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The demand for portable and wearable chemical or biosensors and their
expeditious development in recent years has created a scientific challenge in
terms of their continuous powering. As a result, mechanical energy har-
vesters such as piezoelectric and triboelectric generators (TEGs) have been
explored recently either as sensors or harvesters to store charge in small,

but long-life, energy-storage devices to power the sensors. The use of energy
harvesters as sensors is particularly interesting, as with such multifunctional
operations it is possible to reduce the number devices needed in a system,
which also helps overcome the integration complexities. In this regard, TEGs
are promising, particularly for energy autonomous chemical and biological
sensors, as they can be developed with a wide variety of materials, and their
mechanical energy to electricity conversion can be modulated by various ana-
lytes. This review focuses on this interesting dimension of TEGs and presents
various self-powered active chemical and biological sensors. A brief discus-
sion about the development of TEG-based physical, magnetic, and optical
sensors is also included. The influence of environmental factors, various
figures of merit, and the significance of TEG design are explained in context
with the active sensing. Finally, the key applications, challenges, and future
perspective of chemical and biological detection via TEGs are discussed with

(VR), and interactive systems etc.l?l for
above concepts. These technological tools
require a large number of different types
of sensors for real-time monitoring of
the parameters of interest, with the aim
of increasing efficiency or productivity,
enabling predictive actions (e.g., mainte-
nance, monitoring potential hotspots for
spread of diseases) and optimizing supply
chain and asset traceability while devel-
oping a safer and more secure environ-
ment. Accordingly, numerous physical,
chemical, and biosensors based on dif-
ferent working mechanisms and trans-
ducer materials have been reported.?-
Most of these sensors require continuous
operation, for which reliable power source
is critical.

The widely used power source is the
batteries that are often bulky, have a lim-
ited lifetime, and are difficult to recycle
because of toxic chemicals.”l As a result,
they compromise the sensors portability

a view to drive further advances in the field of self-powered sensors.

1. Introduction

Sensors are vital for digital transformation that is currently
taking place through rapidly evolving concepts such as industry
4.0, Internet of Things (IoT), smart homes and buildings, smart
cities, smart transportation, and digital health etc.! They make
critical components of the enabling technologies (e.g., wear-
able systems, robotics, augmented reality (AR)/virtual reality
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and, in certain cases, also require a com-
plex and costly process to replace after they
run out. Coin cells are other alternatives
that are now heavily commoditized and
usually present a low-cost solution for powering standalone,
lightweight, portable, and miniaturized sensors. However, they
still require replacement at regular intervals. A self-reliant and
sustainable way of powering the sensors to acquire data and
send them wirelessly to a data hub, would be ideal. One solu-
tion is to combine a small, long-life, energy-storage devices
(e.g., a supercapacitor or a rechargeable solid-state battery) with
an energy harvester or wireless powering device.®! There are
many ways of harvesting energy from the environment, from
solar energy using photovoltaic panels, or heat using thermal
electric generators and vibration with piezoelectric and tribo-
electric generators (TEGs).”) Herein, we use the term tribo-
electric generator (TEG), which also covers the triboelectric
nanogenerators (TENGs). If the energy budget is balanced cor-
rectly, these two components, i.e., energy storage device and
the energy harvester, do not need to be large to work for a long
time. The availability of ultralow-power electronics and the
constantly improving efficiency of energy harvesting devices
(e.g., high-efficiency indoor solar cells can provide at least
20 mW cm™ and the TEGs can provide up to 50 mW cm™)
also support such solutions.®®!% Further, the sensors and
power management integrated components are becoming
increasingly less power hungry.’® However, this approach
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still requires separate energy and sensors devices and need
for large number of such devices in application such as wear-
able systems may lead to integration challenges. The solution
lies in active or self-powered sensors, i.e., the sensors that do
not require external power for transduction. In other words,
the energy devices themselves can be used as sensors. As an
example, we recently demonstrated the use of supercapacitor,
solar cell, and TEG devices as a strain sensor, touch sensor, and
pressure sensor respectively.>!!

For applications having moving parts, mechanical energy
harvesters such as piezoelectric nanogenerators (PENGs) and
TEGs could provide attractive solution as self-powered sen-
sors.”l TEGs have an edge over PENGs due to their high
output, wide range of device design, and the materials. PENGs
have a material restriction, i.e., only materials that exhibit pie-
zoelectricity can be used. Furthermore, poling is required to
align the dipoles for increasing the device output.”® Further,
TEGs can be developed from a wide range of triboelectric mate-
rials, which includes natural materials, metals, metal oxides,
2D materials, conventional polymers, crystalline coordination
polymers, ferroelectric materials, and textiles.®*"3] The output
of the TEGs can be tuned by creating surface nano/microstruc-
tures, ion implantation and chemical functionalization or mod-
ifications,™ thus allowing their use as self-powered physical,
chemical and biosensors/®®>19 As a result, the scientific com-
munity is actively exploring TEGs as to address the issues asso-
ciated with powering of sensors.

The supremacy of TEGs combined with the advances in
nanotechnology can bring revolutionary advances in the self-
powered sensors, device designs and portability. Therefore,
this review article focuses on TEG-based active or self-powered
sensors and presents up-to-date advancements in the area. The
discussion herein complements previous review articles where
advances related to physical, chemical and biosensors have
been presented separately.®>7] Qur primary focus here is
on the TEG as enthralling technology for the active chemical
and biosensors. The paper starts with brief description of the
major historical milestones in the field of mechanical energy
harvesting, leading up to TEG-based physical, magnetic and
optical active sensors. Figure 1 summarizes the application
of TEG as an active physical, magnetic, optical, chemical and
biosensor. Section 2 discusses the historical evolution of TEG
and the trends. The TEG basic working mechanism, figure of
merits (FOM), and comparison with conventional sensors are
discussed in Section 3. The first three, i.e., physical, magnetic,
and optical sensors are described in Section 4. The self-powered
chemical and biosensors and their pros and cons are explained
in Section 5 and Section 6 respectively. This is followed by a
description of the major applications of self-powered chemical
and biosensors in Section 7. Finally, the challenges and oppor-
tunities in the field are discussed is Section 8 along with future
research directions.

2. Mechanical Energy Harvesting and TEG-Based
Sensors—Historical Evolution

Figure 2A shows major historical milestones related to
mechanical energy harvesters. Their history dates back to 1831,
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when the electromagnetic generator (EMG) was developed by
the Faraday.’*3! The EMG has been recently used with TEGs
to develop a hybrid generator for oil spill detection, wireless
sensor, and seismic detection.>>3% Maxwell's equation, pro-
posed in 1861, unifies the electromagnetism and Maxwell's
displacement current equation was used to drive theoretical
calculation of TEGs.?*%l In early 2000s, PENG-based energy
harvesters and sensors started to appear for application such
as wearable systems and tyre pressure monitoring.}* More
recently the TEG has been dominating over other energy-
harvesting approaches due to the advantages mentioned in
previous section.' This dominance is also evident from
Figure 2B, which shows the growth in the number of publica-
tions on topics related to TEGs, PENGs, and TEG- and PENG-
based sensors from the time they were first reported.

3. Triboelectric Generator Working Principle,
Device Modes, and Sensing Mechanism

Contact electrification or triboelectric effect is the process
where a material surface gets electrically charged when it
comes in proximity or in contact with the other material. Elec-
trostatic induction is the redistribution of the electrical charges
due to the influence of nearby charges. Contact electrification
dates back to =2600 years. In 1762, Johan Carl Wilcke invented
electrophorus which was a capacitive electrostatic generator.
Electrophorus uses electrostatic induction to produce elec-
trostatic charges. Briefly, electrophorus comprised a metal
plate and a dielectric plate, where dielectric plate was initially
charged via the triboelectric effect using cloth or a fur. The
metal plate when placed on the dielectric, leads to charge sep-
aration in the metal plate due to the electrostatic field of the
charged dielectric. Basically, electrophorus separates the neg-
ative and positive charges in the plate and the charge on the
top face can be drained by grounding. As a result, the metal
plate is left with either a negative or a positive charge.*®! James
Wimshurst invented an electrostatic generator (Wimshurst
generator) that can produce high DC voltages using the elec-
trostatic induction.? Later, Robert J. Van de Graaff invented
an electrostatic generator (Van de Graaff generator) to produce
high-voltage DC. The Van de Graaft generator uses triboelec-
tric effect to develop charges unlike Wimshurst machine.[*
While TEG is a mechanical energy harvester driven by the cou-
pling of contact electrification and electrostatic induction. Con-
tact electrification or triboelectrification is ubiquitous and can
happen between almost all materials. The first flexible TEG
was developed in 2012.12 Generally, when two distinct mate-
rials meet each other, they develop equal and opposite charges
depending on their surface properties. The opposite charges
developed on the back electrodes via electrostatic induction
give rise to a potential difference during the periodic motion.
The process will allow the flow of electrons between the elec-
trodes to produce an AC output. The TEG can be treated as a
device whose capacitance varies. The TEG produces electricity
by physical contact which can be a solid—solid contact or solid—
liquid contact. In solid—solid contact, electron transfer is the
source of contact electrification. When two solid comes close to
each other, they form an overlapped cloud of electrons, leading
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Figure 1. TEG-based active sensors. Linear motion sensor: Reproduced with permission.®l Copyright 2013, Wiley-VCH. Rotary motion sensor: Repro-
duced with permission.l'”] Copyright 2019, Elsevier. Vibration sensor: Reproduced with permission.?% Copyright 2017, American Chemical Society.
Tactile sensor: Reproduced with permission.?!! Copyright 2017, American Chemical Society. Pressure sensor: Reproduced with permission.?2 Copyright
2014, Wiley-VCH. Gas sensors: Reproduced with permission.[?3l Copyright 2020, American Chemical Society. Thioacetamide sensor: Reproduced with
permission.?l Copyright 2021, American Chemical Society. Heavy-metal-ion sensor: Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).1% Copyright 2020, The Authors, published on behalf of The Elec-
trochemical Society by IOP Publishing Ltd. Liquid phenol sensor: Reproduced with permission.?8! Copyright 2015, Royal Society of Chemistry. Liquid
ethanol sensor: Reproduced with permission.[?’l Copyright 2013, Elsevier. Magnetic field sensor: Reproduced with permission.[®! Copyright 2018, Royal
Society of Chemistry. Photodetection: Reproduced with permission.’lCopyright 2015, American Chemical Society. Dopamine sensors: Reproduced
with permission.% Copyright 2015, American Chemical Society. Tetracycline sensor: Reproduced with permission.l Copyright 2019, John Wiley and
Sons. Thrombin sensor: Reproduced with permission.Bl Copyright 2016, Elsevier. Bacterial detection: Reproduced with permission.B? Copyright 2021,

Elsevier. Drug screening: Reproduced with permission.?*l Copyright 2020, American Chemical Society.

to the electron transfer. When two solid separates, the electron
transfer leads to the formation of charged surfaces by contact
electrification.!] The contact electrification at the solid-liquid
interface is a complex phenomenon which involves the cou-
pling of numerous physiochemical effects. The conventional
electric double layer (EDL) concept at the solid-liquid interface
was replaced by total density of states (TDOS) which consider
more complex factors to reflect the variation in the charge
density.*l The solid-liquid TEG with interfacial engineering
is advantageous in liquid energy harvesting.*>* So far, TEGs
have been developed using four operating modes (Figure 3)—
the vertical contact-separation (C-S), lateral sliding (LS), single
electrode (SE), and freestanding layer triboelectric (FT).2#4
While the basic working mechanism of all four modes is the
same, they differ in terms of design, relative motion, applied
force and performance.

