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Energy-harvesting textiles based on triboelectric nanogenerators (TENGs) have attracted intense
attention, due to their broad potential applications in wearable electronics. However, the bottlenecks of
limited and alternating current electrical output have greatly hindered the development of textile TENGs.
Here, by simply and easily coating two electrodes on the top side (breakdown electrode) and bottom
side (friction electrode) of a polyester—cotton fabric, a light-weight, highly flexible and wearable fabric-
based direct current TENG (FDC-TENG) with high power output is developed. Various structural
parameters and environmental factors are thoroughly and systematically explored for comprehensive
understanding of the FDC-TENG. The surface charges induced by triboelectrification can be
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unidirectionally and efficiently harvested through the conductive plasma channel caused by air
breakdown, which endows the finger-sized FDC-TENG with the abilities to light up 99 bulbs and 1053
LEDs and drive watches and calculators easily and directly without rectifying or capacitor charging. This
work may provide a paradigm shift for high output direct-current power fabrics and expand their scope
for application in wearable electronics.
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Broader context

Fossil energy has promoted the development of human society. However, its unsustainability and pollution have forced humans to find new energy sources.
Although it is difficult to replace high-power fossil energy in the near future, the reduction in the energy consumption of electronic equipment and the
improvement in the performance of energy harvesting devices will benefit the wide application of new energy devices. The batteries or capacitors that are
currently used in wearable electronics are restricted by their limited lifetime, replacement frequency, and environmental problems. However, some emerging
energy harvesting technologies, such as thermoelectric generators and solar cells, are highly dependent on the environment. A fabric-based triboelectric
nanogenerator (TENG) can convert human biomechanical energy into electricity, and seems to be an ideal energy source for wearable electronics. In this work, a
fabric-based direct current TENG (FDC-TENG) which can provide high DC output was prepared. The finger-sized FDC-TENG can light up 99 bulbs and 1053
LEDs and drive watches and calculators easily and directly. Our systematic research presents that this high-power output, fully flexible, light weight, and
wearable FDC-TENG may promote energy harvesting for wearable electronics.

enriched our lives. However, these electronic devices, no matter
how smart or crucial, will lose their vitality after leaving the
The rapid development of wearable electronic devices in the era  energy source. The currently used batteries or capacitors are
of the Internet of Things (IoT) has greatly transformed and unable to meet the future demands for sustainable and
environment-friendly energy sources.” Although some emerging
energy harvesting technologies, such as thermoelectric generators
and solar cells, can achieve short-term power supply, their high
dependence on environmental conditions restricts their wide-
spread application, especially for the owners of wearable electronics
who wusually stay indoors and in stable temperature
environments.>* As a revolutionary energy harvesting technology,
a triboelectric nanogenerator (TENG), which originates from
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Maxwell’s displacement current and roots in the coupling effect
of triboelectrification and electrostatic induction, can convert
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widely distributed but always neglected mechanical energy into
electricity.>” Owing to their low cost, light weight, environmental
friendliness and diverse material options, TENGs have tremen-
dous application prospects in micro/nano energy harvesting,®™°
active sensors,""™"® human-machine interfaces,"*'® blue energy
harvesting,'”™*° high voltage sources,**>*

Textiles are indispensable necessities in our lives, which
have accompanied us for thousands of years. Fabric-based
TENGs (F-TENGs), combining the energy harvesting and active
sensing of TENGs as well as the flexibility and breathability of
fabrics, have naturally been considered as one of the significant
solutions for powering wearable electronics, by harvesting the
most common dispersed and sustainable human motion
energy,”*?® especially in the era of IoT, where sensors have
the characteristics of low-power consumption and widely
movable distribution.”” However, the alternating current (AC)
outputs of traditional F-TENGs do not match most of the
electronic devices used in our daily life that require a direct
current (DC) power supply. Therefore, it is imperative to try to
convert AC into DC. Although some methods have been
proposed to solve this issue for hard TENGs, such as novel
structural design or selecting semiconductors as substrates,”*?°
almost all of the researchers who focus on soft F-TENGs simply
choose rectifiers to obtain DC output, due to the hindrance of
the material properties of textiles.’** Undeniably, using a
rectifier is the easiest and most convenient way. Nevertheless,
as an electronic device, the rectifier will inevitably consume
some power, and the consumption may even be comparable to
target electronic devices. In addition, the volume of the rectifier
cannot be ignored, which may restrict the wide application of
some miniature TENGs for manufacturing micro-nano devices.
Moreover, it seems inconvenient to add a rigid rectifier to a
flexible F-TENG applied to wearable electronics. Recently,
Chen et al. reported an F-TENG that can output DC without a
rectifier based on the coupling effect of triboelectrification and
air breakdown. However, the DC output is inseparable from the
rigid acrylic substrate to keep the breakdown gap, which makes
the soft textiles meaningless.** Furthermore, the output power of
most F-TENGs is not high enough to drive most of the electronic
devices. Therefore, energy harvesting textiles with high-power-
output performance are still one of the major tasks that need to
be solved urgently.”>3¢

