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Abstract

Over the last few decades, tremendous efforts have been focused on developing high
performance energy storage systems such as batteries and supercapacitors for the
applications in portable devices. However, limited lifetime of these storage systemsis
still acrucial challenge, meaning inconvenient recharging or replacement is inevitable.
Since 2012, a novel technology of triboelectric nanogenerator (TENG) has been
proposed for converting tiny mechanica energy into electricity, and various
breakthroughs have been achieved for self-powered systems. Integrating TENG with
energy storage devices could be a promising way to provide sustainable power supply
for long-term operations. In this review article, we present the recent advances in the
TENG-based self-charging power systems (SCPSs), which will have significant
applications in internet of things, portable electronics, and wearable electronics.
Hybrid SCPSs combining other energy conversion technologies are aso included. The
key approaches for improving the total efficiency of the SCPSs are systematically
summarized. Finally, some of the important challenges and future directions to be
pursued are also highlighted.

Keywords. Triboelectric nanogenerators, Supercapacitors, Batteries, Self-charging
power systems, Power management
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1. Introduction

With the rapid development of internet of thing®Td) [1,2] and portable
electronics [3,4], the demand for renewable, snatde and environmental-friendly
power supply is becoming increasingly significa@®n the one hand, l0Ts needs
widely distributed sensors to various applicaticasg the number of such units can
be huge in the order of billions to trillions; dmetother hand, the electronic products
trend to small size, intelligence, and multifunoad and the power consumption is
also getting higher [5-7]. In this case, higheruiegments are needed for the power
supply devices. The most conventional technologysisig electrochemical energy
storage devices, such as supercapacitors (SCshaiteties, which all have limited
lifetime. Frequent recharging or replacement walhd to great inconvenience and
high maintenance cost under certain conditionsaaddress this challenge, an effective
strategy is to improve the energy density of sum@scitors or batteries, and extensive
research efforts have been dedicated to this g&d].[In addition, integrating
energy-harvesting and energy storage devices intbclsarging power systems
(SCPSs) could be an alternative approach, so ligaenvironmental energy can be
simultaneously scavenged and stored for sustaimaivier supply [10,11].



There are a few important forms of energy that ¢du harvested from our
living environment, including thermal, solar, biechical and mechanical. Among
them, mechanical energy would be the most widedyributed energy form, and is
nearly independent to the weather and working enwrent. Triboelectric
nanogenerator (TENG) has been proven as a powethinology for converting
low-frequency mechanical energy into electricitythwunique advantages of high
efficiency, high power density, light weight, lovwost, diverse material selectivity,
simple design and environmental friendliness [1R,23l these merits make it a
promising technology to be applied for compensativeenergy consumption of the
supercapacitors/batteries through integration wigm, as schematically illustrated in
Fig. 1. Thus, the operational time of the energyagje devices can be elongated, or
even a self-sufficient power system could be forfoegpowering electronics.

Recently, significant efforts have been made inTtB&G for harvesting various
kinds of mechanical energy [14-16]. Realized thtouthe integration of
supercapacitors/batteries and energy-harvestingeketbased on various mechanisms
(pyroelectric, thermoelectric, photovoltaic, pielsméric, and triboelectric), the
self-charging capability has also been widely regabi{17-20]. Herein, this review
focuses on the recent progress of SCPSs by integraENG with energy storage
devices (mainly supercapacitors and batteries). géwer management circuits for
improving the energy-storage efficiency of the SER& also reviewed. Besides, we
will further discuss the direct-current TENGs amdf-glischarge suppressing strategy
for simplifying and optimizing the SCPSs. At lasbme perspectives and challenges
for the future development of TENG-based SCPSsliamissed.
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Fig. 1. lllustration of TENG-based SCPSs. “TENG:” Reproeldionvith permission

[21,22]. Copyright 2013, American Chemical Socié8upercapacitor:” Reproduced
with permission [23]. Copyright 2013, Nature Pubig Group. “Battery:”

Reproduced with permission [24]. Copyright 2013tuda Publishing Group.

2. Tribodectric nanogener ator

Triboelectrification is usually considered as a atage effect and need to be
prevented in our daily lives. In 2012, the TENG wast invented for converting
mechanical energy into electricity (Fig. 2a) [1Phsed on the coupled effects of
triboelectrification and electrostatic inductionhieh is a revolutionary breakthrough
in the technology of energy conversion and utilaat The detailed working
mechanism of the TENG is illustrated in Fig. 2b][28/hen the surfaces of two
dissimilar materials are brought into physical emtt triboelectric charges will be



created on the two contacted surfaces. Then a fltelfference can be generated
when the two surfaces are separated by mechanatamwhich will drive electrons
to flow back and forth between the two electrodésched on the backside of the two
materials.