Adv. Mater. 2022, 34, 2200724 2200724 (3 of 32)

The TEG-based chemical sensor and biosensor are based on
the interaction of the analyte with the active layer, which influ-
ences the TEG output. Most of the reported TEG-based chem-
ical and biosensors have utilized C-S mode because of simple
design, and operational stability. ! Additionally, the C-S mode
allows controlled experiments for the sensing measurements.
In LS mode the triboelectric effect can be high, but there is
greater wear and tear. The performance of various modes of
TEGs is compared using performance related figures of merit
(FOMp), which cover structural (FOMs) and material (FOM))
aspects. The cycles for maximized energy output (CMEO) were
derived from the V-Q plot for the maximum energy generated
by the TEG. The FOMg for different TEG modes were simu-
lated using the finite element method (FEM) and analytical
formula. FOMy depends on the surface charge density (o),
which is related to the material. FOM,, relates to the square of

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Electromagnetic
generator

——PENG
——TENG

e
o
=3
o
L

V.B=0

VXE= 2B
T ot

VxH= +aD
=J at

Maxwell’s
equations

_dp __dE 9P
=g =€oat o

Number of publications L—]
£
8
L

04—s—s—s———3

2006 2008 2010 2012 2014 2016 2018 2020 2022 |

Year
Il TENG
- PENG |

60000

50000+

40000

30000+

Citations

20000

10000+

04
2008 2010 2012 2014 2016 2018 2020

Year

—— PENG+Sensor
6004 —+— TENG+Sensor

Piezoelectric
nanogenerators

4
© o
-
- (O

B
R
% 3
=3-)
2 05
T
F &

(=

Number of publications
— n w & o
o =3 o =3 =3
o o o o o
1 1 1 1 L

2006 2008 2010 2012 2014 2016 2018 2020 2022

Year

Figure 2. A) Major milestones in the field of mechanical energy harvesting.234l B) Trends showing the number of publications and citations related
to TEGs, PENGs, and TEG- or PENG-based sensors. The data was obtained from Web of Science using the keywords “piezoelectric nanogenerator”
for PENG; “triboelectric nanogenerator” OR “triboelectric generator” for TEG; “piezoelectric nanogenerator” AND “sensor” for PENG + Sensor and
“triboelectric nanogenerator” OR “triboelectric generator” AND “sensor” for TEG + Sensor. All the searches were performed on 12 March 2022. Image
for piezoelectric nanogenerators (2006): Reproduced with permission.?#l Copyright 2006, American Association for the Advancement of Science.
Image for triboelectric generators (2012): Reproduced with permission.' Copyrigh 2012, Elsevier.

the materials surface charge density. The FOMy was checked
by measuring the o with liquid metal as a contact. The trend
FOMjs follows is: contact FT mode (CFT) > CS > sliding FT
(SFT) > LS > single electrode contact mode (SEC).1*l Although
the FT mode TEGs offer the highest FOM) they have a complex
structure and fabrication process.®l The high-output TEG can
be fabricated by carefully selecting the materials from the tribo-
electric series. The general rule of thumb is to select the mate-
rials that lie far apart in the triboelectric series to fabricate high-
output TEGs. The output of TEGs can also be enhanced by tai-
loring the surface properties and controlling environment fac-
tors such as humidity, temperature, force, and frequency.0164]
To a certain extent, the effect of humidity and temperature can
be controlled by the careful selection of material and suitable
packaging [*¥]

TEGs offer several advantages over the conventional sen-
sors based on the amperometric and potentiometric detec-
tion methods. The selectivity of the electrochemical sensors

Adv. Mater. 2022, 34, 2200724 2200724 (4 of 32)

is improved with the functionalization, hybrid materials, use
of antibodies and enzymes. The conventional sensors require
external power source for their function which limits the
portability of the sensor. However, the power requirement is
reduced significantly for the recent sensors developed using
the nanomaterials.*] The point-of care and wearable sensors
require a self-reliant lightweight power source, which shifts
the focus from conventional sensors to TEG-based sensors.
The TEG can behave as a transducer and also as an energy
source which makes them attractive for the active sensing.
The TEG offers poor selectivity for chemical and biosensing.
The modification of the active layer with aptamers, anti-
bodies, and enzymes can improve the selectivity of the bio-
sensors. Moreover, the use of hybrid materials and crystalline
polymers like metal-organic frameworks (MOFs) as the active
layer in the TEG offers different functional groups, pore size,
and topology, which can also influence the selectivity of the
sensor.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Working modes of TEG. A) Vertical contact-separation mode, B) lateral sliding mode, C) single-electrode mode, and D) freestanding tribo-

electric layer mode.

4. Physical, Magnetic, and Optical Sensors

TEGs have the ability to convert different mechanical stimuli into
electrical signal, which can be used for the real time monitoring
of the several parameters of interest. For example, TEG is well
reported for the sensing of physical stimulations like acceleration,
temperature, strain, pressure, vibration etc. TEG-based physical
sensors are covered and discussed in detail in several previous
review papers.””>%l However, for the sake of completion, here
we have included a brief summary (Tables 1-4) of different TEG-
based physical sensors. The key comparison parameters for sen-
sors are working range, sensitivity, resolution (motion sensor) and
response/recovery time (tactile, chemical, and biosensors). Sensor
that works in wide range can be applied to broader applications.
Similarly, sensitivity, i.e., high-output change with the input allows
the precise detection of the input compared to the blank. The fast
response/recovery time is always desirable for the real-time appli-
cations. Thus, these parameters are selected for the comparison in
Table 1-4. TEG-based mechanical sensors are generally classified
under four categories: i) tactile sensors, ii) pressure sensors, iii)
vibration sensors and iv) mechanical motion sensors. Mechanical
motion sensors can be used for the rotary, linear, and multidi-
mensional motion sensing.] Generally, most TEG-based tactile
sensors are associated with pressure sensors. However, tactile sen-
sors essentially need not be a pressure sensor. Tactile sensors can
detect different contact parameters including mechanical stimu-
lation (pressure/force), pain and temperature.”) Mechanical or
physical sensors play a vital role in the processing and production
lines, intelligent transport systems, equipment fault detection and
monitoring, robotics, prosthetics and e-skin applications.[>2
Furthermore, physical sensors are also explored as wireless
sensor networks (WSNs). The wireless sensor network (WSN)

Adv. Mater. 2022, 34, 2200724 2200724 (5 of 32)

comprising multiple sensor units gained huge attraction due
to their use in the smart home, athlete monitoring and envi-
ronmental monitoring. The major limitation of the WSN is the
requirement of sustainable power source. The use of batteries
for WSN is challenging as many times it is difficult to track the
location of the sensor in a network to replace the batteries. This
is where TEG can offer a solution by acting as a sustainable
power source to power the sensor or work in conjunction with
the batteries to charge them.l3l Moreover, a TEG can also be
integrated with signal detection, transmission, or processing
modules to develop a self-powered WSN. In this regard, a TEG
combined with a power management unit (PMU) and wire-
less sensor node has been demonstrated for the environmental
monitoring by using a commercial sensor.*” The TEG was also
combined with the other electrical components like a switch
and an RLC circuit to develop a wireless sensor system that can
monitor the speed and the tire pressure of a bicycle.>! Simi-
larly, the TEG was combined with a PMU, Bluetooth and signal
processing unit (SPU), and a heart-rate sensor for designing
a wireless body sensor network.’® The TEG showed feasi-
bility for underwater wireless multisite monitoring of human
motions.’”) The key challenge in WSN is to miniaturize and
modularize the multiple components involved (transmitter and
receiver, SPU, PMU).’®l The TEG performance improvement,
manufacturing methods, structure or design optimization are
few challenges that need to be focused in the near future. The
TEG-based WSN for chemical and biosensing are not explored
and it would be interesting to wirelessly transfer the sensing
data to a mobile app for the development of self-powered smart
sensors. The TEG-based active magnetic and optical sensors
are discussed in detail as they are not covered in other review
articles.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 1. Performance comparison of TEG-based linear, rotary, multidimensional motion sensors.

Type Device design Resolution [um for linear and Measuring Range Sensitivity Ref.
MDM] [° for rotary]

Linear motion sensors LS 0.173 0.005-10 mm s™ 689 +4 pA (mms™) 18]
LS - V (-0.1t0 0.1 ms™) - [58]
FT (sliding) 250 0.05-0.25ms™" - [59]
LS 50 50-300 um s~ 630 LV um™! [60]
FT (sliding) - 3.2-26 mms™' - [61]
FT (sliding) 2000 25-125 mm s~ - [62]
Rotary motion sensors SE (rotating) 22.5 150-1000 rpm - [63]
FT (rotating) 22.5 200-2200 rpm - [64]
FT (rotating) 9 100-1000 rpm - [65]
LS 3.8 20-60° s~ - [66]
FT (rotating) 0.25 - - [67]
FT (rotating) 2.03 nrad 20-150° s - [68]
FT (rotating) 6 10-1000 rpm - [69]
FT (rotating) - 268-1658 rpm - [19]
Multidimensional motion SE (sliding) 200 - - [70]
sensors
SE (sliding) 250 - - 71
SE (sliding) - 0.1-0.6 m s (linear) - [72]
300-700 rpm (rotation)
SE (sliding) - 2-100 Hz 15.56 Vg 73]
SE (sliding) - <0.05ms™! 0.45V mm™ [74]
FT (sliding) - 3.0-40.0 m s 0.289Vs2m™ [75]
4.1. TEG-Based Magnetic Sensors labels, medical tests, current sensing, navigation, antitheft

systems and exploration of the minerals.'®”! The methods for
Magnetic sensors have wide range of applications including  magnetic field measurement include the Hall effect, super-
environment inspection, safety, magnetic compassing, sensing  conducting quantum interference devices (SQUIDs), and

Table 2. Performance comparison of TEG-based vibration sensors.

Type Device design Resonant f for vibration sensor Sensitivity Measuring range Ref.
Vibration sensors CS 30 - 0-30 Hz [76]
cs 12 - 2-200 Hz 7]
cs 15 - 5-80 Hz 78]
cs - 3.65uwW g™ - [79]
FT - 0391V (ms2) - 80]
CS - 0.26 Vsm™ 0-60 m s [20]
cs - 6N mm™ - 81]
cs - 315V m 0.01-0.11m 82]
cs 16 (Vertical) - 0-23 m s72 (Vertical) [83]
8.5 (Horizontal) 0-15 m s72 (Horizontal)

FT (sliding) - 6.08 Vg™ (X) 4.87 g (X) [84]

587Vg (V) 5.06 g (V)

362Vg’ (2)
3.5mV s

cs 700 0.97 VN~ 50-3000 Hz 85]
FT (sliding) - 223V m™ 5-200 mm s~ [86]
CS - 204V ms?2 1-1Tms2 [87]
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Table 3. Performance comparison of TEG-based pressure sensors.

Device design Resolution Sensitivity Measuring range Ref.
cs 0.16 Pa 6.9V kPa™ - [22)
SE - - 0.0625-0.2815 kPa  [88]
cs - 8.98x 103V kPa™'  9.31-46.55 kPa 89]
(& 8 x 8 pixels - - [90]
SE 15° 3.6 VN 0-18 N [91]
magnetoresistive, flux-gate, magneto-diode, and other
effects.%l These techniques require an external power

source, and are complex. A TEG reduces the power-source
requirements, which eventually helps reduce the complexity
and improve the mobility. Among wide range of materials
explored for fabrication of TEGs, multiferroic and magnetor-
heological materials can be used for the magnetic detection.
In this regard, the TEG-based detection of time-dependent
magnetic field is noteworthy.'”” The reported TEG-based mag-
netic sensor works on different principles including the influ-
ence of magnetic field on a metal disk over the TEG device,
use of magnetorheological elastomers (where magnetic field
influences the motion of filler particles) and the Villari effect.
Figure 4A shows an example of once such self-powered mag-
netic sensor where a solenoid produces the magnetic field to
attract the iron disk placed on the TEG device. The mechanical
deformation by the electromagnetic force produces the electric
signal from the device. The InV versus magnetic field (B) curve
shown in Figure 4A confirms the linear relationship with a sen-
sitivity of 0.0363 £ 0.0004 In(mV)/G. The fabricated sensor can
also detect the changing rate of the field with a sensitivity of
0.0497 £ 0.0006 In(mV)/(G/s). The sensor exhibited a resolution
of 3 G, response/reset time of 0.13/0.34 s.

