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Triboelectric Nanogenerators Driven Self-Powered
Electrochemical Processes for Energy and
Environmental Science
Xia Cao, Yang Jie, Ning Wang,* and Zhong Lin Wang*
reduction and oxidation reactions occur
at the corresponding electrode/electrolyte interface. As a result, the electrons
flow orderly to do work with very high
energy conversion efficiency. In the last
two decades, a drastic change occurring
in the world should be the rapid growth of
information technology. The ever growing
market of portable electrical apparatus
raises the demand of portable and customized batteries as power sources.[1] Although
the development of modern batteries like
fuel cell and lithium ion (Li-ion) battery is
also very fast,[2] monitoring, replacing and
recycling trillions of batteries are especially
arduous because of the vast distribution
and short cycle lifetime. Besides, there
are growing challenges from the dependence on limited fossil fuel, the demand of
growing population and the concern about environmental degradation etc. So it is especially necessary to develop renewable
power sources which are high-efficient, clean and sustainable.
Triboelectrification (also named as contact electrification) is
a wide effect around us, which usually needs to be prevented
as the negative effect in many systems. In 2012, triboelectric
nanogenerator (TENG) was invented to use triboelectricity for
converting mechanical energy into electricity by Wang research
group, which is a revolutionary breakthrough in the technology
of energy conversion and utilization.[3] Traditional triboelectric
generator can only accumulate static charges generated by triboelectrification, but there is no current unless there is a discharging.[4] However, the novel TENG can drive electrons to
produce electricity via coalescing electrostatic induction with
contact electrification. In the early period, TENG is mainly
developed as micro-scale power source, which is used to supply
for small portable electric apparatus. With the fast development
of TENG, lots of work has been done to explore new approaches
to effectively harvesting different forms of water power, namely
macro-scale blue energy.[5]
As for the development of nanotechnology, there are generally five steps in research: the fabrication of nanomaterials,
the property of nanomaterials, the single nanodevice, an array
of nanodevices, and the integration of system. With the new
emergence of TENG, research in self-powered systems is fast
expanding into many fields.[4,6] The rapid advancement of TENG
gradually shifts its focus from the discrete devices to more
complex integrated systems, which can perform multiple functions. Such integrated systems are expected to work sustainably

Ever since the discovery of triboelectric nanogenerator (TENG) by Wang’s
group in January 2012, various breakthroughs have been achieved in the
fundamental mechanisms of TENG as well as the demonstrated self-powered
systems. TENG has shown many advantages in micro-scale energy harvesting
for applications in sensors and portable devices. As a self-sufficient power
source, TENG can be used in conjunction with electrochemical processes
as self-powered electrochemistry without the use of external power source.
This review mainly focuses on the updated progress in TENGs for both high
performance energy conversion and self-powered electrochemical systems
in application such as water splitting, sea water desalination, air pollution
cleaning, degradation of organic pollutant, collecting of heavy metal ions and
many more. The idea of performing electrochemistry without using an external
power could be useful for large-scale application in environmental science.

1. Introduction
Efficient energy conversion and storage play a dominant role
in our modern life. In human history, the leading energy conversion is combustion, which is generally of low efficiency and
causes serious environmental issues. How to achieve high efficient energy conversion and storage always attracts the research
interest of scientific community. The first electrochemical cell
was invented by Alessandro Volta in the 1800, in which the
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without use of battery and adapt to the environment. Then, the
concept of self-powered nanotechnology was also first proposed
by Wang to build the self-powered system, which can operate by
collecting electrical power or sensing signal from the ambient
environment.[7] Based on the high-efficient and sustainable
TENGs, various self-powered systems have been developed for
different practical applications.
In reviewing the literature, we have found that the existing
reviews of TENG and self-powered systems are concentrated on
the principles and progress in TENG,[8] the TENG as self-powered sensors,[4,9] the self-powered micro/nanosystems mainly
based on piezoelectric nanogenerators.[10] Herein, this review
focuses on the updated progress of TENGs in self-powered
electrochemical systems. The development trend in this field
is envisaged and the basic configurations are also reviewed.
Besides, the state-of-art progress of harvesting blue energy
based on TENGs for self-powered energy conversion and utilization is highlighted.

2. Triboelectric Nanogenerator
TENGs are developed from the combination of contact electrification and electrostatic induction. Generally, chemical bonds
are formed between some parts of the surfaces when two kinds
of materials contact with each other, and triboelectric charges
are generated due to the charges transfer from one surface
to the other in order to equalize electrochemical potential.[11]
The relative motion between triboelectrically-charged surfaces
driven by applied force induces periodically varied potential in
the TENGs. Under short circuit conditions, alternating electric
current flows through the load and the electrostatic equilibrium
between two electrodes is kept.

2.1. Fundamental Modes and Theories
of Triboelectric Nanogenerators
The great truth is always simple when the phenomenon has
been investigated deeply. Despite the varieties of TENGs in configurations and move manners, generally they can be divided
into four most fundamental working modes.[8] Besides, the corresponding theoretical models according to the fundamental
modes have also been constructed, which help to understand
and guide the optimization of TENG in structural design and
material selection.[12]

2.1.1. Vertical Contact-Separation Mode
The design of a new TENG is presented as the example in
Figure 1a, which not only is the simplest structure but also
has higher power output due to the nanostructured surface.[13]
In the initial stage, nearly all TENGs are designed in the vertical contact-separation mode, which consists of two polymer
films with distinctly different electron affinity.[3] In this mode,
the contact between two films can create oppositely charged
surfaces, and then free electrons are driven to balance the potential difference when two electrodes are electrically connected.
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Under the pressing and elastic forces from external motions,
the two surfaces can be contacted and separated periodically
that a changed potential drop or alternating current would produce between the two electrodes. Besides, a comprehensive
theoretical model was bulit for this mode by Niu and co-workers,
in which a quantitative relationship includes the optimum
resistance and the parameters of TENG was derived.[14] By utilizing this theoretical model, the real-time output of the TENG
can be mathematically characterised, and the parameters were
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Figure 1. Four fundamental modes and corresponding devices of triboelectric nanogenerators: a) Vertical contact-separation mode. Reproduced
with permission.[13] Copyright 2013, American Chemical Society. b) Lateral-sliding mode. Reproduced with permission.[15] Copyright 2013, American
Chemical Society. c) Single-electrode mode. Reproduced with permission.[17] Copyright 2013, American Chemical Society. d) Freestanding triboelectriclayer mode. Reproduced with permission.[19] Copyright 2015, American Chemical Society.

Figure 1b shows a type of in-plane sliding TENGs, which utilizes
the relative sliding between contacting surfaces and is suitable
for various types of mechanical movements.[15] The lateral
sliding mode has the similar structure with the vertical contactseparation mode, but the relative displacement of two electrodes
in two modes is distinct so that their electrical output is different. The essence in the lateral sliding mode is the periodical
alternation of the triboelectrically induced charges along with inplane contact-separation. When the contact surfaces are driven
to slide relatively in one plane, an interfacial potential difference
is thus created. Under condition of connecting a load between
two electrodes, the induced potential will drive the free electrons
on electrodes flowing periodically following a thus proposed
mathematical model based on the finite element method.[16]

electrically connected to the ground.[17] The single-electrode
mode is based on the above two modes, but one charged object
can have a free moving without any restriciton. The periodic
change of the contact area between two surfaces can lead to
charge transfer and electrostatic induction, which drives the
flow of electrons in external circuit. Single-electrode mode significantly expands the practical application of TENGs in various
circumstances because the moving objects can directly serve
as the triboelectric layer in the TENG to induce the electricity
generation process. Niu et al. reported a theoretical model of
single-electrode TENGs with in-depth analysis of the working
mechanism.[18] They systematically investigated the real-time
output of TENGs in this mode through utilizing different
numerical calculation methods, which mainly studied the influence factors of performance including the gap distance between
electrodes and the size of contact area. Although the effectiveness of induced electron transfer is not the best in this mode due
to the electrostatic screening effect, some strategies like parallel
integration of multiple micro-scale TENGs and relatively larger
adjustion of spacing can be used to slove this problem.