Most recently, Wang has presented that the fundtahtreory of the TENG can
trace back to Maxwell’s equations by including tmntribution made by the surface
polarization charges [16]. The output current ¢ TENG is directly related to the
Maxwell's displacement current, which can be defias [26]
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where J is the displacement currenb is the electric displacement fiel& is the
electric field, Pg is the polarization density arising from the soefgolarization, and
€ is the material's permittivity. In the Maxwell'sgplacement current, the first term
is the current induced by the varying electric dielt leads to the discovery of
electromagnetic wave that later being taken asafpgoach for developing radar,
radio, TV, telegram, and most recently wireless ©amication technology. While the
second term presents the current caused by therizatian field of surface
electrostatic charges and is the theoretical oradinanogenerators. This term gives
birth of our nanogenerators and could possiblyadthe development of new energy
technology and self-powered sensors for the new éna era of loTs, big data, and
artificial intelligence.

Ever since the first report of the TENG in 2012\Wgng et al., the areal output
power density of the TENG reaches 500 \W[&v], and an instantaneous conversion
efficiency of ~70% has been demonstrated [28]. Degpe varieties of TENGS in
electrode configuration and direction of polariaatchange, generally they could be
divided into four basic working modes, as shownFig. 3 [14]. The vertical
contact-separation mode utilizes the polarizationvertical direction. The lateral
sliding mode utilizes the polarization in lateratedtion due to the relative sliding
between two contact surfaces. The single-electrodde is designed for harvesting
energy from a freely moving object without attachia conduction line. The
freestanding triboelectric-layer mode is introduckd power generation using
electrostatic induction between a pair of electrodeditionally, the theoretical
models of these fundamental modes have also beéenstxely studied [29].

Based on the four above-mentioned working modesTENG can be utilized to
harvest different kinds of mechanical energy frdra ambient environment, such as
vibration [30,31], human motion [32,33], wind [38]3rain drop [36], water flow
[37], and so on. Besides the small mechanical gnéng TENG can even harvest
large-scale blue energy by connecting multiplesumto a network [38,39]. Moreover,
the TENG can be applied in the field of self-povaesctive sensing since it can
directly transform mechanical stimuli to electricalgnals without additional
transducers. Relevant works include pressure senisatile sensors, motion sensors,
photoelectric sensors, and chemical sensors [40486vever, TENG cannot be
directly used for driving most electronic devicesued to its irregular
alternating-current (AC) output characteristic. Amergy storage unit, such as



supercapacitor and battery, is required to stageetiergy harvested by TENGs and to
provide a regulated and manageable output. TEN®ebaself-charging power
systems developed by hybridizing TENG and differenérgy storage technologies
will be individually discussed in the sections helo
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Fig. 2. Invention and working mechanism of the TENG. (dk Tconstruction and
photographs of the first TENG. Reproduced with pssion [12]. Copyright 2012,
Elsevier. (b) working mechanism of the TENG. Repicatl with permission [25].
Copyright 2012, American Chemical Society.
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Fig. 3. The four fundamental modes of the TENG. (a) Th#icad contact-separation
mode. (b) The lateral sliding mode. (c) The singlestrode mode. (d) The



freestanding triboelectric-layer mode.

3. TENG-based SCPSs

Our surrounding environment has an abundance aledasechanical energy in
various forms. Therefore, combining TENGs and epstgrage devices
(supercapacitors or batteries) into self-chargiogigr systems could be an effective
strategy to collect wasted mechanical energy fatasnable power supply. In this
section, we will briefly introduce the latest deyaients in TENG-based SCPSs.

3.1 Integration with supercapacitorsfor SCPSs

Supercapacitor is a promising energy storage tdogpowhich can provide high
power density, long cycle life over a wide rangevadrking temperatures [51].
Especially, the solid-state SC with superior flélxyy portability, and safety, affords a
very promising option for portable and wearablecetmics [52]. In consideration of
the short operation time of the SC, integratingvith the TENG could build up a
sustainable self-powered system by scavenging mexdiaenergy in our daily lives.
In this section, we will highlight the recent adeas in the SCPSs containing
supercapacitors with various configurations.

