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ABSTRACT Mechanical energy harvesting based on triboelectric effect has been PET substrate .

proven to be a simple, cost-effective, and robust method for electricity generation. In
this study, we developed a rationally designed triboelectric nanogenerator (TENG) by
utilizing the contact electrification between a polytetrafluoroethylene (PTFE) thin film
and a layer of Ti0, nanomaterial (nanowire and nanosheet) array. The as-developed With catechi
TENG was systematically studied and demonstrated as a self-powered nanosensor
toward catechin detection. The high sensitivity (detection limit of 5 2¢M) and selectivity
are achieved through a strong interaction between Ti atoms of Ti0, nanomaterial and
enediol group of catechin. The output voltage and current density were increased by a
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factor of 5.0 and 2.9, respectively, when adsorbed with catechin of a saturated concentration, because of the charge transfer from catechin to Ti0,.

This study demonstrates the possibility of improving the electrical output of TENG through chemical modification.
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efforts have been devoted to renewable

energy owing to the largely increased
energy consumption. Searching for renew-
able energy with reduced carbon emissions,
secure long-term energy supply, and less
dependence on fossil fuel is mandatory for
the sustainable development of the world.
Nanogenerators and solar cells, which are
emerging new energy technologies that
harvest renewable energy from mechanical
vibration,"? heat®* and light>® in the envi-
ronment, are capable of fulfilling the above-
mentioned features and have thus attracted
global attention. Among different energy
sources, mechanical vibration is the most
promising candidate for the development
of nanogenerators because the energy
source is ubiquitous and accessible in our
living environment. Since 2006, piezoelec-
tric nanogenerators’® have been developed
to efficiently convert tiny-scale mecha-
nical vibration into electricity. Until
recently, another cost-effective, easy fabri-
cation, and robust nanogeneratorg'10 has

ln the past decades, increasing research
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been created based on the triboelectric
effect.

Triboelectric nanogenerator (TENG) har-
vests mechanical energy through a periodic
contact and separation of two different
materials.'’ Contact between two materials
with different triboelectric polarity yields
surface charge transfer. A periodic contact
and separation of the oppositely charged
surfaces can create a dipole layer and a
potential drop, which drives the flow of
electrons through an external load in
responding to the mechanical vibration.
TENG has been systematically studied as a
power source that can drive instantaneous
operation of light-emitting diodes (LEDs)'?
and charge a lithium ion battery as a regu-
lated power module for powering a wireless
sensor system and a commercial cell
phone.’® As for TENG, increasing the charge
generation can be achieved by selecting
materials with larger difference in the ability
to attract and retain electrons,' changing
the substrate morphology,'® and enlarging
the contact area of materials.'®'”
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Figure 1. (a) Fabrication process of the TENG. (b and c) SEM images of the Ti foil covered with TNW array (b) and TNS array (c).

In this paper, we prove not only that the TENG can be
used as a sensor for catechin detection, but also that
the chemical modification is effective to enhance the
electrical output of TENG if it is used as a power source.
TiO, nanomaterial arrays are designed as contact
materials in order to selectively capture catechin and
enlarge the contact area of TENG. On the basis of this
unique structure, the output voltage and current den-
sity of the as-developed TENG can be enhanced from
43t021.3Vand 1.1 to 3.2 uA/cm?, respectively, when
detecting catechin concentration over 0.5 mM. Under
optimum conditions, this TENG is selective for catechin
detection, with a detection limit of 5 M and a linear
range from 10 uM to 0.5 mM.