TEG-based self-powered magnetic field (MF) soft sen-
sors have also been reported using materials such as

Table 4. Performance comparison of TEG-based tactile sensors.

www.advmat.de

magnetorheological elastomer (MRE). One such example is
shown in Figure 4B. The MREs are the elastic materials with
micro-sized magnetic particles as the fillers.'"” The sensor can
detect time varying uniform magnetic field (UMF)??8 due to the
movement of magnetized filler particles which form a chain-
like structure parallel to the UMF direction. Figure 4B shows
that the output voltage of the sensor increases with the MF and
the varying voltage signal at different magnetic flux density
(with the angle between the film and the field) could be used
for direction measurement. The sensor showed a sensitivity of
16 mV mT™ and a response/reset time of 20/30 ms. Another
noteworthy addition to the TEG-based magnetic field detection
sensors is based on piezo-tribo hybrid nanogenerator.l1%! The
hybrid nanogenerator, with poly(dimethylsiloxane) (PDMS)—
multiferroic material ((1-x)BaTiO;-xErFeO3) composite as the
negative triboelectric layer, shown in Figure 4C, produced an
output voltage of 320 V and current of 12 pA. The multifer-
roic material demonstrates the Villari effect, where the perme-
ability of material is altered by the applied stress and hence
the electrical performance can be related to the magnetic flux.
Figure 4C further depicts the change in the voltage and current
with different fields. The hybrid nanogenerator was used to
detect the stray magnetic field generated by the electric kettle,
hair dryer and electric iron.

4.2. TEG-Based Photodetectors

Photodetectors are devices that converts the light from dif-
ferent spectral region into the electric signal. The ultraviolet
(UV) photodetectors have wide range of applications which
includes dosimetry (UV exposure of skin), security, communi-
cation, environmental monitoring, optoelectronic circuits, and
chemical sensing.''”! The conventional self-powered photode-
tectors are based on either the photoelectrochemical cell or the
p-n junction.™ The photochemical-based photodetectors are

Device Size (mm X mm) Device design Measuring range Response time (ms) Sensitivity Ref.
3x3 SE - 100 0.29 V kPa™ [92]
- SE >2.1 Pa, <40 kPa <5 0.31kPa™! [27]
505 cs - - 0.5-44 mV kPa™ [93]
4x4 (& - 40 2.82 mV kPa™' [94]
2.5%x25 cs 1-80 kPa 70 0.06 kPa™ [95]
- SE 40-140 N - 2 mm (position), 0.28 mV [96]
N~ (pressure)
- SE 1.3-70 kPa - 0.013 kPa™ [97]
0.5x0.5 SE - - 50 dpi [98]
- SE 1500 kPa (normal) 0.5-40 N [99]
20x15 cs 0.1-1N 514 @ 1Hz 176 VN [100]
20x 20 SE 0-2 kPa, 2-5 kPa 1.4 78.4 kPa™ no1
30 x 30 cs 10-800 Pa - 0.18 V Pa™' (10-80 Pa) [102]
0.06 V Pa™' (80-800 Pa)
75 x 75 (array) SE 10-65 kPa - 0.11V kPa™ [103]
5x5 SE 5-50 kPa - 0.063 V kPa™ [104]
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Figure 4. A) TEG as self-powered magnetic sensor with the measurement setup. The plot between the InV versus B and InV with the changing rate
of the B. Reproduced with permission.””] Copyright 2012, American Chemical Society. B) The design of MRE-based TEG. The variation in the voltage
signal of TEG with the different strength transient UMF and the uniformly increased UMF with rotating angle between 90° to 0°. Reproduced with
permission.l?®l Copyright 2018, Royal Society of Chemistry. C) Design of the hybrid MF-HG device along with the change in voltage and current with
varying location of the magnets. Reproduced with permission.['%8l Copyright 2021, Elsevier.

not suitable for longer operation and p-n-junction-based photo-
detectors typically have poor sensitivity at lower light intensity. In
comparison, the TEG-based photodetectors are better as in addi-
tion to being cost-effective, they show better portability, respon-
sivity, rapid response and decay time, sensitivity and detection
range. While the TEG as a power source for photodetector have
been extensively explored by the several research groups,'?
only few TEG-based self-powered photodetectors have been
reported. The TEG-based photodetector uses a light sensitive
material that exhibits the variation in the resistance or the sur-
face potential under illumination, thus altering the output of
TEGs. One example of TEG-based portable self-powered active
UV photodetector is shown in Figure 5A. The devices use TiO,
dendritic nanostructures as a TEG contact layer.'"®l Figure 5A
depicts the increasing output current and the decreasing
output voltage with increase in the light power density. The
photodetector works linearly in the range of 20 uW cm™ to
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7 mW cm™ with responsivity of 280 AW and exhibited rise/
decay time of 18/31 ms. The TEG-based self-powered photo-
detector using materials such as organometal trihalide perov-
skite MAPDI; have been reported too.?) MAPDI; is a low-cost,
easily processable material which exhibits high light absorption
and sensitivity. Figure 5B illustrates the 3D structure of the
self-powered photodetector. The variation in the voltage (V3 — V)
increases as the intensity of illumination increases from
20 mW cm™ to 100 mW cm™ (Figure 5B). The device exhib-
ited a responsivity of 75 VW with a rapid response time of
<80 ms. A plasmonic TEG-based photodetector with sensitivity
of = 50% has also been reported using GO/Ag heterostructures.
The optically active materials like organolead halide perovskites
are also used for the fabrication of photo-enhanced TEG.!'!
The halide perovskite materials will be the preferred choice for
the future TEG-based self-powered photodetector due to their
superior properties.
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5. TEG-Based Self-Powered Chemical Sensors

The TEGs are attractive for active chemical sensing as the
active-layer material used for these devices are more likely to
interact or absorb with the target molecules.™ In certain
cases, the triboelectric layers are also modified or doped to
selectively interact or absorb the target molecule.l”] In simple
terms, the target molecule can affect differently the triboelectri-
fication process when compared to the pristine active layer./*]
The detailed sensing mechanisms of the individual sensors are
described in following sub-sections.

5.1. Gas Sensors

The C-S mode TEG with different dielectric materials has been
used extensively for the detection of gases such as acetylene,
aniline, ammonia etc. The absorption or interaction of the gas
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molecules with the active layer or preabsorbed species will
influence the device output. The majority of chemoresistive
gas sensors require complex materials (e.g., La,0,CO3, SnO,)
for high selectivity and sensitivity.'”! The synthesis of material
generally involves toxic chemicals and solvents (e.g., xylene)
which are not eco-friendly.'”2l The gas discharge-based sen-
sors here offer the advantage of no complex material require-
ment. Like other sensors, gas discharge-based sensors require a
power supply, where TEG can also play a major role in sustain-
able development. Although the TEG as a power source for the
sensors is not a focus of this article.

5.1.1. Acetylene Sensors

Acetylene (C;H,) is a highly flammable gas widely used for
metal welding and cutting. It is also used in the paints, rubber,
and fabric industry. Acetylene is toxic due to the traces of arsine

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. A) TEG device design for acetylene sensing with response of the device for different acetylene concentrations. Reproduced with permis-
sion.I" Copyright 2016, American Chemical Society. B) TEG response for different acetylene concentrations. Reproduced with permission.l?%l Copyright
2017, Elsevier. C) Aniline sensing mechanism, device response for different aniline concentrations and self-powered early warning system. Reproduced
with permission.l?l Copyright 2020, Wiley-VCH. D) Gas-sensing measurement system and the response of the device toward different H, concen-
trations. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/

by/4.0/).%2 Copyright 2016, The Authors, published by MDPI.

and phosphine generated from calcium carbide."® Acetylene
can explode at an absolute pressure of >10° kPa. Thus, acety-
lene sensors are important for environmental safety and leakage
warning. TEG-based acetylene gas sensors have been reported
with wrinkled PDMS (w-PDMS) and nylon as the contact mate-
rials."™ The sensor has ethylene glycol (EG) functionalized
PEDOT:PSS (EPP) between the electrode. The w-PDMS layer is
used to improve the triboelectric charge transport. In the pres-
ence of EPP, the TEG voltage increases from 972 to 166.4 V. The
EPP films showed improved output under high illumination, as
confirmed by the I-V profile. Thus, in the presence of sunlight,
the device output further increased to 191.6 V. Similar trend was
observed for the current output of the device. The acetylene tribo-
electric nanosensor (TENS) was fabricated by modifying the upper
layer of the TEG device. The top nylon/Al/PET was replaced by
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the Ag@ZnO/nylon/Al/PET (Figure 6A). The Ag contributes to
the catalytic activity, and Ag-ZnO heterostructures shows average
chemisorption ability. The nylon fibre in the device helps to obtain
crumpled Ag@ZnO sensing layer. Figure 6A depicts the response
profile at different gas concentrations. The voltage decreases with
an increase in C,H, concentration due to the reduced surface
charge. The TENS exhibited a maximum response of 89% (out-
door) and 70.9% (indoor) at 100 ppm C,H, concentration. The
humidity is well known to influence the output of the TEG. How-
ever, in above device, the humidity had a negligible effect due to
the shielding by Ag and the high hydrophobicity of w-PDMS.I*!
TEGs based on porous PDMS and Al/Ag-CNF have also been
reported for acetylene sensing.'”) The response of the one such
device is shown in Figure 6B. The output of the device changes
in the presence of C,H, due to the surface reaction of the C,H,
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and the bottom frictional layer. The device exhibited a maximum
response of 83% at 1000 ppm C,H, and a response time of 88 s.
In this case also, due to the high hydrophobicity of the frictional
layers, the humidity did not have any appreciable influence on the
performance. 2]

5.1.2. Aniline Sensors

Aniline is a carcinogenic gas that is widely used in laborato-
ries, dying, resins and pharmaceuticals. The aniline vapors are
readily absorbed by the digestive tract, skin, and respiratory
tract. In worst cases, it can cause carcinogenesis, liver damage
and methaemoglobin hematic diseases.’?3] Thus, wearable
and stand-alone aniline sensors are of great significance and
among few TEG examples is the one with low-resistance
metal-oxide-semiconductor (MOS) rGO-In,0; electrodes.?!
The sensing operation is due to the change in the conductivity
of the electrode and the properties of the frictional layer. rGO
is a p-type material where the major charge carriers are defects
and vacancies (Figure 6C). Contrary to this, In,0O3 is an n-type
material with free electrons as the dominant charge carriers.
In the air, chemisorbed oxygen species (O) are formed on the
rGO-In,0; surface and in the presence of aniline, the charge-
carrier concentration increases as it reacts with the absorbed O~
species.” As a result, the resistance of the rGO-In,05 layer
decreases and aniline is detected. The process is reversible,
and aniline desorbs in the presence of air. Figure 6C depicts
the response of the AI-TEG, the rGO-TEG, and the rGO-In,0;
TEG at various aniline concentrations. The rGO-In,0; TEG
works well in the linear range of 200-1200 ppm. The device
has a response time of 350 s and has a shorter recovery time.
The interference studies confirm the sensor’s selectivity as the
response was poor in the presence of other volatile gases. The
sensor works well in the humidity range of 35-48%. Figure 6C
also shows the integration of the rGO-In,03; TEG with circuits
and LEDs to demonstrate the early warning system.[!2!