3.1.1 Fiber/textile-based SCPSs

Flexible, wearable TENGs and supercapacitors pAay major roles in energy
harvesting and storage for self-powered wearalgetrenics. Given weaving the
TENG or supercapacitor into a textile, it is ideahave these devices in the form of
fiber. In 2015, Wang et al. first reported a filbmsed SCPS, which consists of a
fiber-based TENG and fiber-based SCs [53]. Vap@sphhydrothermal method was
employed to synthesize the Ru®H,O@carbon fibers as two symmetric electrodes
of the fiber-based SC. Meanwhile, the TENG was giexi via PDMS coated on
carbon wire electrodes. A rectifier was used toveonthe AC output of the TENG to
direct-current (DC) output. Thereafter, Pu et avaloped a solid-state yarn SC with
reduced graphene oxide as active materials, asrsirowig. 4a [54]. The fabricated
yarn supercapacitor exhibited high capacitancen(Edcm), stable cycling stability
(96% for 10 000 cycles), lightweight and excell#ekibility. By weaving the yarn
SCs together with a TENG textile into a single leJa& self-charging power textile has
been demonstrated. The three-series SC can beechlayghe TENG to 2.1 V in 913
s at 10 Hz, and then discharged atA for 808 s. Zhang et al. also developed a
textile-based tailorable TENG, which can be appfadharvesting water energy [55].
By integrating with textile-based SCs, they realizm all textile-based SCPS.

Dong et al. presented a stretchable and washdbjaraltbased SCPS that is able
to simultaneously harvest and store human moticrggnfor powering wearable
electronics (Fig. 4b) [56]. The whole system watawoted by knitting a TENG fabric
and solid-state yarn SCs together. Song et al.ddseloped a fabric-based SCPS by
integrating a sing-electrode TENG with a flexibl€ §7]. The SCPS can be directly
woven among the cloth and utilized to convert tiienan mechanical energy into
electrochemical energy. Utilizing traditional weagicraft, Chen et al. proposed a
SCPS consisting of a fabric TENG and a woven SGhasvn in Fig. 4c [58]. This



SCPS possesses the capability of harvesting detilyitees form human beings, such
as walking and running, and meanwhile storing tleeegated energy. Under the
frequency of 1.5 Hz, it could be charged to ababt\ in 2400 s, and then used to
power an electric watch. Zhao et al. fabricatedigh Iperformance supercapacitor
based on metal-organic framework (MOF)-derived mar@hybrid arrays on carbon
nanotube (CNT) fibers [59]. By combining with aXiele TENG, a SCPS was
developed for harvesting and storing energy simebasly.
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Fig. 4. Fiber/textile-based SCPSs with supercapacitors. Sehematic diagram,
photograph and charge/discharge curves of anxllegeSCPS that integrates a textile
TENG and fiber SCs. Reproduced with permission.[&4pyright 2016, John Wiley
and Sons. (b) Scheme, photograph and equivalentitcof an all-yarn-based SCPS
composed of fiber TENG and SC. Reproduced with s=ion [56]. Copyright 2017,
American Chemical Society. (c) Structural desigrth@ self-charging power textile
that integrates a fabric TENG and woven SC. Remeduwith permission [58].
Copyright 2018, Elsevier.

3.1.2Thin film-based SCPSs

One of the greatest challenges for the developmefiexible electronics is the
requirement of thin, lightweight, and flexible eggrharvesting and storage devices.
Luo et al. reported a thin film-based SCPS by irdégg a TENG and
micro-supercapacitors into a single device [60]e Thgh integration of these two



components was realized through the double-facgetr langraving of the polyimide
(P1) thin film. Two sides of the laser-induced dmape electrodes were used
separately for fabricating the TENG and micro-sappacitors. The SCPS could be
charged directly by mechanical motions and therd usepower small electronics.
Later, this team further presented a transparethiflaible thin-film based SCPS, as
shown in Fig. 5a [61]. A grid-like indium tin oxiddTO) film was utilized as
electrode for the TENG. The solid-state SCs ar@seld on interdigitated electrodes
of 3D Au@MnQ were fabricated on the backside of the TENG. Tiele device
shows a high optical transmittance of 67.1% anthable of harvesting mechanical
energy form different kinds of finger motions, astbring the generated energy to
drive mobile electronics. Under fast finger sliditige SCPS could be charged to 2.5
V within 2094 s and discharged afiA for 1060 s. In addition, it can be utilized as an
intelligent sliding unlock system to identify pensd characteristics. Zhang et al.
fabricated a self-cleaning SCPS by embedding filmer {SCs in a hydraulic TENG, as
shown in Fig. 5b [62]. An amphiphobic PTFE film wased as the triboelectric
surface of the TENG, enabling the whole system-deHlning. a-FeOs/reduced
graphene oxide was utilized as the active matefidghe SC. A self-cleaning power
raincoat based on the SCPS was demonstrated tbld¢oaharvest and store energy
from water drops, and continuously power a lightteény diode (LED). Wang et al.
developed an all-plastic-material based SCPS tlsigupolypyrrole (PPy) as
triboelectric electrode of the TENG and active matef the SC [63].