Herein, a high-power-output, fully flexible, light-weight, and
wearable fabric-based DC TENG (FDC-TENG) is developed
through an extremely simple preparation process, which can
convert mechanical energy into high DC electrical output. The
FDC-TENG only consists of a polyester—cotton fabric and two
electrodes on its surface, including the breakdown electrode on
the top side and the friction electrode on the bottom side. The
friction electrode is used to generate triboelectric charges,
which are efficiently harvested by the breakdown electrode
through the conductive plasma channel resulting from air
breakdown. Current and voltage are linearly related to the
sliding speed, while it affects the charge transfer only at low
speeds (<0.05 m s " in the work). The increase of relative
humidity will seriously reduce the electrical output, due to the

etc.
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dissipation of the surface charges on the tribo-materials.
Moreover, the electrical output can be further improved by
increasing the number of breakdown electrodes or integrated
units. Due to the high DC electrical output of the FDC-TENG,
wearable electronics, such as watches and calculators, can be
continuously and directly driven by manually sliding a finger-
sized FDC-TENG, which can also light up 99 bulbs and 1053
LEDs easily. Therefore, the developed FDC-TENG as an electronic
textile with high-power DC output exhibits broad application
prospects in wearable power textiles.

Results and discussion
Structural design and working mechanism

We consider that how to maintain a stable but tiny breakdown
gap with soft textiles is the key to creating a DC output power
fabric based on air breakdown. In this work, a breakdown
electrode is prepared on the top side of a polyester—cotton
fabric to achieve this goal, which takes advantage of the
naturally thin feature of the textile substrate. The preparation
of an FDC-TENG is very simple and easy. The three-
dimensional schematic illustrated in Fig. 1a shows that the
FDC-TENG consists of only a fabric substrate and two electrodes.
The bottom friction electrode acts as a tribo-material to generate
triboelectric charges through the triboelectrification effect. The
top breakdown electrode harvests these triboelectric charges
through the conductive plasma channel created by air break-
down. A polyester-cotton fabric is selected as the substrate,
owing to the combination of the high strength of polyester and
the high air permeability of cotton. Benefitting from the excellent
conductivity and the strong tendency to lose electrons, silver
paste is chosen to fabricate the breakdown electrode and the
friction electrode. It is necessary to brush the two electrodes
without overlapping to avoid any short circuit. The outstanding
conductivities of the breakdown electrode and friction electrode
are displayed in Fig. S1 (ESIt). The backside resistance at the
diagonal of a 1.5 x 2 cm® polyester—cotton fabric coated with
silver paste is as high as 103 TQ. Therefore, the backside is not
conductive, and the silver paste does not penetrate to the reverse
side of the fabric. A polyester-cotton fabric coated with silver
paste is placed on a mechanical linear motor and slides on an
FEP film at a frequency of 1 Hz for 10 hours (mass = 2 kg). It can
be seen from Fig. S2 (ESIt) that neither the relative mass nor the
relative electrical conductivity shows significant reduction even
after 10 hours of continuous friction. Therefore, the silver
electrode shows robust adhesion with the fabric, and the con-
ductivity will not decrease noticeably after sliding for a long
time. In addition, the fabric substrate endows the FDC-TENG
with naturally high flexibility, light weight (15.68 mg cm ), and
thin thickness (170 pm) (Fig. S3, ESIT). Fig. 1b depicts the actual
photographs of the top side and bottom side of the FDC-TENG.

As shown in Fig. S4a (ESIt), the FDC-TENG is thrown into
a beaker with water and stirred at a speed of 300 rpm.
The variations of the relative electrical output and the relative
mass with washing time are shown in Fig. S4b (ESIY). It turns

Energy Environ. Sci., 2021, 14, 2460-2471 | 2461


https://doi.org/10.1039/d1ee00059d

Published on 11 March 2021. Downloaded by Georgia Institute of Technology on 4/22/2021 3:53:00 PM.

Energy & Environmental Science

a

0 Polyester-cotton fabric

b

. Friction electrode

View Article Online

Paper

C Swipe left

ﬂ
1“ \“I i

Swipe right
@ Breakdown electrode @ rEP

Potential (V)
b ]

0.7 v - 1400
0.6
0.6 1200
.5
1 ;2 0.5 ~ Ao 10009
I g Q=
=04 =L 04 A B [ 2 504 00 &
£ Swipe ZE Swipe| [Swipe | "2 EM e
T 03 oLt 1035z 03 left & t B o 600 S
< ri = e Tl 2 ©
702 g losO &o2 &2 400 >
0.1 0.1 0.1 0.1 200
0.0 [00 ol 0.0 (R S s S
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07 00 0.1 02 03 04 05 06 07
Time (s) Time (s) Time (s)

Fig. 1 Structure and working mechanism of the FDC-TENG. (a) Schematic illustration of the FDC-TENG. (b) Photographs of an actual FDC-TENG,
including the top side (bi) and the bottom side (bii) (scale bar: 1 cm). (c) Schematic of the working mechanism of the FDC-TENG with four states in one
cycle. (d) The glow of corona discharge caused by the air breakdown between the breakdown electrode and the FEP film (scale bar: 2 cm).
(e) The potential distribution of the FDC-TENG obtained by finite element simulation through COMSOL software. (f—h) The relationships between the
current (f), charge transfer (g), and voltage (h) and the sliding speed of the FDC-TENG in part c.

out that both of them can be well maintained without significant
degradation even after washing for 20 h. Therefore, the FDC-
TENG shows excellent washing durability. The air permeabilities
of polyester—cotton fabrics coated with and without silver paste
under different differential pressures are shown in Fig. S5 (ESIf).
It can be found that the air permeability improves with the
increase in pressure difference. Although silver paste has a
significant effect on air permeability, the polyester-cotton fabric
coated with silver paste still has good breathability.