2.1.3. Single-Electrode Mode

2.1.4. Freestanding Triboelectric-Layer Mode

Figure 1c presents a single-electrode sliding TENG, which is
worked on the alternative overlapping/separation states between
a polytetrafluoroethylene (PTFE) film and an aluminum film

Figure 1d shows the rolling electrification/electrostatic-induction based energy harvesting strategy. The as-designed TENG
is demonstrated to be highly efficient in energy conversion,

systematically studied including the size of contact surface, the
thickness of effective dielectric and the distance of gap.

2.1.2. Lateral Sliding Mode
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which can reach up to 55% efficiency.[19] The freestanding triboelectric-layer mode is that a freestanding triboelectric-layer
contacts or slides on the same plane among different stationary
electrodes.[20] In principal, objects in move are intended to be
charged when contacting with air or other objects, so its contact with or separation from another triboelectrically polarized
material may result in an asymmetric electric field within the
electrode surface. And an alternating current can be generated
because of the electrostatic induction, when the triboelectrically
charged object moves to and fro between the two electrodes.
Compared to the single-electrode mode above, this freestanding
triboelectric-layer mode is of ultrarobustness and high energy
conversion efficiency, because there is no electrostatic screening
effect and minimized material abrasion between the two triboelectric layers. A theoretical basis of freestanding triboelectriclayer mode has also been presented that the change of the
capacitance ratio between the triboelectrically-charged surface
and two electrodes with the position of the freestanding layer is
the core working mechanism.[21]

2.2. Progress in the Triboelectric Nanogenerators
and Self-Powered Electrochemical Systems
According to the four fundamental modes above, different
TENGs and the as-based self-powered electrochemical systems for specific application have been fabricated since 2012.
(Table 1) Firstly, various structural designs have been developed in order to utilize different mechanical sources and
satisfy different practical applications, including spring-supported,[13,22] arch-shaped,[3,23] zig-zag,[24] grating-structured,[25]
multi-layered[26] and so on. Secondly, various energy sources
have been harvested so as to design different self-powered systems, including human motion,[20,27] engine motion,[28] wind

energy,[29] hydropower[26b,30] etc. Thirdly, various applications
based on TENGs have been reported especially for self-powered
sensors, which can be mainly divided into two categories: physical sensors[31] and chemical sensors.[32] The trend in the development of TENGs is toward sustainable, flexible, high efficient,
cost-effective, and environmental friendly designs, which can
be used to build the self-powered systems for applications in
ultrasensitive sensor, micro-electromechanical device, wearable
electronic, environmental protection and related new energy
technology.
Figure 2 shows a schematic diagram that illustrates the
progress made in the development of TENG since it was first
discovered in 2012. Generally, the development of theory
needs long accumulation of experience and summaries, and
new achievements can be reached with persistent efforts. On
the other side, applications and the development of theory
complement with each other. The development of application can be broadening gradually to serve our society, only
when the foundation is sturdy and the invention fit in with
the needs of society. Besides, the roadmap and applications
of nanogenerator (2013–2022) has been proposed, which
projects a new field of blue energy for harvesting mega-scale
energy.[8]
Energy conversion and utilization devices using nanotechnology have received increasing interest for a long time because
they have potential to build and drive self-powered nanodevices
and nanosystems.[10a,33] In 2012, a simple flexible TENG for
collecting mechanical energy from a tribological process was
reported for the first time.[3] The first flexible polymer TENG
can only give an output voltage of up to 3.3 V and current of
0.6 μA at a power density of approximately 10.4 mW cm−3, but
this is the first pioneer work that lays the foundation for the
development of TENG. As for the self-powered electrochemical
systems driven by TENG, a self-powered electrochromic unit

Table 1. Materials and performance of triboelectric nanogenerators in the self-powered electrochemical systems.
Triboelectric materials

Energy properties

Kapton/gold

Ref.

Output performance/power density

Energy source

Isc of 1 mA, Voc of 240 V under 600rpm, transformed
efficiency 77.9%a)

Flowing kinetic energy, water splitting

[39a]

Voltage of 110 V, current of 60 μA, current density
of 2.4 μA cm−2

Mechanical energy, hydrogen production

[39b]

Isc of 3.4 mA, Voc of 320 V under 600rpm,

Driven by wind, cleaning of air pollution

[48]

Current density of 20 μA cm−2, voltage of 70 V at water
wave velocity of 1.4 m s−1

Water wave, phenol degradation

[40d]

Polyamide/perfluoroalkoxy
Kapton/copper
Polytetrafluoroethylene/TiO2 on Titanium

Application fields

Polytetrafluoroethylene/Indium Tin oxides

Isc of 4.8 mA, Voc of 210 V with frequency of 2 Hz

Seawater wave, water treatment

[40c]

Kapton/Al

Transferred charges of 1.41 mC min−1, Isc density
of 10.1 mA m−2 under 1000 rpm

Mechanical energy, cathodic protection

[41a]

Polydimethylsiloxane/Indium Tin oxides

Output current of 45 μA, effective power density
of 130 mW m−2

Blowing wind and rain drops, smart window

[42b]

Power density of 31.2 mW cm−3,maximum Voc
of 110 V

Ambient energy, electrodeposition

[43a]

Kapton/poly (methyl methacrylate)
Polydimethylsiloxane/Indium Tin oxides

Isc of 0.65 mA, Voc of 256 V with frequency of 3 Hz

Wind power, anodic oxidation

[43b]

Fluorinated ethylene propylene/copper

Isc of 7 μA, Voc of 17 V under blowing speed of 10m s−1

Blow-driven, alcohol breath analyzer

[60]

a)I
sc

indicates] the short circuit current and Voc indicates the open circuit voltage.
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Figure 2. A stable parallelogram is made of two centrosymmetric right triangles, which respectively show the development of theory is from the
deep bottom to mountain top and the development of application is gradually broaden. Based on the roadmap and applications of nanogenerator
(2013–2022). Reproduced with permission.[8] Copyright 2014, The Royal Society of Chemistry. Summary on the progress of TENGs and self-powered
electrochemical systems is made in the diagram within the last 3 years.

was demonstrated for the first time.[34] The visible optical modulation of 15.3% is comparable to a traditional electrochromic
device charged by a hardwired direct current power. Thus a lowcost powerful platform has been demonstrated for designing
self-powered electrochemical system by utilizing mechanical
energies from ambient environment.
In recent years, the development of TENG has made a lot
of significant breakthroughs. For instance, the area power
density reaches 50 mW cm−2, the volume power density can
be 15 W cm−3,[35] and an instantaneous efficiency is up to
70.6%.[36] For low frequency agitation, the conversion efficiency
can be 85% if all the vibrations are utilized experimentally.[37]
As for the performance-evaluation standards toward the different TENGs, the charge density on the surfaces is considered
as one common factor. Various TENGs made of the same materials can have different energy conversion efficiency, which is
influenced by the design geometry and triggering condition.
Besides, the developed TENGs feature extremely high voltage
and high inherent impedance but limited current, which are
the major challenges to practical utilization. There are generally
two approaches to solve this problem: one is to develop energy
storage unit that can match the requirement in a managed and
regulated manner;[38] the other approach is to design self-powered system based on TENG that can directly take advantage of

Adv. Energy Mater. 2016, 1600665

the features. Especially, self-powered electrochemical systems
based on TENGs have been utilized for water splitting in green
energy,[39] water pollution in environmental protection,[6a,32b,40]
cathodic protection of economic development,[41] electrochromic reaction in practical devices,[34,42] and micro-electrochemical machining in industrial production[43] and so on.