Paper itself has many advantages compared to @lastil glass substrates
because of its lightweight, low cost, high flexityil and environmental friendliness,
making it a great candidate as the substrate tic&tb energy harvesting and storage
devices for thin film electronics. Guo et al. reedr an ultralight cut-paper-based
SCPS that utilizes paper as the substrate for hetMENG and solid-state SC [64].
The SCPS has been demonstrated to be easily placedwallet and used as
sustainable power source for driving a temperagaresor and an electric watch. Song
et al. also fabricated a solid-state CNT/paperdaS€, achieving high areal
capacitance of 18.3 mF/émWith a rectifying circuit, the paper-based SC wlaan
integrated with two wrinkled PDMS-based TENGs tonfaa sandwich-shaped SCPS
[65]. Sun et al. proposed an ultralight SCPS, wttonsists of electrospun paper
TENG as energy harvester and electrospun papersSénergy storage [66]. The
energy from human movement can be scavenged aretidty the SCPS, and then
used to drive a calculator and an electronic watch.
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permission [61]. Copyright 2016, American ChemiSactiety. (b) Schematic diagram
and self-cleaning property of the SCPS consista dfydraulic TENG and several
embedded fiber SCs. Reproduced with permission [B&pyright 2018, John Wiley

and Sons.

3.1.3 Package structure-based SCPSs

The above SCPSs integrated TENGs and SCs into evieed However, the
rectifying circuit is typically separate. Yi et @eveloped a stretchable and waterproof
SCPS for harvesting energy from diverse deformdiail. As shown in Fig. 6a, the
TENG, SCs, and rectifier were all sealed in a aie rubber to form a package.
Carbon black coated on the silicones were usetteaglectrodes for the stretchable
TENG, and polypyrrole/carbon black film served laes active material of the SC. The
energies of pressing, stretching, twisting, anddbencan all be harvested and stored
in the SC. Guo et al. also reported a shape-adaptif-charging power package, as
shown in Fig. 6b [68]. The stretchable SC with siecapacitance of ~1 mF/¢m
was designed utilizing the kirigami architecture. ising silicone rubber and silver
nanowire (Ag NW) as the triboelectric material aelkctrode, a shape-adaptive
TENG was fabricated. Finally, these two parts wewanected with a rectifier and
then assembled by a silicone rubber sealing prodéss power package was capable
of harvesting hand flapping energy and sustainpblyering an electric watch.

Wang et al. developed a bioinspired TENG with patd interconnected cellular
structures, utilizing silicone rubber as the enao@i®n/triboelectric layer and
physiological saline as the electrode [69]. The TEMould effectively harvest
biomechanical energy, with a maximum instantangmyser density of ~11.6 W/m
By combining with a rectifier and a micro-supercaf@a sharing the same solution,
the whole SCPS can be achieved, as shown in FigJiéng et al. developed a
package structure-based SCPS that integrates k& slegtrode mode TENG with a
MXene-based micro-supercapacitor into a monolitleeice, as shown in Fig. 6d [70].
A rectifier was inserted into the package to cohtle AC output of the TENG to DC
output. The whole device can be worn on the foreanoh charged by human motion
for powering small electronic devices. Recentlypdlet al. fabricated a stretchable



TENG and SC based on folded carbon paper, as eharggsting and energy-storing
device respectively [71]. A self-charging power ls@ge was then assembled by
encapsulating these two components through a iexciiito silicone rubber. Li et al.
fabricated a fully packaged keyboard-shaped TENGé&vvesting the biomechanical
energy from typing [72]. Then the TENG was furtirgegrated with a PPy-based SC
as a SCPS. Zhao et al. designed a SCPS by integyeatiantibacterial SUDAg-doped
polyamide (PA) membrane and two SCs in one deviG [The PA membrane can
vibrate between two electrodes of two SCs as a TEM®Garvesting the wind energy.
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Fig. 6. Package structure-based SCPSs with supercapad¢aprSchematic diagram
and photographs of a stretchable and water-protifclsarging power system.
Reproduced with permission [67]. Copyright 2016, ékiman Chemical Society. (b)
Photographs and charge/discharge curves of thean altbhe shape-adaptive
self-charging power package. Reproduced with pesions[68]. Copyright 2016,
American Chemical Society. (c) Schematic illustatiand photographs of the
self-charging power package with a bioinspired tehr@ble TENG and a
micro-supercapacitor sharing the same solution.ré&®ieced with permission [69].
Copyright 2017, Elsevier. (d) Schematic diagram amethanism of self-charging
power package with a TENG and a MXene-based mugpersapacitor. Reproduced
with permission [70]. Copyright 2018, Elsevier.