The working mechanism of the FDC-TENG in the contact-
sliding mode based on air breakdown is illustrated in Fig. 1c,
which can be divided into four stages in one cycle. A fluorinated
ethylene propylene (FEP) film is chosen as the friction layer to
obtain high surface charge density. To analyze the mechanism
in more detail, we assign the sliding distance, maximum speed,
acceleration, and deceleration to 17 cm, 0.6 m s %, 10 m s~ 2,
and —10 m s, respectively. The speed and corresponding
electrical output values are shown in Fig. 1f-h. In the initial
state, the FDC-TENG and the FEP film are aligned right. The
surfaces of the FEP film and the friction electrode will be
charged with the same number of opposite charges caused by
the triboelectrification effect. And the FEP film is negatively
charged due to its stronger electron trapping capability
(Fig. 1ci). Afterwards, when the FDC-TENG moves from the

2462 | Energy Environ. Sci., 2021, 14, 2460-2471

right end to the left, the surface charge density of the FEP film
on the left-hand side of the breakdown electrode is not high
enough to break down air. Thus, there will be no output in the
external circuit (Fig. 1cii and ciii). The corresponding current,
charge transfer and voltage values are shown in the left part of
Fig. 1f-h, respectively. When the FDC-TENG moves from the
left end to the right, the FEP film can hold quasi-permanent
triboelectric charges since it is an electret. Therefore, a high
electrostatic field will be built on the surface of the FEP film on
the left-hand side of the breakdown electrode. Once the
strength of the electrostatic field is higher than that of the
critical breakdown electric field of air (~3 kV mm ™" according
to Paschen’s law), the gas molecules in the air will be ionized
into plasma, which causes the insulated air to become a
conductor. Large quantities of electrons will unidirectionally
transfer from the surface of the FEP film to the breakdown
electrode via the conductive plasma channel, and ultimately
flow to the friction electrode through the external circuit
(Fig. 1civ). The corresponding current, charge transfer, and
voltage values in this stage are shown in the right part of
Fig. 1f-h, respectively. It can be found that the output curves
are highly consistent with the speed curves. And an approximate
constant current or voltage can be obtained when the FDC-TENG
is moved at a fixed speed. The photograph of the glow of corona

This journal is © The Royal Society of Chemistry 2021
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discharge that resulted from the air breakdown when sliding the
FDC-TENG on the FEP film is displayed in Fig. 1d. The surface
potential of the FEP film is also measured (Fig. S6, ESIT). It is
obvious that the surface potential is significantly reduced after
sliding the FDC-TENG to the right-hand side of the FEP film,
indicating that some surface charges of the FEP film are discharged
by air breakdown. A simulation by finite element simulation
using COMSOL Multiphysics is presented in Fig. 1e for a more
quantitative understanding of the potential distribution.

It is worth noting that the polyester-cotton fabric only acts
as the substrate of the FDC-TENG, which can be replaced with
any thin solid material. Here, we verify this with different
fabrics and films. As for the fabrics, the electrical output of
the FDC-TENG with cotton fabric as the substrate, which has
the same thickness as polyester-cotton fabric (0.15 mm), has
been investigated (Fig. S7a, ESIT). The consistent electrical
outputs of the two materials indicate that the substrate material
has little effect on the electrical output. Moreover, the nylon
fabric-based FDC-TENG also exhibits high output, indicating a
wide selection of fabric materials. Some fabrics with different
thicknesses and different roughnesses as substrates have also
been investigated. The electrical output decreases as the thickness
of the polyester fabric increases, which may be attributed to the
increase of the breakdown gap (Fig. S7b, ESIt). The cotton fabric
with different roughnesses on the front side and back side is
selected as the substrate to study the effect of roughness. The
electrical output of the cotton fabric when the front side and back
side are coated with silver paste as the friction electrode separately
is shown in Fig. S7c (ESIt). The surface charges of the FEP film
may have reached saturation. Therefore, the FDC-TENGs with
different roughnesses of the friction electrode exhibit similar
electrical output performance. As for the films, the electrical
outputs of the FDC-TENGs based on polytetrafluoroethylene
(PTFE), polyimide (PI), FEP, and nylon films as substrates are
shown in Fig. S7d (ESIt). The thickness of all the films is 0.1 mm.
It turns out that the different film materials also have little effect
on the electrical output. These results indicate that flame-
retardant materials can also be selected as substrates to enable
FDC-TENGsS to exhibit fire-proof performance.

The generated charge density after the friction electrode
slides and the residual charge density after the breakdown
electrode slides on the FEP film are measured as 128.14 uC m™>
and 40.94 pC m™?, respectively (Fig. S8a, ESIT). The schematic
diagram of the measurement methods and its details are
provided in Fig. S9 and Note S1 (ESI}) respectively. Moreover,
under the same weight, the charge transfer of the FDC-TENG with a
charge collection area of 14 x 5 cm” is shown in Fig. S8b (ESIY).
The harvested charge density is 79.77 uC m 2 Therefore, the
charge collection efficiency is 62.25%. Efficient collection of surface
charges is achieved. It is worth noting that the number of generated
charges is greater than the sum of harvested charges and residual
charges, which may be attributed to the charge dissipation.