RESULTS AND DISCUSSION

The TENG has a layered structure based on two
plates as schematically shown in Figure 1a. On the
lower side, a layer of TiO, nanomaterial array is pre-
pared as one of the contact materials. TiO, nanowire
(TNW) array and TiO, nanosheet (TNS) array grown on
Ti foil were prepared via a two-step synthesis pro-
cess.'® First, HyTi;04(OH), nanowire array and H,Ti>O,-
(OH), nanosheet array (Figure S1) were synthesized on
Ti foil through a hydrothermal route in alkali solution
combined with an ion-exchange process (acid treat-
ment). Higher temperatures cause a faster reaction
between Ti foil and NaOH, and hence, formed a denser
Na,Ti,04(OH), nanowire array. Then TNW array and TNS
array can be obtained via heat treatment of the as-
prepared H,Ti;O4(OH), nanowire array and H,Ti;O4(0OH),
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nanosheet array. The mean diameters of TNW and TNS
determined from scanning electron microscopy (SEM)
images are 67.2 nm (Figure 1b) and 9.4 nm (Figure 1¢),
respectively. As the cross-sectional SEM images
(Figure S2) show, the oriented nanowire array and
nanosheet array are perpendicularly grown on the Ti
foil, and the respective thicknesses of these films are
4.2 and 0.8 um. Figure S3 illustrates X-ray diffraction
(XRD) patterns of the as-prepared TNW array and TNS
array. The characteristic facets of (101) and (200) are
assigned for the anatase crystal phase (JCPDS No.
65-2900), and other peaks correspond to the Ti foil,
revealing that their structures are mainly anatase
phase. On the other plate, polyethylene terephthalate
(PET) was selected as the material for substrate due to
its flexibility, light weight, and low cost. A Cu thin film is
laminated between the PET substrate and a layer of
polytetrafluoroethylene (PTFE). PTFE has the advan-
tages of flat surface and easy processing. According to
the triboelectric series (Figure $4),'® PTFE is triboelec-
tric negative and has a large difference in ability to
attract and retain electrons as compared to TiO,, which
will contribute a large electrical output of TENG.
Figure 2 illustrates the electricity generation process
of TENG. PET substrate is omitted from the figure for
the purpose of simplification. At the original position
(Figure 2a), no charge transfers occur because these
two plates are not in contact. Upon pressing the PTFE
plate to contact with TiO, plate, electrons will transfer
from the material at the more positive position in the
triboelectric series to the one at the relatively negative
VOL.7 = NO.5 = 4554-4560 = 2013 @M\()
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Figure 2. (a) Original position without mechanical force applied. (b) External force brings the two plates into contact,
resulting in surface triboelectric charges. (c) Withdrawal of the force causes a separation and electrons flow from Cu electrode
through external load to the Ti electrode. (d) Charge distribution of TENG after the electrical equilibrium. (e) External force
applied again to make the two electrodes contact and induce the electrons flow from Ti electrode through external load to the

Cu electrode.

position.?® Hence, electrons will inject from TiO, to
PTFE and result in positive charges on the TiO, surface
and negative charges on the PTFE surface (Figure 2b).
Once the force is withdrawn, a separation forms, and
an electric potential difference is then established
between these two plates. Such a potential difference
drives electron flow through external loads from the
Cu electrode to the Ti electrode to screen the posi-
tive triboelectric charges on the TiO, plate (Figure 2c).
If we define electric potential of the bottom plate
(Upottom) @s zero, electric potential of the top plate
(Utop) can be expressed by

M

Utop = £
where ¢ is the triboelectric charge density, &, is the
vacuum permittivity, and d’ is the gap distance be-
tween two plates at a given state. Therefore, the open-
circuit voltage (Vo) will keep increasing until reaching
the maximum value when the PET plate fully reverts to
the original position. By regarding the TENG as a flat-
panel capacitor, the inducted charge density (¢) on the
Cu electrode and the Ti electrode can be calculated as

1/
o - od'enén
drep +d'enery + daer

)

where &, and &, are the relative permittivity of TiO,
and PTFE, respectively, and d; and d, are the thickness
of the TiO, film and the PTFE layer, respectively.
Because d,, dy, & and &, are constants, and the
triboelectric charge density is stable for a relatively
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long time,?' ¢ is determined by the gap distance d'.
Changing the d' will cause different charge distribu-
tion, finally achieving a new equilibrium (Figure 2d).
The maximum value of ¢’ is obtained by substituting
the d; for d' in the above equation. The gap distance ds
of the as-developed TENG is designed as 0.3 cm. When
the external force applied again to make the two
electrodes contact, the electric potential difference
starts diminishing as the two plates get closer to each
other. As a result, the V. drops from the maximum
value to zero when a full contact is made again
between the plates. A reduction of the d’ would make
the PTFE plate a higher electric potential than the TiO,
plate. As a consequence, electrons will flow from Ti
electrode through external load to Cu electrode to
screen the positive triboelectric charges on the PTFE
plate (Figure 2e). This process corresponds to an
instantaneous negative current.

Next, we used a mechanical shaker as the external
force to impact the TENG. The TENG performance was
determined by the V. and short-circuit current density
(Jso)- Figure 3a indicates the V. of 4.3 V is switched
between zero and a plateau value, which correspond
to the contact and original position. We also measured
the electrical output of the TENG with a reverse
connection to the electrometer. The V,. (Figure 3b)
showed the opposite values in Figures 3a, proving that
the measured signals were generated by the TENG. The
Jsc reaches a value of 1.1 /4A/cm2 and exhibits AC
behavior, with an equal amount of electrons flow-
ing in opposite directions within one cycle (Figure 3c).
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Figure 3. (a and b) The generated V,. of the TNW array-based TENG at forward connection (a) and reversed connection (b) to
the measurement system. (c and d) The generated Js. of the TNW array-based TENG at forward connection (c) and after
rectification by a full-wave bridge (d). Insets of (a) and (c): enlarged view of one cycle. (e and f) The generated V,, (e) and
rectified J;. (f) of the TNW array-based TENG after reacting with 0.5-mM catechin solution.

