The number of fiber interlacements and floating length in the

Adv. Energy Sustainability Res. 2024, 2400127 2400127 (22 of 38)

structure are always crucial for designing a high performance
woven-based fabric TENG structure. Twill structure has a
longer floating length and a lower number of yarn-to-yarn inter-
lacements in the structure compared to plain weave (Figure 13e).
As a result, these structures have lowest resistance (33.3 Qsq ™)
as electrons can travel more easily compared to plain weave struc-
tures.*® On the other hand, higher crimp of a plain weave struc-
ture makes it more convenient for flexible pressure sensors. But,
as the structure possesses a higher number of interlacement
points compared to twill weave, plain weave contributes less fab-
ric surface electricity and conversely higher square resistance.
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Simultaneously, square resistance is inversely proportional to the
fabric tightness factor. As can be seen from Figure 13f, square
resistance increased by almost 52% for loosely knitted plain
weave-5 than tightly knitted plain weave-1. As a result, plain
weave 1 with the highest fabric tightness will have the best elec-
tricity output performance.

In addition to that, Bai et al. devised a tribopositive yarn
that simultaneously features mechanical robustness and high tri-
boelectricity generation.'*) MWCNT was utilized as nanomate-
rials along with PEI and phytic acid. These nanomaterials
(PEI/MWCNTSs/phytic acid) were then combined with tribocom-
posite materials of polyethylene oxide/waterborne PU/alliin
(PEO/WPU/alliin, abbreviated as PWA) to produce a novel tribo-
positive yarn (Figure 13g). This tribopositive yarn can withstand
multiple mechanical deformations including knotting, bending,
stretching, twisting, winding, and can be injected with breath-
ability properties when morphing into fabric (Figure 13h).
Later, this highly reliable, super stretchable, high power gener-
ating tribopositive yarn is weaved into the warp direction and
commercial elastomeric yarn is inserted into the weft direction
for devising elastic energy woven fabric (Figure 13i) which is uti-
lized for powering up different on-body electronics.

6.2.4. Knitted 2D T-TENG

Mao et al. introduced an innovative “round tripping strategy” of
knitting for devising a flexible TENG.!"*! Twisted conductive car-
bon yarn (CCT) coated with PDMS/MnO, nanowire (MnO,NW)
on the surface was utilized as positive yarn and PTFE having
strong electron affinity capacity was employed as negative yarn
(Figure 14a). This round-tripping strategy subverts the conven-
tional method as PTFE yarn knits directly closing around the
conductive twisted coated carbon yarn and thus produces com-
pressible, bendable, and WTENG. Repetitive pressing and releas-
ing operation on this tribonegative PTFE and tribopositive
CCT@PDMS/MnO,; elastic yarn-based TENG will generate elec-
tricity (Figure 14b). It is discernible that optimum range of
MnO,NW deposition on twisted carbon yarn was 10% as any fur-
ther amount of coating can cause interfacial defects and thus
leakage of current instead of increasing the surface roughness
for improving the output performance. The maximum output
voltage and current produced by positively twisted carbon yarn
were 59.6V (Figure 14c) and 2.6 pA (Figure 14d) respectively.
The TENG array textile is responsive to mechanical deforma-
tions and produces larger amount of current during jogging
than walking due to the larger contact areas and closer contact
made by foot stomping. Another very auspicious circular knit-
ting technique is plating stitch-based stable knitting struc-
ture.'*®! The plating stitch method imparts softness in the
structure by nesting conductive and triboelectric yarn together
but at the top and down surface, respectively. This delicate knit-
ting technique increases active contact area of the structure and
simultaneously ensures complex deformability, breathability,
washability, and comfortability of T-TENG. But unfortunately,
application of carbon-based materials based on the plating tech-
nique is overlooked and can be a prospective topic for future
research.
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6.2.5. 3D Knitted and Woven T-TENGs