2.3. Performance Evaluation Standards for
Triboelectric Nanogenerators
TENGs have been invented for harvesting clean and cost-effective
ambient mechanical energies and convert them into electricity.
To improve the performance, considerable attention has been
paid to both development of new structures and improvement
of surface charge density. Although TENGs have shown many
advantages such as abundant choices of materials, scalability,
high energy-conversion efficiency and high output, there is not
a unified performance evaluation system for TENGs. Generally,
the working mechanism of different TENGs can be clarified into
four types, and the area power density of each TENG is used for
demonstrating their performance.[8] However, it is difficult to
compare the performance of TENGs that are assembled with different materials and work in different modes.
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Zi and co-workers reported a figure-of-merit (FOM) based
evaluation model, which focus on the impact of structure
and material on TENG’s performance.[44] This work takes
a step forward in the direction toward unanimous performance evaluation as far as the design of TENGs for practical application is concerned. Figure 3a–c, and d show the
structural FOMs for four fundamental modes of TENGs,
which were simulated by the analytical formulae and finite
element method (FEM) and in accordance with the calculated results. It can be concluded from this simulation that
the paired-electrode TENG has better performance than the
single-electrode TENG under the same conditions. In addition, the triggering condition is also a very important factor,
because the contact-separation mode has better performance

than the sliding mode when the triboelectric charge densities
are the same. Besides, the freestanding mode has enhanced
performance as the capacitance between electrodes is dramatically decreased.
It seems that the material FOM (FOMM) may be taken as
a unanimous evaluation standard because it is linearly linked
with the highest output and energy conversion efficiency. They
firstly proposed the optimized TENG operation cycle from
the relationship between the built-up voltage and total transferred charge. The rationality of FOMM as the unified evaluation via the measured triboelectric surface charge density (σ),
which supports on the FOMM theory and relates closely with
the performance of TENGs. Figure 3e gives the normalized triboelectric output on the base of the measured surface charge

Figure 3. Standards and figure-of-merits (FOMs) for evaluating the performance of TENGs. a–d) The FOMs for vertical CS mode, LS mode, singleelectrode contact (SEC) structure and sliding SFT structure. The insets are the corresponding work modes. e) The measured absolute charge densities that different materials contact with solid gallium or liquid galinstan. Reproduced with permission.[44] Copyright 2015, Nature Publishing Group.
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3. Self-Powered Electrochemical Systems
3.1. Self-Powered Water Splitting and Seawater Desalination
Hydrogen (H2) is one of the clean and sustainable energies
because it’s only product of combustion is the pure water (H2O)
and hydrogen can be regenerated by water splitting. However,
the process of water splitting often needs an external input
power to run the corresponding half-reaction on the electride.

Currently, the input energy mainly comes from solar, chemical and thermal energy.[45] Due to the universal availability
of ambient mechanical energy, self-powered electrochemical
system based on TENG has been considered as a practical
source to supply the powering electricity.
The first self-powered water-splitting system was reported by
Tang et al. as shown in Figure 4a, which can produce hydrogen
at a rate of 6.25 × 10−6 L min−1 from the 30% (w.t.) KOH
solution.[39a] Here, a water-driven TENG was integrated into
the system in order to harvest energy from the flowing water,
thus the water splitting does not need external power. The circuit diagram of the splitting system with water-driven TENG
and the experiment setup were shown in Figure 4b. When the

Figure 4. Self-powered electrochemical system for water splitting and seawater desalination. a) Schematic diagram of the TENG-driven water splitting
system. b) The circuit diagram of the splitting system. The insets show the structure of disk TENG. c) H2 production volume as a function of time.
The inset is the photographs of the H2 collection tube. Reproduced with permission.[39a] Copyright 2014, John Wiley and Sons. d) Schematic diagram
of self-powered water splitting system with hybrid energy cell. e) Schematic diagram of the hybrid energy cell. The insets show structure of the hybrid
energy cell. f) Volume of the produced H2 under different working times. The inset is the corresponding photographs of the H2 collection tube. Reproduced with permission.[39b] Copyright 2013, The Royal Society of Chemistry. g) Configuration of the seawater desalination unit (AEM: anion exchange
membrane; CEM: cation exchange membrane; C: concentrated chamber; D: desalination chamber; E: electrode chamber). h) Desalination rate as a
function of the initial salt concentration and time. The inset shows the structure of disk TENG. i) H2 production volume as a function of time. The inset
is the corresponding photographs of the H2 collection tube. Reproduced with permission.[39c] Copyright 2016, Elsevier.
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disk TENG was driven by the motor, hydrogen was produced by
the splitting of water in the tube, detailed mechanism of this
reaction can be depicted as follows:
4OH− → 2H2O + O2 + 4e − ( anode )

(1)

4H + 4e − → 2H2 ( cathode )

(2)

Therefore, the generated H2 was collected in the tube as
shown in Figure 4c. It has been demonstrated that the TENGdriven system is effective for hydrogen generation, which
achieves energy conversion and energy storage together.
Besides, a polymer film-based TENG, a thermoelectric cell
and a solar cell were directly integrated for water splitting to
generate hydrogen.[39b] The major feature of this system is the
ability to collect various energies in the same time, and the
working principal is illustrated in Figure 4d and Figure 4e.
Though the TENG is connected in parallel with the series
circuit of thermoelectric cell and solar cell, the output of the
TENG will not be affected even in a practical device. Figure 4f
shows the production efficiency of this system for direct
water-splitting, and the hydrogen can be produced with a rate
of 4 × 10−7 L s−1. It also indicates the hybrid energy cell has
a stable and sustainable output. Besides, another advantage of
this self-powered water splitting system is the residual electricity can be stored in rechargeable electrochemical batteries
for further uses.
Considering the shortage of water, seawater desalination is
likely a promising technology to achieve a sustainable alternative supply. A new type of seawater desalination unit was prepared by combining a disk TENG and an electrodialysis cell, as
illustrated in Figure 4g.[39c] The disk TENG mainly is composed
of: a pair of rotator and stator (shown in the inset of Figure 4h),
which was fabricated using the printing circuit technology for
lowing cost and scalable production. And the electrodialysis
desalination stack consists of four chambers, which clamped
together with ion exchange membranes. Figure 4h shows the
increase of desalination rate along with the increasing initial
salinity, which is similar with the correlation between concentration and conductivity of NaCl solution. The TENG with
micro radial contact gives a strong output current, and the salt
solution can be desalinated to form drinking water in 16 h and
the desalination rate can reach 98.3%. And the working principle can be elucidated as follows:
2Cl − + H2O → HCl + HClO + 2e − ( anode )

(3)

2H + 2e − → H2 ( cathode )

(4)

Furthermore, the byproduct of concentrated salty water was
split at a H2 production rate of 2.6 × 10−8 L s−1. Figure 4i shows
data and photographs of the H2 collection tube in a period of
time, which proves the feasibility of this system for H2 generation. It is an important step toward self-powered environmental
electrochemistry.

3.2. Self-Powered Cleaning of Air Pollution and Water Pollution
Environmental pollution is the introduction of contaminants
into the natural environment, and air pollution and water
1600665 (8 of 21)

wileyonlinelibrary.com

pollution are the major challenges faced by our humankind
today. With the growing threat of pollution, the search for innovative, high efficient and cost-effective approach to curbing the
pollution has attracted much attention.[46] Electrochemical treatment is one of the most important methods of controlling air
pollution and water pollution;[47] however, it generally needs
external power that makes it rather expensive and infeasible. As
the output performance of TENG is gradually improved, some
self-powered electrochemical system for cleaning of air pollution and water pollution were developed.
Chen et al. introduced the first self-powered air cleaning
system for the removal of sulfur dioxide (SO2) and dust from
air, which is powered by a rotating TENG.[48] Distinguished
from traditional methods like electrostatic precipitation, this
system takes full advantage of the high output voltage of
TENG, which is one of the outstanding features. Taking the
SO2 removal as example, Figure 5a illustrates the principle for
SO2 removal. In this process, electrons are driven from anode
to cathode by the potential supplied from the TENG. SO2 loses
two electrons and turns into H2SO4 in water film and oxygen
gains these electrons to turn into water. The mechanism of SO2
removal can be proposed as follows:
SO2 + 2H2O → 4H + + SO24− + 2e − ( anode )

(5)

2H + + 1/2O2 + 2e − → H2O ( cathode )

(6)