In-depth understanding of the FDC-TENG

To optimize the electrical output performance of the FDC-TENG,
the influences of structure parameters are systematically

This journal is © The Royal Society of Chemistry 2021
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investigated, including the length of the breakdown electrode
(denoted A), the height of the breakdown electrode from
the surface of the friction layer (denoted B), the width of the
breakdown electrode (denoted C), the sliding distance of the
FDC-TENG (denoted D), the width of the friction electrode
(denoted E), and the length of the friction electrode (denoted F),
as shown in Fig. 2a. The electrical outputs, including short-circuit
current (Isc), short-circuit charge transfer (Qsc), and voltage, are
measured using a mechanical linear motor. It is worth noting
that the ultrahigh voltage of the FDC-TENG is measured using
an oscilloscope with a high-voltage probe (HVP 3015, 1/1000,
500 MQ), which cannot be regarded as the open-circuit voltage
due to the huge inherent resistance of the FDC-TENG. The
influence of C on the electrical output performance has been
thoroughly studied, and the variation of Is¢ is shown in Fig. 2b.
There are two phenomena that need attention. Firstly, the peak
of Isc hardly changes with C, which may be attributed to the
unchanged maximum sliding speed (the effect of the sliding
speed on Isc will be discussed later). The second phenomenon
is that a reverse current appears and increases with the increase
of C. First of all, it is significant to investigate the causes of the
reverse current. By matching the current curve and speed curve
when C = 2 cm, it can be found that the reverse current appears
in the initial period when the FDC-TENG slides from the right
end to the left (Fig. 2c). The working mechanism of the
FDC-TENG with a large C is shown in Fig. S10 (ESIt), and the
whole process is analyzed in Note S2 (ESIt). Here, we focus on
analyzing the stages of Fig. S10iv and v (ESIt) to elaborate the
formation of the reverse current in detail. When the FDC-TENG
slides to the right, there are electrons with a density of ¢, on the
FEP film directly under the breakdown electrode. These electrons
will generate a strong electrostatic field with an ability to cause air
breakdown. However, the existence of a solid polyester-cotton
fabric results in a large critical breakdown field strength between
the FEP film and the breakdown electrode, which is larger than
the electrostatic field strength generated by o,. Therefore, in this
area, the surface charges on the FEP film will not be harvested.
However, for the charges on the FEP film on the left-hand side of
the breakdown electrode, there will be no interference from the
polyester-cotton fabric. The air breakdown can occur normally
and some of the surface charges will be harvested. We denote the
surface charge density after being harvested as o,. Thus, the
absolute value of g, is greater than that of ¢, in Fig. S10iv (ESIT).
When the FDC-TENG slides from the right end to the left, the
breakdown electrode will move from the area with high surface
charge density (g,) to that with low density (o4) (Fig. S10v, ESIt).
The induced positive charges on the breakdown electrode
correspondingly decrease as the sliding distance increases. A reverse
current (Ig) will flow from the breakdown electrode to friction
electrode in the external circuit, which is opposite to the
direction of the current I, generated by air breakdown. It is
worth noting that when C is small, such as 0.1 cm, the reverse
current will be so tiny that the electrical output can be regarded
as DC (Fig. 2b). As for the FDC-TENG with a large C, assuming
that the reverse current disappears when it moves from the
right end to the left by a distance of AX, which can be
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Fig. 2 Output performance of the FDC-TENG with reverse current/charge. (a) Some structural parameters to be studied in this work, including the
length of the breakdown electrode (denoted A), the height of the breakdown electrode from the surface of the friction layer (denoted B), the width of the
breakdown electrode (denoted C), the sliding distance of the FDC-TENG on the friction layer (denoted D), the width of the friction electrode (denoted E),
and the length of the friction electrode (denoted F). (b) The current of the FDC-TENG with different C values. (c) The sliding state and the corresponding
current of the FDC-TENG when C is 2 cm. (d) The variation of AX/C with C. (e) The charge transfer of the FDC-TENG with different C values. (f) The
relationship between the reverse charge and C. The charge transfer of the FDC-TENG when C = 0.1 cm is presented in the top-left corner, while the
definition of the reverse charge is shown in the bottom-right corner. (g) /5 and /g of the FDC-TENG for different RH values. The definition of /5 and /g and
the current under 18.9%, 58%, and 70.6% RH are displayed in the top-right corner and bottom-left corner, respectively. (h) The relationship between the
charge transfer and humidity when the friction electrode slides on the FEP film. (i) Comparison of the current of the FDC-TENG when changing the shape

of the breakdown electrode.

expressed as

AX = %a AP (1)
where a and At are the sliding acceleration and duration of the
reverse current, respectively. It can be seen from Fig. 2d that all
AX/C values are close to 1, which verifies the above explanation.
Similar results appear in reverse charge (Fig. S11, ESIY).
The slight deviation of the FDC-TENG with C = 0.5 cm may
be attributed to the relatively large experimental error. As the
width of the breakdown electrode increases, more induced
charges are generated. Thus, the reverse current will increase
accordingly with the increase of the breakdown electrode width
(Fig. 2b). In addition, as shown in Fig. 2e and f, there is also an
increased reverse charge with the increase of C, which in turn
results in a slightly decreased Qgc. It is worth mentioning that

2464 | Energy Environ. Sci., 2021, 14, 2460-2471

the reverse charge when C = 0.1 cm is not included in Fig. 2f,
because it is too small to calculate in the measured transfer
charge curve (inset in the top-left corner of Fig. 2f). Moreover,
the voltages of the FDC-TENG with different C values are
similar, as demonstrated in Fig. S12 (ESIf).