Although 2D structures serve the purpose of complex deforma-
tion, they fall short of generating higher electrical output. On the
contrary, multilayer fabric-based stacking structures with their
increased contact area and thickness produce better electrical
output. Unfortunately, they are also plagued by inferior integ-
rity in the thickness direction and as a result susceptible
to delamination. Contrary to all of these, 3D woven structures
intertwined in x, y, z direction are Dbetter integrated.[149]
Incorporation of carbonaceous fillers like CNT and GO further
substantiates the career mobility, strength, and flexibility of the
structure.'>%

3D-knitted T-TENG structures have lured tremendous atten-
tion due to their high permeability and elasticity. For instance,
3D spacer knitting technology-based TENG has shown great
potential for energy generation devices. In this process a spacer
layer which consists of spacer yarns splits bottom and top inde-
pendent layers facilitating effective contact and separation for tri-
boelectrification. For example, Zhu et al. fabricated using three
sets of yarn employing computerized flat knitting machine.">"
Here, the top and bottom layers were knitted by nylon filament
and the spacer layer was knitted by PET monofilament
(Figure 14e). Such delicately designed spacer layer can provide
unparallel resiliency to the whole fabric. It should also be noted
that PET monofilament grants high stiffness and nylon multifil-
ament provides soft handle to the fabric. In addition to that, gra-
phene ink was used for coating the upper surface of the top layer
(Figure 14f) which later actively engaged as the electrode and
impart pathways for collecting and conveying the charges.
Simultaneously, PTFE was chosen to coat the bottom layer
(Figure 14g) for its excellent nylon compatibility and negative tri-
bopolarity. Graphene sheets attached to the nylon surface thus
ensure phenomenal conductivity of vertical contact mode-based
T-TENG structure (Figure 14h). The output could be precisely
tuned by controlling the number of active TENG pixels and could
reach a maximum value of 16 pW. Similarly, short-circuit current
also increased with the increment of number of pixels. This 3D-
knitted spacer TENG effectively worked as a highly pressure sen-
sitive sensor to quantify different types of human motions.

He et al. fabricated a 3D angle-interlock woven (3DAW) T-
TENG with GO/cotton composite yarn coated with silicone rub-
ber (Figure 14i) as warp yarn."*”) Here, GO coating on the cotton
yarn acted as electrode material. Optimum output efficiencies
were evaluated against the GO dipping time and silicone rubber
thickness. The TENG yarn operated based on SE mode where
skin was in contact with silicone and GO-cotton composited
served as SE connected to the ground (Figure 14j). 3DAW-
TENG structure has more interspace between the yarns and thus
yields higher contact area and lower specific resistance compared
to basic 2D woven structures. In the 3DAW-TENG structure, two
layers of TENG yarns were used as warp yarn and four different
colored z-binding yarns devised from flexible commercial stain-
less steel were interwoven with the warp columns and interlaced
with each other simultaneously (Figure 14k). The output power
of 3DAW-TENG surged to 225 mW m ™% This T-TENG can be
used as self-powered sensor for carpet signal monitoring from
human stimuli (Figure 14l). Without any shred of doubt, it
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Figure 14. 2D-knitted TENG: a) schematic of the round-tripping knitting process for TENGs: a-I) PTFE yarn closing around pure CCT@PDMS and a-ll)
CCT@PDMS/MnO,NW elastic yarns. b) Schematic illustrations of the working mechanism of the T-TENG, c) output voltage, and d) output current of
TENGs. Reproduced with permission.l"*”! Copyright 2021, Elsevier. 3D flat-knitted TENG: e) scheme of the 3D spacer fabric, f) schematically illustration
of coating graphene ink onto the upper surface of the upper layer, g) schematically illustration of coating PTFE onto the down layer, and h) the working
principle of the 3D-knitted fabric-based TENG. Reproduced with permission.""! Copyright 2016, Elsevier. 3DAW woven TENG: i) the schematic of
preparation process and structure of GO/cotton composite-based TENG yarn, j) schematic diagram of TENG yarn working mechanism in SE
mode-based 3D woven fabric, k) the structure schematic of the 3DAW-TENG based on TENG yarn, and |) schematic diagram of carpet signal monitor
work. Reproduced with permission."® Copyright 2020, Elsevier.
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can be said that, despite having structural complexity, 3D woven
T-TENG increases the large-scale production capability.