5.1.3. Hydrogen Sensors

Hydrogen (H,) can replace fossil fuels, but it is highly flam-
mable and explosive. The effective and efficient detection of H,
is important to ensure human and environmental safety.1?’]
One example of TEG here is based on palladium (Pd) and PET
active layers. Pd is widely reported for highly selective and sen-
sitive H, sensing.”??l The H, absorbed on the Pd molecules
expands the volume of the Pd and transforms to fB-phase or
o-phase palladium hydride (PdH,) depending on the H, con-
centration. Therefore, in the presence of H, the electrical and
optical properties of Pd get altered. Figure 6D shows the meas-
urement setup, comprising a chamber and mass flow controller
(MEC) connected to dry air and H, gas. The PdH, formed in
the presence of H, has a lower work function compared to that
of Pd. The output voltage of TEG thus increases in the presence
of H, as the work function of PdH, is closer to the PET donor
states resulting in the improved charge exchange. Figure 6D
depicts the sensor response at different H, concentrations. The
sensor exhibited a sensitivity of 0.75 up to 1% H, and 0.2 above
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2% H, exposure. The sensor has a response time of 30 min and
a recovery time of 15 min under 1% hydrogen exposure.l'??l Due
to longer response and recovery time, this sensor is unsuitable
for practical applications.

Another example of a TEG-based hydrogen sensor uses
micropyramid PDMS and Pd-decorated ZnO nanorods as the
negative and positive triboelectric layers, respectively.'?®! The
device produced an output of 5.2 V and 80 nA. Figure 7A illus-
trates the H, sensing mechanism. The oxygen ions (O,g) are
chemisorbed on the Pd in the presence of air. The electrons
migrate from ZnO to Pd due to the higher work function of Pd.
In the presence of H,, the H, molecules react with the absorbed
O, leading to the formation of H,O and release the electrons
back to ZnO. The movement of electrons modify the Pd/ZnO
interface and lower the barrier width, thus reducing the TEG
voltage by screening the triboelectric field."”’] Figure 7A shows
the output voltage and response of the device at different H,
concentrations. The device exhibited a response of 373% at
10 000 ppm H, and a response time of 100 s at 5000 ppm. The
device response is faster at lower concentrations. The effect
of humidity was also studied. Later micropyramid PDMS was
replaced with the w-PDMS for the H, sensing (Figure 7B).1128
The device generated an output of 16.2 V and 0.512 pA. The
device showed the detection limit, recovery-response time,
and the response of 20 ppm, 115-126 s, and 1457.69%, respec-
tively. A corrugated core sandwich (CCS) TEG (CCS-TEG) is yet
another example for H, sensing.% Figure 7C shows the CCS-
TEG structure, with Pd coated on the polyimide (PI) for the
sensing. The effect of the crosswise and length-wise assemblies
on the TEG output was also analyzed. The crosswise assembly
TEG produced an output of 142 V and 9.3 pA. The stacked
CCS-TEG (4 devices) was used for the H, sensing. Figure 7C
also depicts the generated output and response of the sensor at
various H, concentrations. The sensor has a detection range of
0.001-1.00 vol.% with maximum response of 83%.[1164]

5.1.4. Ammonia Sensors

Ammonia (NHj3) is one of the toxic air and water pollution
contributor and can cause acute damage to humans.!3% It can
induce headaches, nausea, pulmonary damage and even cause
death at higher concentrations.3%) Ammonia can contami-
nate water, and it can also exist in the atmosphere as the sus-
pended particles. On other hand, NH; present in the exhaled
gas can also act as a marker to detect kidney diseases.3! In
terms of active sensors for detection of ammonia, TEGs based
on polyaniline (PANI) nanofibers (NFs) and poly(vinylidene dif-
luoride) (PVDF) active layers have been reported.!?’l The PANI
NFS plays the role of the electrode, frictional layer, and sensing
layer. PANI can exist as conducting emeraldine salt (C-PANI)
and non-conductive emeraldine base (N-PANI), reversibly con-
vertible by deprotonation and protonation. The analysis of the
effect of the PANI’s state on the TEG performance shows that
C-PANI TEG can produce better output (1186 V and 45.70 pA)
due to high surface charge density and hence preferred for NH;
sensing. The conductivity of C-PANI changes in the presence
of NH; and thus can alter the output of the C-PANI TEG. The
C-PANI can transform to the N-PANI by the absorption of NH;
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Figure 7. A) Schematic illustration of the H,-sensing mechanism and response of the sensor. Reproduced with permission.2¢l Copyright 2016, Elsevier.
B) 3D illustration of the TEG device with w-PDMS and Pd/ZnO nanoparticles as the active layer. Reproduced with permission.[?8l Copyright 2016, Royal
Society of Chemistry. C) The CCS-TEG device design. Variation in the voltage/current and response of the device at different hydrogen concentrations.
Reproduced with permission.[""% Copyright 2017, Elsevier. D) Voltage and response of the TEG-based ammonia sensor in the concentration range of
500-10000 ppm. Reproduced with permission.['?l Copyright 2018, Elsevier.
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on its surface. Figure 7D shows the variation in the voltage and
response of the device with NH; concentration ranging from
500 pm to 10 000 ppm. The device exhibited a linear response
up to a concentration of 3000 ppm. The saturation of absorp-
tion sites at higher concentrations results in a non-linear
response (Figure 7D). The device has a response time of 40 s
and a recovery time of 225 s. This highly selective sensor shows
poor response from other interfering molecules like ethanol.l'?’]

5.1.5. Carbon Dioxide Sensors

Carbon dioxide (CO,) is a greenhouse gas that plays a role in
climate change and is used in wider range of applications such
as pest control, carbonated drinks, plant growth, oil recovery and
medical sector etc.'33 CO, sensors are important to monitor air
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quality to maintain environmental standards and safety. A few
examples of TEG-based CO, sensor include the water—air TEG
(WATEG), as shown in Figure 8A.[33 The polyethyleneimine
(PEI) layer in this TEG acts as a selective sensing material for
CO, detection. The device is designed to create a force and
humidity independent charge transfer process, which is critical
for the practical implementation of the sensors. The upper PEI
and PDMS layers in the device work in constant contact while
the wetted sponge and PDMS contact are force-dependent.
Figure 8A explains the CO,-sensing mechanism where a car-
bamate layer is formed due to the CO,~PEI complexation. The
CO, absorption alters the electronegativity of the sensing layer
to influence the output of the device. For static CO, sensing,
the PEI layer is exposed to CO, at controlled RH in a sealed
chamber for 30 min. The sensing material was removed from
the chamber and used in the WATEG for the measurements.
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As the only PEI layer playing a role in sensing, the top contact
output only changes with the CO,. Figure 8A shows the change
in charge profile with CO, concentrations during static sensing.
The charge versus concentration curve suggests that carbamate
is not the only factor influencing electronegativity, and other par-
ticipating species are absorbed. The sensor exhibits a sensitivity
of 4.8 x 10 nC ppm™ (40% RH) in the CO, concentration range
of 400-2000 ppm. For dynamic testing, gas spray (1000 mL) with
different CO, concentrations was used. Figure 8A depicts the
charge versus concentration profile for the dynamic sensor. The
sensor range is increased to 30 000 ppm, after which the output
saturates. The dynamic sensor is also useful for the measure-
ments in the environment with different RH values.

5.1.6. Nitrogen Dioxide Sensors

Nitrogen dioxide (NO,) generated from the vehicle and other
fossil fuels combustion is responsible for water pollution,
ozone formation, and acid rain.*¥ A persistent NO, exposure
of =100 pg m~3 could lead to severe respiratory diseases.3> The
NO, exposure causes chronic obstructive pulmonary disease
(COPD) in nearly 63% adult population of the United States.?’]
The TEG offers a promising solution for the development of
stand-alone battery-free NO, sensors.

An example of a TEG-based NO, sensor, shown in Figure 8B,
uses alveolus-inspired membrane (AIM) for NO, sensing and
human-breath analysis.?) The tungsten trioxide treated with
NaOH was used in this device as the sensing material. Figure 8B
also depicts the output voltage and response of the sensor in the
concentration range of 0-80 ppm. The voltage output at different
volumes of the injected air changes linearly with the gas flow. The
sensor demonstrated a response, response time and recovery time
of 340.24%, 273 s, and 330 s, respectively. The device maintains the
same response for a month with a minor change of 5% at each
level. The theoretical studies, including phase-field simulation,
thermodynamic analysis and finite element calculations, revealed
the sensing mechanism. The electrical output is increased in the
presence of NO, due to the capture of electrons, resulting in the
reduced depolarization field in the WO;-sensing layer.2’]

Another TEG sensor, capable of detecting NO, gas at sub-ppb
level, uses patterned PDMS as the negative and 3D-graphene/
CNT or graphene as the positive triboelectric layer.3% Figure 8C
depicts the 3D schematic of the device. The 3D-graphene/CNT
produced a higher voltage (25.4 V) than graphene (6.2 V). The
output of the device reduces with the increase in the NO, con-
centration (Figure 8C). The voltage variation is ascribed to the
change in the resistance of the sensing layer. The 3D-graphene/
CNT showed a response in the range of 10-1000 ppb, while
graphene showed a response at a concentration higher than
100 ppb. The sensor exhibited good selectivity for the NO, com-
pared to the interfering H,, CO, and CO, gases.[%

5.1.7. Automotive Exhaust Sensors
Growing use of automobiles is also contributing carbon mono-

xide (CO), VOCs, NHj3 and nitric oxide (NO) to the environ-
ment and adversely affecting human health and climate
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neutrality.'’”) TEG-based sensors could offer attractive solutions
for detection of emitted gases. The examples of TEG-based gas
sensors include the one based on polypyrrole (Ppy) derivatives
and PDMS for NO, CO and NH; sensing.['*® The pipe-shaped
device consists of seven sensing units with different Ppy deriva-
tives, created using different dopants. The sensing units are
Ppy-SBS (sodium benzene sulfonate), Ppy-CSA (camphor
sulfonic acid), Ppy-SDS (sodium dodecyl benzene sulfonate),
Ppy-SO (sodium oxalate), Ppy-OA (oxalic acid) and Ppy-NSA
(naphthalene sulfonic acid). The sensing signal depends on the
interaction of Ppy with the gases. The charge density decreases
in the case of NHj as it is a reducing gas. NO being an oxidizing
gas increases the concentration of charge carriers. Hence, both
have opposite effects, i.e., NH; increases the resistance while
NO improves the conductivity. The response-recovery time for
CO in the Ppy-CSA-based sensing unit is 11-5 s; for NO in the
Ppy-SBS-based unit is 31-30 s; and for NH; in the Ppy-NSA-
based unit is 13-12 s. The influence of humidity was also tested.
The response to NH3 increases even at high humidity which
suggest the suitability of the sensing unit at high humidity. The
device was also tested for real-time automotive exhaust mon-
itoring by placing it in different types of vehicles (sedan and
sports utility vehicle (SUV)).8 The device detects the different
concentration of exhaust emission from sedan (more NO) and
SUV (more CO and NHs).

5.1.8. Volatile Organic Compounds Sensors

Volatile organic compounds (VOCs) such as benzene, toluene,
ethanol, acetone, methanol, etc., are toxic and directly affect
human health.*?) VOCs, enter the environment from various
sources, including building materials, adhesives, and paints.[3°]
The consumption of a high amount of ethanol is associated
with accidents and social abuse.% Benzene and toluene are
more toxic, carcinogenic and can cause confusion, headache,
dizziness, and blurred vision.™ Thus, detection and moni-
toring of the VOCs in the environment are essential for better
human health. TEG-based sensors with polyamide/Al and
poly(tetrafluoroethylene) (PTFE)/Al as the contact layers have
been reported for the liquid and gas sensing respectively.l’]
Water and ethanol were selected in these cases for liquid and
gas sensing. Figure 8D depicts the relationship between the
voltage of PTFE-TEG and liquid ethanol concentration. The
output voltage decreases with the increase in the ethanol con-
centration. The figure reveals that RH slightly influences the
PTFE-TEG sensor performance.*’!