The influence of the air pressure and temperature on the
DC-TENG based on air breakdown was systematically investigated
in a previous report.>” However, relative humidity (RH) was not
involved. It is well known that the air breakdown phenomenon
will occur more easily when the air is drier. Therefore, the RH
may have a significant impact on the electrical output of the
FDC-TENG. As depicted in Fig. 2g, both the absolute values of
I, and Iy decrease with the increase of RH. The Iy is only
determined by the surface charge density under the consistent
experimental conditions except for RH; thus, the decreased Iy
indicates the reduced surface charge density of the FEP film.

This journal is © The Royal Society of Chemistry 2021
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According to previous reports,*®*° there will be a water layer on
the surfaces of the tribo-materials as the RH increases, which
will aggravate the dissipation of the surface charges. The
induced charges harvested using TENGs can reflect the surface
charge density generated by the friction of two materials.*®*!
To this end, we design a freestanding triboelectric-layer mode
TENG to further verify the variation of surface charges of
the FEP film after rubbing with the friction electrode under
different RHs. From Fig. 2h, it is clear that the increased RH
will reduce the transferred charge (Q), denoting the fact that the
surface charge density of the FEP film decreases with larger RH
again. Therefore, the decrease of the surface charge density of
the FEP film is one of the reasons for I, and I tending to 0 pA
as the RH increases. Moreover, the increase of RH will also
increase the critical breakdown electric field for air breakdown,
which in turn results in a reduced I,.”> The current output
performance of the FDC-TENG with different breakdown electrode
shapes is measured by cropping the breakdown electrode
rationally, as schematically shown in the inset of Fig. 2i. It’s
worth noting that a long C chosen deliberately will highlight
the influence of the breakdown electrode shape on the output
performance. However, it will inevitably result in an obvious I;.
The I, exhibits no noticeable relationship with the breakdown
electrode shape and remains at ~1.43 pA, while Iz tends to
0 pHA when cropping more area of the breakdown electrode.
This indicates that the breakdown electrode shape will affect
the reverse current but not the air breakdown. Moreover, we
find that the output will be enormously affected when the back
side of the friction layer is covered with a conductor. As the
distance between the upper surface of the FEP film and the
conductor (defined as #) increases, the current output increases
first and finally stabilizes (Fig. S13a, ESIt). The conductor will
have a shielding effect on the surface charges of the FEP film,
which will reduce the surface potential and further lessens the
electrostatic field strength between the FEP film and break-
down electrode (Fig. S13b, ESIT). The increase of & will weaken
the shielding effect. Furthermore, it can be ignored when # is
large enough, which is 2.6 mm in this work. This phenomenon
shows that one of the necessary conditions for the DC-TENG
based on air breakdown is that the friction layer should be far
away from the irrelevant conductor.

Structure optimization and electrical output performance of
the FDC-TENG

The interference of Iy to the DC output can be eliminated by
reducing C. Therefore, C is controlled to 0.1 cm in the following
studies. It is observed that the electrical output seems to be
highly correlated with the speed according to the earlier results in
Fig. 1f-h. Here, the relationship between them is systematically
studied. The Isc, voltage, and Qgc values of the FDC-TENG at
different speeds are shown in Fig. 3a—c, respectively. The Isc and
voltage nearly increase with speed linearly, which reveals that
speed has a significant impact on I and voltage. In addition, the
super-linear relationships between Isc/voltage and speed can also
be further exploited for speed sensing. The increase of speed will
scale up the Qsc when the FDC-TENG slides with a speed lower