6.2.6. Miscellaneous Fabric-Based T-TENGs

Zhou et al. designed a flexible TENG based on folded carbon
paper."*? The rational geometrical configuration of the structure
enabled the optimization of the tensile strain by altering the car-
bon paper electrode folding angle. The TENG had waterproof
and high deformability properties including bending, rolling,
and twisting. The fabrication process involved coating carbona-
ceous powder-based graphite on sandpaper. Following this, elec-
trodes based on folded carbon paper can be obtained through
folding method. Later, this newly formed electrode is merged
with silicone rubber for fabricating TENG. Chu et al. devised
a conformal TENG based on graphene electrode which was
plasma treated for galvanizing a nanostructured surface with
increased contact area.>* The electrical output of this conformal
TENG is comparable with previously fabricated PDMS-TENG. 'Y
Moreover, the triboelectric conversion efficiency was further ame-
liorated upon fabrication of piezoelectric enhanced TENG employ-
ing CF as electrode material. Furthermore, a novel conductive
biodegradable single-layer TENG was fabricated employing skin
friendly silk as frictional substance and CNT as conductive sub-
stance."> This fabric-based TENG structure was akin to core—
shell tube structure, had high power generation capacity as well
as impromptu response capability for random human motion.
In the structure, the acting CNT electrode forms a microporous
structure for the CNT-silk mixing layer which eventually increases
the frictional efficiency. The TENG had a spatial arch-shaped con-
figuration which bestows the structure with reliability, adaptability,
and less wearing. As a result, output voltage could be generated
during activities like flicking human hair, rubbing nylon, or poly-
ester fabric with this CNT-silk mixing film-based glove.

7. Performance and Applications of T-TENGs

The factors that greatly influence the lifetime and performance of
T- TENGsS are enhanced contact between fibers/yarns, repetitive
mechanical pulses, sensitivity of motion, light, humidity, and so
on 4448143155 Taple 4 and 5 present the structure, electrical out-
puts, carbonaceous nanofillers adaptation technique, washability,
stretchability performance, and applications along with special
attributes of different fiber-based T-TENG and fabric-based T-
TENG respectively. According to Table 4, most fiber-based
TENGs were produced by CS and SE modes. Washability perfor-
mance of these structures is inconspicuous and needs further
elaboration. Electrospinning, 3DP, and dip coating are some
mentionable methods for combining carbonaceous materials
in fiber-based T-TENG structure. Major areas of applications
including tactile sensors, strain sensors, patient health monitor-
ing, etc. The output power values of top 3 fiber-based T-TENG
were 4120,°% 3174,137) and 2500"*°) mW m™2. Surprisingly,
the TENG devised by wang et al. could sustain 3 million cycles
of operation outperforming most fabric-based T-TENG.!**
Similarly, most of the fabric-based T-TENGs were also fabricated
by CS and SE modes. Their stability even after 170 000 cycles was
testimonial of the structural robustness.™*! It was discernible
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that there is a paucity of studies regarding washability perfor-
mance of different T-TENGs structures. The existing literature
suggests only 5-6 times washability of fabric-based T-TENGs
before the performance starts to degrade.*®'>”) The application
features of these TENGs were included but not limited to pres-
sure sensors, fitness tracking, smart gloves, etc. The most pro-
spective methods for incorporation of carbonaceous materials
in the structure are dip coating and screen printing. Based
on Table 5, we can rank fabric TENG produced by Mule
etal,,*® Wu et al.,* and Xia et al."*” as best in terms of output
power that were 25 350, 6300, and 4800 mW m™2, respectively.
Regarding durability, top 3 fabric-based T-TENGs categorically
had 170 000, 90 000,1°! and 75 600> cycles of operation
withstanding capability.