A vapor-actuated perfluorosulfonic acid ionomer (PFSA) was
used to fabricate the bendable TEG (Figure 9A) for vapor (ace-
tone, n-hexane, ethanol etc.) leak detection in the vapor pipe-
line.'l The vapor responsive behaviour of PFSA was due to
the presence of nanochannels inside the membrane. The nano-
channels expand with the absorption of moisture or vapor mole-
cules and vice versa. The expansion or shrinkage of the nano-
channel deforms the blade to drive TEG. The developed TEG
can harness energy from wind and water drops. The device has
a power density of 1.6 W m™ at a wind speed of 25 ms™" and
230 mW m™ at a water drop rate of 2 mL s7\. Figure 9A shows
the change in PFSA sensor signal with different vapors. The
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Figure 9. A) The humidity-resistant TEG device design. The output voltage signal in the presence of various VOCs. Reproduced with permission.#2
Copyright 2019, American Chemical Society. B) Device response toward different acetone concentrations. Reproduced with permission.m"! Copyright
2020, Elsevier. C) The lab-designed benzene vapor generation and the device testing system. The response of the device across different benzene
concentrations and total flow rate. Reproduced with permission.[él Copyright 2018, Elsevier. D) 3D representation of the electronic nose, radial plots
of different VOCs. The output voltage of different sensor elements toward ethanol concentrations. Reproduced with permission.'*”] Copyright 2015,

Wiley-VCH.

ethanol shows the best response while there is a minor signal
change in the presence of acetone vapor.

The acetone in the exhaled breath can also act as a bio-
marker for prediabetic conditions. For example, the acetone
concentration in the breath of a healthy individual varies
between 0.3-0.9 ppm and it can exceed 1.8 ppm in the breath
of prediabetic patients.*] With coupled chemisorption and
contact electrification it is possible to have self-powered ace-
tone sensor (WSAS) for breath analysis.* The humidity tol-
erant triboelectric acetone sensor (TAS) was fabricated with
CS/ZnO bilayer performing the role of the triboelectric and
the sensing layer.'*”] The CS/ZnO device shows better perfor-
mance compared to the CS alone. The microstructure PDMS
in this device behaves like the opposite contact layer. The CS/
TEG showed little variation with humidity due to the presence
of inadequate water absorption sites. Figure 9B depicts the
response of CS and CS/ZnO TAS in the concentration range
of 1-10 ppm. The CS/ZnO TAS exhibited better sensitivity
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and response of 1.9545% per ppm and 19.02%, respectively,
at 10 ppm acetone. The CS/ZnO TAS has a response time of
1883 s and a recovery time of 3635 s. The recovery time of CS/
ZnO TAS was higher than that of CS TAS. The TAS was selec-
tive with poor response from other exposed biomarkers. In the
presence of acetone, the output increases due to the vaporiza-
tion of the water molecules. The acetone reduces the resistivity
of the junction (pcs_zno)-

A TEG-based self-powered benzene sensor, which works in
the high concentration range to supplement the currently avail-
able benzene sensors (0-100 ppm) has also been reported.!0!
The TEG was fabricated by the PVDF-TiO, and cellulose ace-
tate as negative and positive triboelectric layers respectively. The
output of TEG was improved by employing the phase inversion
process for the PVDF-TiO,. The phase-inversed PVDF-TiO,
(10 wt%) based TEG showed 10- and 7-times enhancement in
the output current and voltage, respectively. Figure 9C demon-
strates the as-fabricated TEG for benzene sensing and warning
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system using a custom-designed setup. The output of the device
decreases with the increase in the benzene concentration. The
voltage change was attributed to the alteration of the local den-
sity of states by the interaction of C p-states and the d-states
of the Ti. The interaction restricts triboelectrification.8l
Figure 9C shows the device’s response concerning the benzene
concentration and total flow rate, respectively. The sensor was
selective and exhibited a sensitivity of 0.0035 V ppm™ con-
cerning concentration. The device was also integrated with the
Arduino-Uno for displaying a warning message and trigger the
alarm.

An electronic nose designed to detect different VOCs (tol-
uene, methanol, acetone, and ethanol) is shown in Figure 9D.[#]
The TEG-based e-nose uses ZnO nanowires (NW) or ZnO NWs
with NiO nanoparticles as one layer and polyimide (PA) or
PTFE as the opposite contact layer. The -t analysis confirmed
that ZnO NWs show significant current changes for acetone
but not for other gases. The ZnO NWs decorated with NiO
showed better sensitivity due to the formation of the p-n junc-
tion. The formation of the p—n junction increases the resist-
ance of the oxides. Figure 9D represents the radial plot of four
VOC:s for different systems. The variation in the output voltage
of TEG with ethanol concentration in the range of 0.1-10% for
different systems is shown in Figure 9D. The sensor exhibits a
detection limit of 0.1%. The similar properties of methanol and
ethanol give rise to similar radial plots. Thus, a greater number
of sensor elements are needed to differentiate similar gases.
The response of PA-based sensor was faster than a PTFE-based
sensor. Table 5 shows the comparison of the TEG-based active
gas sensors discussed in above sections.

5.2. Heavy-Metal-lon Sensors

Heavy-metal ions like mercury (Hg?"), lead (Pb?"), chromium
(Cr*?) etc., are highly toxic and non-biodegradable and pose a
great threat to the environment and human health.*] Water
contamination by activities in the mining, paper, metal plating,
and battery industries is also leading to rising heavy metal ions
in water and, as a result considerable efforts have been made

Table 5. Comparison of different TEG-based active gas sensors.
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for the detection and removal of heavy metal ions.>*) However,
most of the detection and removal techniques are expensive,
energy-intensive and time-consuming and TEG-based approach
can be a better alternative. As a result, TEGs have been
explored by many researchers for the detection and removal of
heavy metal ions. Examples include detection of mercury com-
pounds, which can cause Minamata disease by affecting cog-
nitive abilities, memory, and language.**! The TEG-based
approach can overcome the challenges faced with conventional
techniques. For example, the spectrometry methods are highly
selective for mercury ion detection but suffer from high-cost,
complicated sample preparation and are incompetent for field
analysis. The other complicated methodologies that provide
high sensitivity and selectivity involve surface-plasma reso-
nance (SPR), colorimetric assays, electrochemical sensors, sur-
face-enhanced Raman scattering.['>?!

In this direction, the enhanced output TEG, designed as a
self-powered Hg*? ion sensor, in noteworthy.'3l The perfor-
mance of TEG was enhanced by depositing gold (Au) nanopar-
ticles (NP) on the metal plate, which eventually increases the
effective contact area. The Au NPs of size 13, 32, and 56 nm
were prepared on the Au film. The Au NPs were modified fur-
ther with 3-mercaptopropionic acid (3-MPA) to provide sensi-
tivity and selectivity for Hg*? ion detection. The TEG follows
an output trend of TEGsgnm, > TEG350m > TEG35, > TEG. The
56 nm Au NPs modified TEG produced 5- and 6.8-times higher
voltage and current density, respectively (Figure 10A). The car-
boxylic acid group of 3-MPA has a high binding ability toward
the Hg", leading to the change in the nanogenerator output.
The Au plate was dipped for 60 min in the solution containing
different concentrations of Hg ions for the sensing. The elec-
trical measurements were performed after washing and drying
at ambient temperature. Figure 10A depicts the variation of the
short-circuit current ratio with the mercury ion concentration.
Figure 10A suggests the selectivity of the sensor as there is no
interference of the other metal ions. The developed sensor exhib-
ited an R® of 0.98 in the concentration range of 100 x 107 m
to 5 x 107 M with a detection limit of 30 X 10~ m (S/N = 3).

Moreover, a fully standalone sensor was demonstrated by
using a light-emitting diode (LED). The LED was unable to

Sensor Negative TE layer Positive TE layer Range Response time (s) Recovery time (s) Ref.
Acetylene Wrinkled PDMS Nylon 300-1000 ppm - - mo]
Acetylene Porous PDMS Al/Ag-CNF 10-1000 ppm 88 120 [120]
Ammonia PVDF PANI 500-3000 ppm 40 225 [129]
Aniline rGO-In,0;/PVDF Al 200-1200 ppm 200 - [21]
H, Wrinkled PDMS Pd NPs/ZnO nanorods (NRs) 0.01-3 vol.% 15 126 [128]
H, PDMS ZnO NRs 100-10 000 ppm 100 - [126]
H, Pl Microcrystalline cellulose 0.001-1.0 vol.% 82 99 [16a]
Acetone PTFE Nylon 0-10 ppm - - [144]
Acetone PDMS Chitosan/ZnO 1-10 ppm - - [145]
NO, Latex WO, 0-80 ppm 273 330 [23]
NO, PDMS 3D graphene/CNT 10-1000 ppb - - [136]
Benzene PVDF-TiO, Cellulose acetate 4814-20 861 ppm - - [146]
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Figure 10. A) The performance (V,, Js.) for gold film and different size gold nanoparticles. Short-circuit current ratio for different Hg*? ion concentra-
tions and sensor selectivity. Reproduced with permission.®l Copyright 2013, Wiley-VCH. B) The output voltage and voltage shift for different Hg'?
jon concentrations. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 Attribution license (https://creativecommons.org/
licenses/by/4.0/).1% Copyright 2020, The Authors, published on behalf of The Electrochemical Society by IOP Publishing Limited. C) Open-circuit
voltage ratio at different concentrations of Cu*?, Cr*3, and Pb*? heavy metal ions. Reproduced with permission.> Copyright 2016, Wiley-VCH. D) 3D
representation of f-CD enhanced TEG for phenol detection. Short-circuit current and voltage ratio for phenol in the concentration range of 0-500 x
107% M. Reproduced with permission.[?8l Copyright 2015, Royal Society of Chemistry.

glow when the layer was treated with 5 x 10° m Hg*? ion. Simi-
larly, the Au NPs were capped with MPA to demonstrate single
electrode solid-liquid contact electrification-based Hg"? ion
triboelectric nanosensor (TNS).[?5 Unlike a solid-solid contact
sensor, this sensor is independent of the contact frequency for
mercury ion detection. The MPA capped Au NPs were synthe-
sized on the copper wire. Figure 10B depicts the output voltage
and calibration curve at different concentrations of the Hg*?
ions. Like a solid contact sensor, the MPA has a strong binding
affinity to mercury ions. The Hg™ binding to MPA reduces the
work function as confirmed by the Kelvin probe force micros-
copy (KPFM). The reduced work function can lead to improved
charge transfer during the electrification process. The designed

Adv. Mater. 2022, 34, 2200724 2200724 (17 of 32)

TEG can work in the linear range of 10 x 10° M to 1 x 10° m
with a 10 x 10~ m detection limit.