When the system works, SO2 can be oxidized into sulfuric
acid on anode, which accelerates the corrosion of copper mesh.
Figure 5b indicates the obvious difference of the copper mesh
in the system with and without using TENG. As for the TENG
of this system, the multi-layered rotating TENG mainly consists of a stator and a rotator, which can be rotated by winds.
Figure 5c shows the output performance of the rotating TENG,
and it can be deduced that the current is positively correlated
with the wind speed. Though the actual current is very small,
the self-powered system can proceed continuously. Consequently, the SO2 removal rate increased obviously along with
the increasing wind speed because the oxidation rate of SO2
depends on anodic current density. The concentration change
is monitored through the gas chromatography peak intensity,
as shown in Figure 5d. Most of polluting molecules can be
electrochemically oxidized or reduced, so this self-powered aircleaning system has great potential for indoor air treating and
environmental protection.
The organic pollutants like phenol in wastewater are widely
exists in the ambient environment and much effort has been
committed to control this water pollution. Li et al. reported a
unique system of self-powered electrochemical degradation
of phenol by creatively utilizing β-cyclodextrin to enhance
triboelectrification.[40d] A schematic representation of the
system is shown in Figure 5e, which has a multilayered structure including PTFE film and β-cyclodextrin modified TiO2
surfaces with acrylic as supporting substrates. The influence of
water wave velocity is an important factor on the degradation
performance because the electrical output is mainly affected by
the water wave velocity. As demonstrated in Figure 5f, a larger
wave velocity is more helpful to the phenol degradation. The
produced power is able to clean up to 90% of the phenol in
320 min, when the wave velocity of wastewater is 1.4 m s−1 and

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Self-powered electrochemical system for cleaning of air pollution and water pollution. a) Schematic illustrations of the principle for SO2
removal. b) SEM images of copper mesh without (I) and with (II) R-TENG for the oxidation of SO2. c) The output current of R-TENG under load with
different wind speeds. d) The SO2 concentration as a function of wind speed. Reproduced with permission.[48] Copyright 2016, Elsevier. e) Structural
design of the self-powered phenol degradation system and an illustration of the core part. f) Comparison of the phenol degradation percentage.
Reproduced with permission.[40d] Copyright 2015, The Royal Society of Chemistry. g) Schematic diagram of the self-powered electrodegradation of
methyl orange. h) The degradation percentage as a function of time. The inset shows the photographs of the methyl orange solution. Reproduced with
permission.[6a] Copyright 2013, American Chemical Society. i) The integrated self-powered system for heavy metal ions cleaning. The inset shows the
proposed working mechanism. j) Comparison of the removal percentage with and without TENG. The inset shows the hydroxide precipitation process.
Reproduced with permission.[32b] Copyright 2016, John Wiley and Sons. k) Schematic illustrations of the arch-shaped TENG. l) The seawater electrolysis
system driven by the self-powered TENGs. m) The optical image of electrochemical water treatment system designed experimentally. The inset shows
photograph of the tank-type micro-current electrolysis device. n) Inactivation efficiency of Escherichia coli, Streptococcusfaecalis, Vibrioalginolyticus.
o) The concentration of dissolved oxygen in mixed marine algae solution. Reproduced with permission. Copyright 2016, Elsevier.
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the initial concentration of phenol is 80 mg L−1. This system
self-powered phenol degradation system is environmentally
friendly, high degradation efficient and extremely cost-effective,
which renders an innovative approach for self-powered electrochemical degradation.
In general, dyes of wastewater are also the important parts of
organic pollutants, which must be degraded before discharging.
Yang et al. reported a hybrid energy cell including TENG that is
used for a self-powered electrocatalytic degradation of methyl
orange, as shown in Figure 5g.[6a] In this work, the TENG was
made of arrayed polydimethysiloxane nanowires, which can
enhance the performance. Besides, there are two methods to be
used for electrodegradation of methyl orange including directly
powering the electrodegradation or storing the energies in a
rechargeable battery before. Above all, the mechanism of the
electrodegradation of methyl orange is proposed as follows:
2H2O → 2OH* + 2H + + 2e −
−

−

Cl + H2O → ClO + 2H + 2e
+

(7)
−

(8)

The oxidative species can degrade methyl orange by the redox
reactions into small molecules like CO2, H2O, etc. As shown in
Figure 5h, the degradation percentage of methyl is up to 80%
after 144 h. And the optical images before and after degradation
are shown in the insets of Figure 5h, which indicating that the
methyl orange has been effectively degraded.
In the past several years, the heavy metal ions from industrial wastewater have drawn growing attention,[49] because they
are not biodegradable and tend to threaten human life and
ambient ecosystems. Li et al. introduced a new approach to
this field of self-powered heavy metal ion treatment by utilizing
the triboelectrification effect with TENG.[32b] Figure 5i presents
the working principle of the integrated self-powered system,
which can recycle the kinetic energy from flowing wastewater
as a sustainable power source for heavy metal ion cleaning.
The water-driven TENG (WD-TENG) is used as the power
supply to a chemical reaction pond with a rectifier unit, so
the precipitation process is accelerated under the applied electric field. In this self-powered system, the soluble heavy metal
ions Cu2+, Pb2+and Cr3+ were fractionally precipitated from the
wastewater by controlling the wastewater pH values. A control
experiment was performed to compare the removal rate of Pb2+
with or without TENG as shown in Figure 5j. The heavy metal
ions can be removed under the synergistic effect of hydroxide
ions and the self-provided electric field, which can promote the
migration of ions and the electrolysis effect. This self-powered
cleaning system can remove 97.4% of the heavy metal ions (initial concentration: 10−4 m) in 100 min, when it worked under a
water flow rate of 3L min−1.
With the rapid population growth and increased human
activities, uncontrolled discharge of wastewater has caused the
marine pollution and ecological disasters.[50] Jiang et al. demonstrated a new type of self-powered electrochemical water
treatment system, which is fabricated by coupling TENGs and
a seawater electrolysis device.[40c] This system can successfully
work under the power provided by the fabricated TENGs, which
leads to the invention of a totally self-powered active electrochemical processor for removing algae and sterilization. The
arch-shaped TENG is shown in Figure 5k, which is fabricated
1600665 (10 of 21)
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with the indium tin oxide film and the prefabricated nanostructured polytetrafluoroethylene (PTFE) film. Importantly,
this arch-shaped TENG is easily scalable in size by assembling
three-dimensional structure, which can be used for large-scale
power production.
The self-powered electrochemical water treatment system
is illustrated in Figure 5l, which consists of a power supply
(TENGs) and the electrochemical reactor. The mechanism of
the system is proposed as follows:
2Cl − → Cl 2 + 2e −

(9)

Cl 2 + H2O → HCl + H + + ClO−
−

(10)

−

12ClO + 6H2O + 12e → 4HClO3 + 8HCl + 3O2

(11)

The formation of active chlorine species in the seawater can
enhance the removal efficiency of bacteria and algae. As shown
in Figure 5m, a micro-current electrolysis device was connected to the power supply (TENGs) after being transformed
and rectified. This is the first demonstration of TENGs for
directly driving a commercial micro-current electrolysis device
for sterilization and algae removal, which extremely extends the
practical application of TENG.
As shown in Figure 5n, the inactivation of three kinds of
bacteria was enhanced with increasing electrolysis time and all
bacteria achieved more than 6log (99.9999%) removal after 60 s.
Besides, algae removal increased with increasing electrode area
as shown in Figure 5o. For electrode area above 2 cm2, the concentration of dissolved oxygen was at about 7.43 mg L−1, which
shows that there is no algae cell alive. This self-powered electrochemical water treatment system takes advantages of scalable
TENGs and seawater electrolysis to achieve high-efficiency disinfection for both bacteria and algae, which displays the immediate practicability for curbing the marine pollution.