When evaluating the performance of discussed carbon-based
T-TENG, the peak power density of fiber-based TENG and
fabric-based TENG devices ranges from 42uWm 21 to
412Wm~2% and from 70 pW m~2%® to 25.35 W m—21°8
respectively. It is conspicuous that fabric-based T-TENG always
provides better peak power density than fiber-based T-TENG
given the fact that the former has less complicated fabrication
process which allows them for further surface modification like
nanopatterning and plasma treatment. As a result, output perfor-
mance can further be magnified. Another noticeable thing based
on this study is that the upper limit of output performance
surpassed the result of previously documented electrical per-
formances of T-TENG which were based on wide range of mate-
rial choice.?”*>1% This phenomenon unmasks the appealing
impact of carbonaceous material in fabricating TENG devices
and justifies their superiority. T-TENG possesses less effective
contact area stemming from uneven surface of the textiles pro-
duced by interlacement or intermeshing. But application of car-
bonaceous material like CNT and graphene certainly dispels this
problem and results in staggering increase of contact area.
Moreover, the evolving 3DP fabric structures can stack multiple
layers in the thickness (Z) direction and thus result in exponen-
tial growth of contact area compared to 2D fabric TENG and 1D
fiber TENG.[®®! Although the areal power density of these carbon-
based T-TENG seems to be diminutive compared to bulk TENG
(500 W m~?%),1'**) they remain a pervasive source of electricity for
different widely used wearable electronics. Based on the available
data on power consumption of different on-body electronics
(Figure 15), it can be concluded that carbon-based T-TENG will
not face any difficulty in driving these wearable gadgets.

8. Challenges and Research Gaps

Table 6 highlights the key challenges and research gaps that have
been identified from the review of contemporary works pre-
sented in the previous sections. These are elaborated in the fol-
lowing subsections.

8.1. Efficiency

The electric nature of T-TENG is quite eccentric and presents a
monumental challenge in designing an impeccable circuit. For
instance, they generate high voltage sometimes which can reach
couple of hundred (620 V! for fabric and 276 V!**”! for fiber
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Figure 15. Power consumption of wearable electronics (numerical values are in mW).
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Table 6. Key challenges and research gaps regarding the future of T-TENGs.

Challenges

Research gaps

Increasing efficiency
Ensuring wearer comfort

Improved washability

Increasing the surface area attributed to uneven surface of textile, prevention of destabilization due to higher internal resistance of T-TENG
Chemically treating fabric surface without compromising breathability and aesthetics, guaranteeing enduring tactile comfort of the clothing

Testing against international washing standards (AATCC 135, I1SO 6330) that are widely adopted in the textile industry, introduction of novel

fabrication process conforming washability

Higher durability

Reduction of the extensive consequences of frictional contact on lifespan and performance degradation of T-TENG

Scalability Developing a real clothing that can harvest energy from the entire garment, adopting fully fashion knitwear instead of traditional roll-to-roll
knitting process, redefining the sizing technology to increase the weavability
Safety Preparation of safety guidelines, assessment the risk factor of electrostatic shock on human body, devising T-TENGs that do not bring any

adverse impact on human skin

Better stability

Higher mechanical
resistance

Working under extreme environments like higher temperature, humidity, or pressure

Implementation of nuanced mechanical designs, incorporation of self-healing ability

based on the current study). But their output current associated
with it is quite the opposite. It mainly ponders around pA unit
and can sometimes even drop into nA (83 nA™*® for fabric and
8 nAl"*"! for fiber based on the current study). Because of the
higher internal resistance of these T-TENGs, only a small
amount of voltage can be utilized based on the load resistance
theorem as electrical outputs tend to be smaller than output volt-
age."® Power conditioning units (buffer, rectifier) play a critical
role in preventing destabilization and can increase the energy
conversion efficiency of the device.!'®* Prospectively, structural
design is crucial for alleviating lower efficiency. FS mode-based
T-TENGs are most effective for attaining higher power conver-
sion efficiency (85%).'® In this method, energy can be