The triboelectric effect has also been employed for detection
and removal of heavy metal ion such as Cu*?, Pb*2, Cr*3.4 The
multilayered structure TNS developed to detect Pb*?, Cr*3, and
Cu*? as common contaminants in industrial wastewater. The
TNS consists of a top PTFE layer with (NW) array and bottom
layer of surface grown anodized aluminium oxide (AAO) on
Al foil. The AAO nanopores were modified with the sodium
diethyldithiocarbamate, dithizone, and diphenylcarbazide
for selective recognition of Cu*?, Pb*2, and Cr*® respectively.
Figure 10C shows the variation in open-circuit voltage ratio with
the concentration of Cu*?, Cr*3, and Pb*2. The modifications of
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AAO nanopores make the TNS highly selective and specific
for each heavy metal ion. The TNS showed a sensing range of
0-200 x 10° m for all three metal ions. The TNS exhibited a
sensitivity of 0.004 x 107® M, 0.005 x 107® m and 0.003 x 107 m
for Crt3, Cu*?, and Pb*? respectively. The sensor also exhibited
excellent reusability.'> Moreover, wastewater-driven rotating
TEG (WD-TEG) was developed and demonstrated to remove
heavy metal ions.[>*

5.3. Phenol Liquid Sensors

Phenol is highly toxic and has adverse effects on the respiratory
tract, human eyes and the skin. Repeated or continuous expo-
sure to phenol can severely effect the central nervous system
(CNS), liver, heart and kidneys.['>* Phenol also has a negative
impact on the environment and biological communities. Like
other analytes discussed above, it can also be detected by con-
ventional techniques such as chromatography, electrochemical
and spectrophotometric methods.*® However, the TEG-based
approach is more attractive due to self-powering, simplicity
and portability. An example of PTFE and TiO, NWs as the
active layers in a TEG for the detection of phenol is shown
in Figure 10D. 2% The TEG has TiO, NWs modified with the
[-cyclodextrin (S-CD) to enhance the device output. Addition-
ally, S-CD plays the role of recognition molecule or element as
its cavity size is appropriate for phenol absorption. The device
with 80 x 10°® m B-CD showed 8.7 times and 6 times enhance-
ment in the voltage and current, respectively. The voltage and
current output of this device decrease in the presence of phenol
as it leads to poor electron transfer. Figure 10D shows the vari-
ation in the voltage and current ratio at various phenol concen-
trations. The sensor exhibits a sensitivity of 0.01 x 107 m in the
concentration range of 10 to 100 x 107 m. The sensor is highly
selective toward phenol detection with poor response to other
organic species. The sensor is reusable by rinsing with ethyl
alcohol. Moreover, the enhanced output TEG with the modified
design was also demonstrated for the electrochemical degra-
dation of the phenol in wastewater. The kinetic impact of the
water waves brings the device in contact separation. The 90%
phenol degradation was observed in 320 min.[2¢!

5.4. Thioacetamide Sensors

Thioacetamide (TAA) is another toxic contaminant from the
rubber, paper, textile, and leather industries.?¥l It can cause
liver carcinogenic and neurotoxic injuries by inhibiting the
activity of the DNA and the RNA.*/l The effluent from indus-
tries containing TAA can easily contaminate the water. In
humans, TAA can be metabolized rapidly for the generation of
reactive metabolites.'®® The TEG-based sensors for TAA has
been reported using biocompatible metal biomolecule frame-
work (MBIOF). The TEG comprises Cu-Asp nanofibers devel-
oped using a green synthesis route.?¥ Additionally, Cu-Asp
can be coated on various substrates using an easy to scale-up
tape cast coating technique. The coated nanofibers remain
stable in water. The TEG produced 200 V in freestanding mode
(NF-TEG) and 80 V in C-S mode (cNF-TEG). The 1 cm X 1 cm
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cNF-TEG can be used to sense TAA and this is been demon-
strated (Figure 11A) by dropping 20 UL volume of the different
TAA concentrations (1 X 1073 to 100 x 1073 m) on the Cu-Asp
nanofiber. The decreasing voltage in Figure 11A is due to the
decrease surface potential of the copper thioacetamide complex
formed after adding TAA. The sensor was selective and exhib-
ited a sensitivity of 0.76 V mM~. Table 6 summarizes the TEG-
based active liquid sensors like heavy metal ions, phenol and
thioacetamide sensor discussed in section 5.2-5.4.

As discussed above, gas detection mainly utilizes contact-
separation mode TEGs with different dielectric materials. The
excellent diffusion performance of gases allows their uniform
distribution over the device active layer to influence the device
output. The TEG is explored as an active sensor for numerous
gases, with gas chamber used to precisely controlled the envi-
ronment. However, the use of gas chamber is not feasible when
it comes to bringing the utilization of TEG-based sensors in
real-time applications. Significant efforts are required to design
a fully packed and portable TEG-based gas sensor. Moreover,
the response of sensors is affected by the humidity, which
opens up the scope for research in humidity resistant materials.
The key considerations for commercialization of TEG-based
sensors are stability, reusability and high selectivity. Although
many reported sensors claimed excellent sensitivity the detec-
tion of complex analytes by TEG-based sensors is still a chal-
lenge which can be resolved by using highly selective sensing
material as active layer. In the case of gas and liquid analytes,
most of the reported sensors are not reusable, which means the
signal cannot return to the initial state in the absence of the
analyte. Reusability requires the removal of absorbed molecules
from the sensing layer, which is generally achieved by heating,
washing, or purging the air. All these methods restrict the appli-
cation of the device. Considering this background, novel mate-
rials such as MXenes and MOFs have been explored recently
for the active layer of TEGs. The feasibility of MOFs has been
demonstrated for TEG-based sensors which can be reused after
a simple washing process. These materials can also be explored
for chemical sensing using a reusable, sensitive and highly
selective TEG-based active sensor. Alternatively, photocatalytic
degradation of the analyte can be explored for the fabrication of
a reusable sensor. Despite few successes related to TEG-based
chemical sensors, lot more need to be done to impart reusa-
bility and high selectivity.

6. TEG-Based Self-Powered Biosensors

As discussed earlier, the triboelectric layer can also modify
chemically, with the aptamers and enzymes, and the same has
been exploited to develop label-free, highly selective, and sensi-
tive self-powered biosensors. In this section, we discuss some
of the TEG-based active biological sensors.

6.1. Dopamine Sensors
Dopamine is a neurotransmitter that plays a crucial role in

the central nervous system (CNS) and hormonal system.!
Dopamine is a catecholamine, the abnormal levels associated
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Figure 11. A) Voltage versus concentration and response profile of the cNF-TEG-based self-powered thioacetamide sensor. Reproduced with permis-
sion.l?l Copyright 2021, American Chemical Society. B) The oxidative self-polymerization of the dopamine to polydopamine. The short-circuit current
ratio for different dopamine concentrations and sensors selectivity. Reproduced with permission.B% Copyright 2015, American Chemical Society.
C) Design of the liquid-solid TEG. The dopamine polymerization and its effect on the TEG and interfacial signal. The TEG and interfacial current versus
dopamine concentrations (0-500 pmol L™). Reproduced with permission.B Copyright 2019, Wiley-VCH.

with schizophrenia, Parkinson’s disease, and Huntington’s
disease.l0 Several complicated and time-consuming tech-
niques like high-performance liquid chromatography (HPLC),
electrochemical methods and fluorescence spectrophotom-
etry methods have been explored to detect dopamine.'00¢161
However, the existence of influencing analytes such as uric
acid (UA) and ascorbic acids (AAs) make it challenging to use
electrochemical methods for detection of dopamine.[61¢d.162]

Adv. Mater. 2022, 34, 2200724 2200724 (19 of 32)

The issue could be addressed with TEG-based highly selective
self-powered sensors such as the one based on nanostructured
PTFE and aluminium as the contact layers.?% The device gen-
erated an output of 116 V and 33 YA at 1 Hz, 60 N. The self-
polymerization of dopamine to polydopamine (PDA) at basic
pH is the key for the sensing. Figure 11B depicts the polym-
erization process of DA to PDA, which, when absorbed on the
PTEF layer, can alter its surface potential and permittivity.[63]
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Sensor Negative TE layer Positive TE layer Range Sensitivity Ref.
Hg*2 PDMS Modified Au nanoparticles 100%10° M to 5x 106 m - [153]
(NPs)
Hg*2 Acetone Modified Au NPs 10x10°Mto1x10°0m - [25]
Cu*?, Pb*2 and Cr*? PTFE (NW)s AAO nanopores 0-200x10° m (Cu*%)—0.005 um™" [154]
(Pb*?)—0.003 um™'
(Cr**)—0.004 um™
Phenol PTFE Modified TiO, (NW) 10-100 X 1076 m 0.01 pum™! [26]
TAA PTFE Cu-Asp nanofibers 1-100 X 1073 m 0.76 Vmm™! [24]

Figure 11B also depicts the variation in the current ratio with
the concentration of DA and interfering analytes, respectively.
The results confirmed that the triboelectric nanosensor (TENS)
is selective to dopamine.

Another example, of TEG-based DA sensors is based on
solid-liquid single electrode.l*¥ Figure 11C shows the schematic
illustration of the device fabricated on a glass substrate with
PTFE film as the active layer. The device generated two distinct
signals: the conventional TEG signal due to triboelectrification
and electrostatic induction. The second signal is due to the
interfacial charges at the oil/water interface. Figure 11C illus-
trates the concept of the self-powered DA sensor which works
on the principle of self-polymerization of DA to PDA at pH
8.5. The device exhibits the reduced TEG output and increased
interfacial signal at different DA concentrations. The decreased
TEG output is attributed to the PDA’s low surface charges and
better electrostatic screening. The increased interfacial signal
observed due to the improved hydrophilicity contributes toward
the enhanced electrostatic induction between the interfacial
charges and the electrode. Figure 11C depicts the current output
at different concentrations of DA. Figure 11C also shows the
variation in the interfacial and TEG current signal with the con-
centration of the DA. The sensor showed good linearity in the
concentration range of 25 to 250 pumol L. The limit of detec-
tion (LOD) for the DA sensor was 3.96 x 107 and 5.15 x 107® m
with Ierfuce and Iygg, respectively.

6.2. Catechin Sensors

Catechin has a polyphenol structure and is widely found in
fruits, tea, chocolates, vegetables, and wine. It is beneficial as
antioxidant, anti-microbial, anti-carcinogenic, radical scav-
enging, and anti-inflammation.'*4 Further, it can also help
reduce obesity, lowers glucose and plasma lipid levels.'*4 Sim-
ilar to DA, the techniques for catechin determination include
HPLC, electrochemical and spectrophotometric methods. TEG-
based catechin sensors are not explored much as we noted only
one example reported so far.' Figure 12A illustrates the lay-
ered TEG structure comprising TiO, nanosheets (INS) or TiO,
NWs (INW) as the bottom layer and PTFE as the top contact
layer. The TNW-TEG produced an output voltage and current
density of 4.3 V and 1.1 yA cm™ respectively. Figure 12A shows
the open-circuit voltage ratio in the presence of catechin for
TNS-TEG and TNW-TEG, respectively. The TNW-TEG sensor
showed a linear relationship in the range of 10-0.5 x 107 w,
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while TNS-TEG exhibited a linear relationship ranging from
10 x 107% M to 0.25 x 1073 M. The variation in the linear range
is due to the high surface area of TNW, which results in the
high absorption of catechin on the TNW array as confirmed
experimentally.