3.3. Self-Powered Anti-Corrosion Protection
Metal corrosion is universal in our daily life, which costs
billions of dollars worldwide each year. So the anti-corrosion
protection for metals is of importance in economic development and has drawn much attention. Cathodic protection is a
traditional strategy to release metals from corrosion, which can
be realized by a passive sacrificial anode or external DC current.[51] However, an ideal cathodic protection system should
be sustainably self-powered because the traditional application
results in high energy cost or more serious environmental pollutions. Some self-powered systems are introduced to solve this
problem by integrating the new kind of TENG into anti-corrosion protection.
Guo and co-workers achieved the self-powered cathodic protection for stainless steels by utilizing a disk TENG with segmental
structures as the power source, which can collect mechanical
energy in the environment where the metal is deployed.[41a] This
design is not only versatile, durable and cost-effective, but also
utilizes the pulsed current to provide protection. Furthermore,
they presented a practical application for the corrosion prevention in ocean. As illustrated in Figure 6a,b and c, they mounted
the TENG onto a buoy to adapt the marine environment.
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Figure 6. Self-powered electrochemical system for anti-corrosion protection. a) The spiral TENG with a buoy that can harvest the wave energy.
b) A photo and c) the structure of a self-powered system for cathodic protection. d) The structures of the TENG-403SS cathodic protection system.
The insets show the photos of surface morphology of Q235 carbon steels before and after being immersed in 0.5 m NaCl solution for 5h. Reproduced
with permission.[41a] Copyright 2014, John Wiley and Sons. e) The structure of the TENG-SC cathodic protection system. f) The photos of Q235 carbon
steels before and after being soaked in 0.5 m NaCl solution for 6h. Reproduced with permission.[52] Copyright 2015, The Royal Society of Chemistry.
g) Schematic diagram of the metal surface cathodic protection system with TENG. h) The lighted LEDs by TENG in the system with rain drops. The
insets show the rusted specimens after the accelerated corrosion. Reproduced with permission. Copyright 2016, Elsevier.

The spring will vibrate up and down with undulating wave,
which drives the TENG on vertical contact-separation mode to
produce electric power for the cathodic protection. Figure 6d
gives a detailed mechanism of the self-powered cathodic protection system, in which the transferred electrons will be injected
into the 403 stainless steel (403SS) when the TENG works. And
the cathode potential of 403SS will slowly decline due to the
pulse cathodic polarization of 403SS. In order to investigate
the effect of self-powered cathodic protection system, the Q235
carbon steel was immersed in 0.5 m NaCl solution for 5 h and
its surface morphology is shown in the inset of Figure 6d. It
can be observed that only a little rust is at the corner of the steel
when coupled with TENG, while there is a thick rust film on
the partially surface of the steel without TENG. This research
indicates that the corrosion rate can be slowed down significantly by the self-powered cathodic protection system, which
has potential application in the marine corrosion prevention.
In another work, Li et al. also demonstrated a self-powered
system for metal corrosion prevention. They first designed
a networking TENGs and supercapacitors (TENG-SC).[52]
This TENG-SC system can collect and store the large-scale
blue energy from ocean and realize anti-corrosion protection
without external power sources. Figure 6e shows an assembly
and work principle of the self-powered TENG-SC cathodic protection system. The flexible TENG can harvest the mechanical
energy from water wave and convert it into electricity, and the
flexible electrical double-layer SC with a network of Ag electrodes can store energy from the TENG. A drastic negative
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shift from -0.35 V to -0.6 V when the TENGs work in water
wave (0.2 m s -1, 1 Hz), indicating that the steel become more
stable by the cathodic polarization. Generally, once the corrosion spots appear on the surface of the steel, the corrosion rate
will increase quickly and much rust will expand on the surface.
However, the cathodic protection powered by the TENG-SC is
very effective, the steel only have a few corrosion spots on the
surface as shown in Figure 6f. It demonstrates that the selfpowered TENG-SC cathodic protection system not only works
with a very high efficiency, but also is so low-cost, flexible and
stable that may be adopted into other anti-corrosion protection.
With the development of TENG for harvesting more types
of mechanical energy, a new self-powered cathodic protection
system for metal surface protection was developed by utilizing the energy harvested from wind and rain drops through
a flexible TENG.[41c] This research demonstrates that the flexible TENG can produce highly efficient cathodic protection for
almost all of metallic structures, especially for the protection in
rainy environment. The corrosion can be accelerated in rainy
days because the corrosion mechanism of the metal surface
is an electrochemical process that occurs in a thin electrolyte.
Figure 6g shows schematic diagram of the self-powered metal
surface cathodic protection system, in which the cathode is the
protected specimen that is immersed into the electrolyte. Since
the TENG can be driven by wind and rain drops, it can power
up multiple light-emitting diodes by harvesting the ambient
mechanical energy as shown in Figure 6h. Generally speaking,
the corrosion degree of metal surface can be intuitively reflected
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by the rusts. From the insets of Figure 6h, there are several gray
distributing areas on the surface for the specimen protected
with cathodic protection system, while more big pits are clearly
found on the sample without the protection after accelerated
corrosion test. So this applicable self-powered system can protect the metal from corrosion effectively.

3.4. Self-Powered Electrochromic Reaction
Electrochromic reaction is the electrochemical redox reactions
in electrochromic materials displaying reversible optical states
when energized by the injected charges.[53] Highly integrated
and multifunctional electrochromic devices are becoming
more and more popular in our daily life, however, conventional
power sources hinder sustainable and independent operation
of these electronic systems. Then TENG can converts mechanical energy into electricity and its performance has been
improved drastically by the optimization of structure and material. Self-powered technology offers a viable sustainable power
solution, but the self-powered system needs to improve conversion efficiency of the energy harvester and utilization efficiency
of the load.

Yang et al. presented an integrated monochrome selfpowered electrochromic system, which mainly combined of a
nanoparticle-WO3 film electrochromic device and a triboelectric nanogenerator (NG).[34] This system has desirable electrochromic response time and high coloration efficiency value so
that it can be used for electronic billboards or monochrome
displays. Figure 7a shows the self-powered electrochromic
(EC) system, in which the NG is connected to the EC device as
power supply through a full-wave rectifier. In order to manage
the electrochromic response, there is a reversible switch to
control the connection polarity between NG and EC unit. As
sketched in Figure 7b, the important EC unit of the system has
a multi-layer structure, in which an array of polyelectrolyte cells
and a layer of WO3 film are sandwiched between the two FTO
film electrodes. And Figure 7c shows the SEM image of WO3
film with densely packed nanoparticles. Before charging, the
transmittance of fully packaged EC device is over 70%. Once
the NG starts to discharge, the transmittance of EC device will
drop due to the process of coloring. The clearly darkened area
is visualized in Figure 7d, while the device can recover to transparency because of a bleaching process. So the EC device has a
good performance when powered by NG, which is comparable
to the direct current power.