This journal is © The Royal Society of Chemistry 2021
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than 0.05 m s~', while it remains almost unchanged at a higher
speed. The relationships of the surface potential of the FEP film
with time and sliding speed have been investigated (Fig. S14,
ESIt). It can be found in Fig. S14a (ESIT) that the surface potential
of the FEP film decreases slightly with time, and decreases by only
1.16% in two minutes. However, compared with the saturated
state, the harvested charges are reduced by about 26.9% at a
sliding speed of 0.01 m s~ " (Fig. 3c). These results indicate that
the charge dissipation is one of the reasons but not the key reason
for the decrease of the harvested charges at low speeds. The
charges on the surface of the FEP film after the friction electrode
slides are the generated charges, and their variation can be
expressed by that of the surface potential of the FEP film. Hence,
the surface potential of the FEP film after the friction electrode
slides at different speeds is further measured (Fig. S14b, ESIT).
It turns out that the relationship between the surface potential
and sliding speed is similar to that between the harvested charges
and sliding speed in Fig. 3c. Moreover, the relative reduction in
surface potential is almost equivalent to that in harvested charges.
Therefore, the decrease in generated charges at low speeds is the
key reason for the decrease of the harvested charges at low speeds.
More importantly, as illustrated in the insets of Fig. 3a and b, the
FDC-TENG can provide an approximately stable current or voltage
when the speed remains constant, which is friendly for powering
electronic devices. The average energy conversion efficiencies at
different sliding speeds are shown in Fig. S15 (ESIt). The details of
the calculation method are analyzed in Note S3 (ESIt). It can be
found that the average energy conversion efficiency # of the
FDC-TENG increases with the increase of sliding speed. And #
reaches 0.35% at a sliding speed of 1 m s~ . It is worth explaining
that although the peak conversion efficiency is high in many
studies, the average energy conversion efficiency of the TENG is
usually no more than 10%."*™*> However, the relatively lower
average energy conversion efficiency of our FDC-TENG may be
attributed to the frictional energy loss at the contact interface.
The increased acceleration and deceleration are conducive to the
increase of Isc and voltage, while the Qg is nearly invariant
(Fig. S16, ESIT). The maximum speed increases with the increase
of acceleration and deceleration when the sliding distance is
constant, which will result in an increased Isc and voltage.
Nevertheless, the variations of acceleration and deceleration have
little effect on the charge collection, wherefore the Qgc will be
changeless. Moreover, as the weight added onto the FDC-TENG
increases, the electrical output increases initially, followed by
reaching an approximate constant (Fig. 3d). A heavier weight will
be beneficial to improving the effective contact area between the
friction electrode and the FEP film, which will create more tribo-
electric charges on the FEP film and further increases the
electrical output. However, the effective contact area will hardly
increase when the weight is large enough, wherefore the electrical
output will stop increasing. As the weight increases, Iz will
become obvious and can be calculated when the loading weight
is not lower than 1 kg, which increases first and then remains
almost unchanged in the weight range of 1-3 kg (Fig. S17, ESIf).
From Fig. 2, it is known that Iy is greatly affected by the surface
charge density of the FEP film. Therefore, the variation of Iy is the
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Fig. 3 Electrical output performance of the FDC-TENG. (a—c) The current (a), voltage (b), and charge transfer (c) at different speeds, and the insets show
the output waveforms at 0.5 m s~ (d) Variation of the output performance of the FDC-TENG when adding different weights. (e and f) The current (e) and
charge transfer (f) when sliding the FDC-TENG on PTFE, FEP, and nylon. (g) Effect of B on the electrical output performance. (h and i) The current (h) and

charge transfer (i) of the FDC-TENG with different A and F (A = F) values.

strong evidence for the explanation about the influence of
weight on the electrical output. Moreover, it is worth noting
that the reverse current not only is 5.9% of the DC current
even with a weight of 3 kg, but also exists briefly during the
sliding process. These indicate that I still has little interference
in DC output after adding a heavy weight. In addition, the
long-term stability of the FDC-TENG is investigated, the Isc dis-
plays no significant drop during one month of intermittent
loading (Fig. S18, ESIt). It is worth noting that there is no
significant change in the RH during the test, which is in the
range of 34-41%.

Considering that the electrical output of the FDC-TENG
derives from the surface charges of the friction layer, the
selection of the material for the friction layer is extremely
important. As presented in Fig. 3e and f, when the nylon fabric
is selected as the friction layer, the direction of the current
and the kind of harvested charge are both opposite to those
of the FEP and PTFE films. This is attributed to the strong
ability to lose electrons of nylon and the outstanding electron
capture ability of PTFE and FEP. The voltage also demonstrates
similar results when the FDC-TENG slides on these three
friction materials (Fig. S19, ESIf). The wide selectivity of

2466 | Energy Environ. Sci., 2021,14, 2460-2471

the materials for the friction layer also illustrates the excellent
adaptability of our FDC-TENG. In addition, the sliding distance
D is also a crucial factor affecting electrical output. The
increase of D will improve the Qsc, Isc and voltage due to the
enlarged charge collection area and the increased
maximum sliding speed (the frequency is maintained at 1 Hz)
(Fig. $20, ESI¥).

The breakdown electrode and friction electrode are two
pivotal components of the FDC-TENG. To optimize the
electrical output, the lengths and widths of these two electrodes
as well as the breakdown gap between the breakdown electrode
and FEP film are systematically studied. Air breakdown occurs
in the gap between the breakdown electrode and FEP film; thus
the gap distance B is an extremely important structural
parameter. From Fig. 3g, it can be seen that the Isc, Qsc, and
voltage of the FDC-TENG decrease as B increases. The increased
B will reduce the intensity of the electrostatic field in the gap
under a constant surface potential of the FEP film, which is not
helpful for electrical output. Moreover, it can be found that
there is almost no electrical output when the breakdown gap
reaches 1.22 mm, which means that air breakdown no longer
occurs in this air breakdown gap. The influence of the width of

This journal is © The Royal Society of Chemistry 2021
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the breakdown electrode C has been discussed in detail earlier.
The relationship between the length of the breakdown
electrode A and the electrical output is displayed in Fig. S21
(ESIT). The increased A is beneficial for the electrical output,
which is attributed to the larger charge collection area. In
addition, as for the width E and length F of the friction
electrode, the electrical output increases with the decrease of
E or F (Fig. S22 and $23, ESIt). When the force applied on the
FDC-TENG remains constant, the intensity of the pressure at
the contact surface of the friction electrode and FEP film will
decrease with the increase of E or F, which will reduce the
effective contact area between them and further reduce
the electrical output.*® The aforementioned results show that
the effects of A and F on electrical output are opposite; thus we
investigate their combined effects on electrical output to
discuss which of them has more severe impact. As depicted
in Fig. 3h and i, the electrical output of the FDC-TENG
increases with the increase of A and F (A = F), which indicates
that the charge collection area plays a more significant role in
the electrical output. The variation of voltage also reveals a
similar conclusion (Fig. S24, ESIY).
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Improving the electrical output by optimizing the structure