Adv. Energy Sustainability Res. 2024, 2400127 2400127 (31 of 38)

harvested through independently moving objects. It should be
noted that there is still a scarcity of research on augmenting
the power conversion efficiency of carbon-based T-TENG.
Another remedy for lower output power can be the introduction
of many small-sized TENGs together. Recently, textile-based SCs
are being effectively integrated with T-TENG for stabilizing the
output power.!>#25212L134 g4 it i obvious from these studies
that power management circuits are required for achieving better
efficiency of T-TENG.!"*! A pragmatic approach for indexing the
performance of T-TENG should be based on measuring the time
required to fully charge a capacitor. Any leakage of current dur-
ing energy storage will result in lower efficiency. Textiles also
have complicated configurations of hierarchical structure from
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fiber to fabric. In the future, researchers should establish a sim-
ulation model that can predict complex hierarchical structure of
textile and accordingly integrate carbonaceous nanofiller for
achieving better output efficiency of T-TENG.

8.2. Wearer Comfort

Breathability of textile is vital factor for ensuring wearer’s com-
fort.l'%”1 1t involves permeability of water, air, moisture, light, and
heat that have impact on regulating the balance of humidity and
temperature in human body. Different types of surface pattern-
ing or treatment can reduce the breathability of the textile by
reducing space between the fibers. Also, carbon-based materials
further impair the breathability performance. While integrating
carbon-based TENG with textiles, it is important to ensure that
the inherent properties of textile are not altered by any means of
fabrication. Textile structures translate their natural flexibility
into T-TENG, which enables them to curl, fold, twist, or mold
in both fabric and fiber form.!'**'%® Sustaining the natural
flexibility of fabrics without compromising the triboelectric prop-
erties is still an ongoing effort by researchers. The major imped-
iment here is that the application of different coatings will
certainly change the surface characteristics of fabrics. Future
research on carbon-based wearable T-TENG should look into
how natural textile features and triboelectric performance can
be made more mutually inclusive.'*”! Tactile comfort, which
is another perception of wearability, includes prickle sensation,
cold stimulation, and fabric weight.?”) As T-TENG will scavenge
mechanical motion during active performances like running,
walking, or sprinting, maintaining comfort to wearer during
these activities is of paramount importance.

8.3. Washability

Washability is another vital issue of T-TENGs because a normal
cloth needs to withstand detergents, drying, washing, and iron-
ing. Itis obvious from Table 4 and 5 that most literature still does
not consider washability performance seriously. This is a big
loophole that needs to be addressed properly. A wearable energy
harvesting device should be designed as complete garment rather
than just integrating textile-based TENG into a portion of existing
clothing so that the actual clothing can be washed according to
the international standards like ISO (International Organization
for Standardization) and AATCC (American Association of
Textile Chemists and Colorists). Unfortunately, there is no liter-
ature that has described the impact of industrial scale washing on
the bonding, fixing, and adhesion properties among different
constituents of T-TENG. So, washability prospect of T-TENG
devices remains an unexplored field and can be of great interest
for future researchers. Nevertheless, some approaches have been
put forward to deal with the washability issue. In a bid to create a
favorable washing condition, T-TENGs can be encapsulated with
waterproofing materials. However, this leads to weaving diffi-
culty, lower breathability, and increased fabric weight. Nesting
triboelectric and electrode constituents together in the textile
structure by plating rather than traditional simple attachment
represents a good prospect for washability.['*®! Plating is a novel
knitting technique that allows two different threads to be
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separately knitted at the technical face and technical back of
the knitted fabric. Similarly, self-stitched double cloth-based
woven fabric structure can also have a bright prospect regard-
ing washability performance. Besides, a single-step surface
coating by conductive polymers via simultaneous electrospin-
ning and electrospray can also exhibit great washability
performance.!'*”