The experimental data validate the working mechan-
ism described in Figure 2. Furthermore, the AC output
could be transformed to pulse output in the same
direction simply by a full-wave rectifying bridge
(Figure 3d). We then demonstrated the as-developed
TENG can be utilized as a self-powered nanosensor for
catechin detection. Phosphate solution (20 mM, pH 7.0)
was used as the buffer and the reaction time was
optimized to be 20 min. After the reaction, the TiO,
plate was washed with water and dried at ambient
temperature prior to the electrical measurement.
Figure 3e,f exhibits the generated V. and J,. of TNW
array-based TENG after reacting in 0.5-mM catechin
solution for 20 min and then dried. The generated V. is
increased to 21.3 V (5.0 times) while the generated J;,
density is increased to 3.2 uA/cm? (2.9 times). This is the
first demonstration of enhancing TENG's output by
chemical modification.

We further compared the electrical output of TNW
array-based TENG and TNS array-based TENG when
detecting catechin solutions with different concentrations.

LIN ET AL.

Figure 4a,b manifests that the open-circuit voltage
ratio (Vo — Voo)/Voo) of TNW array-based TENG and
TNS array-based TENG both increased upon adding the
catechin concentration. The linear relationships be-
tween the open-circuit voltage ratio and the catechin
concentrations ranging from 10 uM to 0.5 mM
(R* = 0.98) for TNW array-based TENG and 10 uM to
0.25 mM (R*> = 0.97) for TNS array-based TENG. The
relationships between the short-circuit current density
ratio ((Jsc — J%)/J%) and catechin concentration (Figure S5)
are similar to those in Figure 4a,b. The different linear
ranges of TNW array-based TENG and TNS array-based
TENG toward catechin detection is probably attributed
to the different surface areas of TNW array and TNS
array. TiO, nanomaterial array with larger surface area
can adsorb more catechin molecules, which conse-
quently contribute to the detection of catechin solu-
tion at higher concentration. The typical isotherms for
nitrogen adsorption and desorption of the TNW array
and TNS array are displayed in Figure 4c, which categor-
ize them as type IV according to IUPAC classification.?
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Figure 4. (a and b) The generated open-circuit voltage ratio (Vo —

Wavelength (nm)

V3J)/V3.) of TNW array-based TENG (a) and TNS array-

based TENG (b) when sensing catechin solutions with different concentrations. (c) N, adsorption and desorption isotherms of
(i) TNW array and (ii) TNS array. Solid circles: adsorption; hollow circles: desorption. (d) Absorption spectra of the supernatants
of catechin solutions containing (i) TNW array and (ii) TNS array. Inset of (d): the calibration curve of catechin concentration

from absorption spectra.

The determined BET specific surface areas of TNW array
and TNS array are 3.3 and 2.5 m%/g, respectively,
showing that the TNW array has a larger surface area
than that of TNS array. We also measured the saturated
adsorption concentration of catechin on TNW array
and TNS array (Figure 2c). TNW array and TNS array
were immersed in 10 M solutions of catechin for 1 h.
The absorption spectra of the related supernatants
show the saturated adsorption concentrations of cat-
echin on TNW array and TNS array are 6 and 3 uM,
respectively. From these results, we can conclude that
the TNW array has a larger surface area than that of TNS
array, and hence contributes to the broader linear
range toward catechin detection.

The main reason that causes the electrical output
enhancement of TENG is the new hybrid property of
TiO,/catechin complex, which is arising from the li-
gand-to-metal charge transfer interaction between the
enediol group of catechin and surface Ti atoms of TiO,
nanomaterial.?> Adding catechin solution to TNW in-
duced an immediate change in the absorption spec-
trum and powder color (Figure 5a), indicating the
formation of charge-transfer complex.?* For bare
TNW, the wavelength of the onset of absorption is
located at 450 nm, while binding the catechin onto the
surface of TNW shifts the onset of absorption to a
longer wavelength (530 nm). To further investigate the
charge-transfer mechanism, cyclic voltammetry (CV)
technique was used to characterize the trap states in
TNW array.®® The trap states distributed within the
band gap and partially occupied by nonequilibrium
electrons®® (electrons that are not in their lowest
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Figure 5. (a) Absorption spectra of TNW (i) before and (ii)
after the catechin modification. (b) Cyclic voltammograms
(scan rate: 50 mV s~ ') of TNW array (i) before and (ii) after the
catechin modification in N -saturated 20-mM phosphate buffer.