3.2 Integration with Batteriesfor SCPSs

Battery is superior to supercapacitor in energysdgnwhich is the vital
parameter for practical applications. Various kindk batteries have become
ubiquitous in their applications, including smaxpbks, tablets, and even
battery-powered vehicles [74,75]. This section ¥attus on the SCPSs by integrating
batteries with TENGs.

In 2013, Wang et al. first developed a flexible S8y integrating a TENG and
a Lithium-ion battery (LIB) [76]. As shown in Fig@a, the integration of was realized
through developing a flexible LIB on the top of arch-shaped TENG structure.
When mechanical motion is applied onto the SCP&,TEENG part can efficiently



generate electricity, and the rectified energy banstored in the LIB part. A new
working mode, the “sustainable mode”, was propo3ée: SCPS in this mode can
offer a constant current of |2A at the voltage of 1.55 V for over 40 h (compated
3.5 h for the LIB alone), and continuously powed¥ sensor. Pu et al. reported a
wearable SCPS by integrating a textile TENG asgnkarvester and a flexible LIB
belt as energy storage, as shown in Fig. 7b [7a1L. ®lyester fabric was selected as
the substrate, and consecutively coated with candud\i film (Ni-cloth) and
insulating parylene film (parylene-cloth). The TEN@s woven with Ni-cloth and
parylene-cloth as longitude and latitude lines.cbi&ted textile was used as the
current collector, and LiFPALi4TisO1> was used as the cathode/anode of the LIB.
Electric energy converted form human motions by ttextile TENG was
demonstrated to be capable of charging the LIB kdiich then was used to power a
heartbeat meter with remote communication with arsqmhone. Liu et al. developed
a convoluted power device by hybridizing internalgolid LIB and a TENG, where
the two different parts share common electrodef [I8der constant pressures, it is a
solid LIB that can be used to store electric enetgyyder periodical pressures, the
device works as a TENG to convert mechanical eniettgyelectricity and store in the
solid LIB.

Except for human motions, the SCPSs can also hastlesr kinds of mechanical
energy. Gao et al. designed a SCPS that can simeoligly scavenge and store wind
energy into chemical energy [79]. A flexible solitB was implanted into the middle
dielectric film of an elasto-aerodynamics-drivenN&, so that the solid LIB and the
TENG are hybridized as a single unit. Under thednspeed of 24.6 m/s, the solid
LIB can be charged from 1.5 V to 3.6 V, where tloeresponding storage capacity
was about 0.03pAh. Additionally, several other SCPSs for harvagtimnd energy
with similar structure were also reported [80,81].

Besides, the selection of appropriate battery syster electrode materials is of
great importance for TENG-based SCPSs. High engeggity, high cycling stability,
safety, and easiness to integrate in SCPSs arbeoprior concerns. Zhang et al.
investigated the influences of the pulsed outpuTBNG on LIB polarization and
dynamic behaviors [82]. It has been demonstrated LhBs based on the phase
transition reaction have higher energy efficienciaad enhanced coulombic
efficiencies for being charged by TENGs. Furthempahe pulse current has a
positive effect on improving the cycling stabilignd decreasing the charge-transfer
resistance. Several other studies have tried diftebattery systems, such as 3D
Cu@Si@Cu-based LIB [83], Vo(POy)s or LiFePQ-based LIB [84-87], Li-S
battery [88], and solid-state sodium-ion batter9][8However, the above-mentioned
battery systems using in the SCPSs have the distayes of expensive, heavy and
big size. Therefore, developing the next generatibbatteries using Mg, Ca, or Al
with lower cost, less weight and volume could ddsoca future development direction
for the TENG-based SCPSs [90-92].
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circuit of a SCPS that consists of a textile TEN@ a flexible LIB belt. Reproduced
with permission [77]. Copyright 2015, John Wileyda®ons.

3.3 Hybrid SCPSs combining TENG with other energy harvesters

The energy produced by TENG itself is relativelyaimin order to enhance the
energy-harvesting capability, TENG and other endrgiwesting technologies can be
combined together to form a hybrid energy-harvestievice, so that various types of
environmental energy could be simultaneously sogeenTherefore, hybrid SCPSs
with hybrid energy harvesters may be an effectppreach to meet the demands of
larger electronics and thus widen their practipglli@ations.

Wen et al. developed an all-fiber-based hybrid SGSshown in Fig. 8a [93].
Outdoor sunshine and random body motion energiedeaconverted into electricity
by using the dye-sensitized solar cells (DSSCs)Td&NGs, and then further stored as
chemical energy in SCs. Since each component ofSGPS is all-fiber-shaped
structure, the hybridized system can be woven intbvidual fabrics to fabricate
smart clothes for wearable electronics. Pu et lsb @eveloped a hybrid energy
harvesting system by integrating a grating-strieduUfENG fabric with fiber-shaped
DSSCs [94]. As shown in Fig. 8b, these two partsewategrated together into a
textile for simultaneously harvesting solar lighbhdahuman motions. And the
generated energy was then stored in a battery @werpgupply to operate wearable



electronics.