8.4. Durability

Durability aspects include materials pilling and abrasion, dimen-
sional stability to length and width, spirality (for knitted fabric),
untwisting of yarns, drying, and wrinkling capability.**) Among
them, abrasion test should be performed rigorously to quantify
the lifetime of T-TENG device because the principle of TENG
rests on frictional contact between two different triboelectric mate-
rials. FS mode experiences less friction compared to other meth-
ods and is much more suited for avoiding abrasion. However,
most literature overlooks the durability prospects in line with
the seamless conductivity translated by carbonaceous materials.
Prospectively, carbonaceous materials like CNT, graphene, CF,
etc. possess a unique nature of fabricating lightweight T-TENG.
Making the T-TENG more lightweight without compromising its
conductivity is a matter of interest in ongoing research.””

8.5. Scalability

A major challenge is the large-scale fabrication of carbon-based
T-TENG. For instance, large-scale fabrication of fiber-based
TENG is extremely difficult due to the progressive decline of con-
ductivity with the increase in length.!'”" Carbonaceous materials
prevent this declining tendency only to some extent. Second,
sometimes fabricated warp and weft yarn in a weaving procedure
cannot withstand the higher tensile strength requirement
(50 MPa) during the shedding and picking mechanism.
Carbon material-coated T-TENG also cannot be treated with con-
ventional sizing processes. It turns out that the structure then
becomes susceptible to delamination and crack propagation.!”?
Moreover, T-TENGs are generally produced in roll form which
can later be cut in half with each constituent having half of
the original output. Later, pieces can be sewn together to get
the full output. But unfortunately, the electrodes have to be man-
ually reconfigured which is a time-consuming and error-prone
process.'”?! Furthermore, sensing accuracy undeniably will be
crucial element for these T-TENGs commercialization which
is hardly achieved by existing carbonaceous-incorporated T-
TENGs in the market. Additionally, due to the weak interfacial
bonding between rigid carbon material-based electronics and soft
textile materials, maintaining conformability during mass pro-
duction will be a big challenge for future research. Finally, uti-
lizing carbonaceous T-TENG during stationary positions should
also be highlighted as the prerequisite of continuous human
movements limits the scalability of these T-TENGs.[*”!

8.6. Safety

Besides wearability, washability, and durability, safety is a major
concern for the industrial application of carbon nanofiller-based
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T-TENGs."”* The concept of safety revolves around several
aspects including thorough assessment of electrical components’
impact on physiology of human body and environmental ecology.
They are also susceptible to electrolyte leakage, ohmic heating,
and stress concentration leading to breakage. Concerns are also
around regarding electrostatic shock generation on human body
as many operational modes are based on friction. These devices
are also not protected against perspiration which further jeopard-
izes the device’s safety. These NGs certainly remain exposed to
human skin. So, the selected materials must be nontoxic and
highly biocompatible. The evaluation standard and user safety
guidelines of these structures are not properly established either.
For instance, different T-TENGs generally have incongruous test
conditions (contact area, material modification, working environ-
ment, applied load, etc.) which yield ambiguous and often
misleading results. There is also limited research on anti-flam-
mability, water resistance, and thermal insulation behavior
which should also be discussed in future research.

8.7. Working Stability

The spatial nanotopographic structures imparted by carbona-
ceous nanofillers on textile structures can be impaired by com-
plex and intense chemical treatment or mechanical load. The
electrical outputs of T-TENG are impeded by external environ-
ments (temperature, pressure, water, humidity, radiation,
absorption, and gas). Higher temperature subdues the perfor-
mance of T-TENGs.['”?! High humidity and contaminants can
degrade the charge transfer process between triboelectric
materials.[**!7% The issue of working stability cannot be con-
doned because the idea of using TENGs multiple times is get-
ting popular. So, more research should be carried out to
exploit the role of carbonaceous material in augmenting
high-humidity tolerance, high pressure, and temperature
resistance in T-TENG structures.