Figure 7. Self-powered electrochemical system for electrochromic reaction. a) The self-powered electrochromic (EC) system. b) The structure of the
WO3-based EC device. c) The SEM image of the WO3 film. d) The photo of colored EC device driven by the NG. Reproduced with permission.[34]
Copyright 2012, The Royal Society of Chemistry. e) The structure of self-powered smart window stacked with an ECD, a wind-powered-TENG and a
raindrop-TENG from bottom to top. The insets show SEM images of I) the PDMS film, II) the PB film and III) ZnHCF film. f) The UV/vis adsorption
spectra of the ECD obtained with different durations. The insets show the changed colors of ECD. Reproduced with permission.[42b] Copyright 2015,
American Chemical Society. Pictures show the architecture of g) the contact TEG and h) the rotary TEG of the self-powered electroluminescent system.
i) The area-scalable electroluminescent system that can be triggered by footsteps. The insets show the configuration of the system. Reproduced with
permission.[42a] Copyright 2015, Nature Publishing Group.
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Zhu et al. demonstrated the application of a low-cost TENG
both for harvesting mechanical energy from vibrations and
random displacements and as a pulse power source to electrodeposit nanometals.[43a] Figure 8a shows the setup for pulse
electroplating, which has two separated baths with the plating
solution. A long and thin conducting channel is designed to
enlarge the electrochemical resistance, which is a function
of electric voltage delivered by TENG across an external load.
As schemed in Figure 8b, the TENG has a multilayer structure, in which a cavity is formed between two polymer layers,
so that the spacer can be sustained for the charge generation
and separation processes. A full-wave bridge is used to rectify the alternating electric output into bursts of pulse, which
are suitable for the pulse electrodeposition. Furthermore, the
instantaneous electric power density can reach 31.2 mW cm−3,
and the cathodic current efficiency can reach up to 86.6%. Then
Figure 8c displays the SEM images of the micro/nanocrystalline silver structure, which protrudes from the surrounding
surface. As shown in the insets of Figure 8c, uniform micro/
nanocrystalline structure of grain is densely packed, and the
silver deposit is confirmed by EDS analysis, which indicates
the availability of pulse electrodeposition driven by TENG. On
the one hand, this work introduced a new type of self-powered
electrochemical system; on the other hand, it extends the practical application of TENG to the field of electrochemistry.
Zhu et al. reports the TENG-driven to prepare mesoporous
materials.[43b] Through controlling the voltage output of the
wind-powered TENG, the self-powered system can regulate
pore depth and pore size of the mesoporous Al2O3. Figure 8d
shows schematic of the self-powered anodic oxidization system,
of which the anode is aluminum foil and the cathode is titanium plate. The TENG arrays are connected with rectifier in
the system so that they can provide power for the anodic oxidization by harvest mechanical energy of wind. As shown in
Figure 8e, multiple light-emitting diodes were powered, which
visually indicates that the self-powered system is feasible. And
the inset of Figure 8e shows the scheme of designed TENG,
which is easy fabrication, low cost and high efficiency. Figure 8f
shows the N2 adsorption-desorption isotherm and the corresponding pore size distribution of the fabricated mesoporous
Al2O3, which has an average pore diameter of about 42 nm
and the Brunauer-Emmett-Teller surface area of 216.3 m2 g−1.
And the corresponding SEM image is shown in Figure 8g, of
which the pore is mesoporous and uniform. This novel method
takes advantage of the high-efficient TENG arrays to fabricate
self-powered anodic oxidization system.

3.5. Self-Powered Electrodeposition and Anodic Oxidization
for Micro-Electrochemical Machining

3.6. Self-Powered Electrochemical Active Sensor

Micro-electrochemical machining has become one major alternative to conventional methods to machine difficult materials
and generate complex micro-patterning.[55] Electrodeposition
and anodic oxidization are usually used for micro-electrochemical machining;[56] Nevertheless, the necessity of an external
electric current limits their development in many applications.
TENG as a promising energy-harvesting technique is also
applied in this field of self-powered electrochemical systems,
which are simple fabrication, excellent stability and low cost.

With the rapid development of industry and information technology, the requirement of wireless, sustainable and independent operation is becoming increasingly important for
sensor networks with different functionalities.[57] The realization of self-powered sensors generally has two approaches:
one is to develop environment energy harvesting devices for
driving the traditional sensors; the other approach is to design
a new type of self-powered active sensors that can actively generate electrical signal by itself as a response to the stimulation
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Another work takes full advantage of the motion-driven
TENG in electrochemical reactions, which represents the
promising application of self-powered system. Yeh et al. developed a fully self-powered smart window system integrated
of a dual-mode TENG and an electrochromic device (ECD),
as schematically illustrated in Figure 7e.[42b] The dual-mode
TENG consists of two stacked parts: a single-electrode TENG
for collecting the raindrop kinetic energy, and a contact-mode
TENG for harvesting energy from wind impact. The inset I) of
Figure 7e show the micropatterned pyramid array structure,
which can enhance the output of the single-electrode TENG
by changing the hydrophobicity and effective contact area.
Moreover, water-dispersible Prussian blue (PB) nanoparticles
and ZnHCF nanocubes were synthesized as electrochromic
and ion storage materials, as shown in the insets II) and III)
of Figure 7e. The entire self-powered system is transparent and
compatible with the smart window structure. Figure 7f shows
the UV/vis-absorbance change when the self-powered system is
driven by a shaker with different durations from 0 to 5000 s.
And there are the significant differences of absorbance, which
reflects the color switching driven by environmentally induced
mechanical motions. Photos of the ECD at different durations
are also shown in insets of Figure 7f, showing the color from
colorless to dark blue. This work makes great progress in the
practical application of TENGs, which will initiate the promising improvements in self-powered flexible displays, portable
electronics and smart buildings.
Electroluminescence is an important photoelectric
phenomenon that electroluminescent material can emit light
in response to an electric current or a strong electric field.[54]
The free-interface design is of great concern in area-scalable
application, so Wei et al. developed a self-powered electroluminescent system that is made up of a TEG and a thin-film
electroluminescent lamp.[42a] Figure 7g and Figure 7h respectively show two types of TEGs, which rely on the contact mode
and the sliding mode. When two electrodes of a TEG and those
of a thin-film electroluminescent lamp are connected respectively regardless of polarity, the induced charges from TEG can
produce an electric field to excite luminescence. Because the
high-voltage alternating electric output of TNG fits in well with
the thin-film electroluminescent lamp. As demonstrated in
Figure 7i, six thin-film electroluminescent lamps were directly
connected to the contact triboelectric generator in serial connection. It reveals potential applications of the self-powered system
in areas such as display, illumination, surveillance and so on.
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Figure 8. Self-powered electrochemical system for electrodeposition and anodic oxidization for micro-electrochemical machining. a) Setup for the
pulse electrodeposition with TENG. b) Diagram of the structure of TENG. Reproduced with permission.[43a] Copyright 2012, American Chemical Society.
c) SEM images of the deposit. The insets are I) the enlarged view, II) the densely packed grain structure and III) the EDS mapping which represents
silver special distribution. d) The schematic of anodic oxidization system driven by TENG arrays. e) Photo of lighted LEDs driven by wind power. The
inset shows the scheme of designed TENG. f) The nitrogen adsorption-desorption isotherm of the mesoporous Al2O3 and its pore size distribution.
g) The SEM image of the corresponding mesoporous Al2O3. Reproduced with permission.[43b] Copyright 2015, Springer.

or triggering from the ambient environment.[9a] In the basic
working principles of TENGs, the amplitudes of generated
signals are all proportional to the triboelectric charge density
when all of the other conditions are maintained the same. The
triboelectric charge density is greatly influenced by the surface
alteration of certain chemical molecules or environmental factors, so self-powered electrochemical active sensors based on
TENGs can be developed.
Lin et al. has shown that the reconstructive TENG can be
used as a sensor to detect mercury ion.[6e] The absorption of
certain chemical species or molecules on the surface could
influence the triboelectric charge density that is proportional to
the electrical output of TENG, because the driving force for the
triboelectrification process is basically the chemical potential
difference between the two surfaces. In the as-developed TENG
sensor, Au nanoparticles were assembled to enlarge contact
area of the two plates and improve the sensitivity and selectivity toward mercury ions detection. Figure 9a shows that the
electrical signal of the TENG sensor decreases upon increasing
1600665 (14 of 21)
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the mercury ion concentration, with a linear relation between
the current ratio (I0-I)/I0 ) and the mercury ion concentration
ranging from 100 nm to 5 μm (R2 = 0.98). And the inset indicates that the developed sensing system is specific to mercury
ion due to the high selectivity of 3-mercaptopropionic acid
modified on the Au nanoparticles. Besides, they tried to build
a self-powered and stand-alone environmental sensor without
any complex supporting equipment by counting the number of
lighted LEDs. Considering that different ions or molecules have
their own unique triboelectric polarities, this new type of TENG
sensor is the stepping stone to inspire the development of selfpowered electrochemical active sensors.
Following the above-described work, the self-powered electrochemical active sensors have been proposed and tested for
sensing ethanol, phenol and catechin in recent years.[6c,40d,58] Jie
et al. reported a self-powered triboelectric nanosensor (TENS)
to detect dopamine, which consists of a thin polytetrafluoroethylene (PTFE) layer with nanoparticles and an Al film.[32a]
By fully integrating the highly efficient TENG with the highly
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Figure 9. Self-powered electrochemical active sensors. a) Sensitivity and selectivity of the as-developed TENG sensor in detection of mercury ions.
Reproduced with permission.[6e] Copyright 2013, John Wiley and Sons. b) Sensitivity of the optimum self-powered TENS in the detection of the concentration of dopamine. The insets show respectively the fabricated TENS and a linear relation between the short circuit current ratio and the Napierian
logarithm of the concentration of dopamine. Reproduced with permission.[32a] Copyright 2015, American Chemical Society. c) The response curve of
glucose sensor powered by TENG charged battery. The inset is the charge and discharge curve of Li-ion battery. Reproduced with permission.[59] Copyright 2013, Elsevier. d) The voltage signals of the self-powered breath analyzer when it was blew by a tester after drinking alcohol. The insets show the
self-powered electrochemical active sensor in working mode. Reproduced with permission.[60] Copyright 2015, Elsevier.