Qin at al. developed a smart hybrid SCPS by integyaa hybrid nanogenerator
with an electrochromic SCs array [95]. As showirig. 8c, the hybrid nanogenerator
was composed of a piezoelectric nanogenerator arfeNG sharing the same silver
electrode, with output voltage and current of 15and 20uA. Hydrothermal reaction
was employed to achieve Ag nanowires/NiO as thaveactmaterials of the
electrochromic SC, which possess high capacitaric8.4¥ mF/cri. During the
self-charging process, the charging states cansbmaed according to the color
change with naked eyes. What's more, TENG has begagrated with
electromagnetic generators for wide-frequency meichhh energies harvesting
[96,97]. TENG has also been reported to integratk thermoelectric generators, or
pyroelectric nanogenerators, so that mechanicalggnend thermal energy can be
simultaneously harvested [98-101].
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Fig. 8. Hybrid SCPSs integrating TENG with other energwhaters. (a) Schematic
diagram, equivalent circuit and charging curve of al-fiber-based hybrid SCPS,
which is made of a fiber-shaped TENG, a fiber-sddp8SC and a fiber-shaped SC.
Reproduced with permission [93]. Copyright 2016, &iman Association for the

Advancement of Science. (b) Photograph, equivaténcuit and charge/discharge
curve of a hybrid SCPS consists of a TENG fabileerfshaped DSSCs and a LIB.
Reproduced with permission [94]. Copyright 2016hnJowiley and Sons. (c)

Schematic illustration of the flexible self-chargialectrochromic power package that
integrates a hybrid piezo/triboelectric nanogemeratand electrochromic

micro-supercapacitors. Reproduced with permissi®f].[ Copyright 2018, John

Wiley and Sons.

4. Optimization strategies for energy transfer and stor age



To be applied for practical applications, the perfance of the TENG-based
SCPSs needs to be improved. Energy transfer eftgifrom TENG to energy
storage unit is the pivotal parameter of the SCB8sides, self-discharge of energy
storage devices also has a significant influencethencharging efficiency of the
SCPSs. In the following part, we will systematigalummarize the optimization
strategies for energy transfer and storage basediffenent components. For each of
component, design strategies and their impact oprawing the performance of
SCPSs will be discussed.

4.1 Power management

TENG usually has the output characteristics of higltage, low current/charge
transfer, and large internal impedance. These ctarstics lead to low energy
transfer efficiency in either powering electronarscharging a supercapacitor/battery,
which usually have relatively low impedance [29,B3]. To store the energy
harvested by the TENG, above-mentioned SCPSsaidnally realized by a direct
connection between TENG and energy storage uratigir a rectifier. However, this
may lead to low energy-storage efficiency due te Huge impedance mismatch
between these two components. Therefore, to addinesgproblem, proper power
management circuits are required to maximize théciefcy for practical
applications.

Zhu et al. first introduced transformer into thelisdarrayed rotary TENG for
tremendously reducing the output voltage and bogsthe output current, which
substantially reduces the impedance of the TENG4][10’hrough a power
management circuit (consisted of a transformemddifier, a voltage regulator and
capacitors), the TENG-based power-supplying systam provide a continuous
direct-current power for driving commercial electics, such as LEDs, alarms, digital
clocks, and cellphones. However, the transformdy bas a satisfied performance
with matched high-frequency, otherwise a huge poless would occur [105].
Therefore, Niu et al. designed a two-stage poweanagament circuit for the SCPS,
which is universally applicable to all types of T&B with pulsed outputs [106]. As
shown in Fig. 9a, this universal circuit consistsaologically-controlled switching
system and coupled inductors. With such a powerag@ment system, the SCPS can
achieve 60% AC-to-DC efficiency and provide a coatius DC electricity of 1.044
mW (7.34 W/n) for continuously driving various conventional @tnics, such as
such as pedometers, thermometers, scientific edtog, wearable watches, and
radio-frequency wireless transmitters.

Xi et al. also proposed a universal power managérseategy for TENG by
maximizing energy transfer, DC buck conversion, aatf-management mechanism
[107]. This management circuit is shown in Fig. 8ba low frequency of 1 Hz with
the power management module, the matched impedsdribe TENG can be reduced
from 35 to 1 M) at 80% efficiency, and the stored energy in cmgygh 1 mF
capacitor can be improved by 128 times. In additith universality and high
efficiency for different modes TENG, similar powmanagement strategy consisting
of inductors was also reported [108].