8.8. Mechanical Resistance

Mechanical resistance is one of the vulnerabilities of T-TENG
because the mechanism is entirely dependent on the frictional
contact between two triboelectric materials which inevitably
degrades the mechanical resistance. As a result, the output
performance and stability of electricity are compromised.
Researchers are continuously exploring new ways to circumvent
these situations including designing mechanically durable devi-
ces by lubrication.®!) By introducing right thickness lubricant lig-
uid film, frictional coefficient between the triboelectric materials
can be significantly reduced. Subsequently, the resilience of self-
healing polymers substantially improves the mechanical resis-
tance of TENG. Due to the presence of special bonds (reversible
covalent mode, dynamic covalent bond), self-healing polymers
effectively regroup at the broken site leading to the restoration
of chemical bonds. So, the incorporation of carbon-based com-
posite materials involving self-healing polymer in T-TENG can
augment the mechanical resistance as textile can repair back
itself. Besides, devising TENG based on nuanced mechanical
design guidelines involving mechanical elements like gear train,
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cam system, and spring for energy transmission also excels the
mechanical resistance.

9. Conclusion

Clothing is one of the basic needs of human beings. About 100
billion garments are produced each year.’””) With the rise of
IoTs, it is predicted that global usage of smart wearable devices
will reach US$ 23.82 billion by late 2031."%) Integration of elec-
tronics with textiles at the industrial level is progressing rapidly,
as this can lead to an on-body platform for seamless computing
while retaining astounding features of textiles, including supe-
rior comfort, flexibility, washability, excellent mechanical
strength, excellent air permeability, lightweight, and foldability.
T-TENG can play a pivotal role in the field of smart wearables. T-
TENG as a power source imparts energy autonomy to wearable
electronics by eliminating the battery source. The performance of
these T-TENGs was greatly improved by employing carbona-
ceous nanofiller as electrode or triboelectric materials. Among
the carbonaceous nanofillers, 1D CNT and 2D graphene and
their derivatives have the most stunning impact on T-TENGs.

In a bid to provide design guidance for these emerging mate-
rials; basic operation modes, versatile textile structures for
TENG, different fabrication methods pertinent to carbonaceous
materials incorporation, and commonly used low-dimensional
carbonaceous nanofillers and their performance on these T-
TENGs were discussed. T-TENGs have great potential in self-
powered systems, wearable sensors, identity recognition, health
monitoring, etc. Among different textile structures, weaving is
most popular for symmetrical contact surfaces due to its higher
dimensional stability, durability, higher strength and surface
area, and lower thickness which are suitable for CS, FS, and
LS mode-based T-TENGs.*®) However, knitting is conducive
for asymmetrical contact surfaces due to the advantageous nature
of elasticity and deformation easiness, which are opted for SE
and CS mode-based T-TENGs. Consequently, knitted structures
are susceptible to pilling, snagging, and shrinkage and are rarely
used during FS or LS modes. Nonwoven and braiding-based T-
TENGsS are rarely developed due to their inherent shortcomings
in the structure. Fabric-based TENGs possess higher output effi-
ciency but poor wearability. Contrary to that, fiber-based TENGs
have higher deformability but poor compatibility with prevailing
manufacturing processes. Inconsistent contact electrification can
be alleviated by nanopatterning with carbonaceous nanofillers,
which can be further supplemented by 3D fabric structures.
Simultaneously, carbonaceous materials regulate surface rough-
ness and energy, increase surface area and porosity, control geo-
metric morphology, and augment polarity which are beneficial
for attaining higher energy conversion efficiency of T-TENGs.
Finally, described T-TENGs were ranked based on their perfor-
mance and future challenges were also transcribed. This article
successfully unearthed the synergy between carbon materials,
textiles, and TENGs. Researchers from diverse fields including
materials, textiles, and electronics will benefit from this review.
Smart textile manufacturers can use the findings for the proper
selection of triboelectric, electrode, and carbonaceous materials,
along with fabrication methods during manufacturing and com-
mercialization of their T-TENGs.
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