6.3. Thrombin Sensors

Thrombin is an enzyme encoded by F2 gene and plays a vital
role in regulating pathological and physiological processes. It
is involved in the regulation of angiogenesis, tumour growth
and metastasis.l'°*! Healthy individuals are characterized by the
absence of thrombin in their blood.'*”] The thrombin binding
to aptamers is widely used for different immunoassays and
clotting-based assays.['®l The aptamers are excellent biorecep-
tors as they offer good stability, sensitivity, and selectivity.[*"!
The conventional colorimetric and fluorometric thrombin
sensor require labelling and are time-consuming. In addition,
the electrochemical methods suffer from electrode fouling,
poor detection limit, and stability. The TEG-based sensors, uti-
lizing aptamer-protein interaction, can overcome the problems
associated with conventional thrombin detection methods.B3!
Figure 12B illustrates the concept of aptamer—protein-interac-
tion-based TEG for thrombin detection. The TEG comprises Au
nanoparticles (NPs) and PDMS active layers. The Au NPs offer
a large contact area and can be easily modified with the anti-
thrombin aptamer to provide high selectivity to the sensor. The
anti-thrombin aptamers are negatively charged and can reduce
the TEG output performance while interacting with the anti-
thrombin. Figure 12B depicts the sensitivity of the sensor at
different thrombin concentrations. The developed nanosensor
showed a detection limit of 0.41 X 10~ M (S/N = 3). The sensor
exhibited an excellent selectivity for thrombin compared to the
lysozyme and streptavidin. Moreover, a standalone sensor was
demonstrated by lighting a different number of LEDs (6-17)
depending on the concentration of thrombin. The bioreceptors
or aptamers can also be replaced with other biomolecules to
widen the scope for the label-free self-powered TEG sensing.

6.4. Creatinine Sensors
The creatinine (generated by breakdown of creatine phos-

phate) provides information on kidney functioning. High cre-
atinine levels can be related to thyroid malfunction, muscular
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Figure 12. A) The self-powered TEG-based catechin sensor device design. The voltage ratio of TiO, (NW) and nanosheet-based catechin sensor. Repro-
duced with permission.®5l Copyright 2013, American Chemical Society. B) The DNA-aptamer-decorated Au nanoparticles based triboelectric biosensor
for thrombin detection. The sensitivity of the sensor for different thrombin concentrations. Reproduced with permission.'l Copyright 2016, Elsevier.
C) The response of the sensor for the different analytes. Reproduced with permission.*! Copyright 2021, Elsevier. D) The voltage changes of the TENS
for different ORN178 strain concentrations. The voltage changes of TENS for different bacterial strains at different concentrations. Reproduced with

permission.?3 Copyright 2021, Elsevier.

disorders, and kidney issues.”%l The creatinine levels can also
be used for diabetic neuropathy monitoring.l”! Just like previ-
ously discussed parameters, the creatinine is also be detected
by the optical and chromatographic methods. However, the
drawbacks (time intensive, complex operation, and expensive)
of these conventional methods provide a room for creatinine
detection via TEG.

A non-invasive, self-powered creatinine sensor based on
enzyme-modified TEG was reported with PDMS and PANI
serve as the negative and positive triboelectric layers.>’ The
enzymatic reaction produces H,0, which can protonate the
PANI. The PANI protonation alters its electrical conduc-
tivity and influences the TEG output. Figure 12C shows the
response of the sensor for different molecules and based
on limited data (e.g., four concentrations only) the sensor
appears to be selective for the creatinine. The bending angle
of the sensor also influences the device’s performance. The
sensor design is convenient for miniaturization, making it
possible to integrate with traditional electronics and wearable
devices. 3]

Adv. Mater. 2022, 34, 2200724 2200724 (21 0f 32)

6.5. Bacterial Detection

Bacteria are everywhere in nature, and many bacterial strains
are pathogenic.”? For example, Escherichia coli can cause diar-
rhoea, infections and its presence is also an indicator for envi-
ronmental monitoring.>” The conventional microbial detection
methods like polymerase chain reaction (PCR), flow cytometry,
fluorescence and electrochemical methods are complex, time-
consuming and expensive with poor portability.'”3] To address
these issues, the TENS have been reported for detection of
E. coli. As an example, a solid-liquid TENS based on the carbo-
hydrate—protein interaction has been reported.?? The modified
Au NPs and phosphate buffer saline (PBS) are the solid and
liquid interfaces in this device. The TENS probe, comprising
p-mannose-functionalized Au NPs, is used to detect Concanav-
alin A (Con-A). The attachment of Con-A on the functionalized
Au NPs reduces the work function of the layer from 6.72 eV
to 5.32 eV. The reduced work function layer has a higher
ability to transfer the electrons during contact electrification,
thus enhancing the triboelectric output. The concept is then
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utilized for E. coli detection. The type I pili of E. coli consists of
many proteins. The E. coli strain ORN178 expresses FimH pro-
tein which has adhesion for the p-mannose. The other E. coli
strains like ORN208 do not express FimH on its pili. When
E. coli ORN178 was added to the PBS, it alters the surface
potential as confirmed by the Kelvin probe force microscopy
(KPFM). Figure 12D shows the change in the triboelectric
output at different concentrations of the ORN178 strain. The
variation confirms a linear sensing range of 10* to 10’ CFU
ml™ with a LOD of 4 x 10> CFU ml™. Figure 12D depicts
the sensor’s selectivity in the presence of E. coli ORN208
and the Staphylococcus aureus XEN30 strain. The sensor was
highly selective as other strains lack type I pili, resulting in
the selective binding of the ORN178. The work is an excel-
lent demonstration of the carbohydrate-protein interactions
for self-powered label-free detection. Such interactions are
inherent to many biological processes and can be utilized to
develop selective healthcare sensors too.
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6.6. Pharmacological Fingerprinting

The screening of large-scale drug candidate libraries requires
high-throughput, cost-effective methods.'”4  Conventional
methods are unsuitable to meet the current pharmacological
assessment demand for screening of new drugs. The cell lines
can be used to record the cellular response to a drug molecule
or any other chemical compound.["””]

A TEG-based non-invasive biosensing concept has been
reported recently for cardiomyocytes.*3 The machine-learning
algorithm was designed to study the signal variations. Figure 13A
depicts the concept of the self-powered pharmacological assess-
ment. The CPM-TEG comprises copper core and PDMS layer
(Figure 13A). The mesh substrate is the core of the device for
cardiomyocyte culture. The cardiac cells are made up of car-
diac muscles, which are responsible for heart contraction. The
contraction and relaxation of the cardiac cells can be used as
a mechanical excitation for the TEG. The response of the
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Figure 13. A) The concept and fabrication process of the CPM-TEG for pharmacological assessment. The signal from the CPM-TEG for 10 different
drugs. The heat map and the confusion matrix for different drugs. Reproduced with permission.13l Copyright 2020, American Chemical Society. B) 3D
illustration of the ZIF-8-based MOF-TEG. The voltage and response of the MOF-TEG device for tetracycline sensing. Reproduced with permission."!
Copyright 2019, Wiley-VCH.
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Table 7. Drugs and their effect on the cardiac cells.

www.advmat.de

Drug Name Abbr. Role Ref.
Dopamine DA Helps in blood pressure and cardiac output N176]
Norepinephrine NE Increases cardiac output [177]
Epinephrine EPI Expands the coronary blood flow and improves the aortic diastolic pressure [178]
Y-27632 Y27 Protects the heart [179]
5,5-Diphenylhydantoin PHT Improves myocardial junction conduction, and in injured cardiac tissue, it shortens the [180]
duration of action potential
Acetylsalic Acid ASA Cardioprotective agent [&1]
¥Aminobutyric acid GABA Decreases blood pressure and involve in the activation of yzaminobutyric acid receptor [182]
to slow down the heart rate
Tetraethylthiuram disulfide TET Decreases systolic B.P and augment hypertension markers [183]
Amitriptyline hydrochloride AMI Improves cardiac output [184]
Phenacetin PHE Enhances hypertension and cardiovascular diseases [185]

cardiomyocytes changes in the presence of drugs and can be
used to predict the efficacy and identification of the drugs. The
algorithm plays an important role in analysing and extract the
features in a signal. The 10 drugs that are known to influence
the cardiac cells were selected. The drugs and their effects are
summarized in Table 7. Figure 13A shows the amplitude of the
TEG output under blank, untreated and drug-treated condi-
tions. The negligible signal in the case of blank confirms the
prevention of the false positive detections. The algorithm then
extracted two features in the temporal domain (Fy, F,) and three
features in the spectrum domain (Fs3, F,, Fs). Figure 13A also
shows the heatmap of drugs signature obtained by the mean of
the selected five features in the two domains. The drugs with
similar effects on cardiomyocytes are close to each other in the
score, for example, DA and EPI. Figure 13A depicts the valida-
tion performed on 10 drugs for the training and the testing sets.
The support vector machine (SVM) was able to identify even
the close drugs with an average accuracy of 98.5%. The use of
TEG with machine learning to identify different drugs could be
extended to a large drug library.’3! The informatic analysis is
expected to play a major role in the development of TEG-based
high-throughput drug screening systems.

6.7. Tetracycline Sensors

Tetracycline is a low-cost broad-spectrum antibiotic widely used
for human healthcare to improve the efficacy of the feed, as
animal medicine and foodstuff. The intensive use of antibiotics
induces antibiotic resistance in the bacteria and render them
more dangerous.l8 Additionally, the accumulation of tetracy-
cline in humans can cause endocrine disorders and hearing
loss.'® A significant amount of tetracycline reaches the water
bodies through different routes like faecal material and urine.
The detection of tetracycline is important as its presence in
water is dangerous for aquatic and human life. In this regard,
TEG-based devices with a zeolitic imidazole framework (ZIF-8)
MOF as the active layer has been explored recently.*® The TEG
used ZIF-8 and Kapton as the active layers for the tetracycline
sensing. Figure 13B shows a 3D image of the MOF-TEG along
with the variation in the voltage and response of the sensor for
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different tetracycline concentrations. The tetracycline inter-
acts with the ZIF-8 via 7—r and electrostatic interactions. The
voltage of MOF-TEG decreases with the tetracycline concentra-
tion due to the low electron density in the benzene ring of the
tetracycline. The sensor was highly selective with a sensitivity
of 3.12 V umL. The excellence of the sensor lies in its reusa-
bility after a simple washing and drying process. For the first
time, this work explored the multifunctional material MOF for
energy harvesting via triboelectric effect. The high surface area,
porosity, tuneable pore size and ease of post-synthetic modifi-
cations make the MOF an excellent material for self-powered
sensors.

The evaluation of biocompatibility of sensors is essential
for several applications, particularly the ones requiring in-vivo
sensing. However, sensors discussed in this review are mainly
used for the in-vitro detection of the analyte where biocompat-
ibility is less critical. These TEG-based sensors were fabricated
using materials like PTFE, TiO, nanostructures, PANI, PDMS
and gold nanoparticles. The monolithic PTFE is considered as
a biocompatible material but high-density PTFE (dPTFE) is not
completely bioinert."® The dPTFE generated inflammatory
macrophages and exhibited biocompatibility similar to that of
collagen-based materials.’®) The TiO, nanostructures are bio-
compatible due to the presence of Ti-OH groups.'®” The gold
nanoparticles are biocompatible in the concentration range of
5 mg mL LMY Similarly, PDMS also exhibits excellent biocom-
patibility.®? Moreover, numerous TEGs based on natural mate-
rials like starch, plant leaves, cellulose, rice sheet, gelatin, silk
fibroin and chitin are reported.'*3] Natural materials offer excel-
lent biodegradation in addition to biocompatibility. Apart from
natural materials, synthetic polymers like polycaprolactone
(PCL), poly(vinyl alcohol) (PVA), poly(hydroxy butyrate) (PHB),
and poly(butylene adipate terephthalate) (PBAT) also offers bio-
degradation and biocompatibility. Furthermore, certain metal
oxides (e.g., ZnO), silicone-based polymers (e.g., PDMS, Eco-
flex), MOFs (e.g., MIL-88A), piezoelectrics (e.g., BaTiO;), and
2D materials (e.g., graphene) are also biocompatible.'®3] How-
ever, long-term influence of these materials on cells needs
a detail analysis. A careful selection of materials is needed to
develop a TEG that can offer exceptional biocompatibility.
Although, there is a wide choice of biocompatible materials
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but important consideration for in vivo biosensing is the device
encapsulation, which must be an excellent biocompatible mate-
rial. The encapsulated TEG-based biosensors are challenging as
it makes it difficult for the analyte to reach the TEG active layer
to influence the electrical performance of the device.