Here, two methods are proposed to further improve the output
of the FDC-TENG by ameliorating the structure. There are two
sliding processes in each cycle. However, only one of them can
output electrical power in all the above studies. Arranging
another breakdown electrode on the opposite edge of the
FDC-TENG can solve this issue, as schematically shown in
Fig. 4al1. The two breakdown electrodes will alternately harvest
the charges from the FEP film (Fig. 4a2 and a3). The detailed
working mechanism is shown in Fig. S25 and described in Note
S4 (ESIt). It is clear that the electrical output is doubled when
both of the two breakdown electrodes are connected with the
friction electrode (Fig. 4b and c and Fig. S26, ESIt). Fig. S27
(ESIt) depicts the charging curves of 33 uF electrolytic
capacitors, where the capacitor can be charged to 2.38 V and
5.07 V within 90 s by the FDC-TENG with a single breakdown
electrode and two breakdown electrodes, respectively.
Moreover, the electrical outputs of a 4 x 4 cm? FDC-TENG with
4 breakdown electrodes on the four edges in different sliding

directions are shown in Fig. S28b (ESIt). The schematic
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Fig. 4 The methods to increase electrical output by optimizing the structure. (a) Schematic illustration of the FDC-TENG with two breakdown
electrodes (al). Schematic diagrams when the FDC-TENG swipes right (a2) and left (a3). (b and c) The current (b) and charge transfer (c) of the FDC-TENG
with two breakdown electrodes in different connection modes. (d) The diagrams of the top side (d1) and bottom side (d2) of the FDC-TENG when n = 3.
(e and f) Effect of the number of integrated units n on the electrical output performance including the current (e) and charge transfer (f) of the
FDC-TENG. (g) Charging voltage curves of the FDC-TENG for a 0.1 mF electrolytic capacitor with different n valuesat 1.6 Hz. (h and i) Variations of the
output current (h) and power (i) with external resistance for different n values.
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diagram of the sliding direction is displayed in Fig. S28a (ESIT).
There is high electrical output in different sliding directions,
indicating that the preparation of breakdown electrodes on
the four edges of the FDC-TENG is effective for harvesting
multi-directional energy. Furthermore, the electrical output
for 0 = 30° and 45° is slightly higher than that for 6 = 0° and
90°, which may be attributed to the larger collection area.
In addition, higher electrical output can be obtained by
integrating multiple FDC-TENGs (the area of each integrated
unit is 1.5 x 5 cm?). The diagrams of the top and bottom of the
multiple integrated FDC-TENG are shown in Fig. 4d1 and d2,
respectively. Fig. 4e and f show that a higher electrical output
can be obtained with more integrated units. Furthermore, a
similar result occurs when one of the two adjacent breakdown
electrodes is removed, which indicates that one breakdown
electrode can also simultaneously harvest the charges on the
FEP film generated from the adjacent repeating units (Fig. S29,
ESIT). Fig. 4g displays the voltage curves of an electrolytic
capacitor with a capacitance of 0.1 mF charged directly using
the FDC-TENG with different numbers of integrated units n at a
sliding frequency of 1.6 Hz. It is noteworthy that no rectifier is
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used during charging the capacitors. The charging rate
increases with the increase of integrated units, indicating that
increasing n is also a useful way to improve the output
performance of the FDC-TENG. The voltage curves of different
capacitors (0.22 mF, 0.33 mF, and 0.47 mF) charged by the
FDC-TENG with n = 4 have also been tested, as shown in
Fig. S30 (ESIf). As the capacitance increases, the charging
voltage decreases with a reduced charging speed. And the
electrolytic capacitor of 0.22 mF can be charged to 1.52 V within
240 s at 1.6 Hz. The output current I is measured by connecting
with various resistances R in series at a frequency of 1 Hz and a
sliding distance of 14 cm. P = I°R is used to calculate the power
of the FDC-TENG. Fig. 4h shows that I remains almost stable
when the resistance does not exceed 200 MQ, 100 MQ, 50 MQ,
and 20 MQ with n =1, 2, 3, and 4, respectively. The corresponding
output power is displayed in the inset of Fig. 4i, and nearly
increases with R linearly. This indicates that the FDC-TENG
can be regarded as a constant DC power supply within the
corresponding resistance range. Moreover, it is found that the
electrical output of the FDC-TENG increases with the increase
of n, and the maximum peak output power can reach 1.8 mW at

80 100 120
Time (s)

Fig. 5 Energy harvesting capability of the FDC-TENG. (a) Circuit diagram of an FDC-TENG to power electronics directly. (b and c) Photographs of a
watch (b) and a calculator (c) directly driven using a 3 x 6 cm? FDC-TENG. (d and e) Photographs of 99 bulbs lit up using an FDC-TENG, including the
overall photo (d) and the word “BINN" visible after being illuminated with 99 bulbs (e). (f and g) Images of 1053 LEDs lit up using the FDC-TENG, including
the overall photo (f) and the 1053 lighted LEDs (g). (h) Photograph taken when sliding the FDC-TENG on the FEP film attached to the arm to light up the
heart-shaped colored lights. (i) Image of the lighted heart-shaped colored lights. (j) Charging curve of two 100 pF capacitors in series when a
hygrothermograph is driven using the FDC-TENG; the insets show the overall image and the circuit diagram.
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an external load resistance of 500 MQ and a frequency of 1 Hz
when n = 4.