Different from the above inductor-based manageroeatits, Tang et al. focused



on inductor-free circuit for power management & TENG [109]. As shown in Fig.
9c, the circuit is based on an array of self-cotioreswitching capacitors. The
capacitors are first serial-connected in the cimgrgiperation and then connected in
parallel for power output. It can lower the outpaitage and improve the output
current/charges with minimized energy loss. Besid@silar management circuit
based on capacitors from serial to parallel conoeatas also reported [110].

Zi et al. focused on the switch-based circuit fowpr management of the TENG
[111]. With the aid of the V-Q plot of the TENG,eth designed a rational charging
cycle by using a motion-triggered switch to modeitdte charge flow in the SCPS, as
shown in Fig. 9d. Compared with the direct chargiygle, the designed cycle can
enhance the charging rate and improve the eneaygige efficiency (up to 50%).
Though using a switch is effective for managing antproving the output
performances of the TENG, its elaborate design wilike the system more
complicated and expensive. Cheng and Yang et aklolged a self-powered air
discharge switch for the TENG [112,113]. As showrFig. 9e, the switch’s on/off
state is controlled by the voltage of the TENG lits#&/hen the load resistance is
lower than 2 M2, the output energy is increased by 31 times inpaomon with the
TENG without a switch [112]. Ghaffarinejad et alurther introduced a new
management circuit based on Bennet’s charge douwiatech is inductor-less with no
need for switches or external control [114]. Futefferts are still needed to improve
the efficiency of the management circuit and alsduce its size. To be applied in
flexible and wearable electronics, every compomérnhe power management circuit
should preferably have good flexibility in the freuZhang et al. reported the flexible
and transparent high-voltage diodes that featugh mectification ratio and high
breakdown voltage, demonstrating well compatibiityd integration possibility with
TENG [115].
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Reproduced with permission [106]. Copyright 201%tie Publishing Group. (b)
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self-powered air discharging switch for improvirg toutput performances of TENG.
Reproduced with permission [112]. Copyright 201Bgekier.
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4.2 Direct-current TENGsfor SCPSs

Because of the AC output characteristic of the TEN®@ generated energy by
the TENG cannot be stored in energy storage devioésss a rectifying circuit is
used. Besides, the rectifier is a dissipative uaitd its power consumption is
appreciable if the output of TENG is small. DesignDC-TENG would be a solution
to store the scavenged mechanical energy withang ws rectifier, which could also
greatly improve the convenience of the self-chaygiawer system.

In 2014, Yang reported a wheel-belt structured DENG, as shown in Fig. 10a
[116]. The working mechanism of this DC-TENG is &@son the continuously
accumulated triboelectric charges on the two wheetich will induce a corona
discharge to drive the flow of electrons througheexal load. This DC-TENG has



been demonstrated to directly drive 1020 LEDs dvatge a capacitor without using
a rectifier. Zhang et al. also developed a DC-TEN& consists of two disks and two
pairs of flexible electric brushes, as shown in.Hfb [117]. During the rotation,
flexible electric brushes automatically switchediwsen two electrodes, so the
current can be reversed in the second half cyctk aaulirect current is generated.
Under a rotation speed of 750 rpm, the TENG caiveleh maximum power density
of 25 mW/nf. The structure of these DC-TENGs is relatively pboated, which is
not suitable for versatile application scenes nagdrom large-scale TENG arrays to
flexible electronics. By utilizing the air breakdovnduced ionized air channel, Luo
et al. designed a novel DC-TENG for harvesting aonseparation mechanical
energy with simple structure [118]. The working mma&cism of this DC-TENG is
shown in Fig. 10c. The DC-TENG has a maximum pagpwd power of ~1.83 mW,
and the produced electric energy could be stordldowt using a rectifier. Owning to
its simplicity in structure, this mechanism wasttier applied to fabricate a flexible
DC-TENG, suggesting its potential application inedily building flexible SCPS for
flexible electronics.
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Fig. 10. Working mechanisms of DC-TENGs for SCPSs. (a) \Wykmechanism of
the wheel-belt structured DC-TENG. Reproduced vpginmission [116]. Copyright
2014, John Wiley and Sons. (b) Working mechanisnthef rotating disk based
DC-TENG. Reproduced with permission [117]. Copytig@14, John Wiley and Sons.
(c) Working mechanism of the DC-TENG achieved tigtothe ionized air channel
caused by air breakdown. Reproduced with permisdid8]. Copyright 2018, John



Wiley and Sons.