Multifunctional TEG-based biosensing is an interesting
direction for future research. Lightweight, eco-friendly, low-
cost multiparameter sensors powered by a sustainable and
self-reliant source of energy are the strong attributes needed
for healthcare, smart homes, and robotic applications.'¥l It
is challenging to attain these attributes and this is one reason
why multi parameter chemical and biosensing using TEG has
not been explored much. Multifunctional biosensors requirs
a material that can distinguish two or multiple analytes while
maintaining the high sensitivity and selectivity. In this regard,
materials such as MOFs, peptides, hybrid nanomaterials are
excellent candidates. In the case of TEGs, the growth of such
materials on the conducting electrode could offer attractive
options as active layer. The other approach is the use of polymer
as a matrix with multifunctional materials incorporated as
fillers. However, the use of polymer may reduce the porosity,
which could hinder the direct interaction of analytes and may
lead to devices having poor sensitivity and narrow detection
range.

7. Applications of TEG-Based Active Chemical and
Biosensors

The applications of mechanical, optical and magnetic sen-
sors are not included here as they have been discussed in
other review papers.[75221050195] TEG-based chemical sensors
and biosensors can be used for water-quality and air-quality
monitoring, healthcare, and pharmaceuticals, as shown in
Figure 14.

www.advmat.de

7.1. Water-Quality Monitoring

Water-quality monitoring is essential for the safety of the
humans and the environment. The municipal and indus-
trial waste water contains heavy metal ions (Pb, Hg, Cd, As
etc.), antibiotics (tetracycline) and other chemicals (thioaceta-
mide).?*1%] Heavy-metal ions even in trace levels can influ-
ence the cell signalling by interacting with the proteins. They
can induce oxidative stress, inhibits the enzymes and metabo-
lism, thus making their detection of utmost importance in the
water.1%6% Similarly, its necessary to detect the antibiotics in the
water as they can spread the antibiotic resistance. As discussed
in previous sections, the TEG devices offer a simple, portable,
selective and sensitive route for detection of heavy metal ions
and antibiotics. Although still significant research is required
to analyze the real-time sample with self-powered read out. The
low-cost and simple design of TEG can soon lead to the devel-
opment of self-powered disposable sensors for water-quality
monitoring.

7.2. Air-Quality Monitoring

World Health Organization (WHO) data confirms the death
of around 7 million people every year due to the air pollu-
tion. Almost the entire global population (= 90%) breathes
air that has pollutant level higher than the WHO recommen-
dations.'] Air pollution not only causes harm to humans
but also increases the threat to the climate. The TEG has
been demonstrated for various contaminants including
VOCs (benzene, phenol), gaseous pollutants (CO,, H,, NH;,
acetylene and aniline etc.).2611912L129133] 'TEGs have been
proved to work in the low detection range (0-10 ppm), mid
detection range (10-1000 ppm), and high detection range
(100-10000 ppm), and hence they are excellent candidate for
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Figure 14. Mechanism and applications of TEG-based chemical and biosensors.
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environment monitoring. They can add more value if they
can be fabricated in different shapes as per the requirements
of target applications. For example, a pipe shape triboelec-
tric sensing unit has been developed for NO, CO and NH;
sensing in the automotive exhaust pipe.['*¥] The TEG can be
a future one stop solution for the environmental monitoring
due to its wide working range, sensitivity and selectivity.
However, much effort is still required in terms of device pack-
aging to reduce the influence of the environmental factors
like humidity and temperature.

7.3. Healthcare

The ability of the active layer to change its properties in the
presence of an analyte makes the TEG suitable for the health-
care sensing, particularly for non-invasive systems integrated
with wearables devices. The TEG has been demonstrated for
the detection of different analytes like dopamine, creatinine,
catechin, lactate and thrombin etc., the levels of which are
associate with the diseases.?»3-31 Although TEGs have been
able to detect the above analytes with good selectivity and sen-
sitivity, analysis of real samples (e.g., real blood) is critical for
proving the capabilities of TEGs for healthcare sensors. The
ability to detect analytes in real samples in future can be a
step toward the commercialization of TEG-based healthcare
sensors.

7.4. Pharmaceuticals

The hidden ability of the TEG for pharmacological finger-
printing has been explored recently®® by combining TEG
response with machine learning algorithm to detect the effect
of different drug treatments. The use of TEGs for pharmaco-
logical fingerprinting is new and yet to be explored further
as it offers unique solution for high-throughput screening
when combined with the machine learning. Such interesting
data driven approaches could also advance the TEG sensing
approach toward the newly emerging concept of internet of
materials.

| Response and Recovery | W)
‘ Time 5
‘ 4=
£

Selectivity S Chemical
, 3

nc_j Sensors

Stabili ;

ability . ;
(o]
]
Sensitivity and 5
Reliability v

Active
Sensors

TENG Biosensors

Power
Source

www.advmat.de

8. Summary, Challenges, and Future Perspective

TEGs are explored widely as direct sensors and power sources
for numerous chemical and biosensors. The different device
designs, materials, and mechanisms demonstrate the versa-
tility of TEG in terms of detection of a wide variety of phys-
ical, chemical, and biological parameters. As discussed here,
TEGs can be used for gas sensing, dopamine, catechin, tetra-
cycline, thioacetamide, bacterial detection, and many more
sensors, 322432121165 and for the degradation of environ-
mental contaminants.?®) TEG-based chemical and biosensors
still need to be optimized to achieve the performance needed
to replace conventional methods. Important factors (Figure 15)
that can be considered for the development of such TEG sen-
sors are explained below.

8.1. Sensitivity and Reliability

The detection capability of a sensor can be determined by a
linear transfer function, the slope of which can provide their
sensitivity. The general output characteristic curve in TEG-
based sensors is between the output voltage or current and
the concentration of the target molecule. Therefore, sensitivity
is better when the change in the TEG device output is greater
with the change in the concentration of the target molecule.
The active layers with high charge densities are important for
this purpose.'”®! The TEG is highly influenced by environ-
mental factors, altering the sensor sensitivity.'*! It is important
to nullify the impact of these parameters or to use a controlled
environment as an alternative for sensors. The TEG utilizes
mechanical motions or vibrations, which can also influence
the sensing measurements.?% In the case of gas sensors, the
flow of gas can give rise to an error by acting as a mechanical
stimulus to the device. Such errors can be removed by carefully
selecting the device substrate, using high impulse for the meas-
urements, by mathematical compensation methods etc. The
high sensitivity along with a wide detection range is an ideal
scenario for any sensor. The detection range can also be related
to the surface area of the sensing layer.?°!l The response of TEG
sensor depends on the absorbed analyte molecules. The poor
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Figure 15. Sensor parameters, challenges, and future perspective of the self-powered chemical and biological sensors.
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response at higher concentrations can be related to the occu-
pancy of the available sites. The broad detection range thus can
be obtained with the recognition elements with high surface
area. The nano/microstructures, porous materials are useful
in this aspect.102154202] The crystalline porous materials have
attracted considerable interest as they can offer specific target
sites, controlled porosity and high surface area.P>24203 The
high contact area will also improve the TEG output which is
important to achieve the better sensitivity. The TEG can also act
as a power source where the load matching dynamic range is
important for the sensors.

8.2. Selectivity and Repeatability

Selectivity is vital for the accurate detection of the target
parameter. The selective sensors exhibit poor responses to
the interfering parameters or molecules. The selectivity can
be achieved by the careful selection of the sensing materials.
For example, ZIF-8-MOF-based devices are highly selective for
detection of the tetracycline.’"! Similarly, other highly selective
sensors are discussed herein. The selectivity of the sensing
layer can also be improved by doping, controlled porosity,
chemical functionalization and modifications.15:204 Alter-
natively, the interfering molecules can be filtered out before
passing the target molecule to the sensing layer.?! Novel
materials like MOFs, MXenes, and 2D materials will con-
tinue to play a major role in developing highly selective
sensors.’»<2%6] The repeatability is the ability of the sensor
to provide same results on the identical samples measured
under the same conditions.?”] The active-layer material,
device design, and packaging are the factors that can influence
the device repeatability.

8.3. Limit of Detection (LOD) and Limit of Quantification (LOQ)

The LOD is the lowest concentration of an analyte or sub-
stance that can be detected reliably by a sensor. Alternatively,
the lowest concentration of an analyte or substance that shows
a significant variation in the detected signal compare to the
blank. Meanwhile the limit of quantification (LOQ) provides
information on the lowest concentration that provides quantita-
tively meaningful measurements.[207-208]

8.4. Response and Recovery Time

The response time is the time taken by the sensor to achieve
a value within £10% of the value. at steady state. The recovery
time is defined as the time taken by the sensor to reach its ini-
tial state after removing the measured variable. Faster response
and recovery are desirable and important for practical applica-
tions. TEG-based gas sensors have showed high response and
recovery time in most of the cases. The high recovery time is
due to the time taken by the base air to replace the sample gas.
A short response and recovery time are critical for the rapid
detection of the varying concentration of the target molecule.
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8.5. Stability

The stability of the sensing performance should not be
affected by environmental and other factors. The stability
of the TEG device or sensors is also related to the mate-
rial of the active layer or the sensing layer. Materials like
Teflon and Kapton are highly durable and can be used as
the negative layer for TEG fabrication.®*2%] The sensing
materials’ mechanical stability, no influence of salt and
other compounds on the sensing material are critical to
achieve the reproducibility.?! The stability of TEG against
environmental factors can be achieved by packing the device
and using mild conditions (force and frequency) for the
measurements.[*®211l The other important factor that can
influence the device’s stability is the ability of the material
to return at the same position after removing the applied
force. In this regard, highly elastic materials can be used as
a spacer in the device.l?'?l The stable active sensing mate-
rials that are not influenced by the corrosive environment,
mechanical force, humidity, and temperature are ideal for
fabricating a stable sensor.

Efforts are required from the wider scientific community
to address the challenges (Figure 15) for TEG-based sen-
sors, so that they could offer real-time sensing. Firstly, the
influence of environmental factors makes the device unre-
liable.l"®! Continuous operation of the device after certain
cycles induces wear and tear in the material.?'3] The impact
of environmental factors can be controlled to a certain extent
by using a fully packed device and humidity-resistant mate-
rials.*® The use of lubricant could also enhance the life of a
TEG by reducing wear and tear.?3] However, the lubricant
may not be suitable for the sensor, as it can interfere with
the measurements. Secondly, there is a much greater need
to design stand-alone systems with a self-powered readout.
The TEGs produce discontinuous output and have high
impedance and thus can only be used with power manage-
ment circuits. The TEG’s output is not sufficient to drive the
complete sensor system with a readout circuit. While a few
stand-alone TEG-based sensors have been demonstrated by
turning LEDs on/off, the technique is suitable only to detect
lowest and the highest concentrations. Further, machine-
learning algorithms can be explored more to analyze or
extract features from the obtained sensing signal. The algo-
rithms are also important for big data analysis generated by
the multisensor arrays. The multisensor arrays can be devel-
oped in the future to study multiple analytes at the same
time. Simulations can also be used to select a stable, reliable,
sensitive and selective sensing material. The emerging mul-
tifunctional materials such as MOFs are extremely impor-
tant for chemical or biological detections®"! as their compos-
ites (e.g., HKUST-1/PDMS) are stable under high humidity
conditions.*®d However, MOFs suffer from brittleness and
it is tedious to grow them directly on the conducting mate-
rials or on flexible substrates, needed in applications such
as wearable systems. In this regard, the printed electronics
methods such as contact and transfer printing can offer
interesting solutions,?' potentially leading to a commercial
sensor based on triboelectrification.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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