Applications of FDC-TENGs to drive electronics

As for the traditional AC-TENG, a rectifier is required to convert
AC to DC to drive electronic devices, which not only affects
convenience and flexibility, but also consume the energy harvested
by the AC-TENG. As shown in Fig. S31 (ESIY), the output will be
reduced by 10.6% when a rectifier (the model is DB 107) is used.
The high DC output of our FDC-TENG enables it to directly drive
small electronic devices with neither an energy storage unit nor a
rectifier. Fig. 5a depicts the circuit diagram of an electronic device
directly driven using the FDC-TENG. The corresponding photo-
graphs of an electronic watch and a commercial calculator directly
driven using a FDC-TENG with an area of only 3 x 6 cm? are
shown in Fig. 5b and c. By manually sliding the FDC-TENG on the
FEP film, both the watch and calculator can work continuously
without any auxiliary electronic equipment (Videos S1 and S2,
ESIt). It is worth noting that the direct drive method makes the
operation very simple and convenient, which well fits our living
habits. Moreover, 99 commercial bulbs can be lit up by manually
sliding the FDC-TENG, and the paper with the word “BINN” can
be illuminated (Fig. 5d and e; Video S3, ESIf). This exhibits the
high-power output performance and the potential for practical
application of the FDC-TENG in our daily lives. Furthermore, 1053
LEDs (the threshold voltage of each LED is 3.0-3.2 V) can also be
easily lit up, while no light can be observed after swapping the
two electrodes. These indicate the high voltage and DC output
characteristics of our FDC-TENG (Fig. 5f and g; Video S4, ESIYt).
In addition, only a few LEDs are lit up when the breakdown
electrode is not connected, indicating a huge change after simply
adding a breakdown electrode to the polyester-cotton fabric.
To demonstrate the wearable feature, 96 heart-shaped colored
lights sewn into a sweater are also lit up by manually sliding
the FDC-TENG on the FEP film that is attached to the arm
(Fig. 5h and i, Video S5, ESIf). As an energy harvester, the
harvesting energy of the FDC-TENG can also be stored in
capacitors for the subsequent utilization of high-power electronic
devices, such as a hygrothermograph. The voltage curve of two
100 pF electrolytic capacitors in series is shown in Fig. 5j, and the
insets display the overall operation photo and the circuit diagram.
The stored electrical energy of the capacitors by manually sliding
the FDC-TENG can successfully drive a hygrothermograph with the
real-time display of temperature and humidity (Video S6, ESIT).
These demonstrations of our FDC-TENG illustrate its broad
application prospects in our daily lives.

Conclusions

In summary, we have developed a high-power output, fully
flexible, light weight, and wearable FDC-TENG by simply and
easily coating silver paste on the top and bottom sides of a
polyester—cotton fabric for energy harvesting. Various structural
parameters and external factors are deeply explored for
in-depth understanding of the FDC-TENG based on the

This journal is © The Royal Society of Chemistry 2021
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coupling effect of triboelectrification and air breakdown. The
increased sliding speed will linearly increase the magnitude of
current and voltage, but has an enhanced effect on the
charge transfer only at low speeds (<0.05 m s '), due to the
nonnegligible dissipation of charges. The electrical output
performance will severely decrease with the increase of relative
humidity. Furthermore, the electrical output can be multiplied
by increasing the number of breakdown electrodes and
integrated units. To verify the practical application potential
and high output of the FDC-TENG, 99 commercial bulbs, 1053
LEDs, and 96 heart-shaped colored lights can be lit up easily.
Low-power wearable electronics, such as watches and calculators,
can also be easily and directly driven without either rectifying
or capacitor charging. This work may not only promote
human biomechanical energy harvesting for wearable electronics
in the era of 10T, but also provide a novel design concept for DC
high output power fabrics.

Experimental
Fabrication of an FDC-TENG

The preparation of an FDC-TENG is extremely simple and easy.
It involved using a tiny scraper to coat conductive silver paste
on the bottom side of a polyester—cotton fabric as a friction
electrode, followed by drying it in an oven at 120 °C for 20 min.
Then the above operation was repeated on the top side of
the polyester-cotton fabric as a breakdown electrode.
The two electrodes should not overlap to prevent them from
conducting.

Characterization and measurements

The FDC-TENG was driven using a linear motor (LinMot E1200)
for electrical measurements, and the Isc and Qg were measured
using an electrometer (Keithley, model 6514), while the voltage
was gauged using an oscilloscope (Tektronix, MDO3024) with a
high-voltage probe (HVP 3015, 1/1000, 500 MQ). The surface
potential of the FEP film was tested using an Isoprobe electro-
static voltmeter (model 279). The backside resistance of a friction
electrode was measured using an electrometer (Keithley, model
6517B). The breathability of the fabrics was measured using an
Air Permeability Tester (TQD-G1).
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