selective nanosensor, the output of TENS is related to the type
and density of molecules on the surface of the triboelectric
material. In this work, the novel TENS subtly utilized the PTFE
nanoparticle arrays as the sensitive element and contact material, which is very selective for the oxidative self-polymerization
of dopamine. Figure 9b shows the responding signals of the
TENS increased with decreasing the dopamine in solution, with
a linear relation ranging from 10 μm to 1 mm (R2 = 0.99). This
type of self-powered TENS has a detection limit of 0.5 μm for
dopamine and lower concentration detection could be reached
by microminiaturization of TENS. Besides, the design of this
self-powered electrochemical active sensor has the high-efficient and portable advantage over general approaches.
With the improvement of self-charging power systems based
on TENG, the first type of integration for self-powered sensors
also has attracted much attention. Zhang et al. reported a selfpowered glucose biosensor supplied by sustainable flexiblepower-unit, which consists of TENG and Li-ion battery.[59] The
TENG assembled with a patterned PDMS film works on the
contact-separation mode, which can harvest energy from the
body vibration/movement of layered clothes. Figure 9c presents
the response curve of the glucose biosensor based on the CuO
nanostructure modified graphite electrode, which indicates
that the glucose biosensor can be powered by the sustainable
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flexible-power-unit. The inset of Figure 9c presents the curve of
the Li-ion battery in the charge and discharge processes, which
was charged from 440 to 800 mV after more than 2 h of clapping at a frequency of 2 Hz. Although further improvement is
clearly necessary for biological detection based on the TENG in
this work, it represents the great potential of this integration
between TENG and sensor.
Obviously, developing appropriate TENGs to directly charge
sensors without battery or capacitor is easy fabrication, cost
effectiveness and light weight. Wen et al. introduced a new
working principle of gas sensor by fabricating a blow-driven
triboelectric nanogenerator (BD-TENG) to supply power for
active alcohol detection.[60] The as-developed active alcohol
breath analyzer based on the BD-TENG is featured as high
detection response of about 34 to 100 ppm alcohol gas under an
optimized sensor working temperature, fast response time of
11 s as well as a fast recovery of 20 s. Figure 9d shows a signalprocessing circuit diagram of a complete self-securing warning
system, which can be triggered by an increased voltage signal.
The breathed-out alcohol vapor would dramatically increase the
resistance of the sensor that led to an increased voltage drop
across the sensor, when the BD-TENG was blown by a tester
after alcohol drinking. Besides, the induced voltage across the
sensor holds a proportional relationship with the breathed-out

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

(15 of 21) 1600665

Review

www.advenergymat.de

www.MaterialsViews.com

alcohol concentration regardless the blow speed and quality airflow so that this BD-TENG based self-powered electrochemical
active sensors make a significant progress towards the practical
application.

4. Self-Charging Power Systems for Self-powered
Electrochemical Energy Conversion and Utilization
4.1. Integration with Supercapacitors for Self-Powered System
As mentioned above, various mechanical energies can be collected and converted into electricity by TENGs. However, for
some practical applications, a direct current power source with
a smooth and regular output curve is highly desired by the selfcharging power systems. Supercapacitor (SC) is electrochemical
energy storing device, which has very high power density and
long life but very short operation time.[61] However, when integrated with TENGs, it can store the irregularly pulsed electricity
produced by the latter and gives a stable and continuous current output. The shortcomings of both TENG and SC are thus
overcome and each other’s advantages are complemented.
Pu et al. integrated the flexible SC yarn and flexible TENG
cloth, which can harvest human motion energy and charge the
former.[62] Figure 10a shows the equivalent circuit of the selfcharging textile, in which the current is rectified by a bridge
rectifier to charge the yarn SCs. A capacitance of 13.0 mF cm−1
(72.1 mF cm−2) with a retention of 96% for 10000 cycles is
obtained, which are satisfactory for practical applications.
Besides, a textile self-charging power system was demonstrated
by charging the yarn SCs with TENG cloth for the first time,
as shown in the photograph of Figure 10a. This power textile
could be incorporated into complicated cloths owing to the
great flexibility and weavability, though more effects are needed
for designing suitable rectifiers.
Another similar system was also developed for wearable
electronics through combining the flexible fiber-based SC with
TENG by Wang and co-workers, which also collects mechanical energy from human motion.[63] As the design of flexible
and wearable fiber supercapacitors (FSCs) is important to the
development of wearable electronics, a new type of binder-free
fiber electrode was designed to assemble the FSC by a vaporphase hydrothermal method, in which RuO2·xH2O was synthesized on carbon fiber (RuO2·xH2O@CF) bundles. And specific
capacitance of this FSC reached 83.5 F cm−3, due to the high
conductivity of both ion and electron. A new kind of fiber-based
TENG (FTENG) was developed with PDMS-coated carbon
fibers as the collecting electrodes. Figure 10b shows electrical
circuit diagram of the FSC charged by FTENG with rectifier
and the diagram of the self-charging FSC-FTENG system, demonstrating the competency of such systems in flexible power
source markets.
To improve the performance of self-charging power systems,
it goes with the tide of miniaturizing and integrating to form
an array. There are two main ways of integrating including
assembling SC array and connecting TENG in parallel respectively. Luo et al. proposed a cost-effective laser engraving technique to fabricate a flexible self-charging micro-supercapacitor
power unit (SCMPU), which was integrated with a TENG and
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a micro-supercapacitor (MSC) array.[64] The MSC has a high
capacitance of approximately 10.29 mF cm−2 when the current
density is 0.01 mA cm−2. As shown in Figure 10c, the electrical
circuit diagram of the energy-supply mode is depicted, and the
detailed structure of the SCMPU is displayed. This work is a
milestone in the development of sustainable self-powered systems by integrating SC array. As for the scalable integration,
Wang et al. firstly reported an all-plastic-materials based selfcharging power system, which uses the conducting instead of
metal as electrode material by integrating TENGs with polypyrrole (PPy)-based SCs.[65] Figure 10d shows that the three TENGs
are connected in parallel with a rectifier to charge four SCs in
series. Both energy conversion and storage are carried out with
a high efficiency and low cost, which is suitable for practical
application because it adopts recyclable materials and utilizes
the facile technique of electrochemical deposition. Moreover,
this system can be easily scalable with excellent performances
so that it can harvest energy from human motion and even harvest large-scale blue energy in vast ocean.