4.3 Suppressing self-dischar ge of energy storage devices

Self-discharge has been an inevitable issue thegtesaloss of stored energy for
energy storage devices, especially supercapadii®121]. When using small power
energy harvester, such as TENG, to charge theg&odavices, it often takes a
relatively long time to finish the charging process this situation, self-discharge
would severely limit the applications of energyratge devices for collecting wasted
small energy from the ambient environment. Thersfesuppressing self-discharge of
the energy storage devices is of great importamtieet TENG-based SCPSs.

Xia et al. recently introduced a liquid crystal 4@entyl-4-cyanobiphenyl (5CB)
in the electrolyte to reduce the self-dischargsugercapacitor, as shown in Fig. 11
[122]. When the supercapacitor was charged, thergldield induced alignment of
5CB molecules can cause enhanced fluid viscos#ytive electrorheological effect,
which impeding the diffusion of ions and redox specCompared with the blank SC,
the leakage current of the 5CB SC could be drdsticaduced by 82%. It has been
demonstrated the 5CB SC with low self-discharge c#tn effectively improve the
charging efficiency from TENG, and extend the pe&rad continuous power supply

for driving small electronics.
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Fig. 11. Suppressing self-discharge of SCs via electrodupodl effect of liquid
crystals. (a) The electrode-electrolyte interfata supercapacitor with 5CB added in
the electrolyte. (b) Charge/self-discharge curviethe SCs with and without 5CB in
the electrolyte. (c) LED lights powered by blankda®CB SCs, before lighting the
LEDs, EDLCs were first charged to 2 V and subjedtedelf-discharge of 0, 1, 2, 3
and 4 h. Reproduced with permission [122]. Copyrfii8, Elsevier.
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5. Summary and Per spective

In this review, the recent advances of TENG-basddcharging power systems
are systematically summarized. In particular, yISCPSs that could simultaneously
harvest multiple environmental energies have be&acting increasing attention.



Several optimization strategies for improving tlefprmance of the SCPSs are also
discussed. These research studies promote thedfiettechanical energy harvesting
and storage for building up self-powered systenms,which multi-functional
electronic devices can be sustainably powered uhdyENG-based SCPSs through
collecting environmental mechanical energies. Tghothe continuous research on
the TENG as well as other related technologies,beieve that the TENG-based
SCPSs will have a drastic impact and could be a@dgbr practical applications in the
near future.

Even though significant progress has been madeat®, duture works are still
required for integrating TENG with energy storagetsi Future researches on the
following aspects should be carried out.

(1) The performances of TENG and energy storagés uni the SCPSs are both
typically low. Most of the reported research wodsout TENG-based SCPSs
focus on the conceptual demonstration. To pavevdnefor practical application,
more future works in materials’ optimization argemtly needed to improve the
performances of each integrating units, includingpat power, energy density,
stability, and so on.

(2) The enhancement of the system efficiency isntlost essential issue. In general,
the low energy transfer efficiency from the hariregto storage units is due to the
impedance mismatch between TENGs and energy statagees. On the one
hand, various kinds of power management circuitgeeaeen demonstrated to
lower the impedance of the TENG. The development najre effective
management circuits is significant. On the otherdhahe importance of choosing
the appropriate supercapacitor/battery systemslufdimg electrode materials,
electrolytes, separators, current collectors, am @) should not be
underestimated. The impedances and capacitieseofjestorage devices need to
match the pulsed output of TENG.

(3) Further studies in innovative structural desigme also needed to expand the
application range in mechanical energy harvestihgvould be preferable if
multiple kinds of mechanical energy or even otheurses of environmental
energy such as thermal and solar energy could Ipeested simultaneously.
Meanwhile, optimization of system integration i t8CPSs will make them more
feasible for scale-up fabrication and to meet th@mands of practical applications.

(4) Considering the relative low output power ofe tTENGs, self-discharge,
especially of supercapacitors, must be largely megged, which could
dramatically reduce the performance of the TENGeda&SCPSs. Research efforts
should be dedicated to solving the leakage proldémnergy storage devices in
the future.

(5) As for Li ion batteries, one must study theiogdihcy for energy storage under
pulsed TENG input instead of the conventional D@uin A systematic study on
the ion diffusion and transport under the pulsadimly force across the isolating
membrane is important for storing TENG generateagrd86].

(6) Based on Maxwell's displacement current, usigNG for wireless energy
delivery is an interesting research field [123].eTdevelopment of TENG-based



SCPSs with wireless charging capability is attkectand important for medical
security, wearable electronics, and distributecisgn124].

(7) Developing TENG-based SCPSs with more supefiexibility is also a
meaningful and promising research direction for trgeneration portable,
wearable smart electronics.
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