4.2. Sustainable Flexible-Power-Unit by Charging Lithium
Ion Battery
In the development of renewable energy technology, advanced
energy collection as well as energy storage is always the very
central part. However, both of them have limitations to be sustainable, self-sufficient and portable power source, such as the
limited lifetime of battery and the instable output of power
harvester. Herein, the recently invented TENG has become an
efficient and promising technique and Li-ion battery is also one
of the most effective approaches to energy storage. To design
the sustainable self-powered systems by taking the advantage of
both techniques is a very promising research field.
Wang et al. introduced an integrated TENG for powering
wireless sensors and commercial cell phones.[23a] Figure 11a
shows the nanostructured triboelectric surfaces of the archshaped TENG, which was designed for combination with Li-ion
battery for the first time. The Li-ion battery can be charged continuously by TENG before being activated; then the device is
able to provide stable output when enough charges have been
stored. Although such a power source is very simple, this is
a milestone for the integration of TENG and Li-ion battery.
Following this way, Wang and co-worker developed the selfcharging power-unit (SCPU) that integrates the TENG and
electrochemical energy storage.[66] This system enables a new
sustainable mode that the Li-ion battery can drive an external
load and store the electricity from TENG at the same time.
Figure 11b shows the detailed structure of the flexible selfcharging power-unit, which can keep providing a constant
voltage to the load with the Li-ion battery being replenished by
TENG. The construction of flexible Li-ion battery is suitable to
the structure of TENG, so the SCPU has potential to meet the
requirement of compact and portable electronic devices.
With the rapid development of wearable energy devices,
Pu et al. designed a wearable self-charging power system
that integrates a TENG of whole-textile cloth with a flexible
Li-ion battery (LIB) belt.[67] In this work, the self-charging
power system charged by the TENG cloth was used to power
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Figure 10. Self-charging power system with supercapacitor for self-powered system. a) The equivalent circuit of the self-charging textile and the photo
of a self-charging power textile woven. The enlarged view shows two black yarn SCs. Reproduced with permission.[62] Copyright 2015, John Wiley and
Sons. b) Circuit diagram and the structure of the fiber-based FSC-FTENG power system. Reproduced with permission.[63] Copyright 2015, John Wiley
and Sons. c) Circuit diagram and the structure of the flexible SCMPU in energy supply mode. Reproduced with permission.[64] Copyright 2015, Springer.
d) Circuit diagram and schedule of the self-charging power system with TENGs and SCs. Reproduced with permission.[65] Copyright 2015, John Wiley
and Sons.

a heartbeat meter strap, which verified the viability for future
wearable smart electronics. Figure 11c shows the voltage profile
of the LIB belt charged and galvanostatically discharged (GD)
for 3 cycles, which presents the good capability and stability of
this system. Besides, the optical images and equivalent electrical circuit of the self-charging power device are shown, especially for the LIB belt. As for the importance of a flexible and
wearable conductive electrode for wearable TENG, common
flexible polyester fabric was chosen as the substrate to be coated
with Ni film or parylene film. At the same time, the conductive
Ni-coated polyester textile can be utilized as current collectors.

Adv. Energy Mater. 2016, 1600665

The excellent flexibility and stability of this self-powered system
pave the way for the progress of wearable energy devices.
Although some excellent self-charging power systems by integrating TENG and Li-ion battery have been developed as above,
the very important challenge is how to improve the storing efficiency. In order to make in-depth discussions of this problem,
Pu and co-workers demonstrated a feasible self-charging power
system supplied by rotating TENG.[68] Figure 11d shows the
equivalent circuit of Li-ion battery charged by the TENG with
a transformer, which is effective to bridge the gap between the
impedance of battery and the matched impedance of TENG. In
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Figure 11. Self-charging power system with lithium ion battery for self-powered system. a) The diagram of the arch-shaped TENG and schematic circuit
diagram in the switching modes. Reproduced with permission.[23a] Copyright 2012, American Chemical Society. b) Schematic diagram of the detailed
structure of the flexible self-charging power system, and the inset shows a typical device. Reproduced with permission.[66] Copyright 2013, American
Chemical Society. c) The voltage profile of the LIB belt charged by the TENG-cloth and GD at 1 μA for 3 cycles. And the optical images and equivalent
electrical circuit of the self-charging power system are shown. Reproduced with permission.[67] Copyright 2015, John Wiley and Sons. d) The equivalent
circuit of self-charging power system by the TENG with a transformer and a rectifier. The following two graphs respectively show the relationship of
current and power of the TENG with external resistance, and the effect of transformer coil ratio on matched impedances and utilization efficiency
of power. Reproduced with permission.[68] Copyright 2015, John Wiley and Sons.

this system, a stable rotating TENG with a 2D planar structure
and a typical Li-ion battery with LiFePO4 and Li4Ti5O12 electrodes
are chosen to investigate the feasibility of efficient charging.
Without transforming, the maximum power of 192 mW can
be reached at matched external resistance of 150 kΩ. Higher
rotating speed can get the maximum power of 1.2 W at lower
resistance of 60 kΩ, as shown in Figure 11d. However, when
there is a transformer (36.7), the matched impedance can be
reduced to about 110 Ω and the utilization efficiency of generated power can reach 72.4%. This work provides a good way
to improve the storage efficiency of this self-powered system,
which can have promising applications in personal electronics.

5. Summary and Perspective
Energy crisis is a global issue that we have to confront in the
years to come. Of course, lots of alternate renewable energies
1600665 (18 of 21)
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such as wind and rain, tides and waves, solar power and geothermal heat etc., are available, so the key question is how to
achieve these renewable energy conversion and utilization. In
this case, TENG is emerging as a revolutionary power-generation technology for electricity production. Here, we have briefly
summarized the recent progress in TENGs as well as self-powered electrochemical systems based on TENG, and the related
design concepts of system have been also discussed. TENG as
a single nanodevice or array of nanodevices has reached the
area power density of 50 mW cm−2, the volume power density
of 15 W cm−3, and an instantaneous conversion efficiency of
70.6%. Corresponding theoretical models were introduced to
serve as guidance for understanding and rational design of
TENGs for particular applications and integrated systems. And
the trend in the development of TENGs is toward sustainable,
flexible, high efficient, cost-effective, and environmental friendly
designs, which can be used to build the self-powered systems
for application in ultrasensitive sensor, micro-electromechanical
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large-scale harvesting power, Chen et al. reported that networks
of TENGs for harvesting the slow, random and high-force oscillatory water wave energy, which is expected to give an average
power output of 1.15 MW from 1 km2 surface area.[5] Although
we have seen the hope of blue energy harvesting, more efforts
are desired to further achieve this great goal.
Though the function of TENGs can be dramatically extended
by integration with other electronic devices, the following issues
still need to be addressed for their industrialization: 1) Further
investigating the fundamental mechanism of triboelectrification is necessary, which is important to understanding the
charge transfer process to optimize the fundamental theory of
TENG. And it is always a vital issue to improve the energy conversion, output stability and sustainability of TENG through the
theoretical guidance for optimizing design of the structure and
material usage. 2) The integration of systems based on TENG
should be developed to fabricate multifunctional energy storage
devices, self-powered future portable electronic devices and selfpowered sensing networks, which are the pivotal platforms of
the Smart City and Smart Energy Management Systems. 3) For
the energy conversion and utilization of mega power sources
like air flow, rain drop, and ocean wave, various efforts need

Figure 12. Schematic diagram showing the state-of-art progress of harvesting blue energy based on TENGs for self-powered energy conversion and
utilization.
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device, wearable electronic, environmental protection and related
new energy technology.
Following the development of TENG in the portable devices
as micro-scale power source and self-powered systems, the time
for TENG as mega-scale power source is coming. The power of
a drop of water is small, but the ocean energy is so huge with
superior advantages including the high volume, the large scale
as well as the less dependence on ambient conditions. However, because there is short of applicative energy harvesting
technology, this valuable energy has hardly been utilized for a
long time. In the development of TENG, some novel prototypes
have been designed to utilize this huge blue energy, as illustrated in Figure 12. The first collecting device for of blue energy
was reported by Lin et al. in 2013,[30b] which opens possibility
in utilizing ocean waves. Until now, there are mainly two prototypes to harvest blue energy: one is works best under dry conditions so that it needs effective packaging technology;[5,30a,40c,69]
the other is work based on the triboelectrification between
the water and polymers.[6d,30b,30d,58b,70] From the perspective
of improving harvesting efficiency, Wang et al. presented a
freestanding TENG that is used to harvest wave energy for all
amplitudes of vibrations.[30d] From the perspective of improving
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to be done. Then, TENG is a pivotal energy-conversion strategy
for the modern life and the self-powered system is a revolution
in nanoelectronics for really potable and sustainable applications. In this sense it can be affirmed that the beauty of Nano
is rooted in both its infinite possibilities and practicability. In
the recent years, Growing studies of TENGs have been carried out globally not only in the academic world, and practical
self-powered systems may be realized in the very near future.
We believe that a better world will come soon, which must be
closely related to TENG.
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