energy state) are the critical roles in the contact electrifica-
tion process of semiconductor and insulating materials.*’*2
In Figure 5b, the CV curves of bare and catechin-modified
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TNW array in the range of —1.0 to 0.4 V are measured.
The conduction band edge of TiO, at pH 6.8 is approxi-
mately at —0.67 V vs Ag/AgCl reference electrode.®® A
feature at —0.54 V in bare TNW array corresponds to the
filling states below the conduction band edge, confirm-
ing the presence of trap states.3®*! After the binding of
catechin onto TNW array, the peak reaches a potential of
—0.62 V close to the flat band potential (—0.67 V), and
shows more electrons are filled in the trap states. The
increase of electron population in the trap states of
TNW array indicates that more charges will transfer
from TiO, plate to PTFE plate upon the TENG operation,
resulting in the enhanced TENG performance.

CONCLUSION

In summary, we have developed the triboelectric
effect-based nanosensor for catechin detection by

METHODS

Growth of Ti0, Nanowire Array and Ti0, Nanosheet Arrays on Ti
Foils. Pieces of Ti foils (1.2 cm x 3.6 cm), ultrasonically cleaned
in acetone, ethanol, and water for 10 min each, were placed in
separate 25 mL Teflon-lined stainless steel autoclaves filled with
NaOH aqueous solutions (1 M, 20 mL). The sealed autoclaves
were heated in ovens at different temperatures of 140 °C
(Na,Ti,04(0OH), nanosheet array) and 220 °C (Na,Ti,O4(0H),
nanowire array) for 24 h, and then cooled in air. After the first-
step hydrothermal reaction, Ti foils covered with Na,Ti,O4(OH),
nanosheet array or Na,Ti,O4(OH), nanowire array were washed
with water and immersed in HCl solutions (1 M, 20 mL) for 10
min to replace Na* with HT, forming H,Ti,04(OH), nanosheet
array and H,Ti,O4(OH), nanowire array on Ti foils. After that, Ti
foils were removed from HCl solution and washed with water
again, then dried at ambient temperature. TiO, nanosheet array
and TiO, nanowire array on Ti foils were obtained after a heat
treatment of the samples in an oven at 500 °C for 3 h.

TENG Fabrication. A thin film of Cu (50 nm) was deposited on a
purchased PTFE layer (25 um) by e-beam evaporator. Then, the
Cu/PTFE composite was glued to the inner surface of the
bending PET substrate. This is the top (PTFE) plate. For catechin
detection, phosphate solution (20 mM, pH 7.0) was used as the
buffer. Fixed volumes (20 ul) of buffer solutions containing
different catechin concentrations were dropped onto the TiO,
plates. After 20 min, the reacted plates were washed with water
and dried at ambient temperature. Finally, conducting wires
were connected to the two Ti and Cu electrodes as leads for
subsequent electrical measurements. The gap distance was
designed to be 0.3 cm.

Characterization. A LEO 1550 field emission scanning electron
microscope (SEM) was used to measure the size and shape of
the H,Ti,04(OH), and TiO, nanomaterials. A PANalytical X'Pert
PRO diffractometer (Almelo, The Netherlands) with Cu Ko
radiation (1 = 0.15418 nm) was used to measure X-ray diffrac-
tion (XRD) patterns of the as-prepared TiO, nanomaterials. A
double beam UV—Vis spectrophotometer (JASCO V-630) was
used to measure the absorption spectra of the catechin solu-
tions and bare and catechin-modified TiO, nanowires. The
electrical outputs of the as-developed TENGs were measured
using a programmable electrometer (Keithley Model 6514) and
a low-noise current preamplifier (Stanford Research System
Model SR570).

Conflict of Interest: The authors declare no competing
financial interest.

Supporting Information Available: SEM images of H,Ti,O4-
(OH), nanowire array and H,Ti,O4(OH), nanosheet array, cross-
sectional SEM images of TNW array and TNS array, XRD patterns
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utilizing TiO, nanomaterial array as the probe and
contact material. This novel self-powered TENG is
highly sensitive (detection limit of 5 uM and linear
range of 10 uM to 0.5 mM) and selective for catechin
detection, demonstrating great potential for the de-
termination of catechin concentrations in real samples.
Among the currently proposed TENG designs, this
study is first of its kind to increase the TENG perfor-
mance through chemical modification. With the
charge transfer mechanism from catechin to TiO,
nanomaterial, the generated V,, is increased from 4.3 V
up to 21.3 V (5.0 times) while the generated /5. density
is increased from 1.1 uA/cm? up to 32 uA/cm?
(2.9 times). With such outstanding results, we believe
that this unprecedentedly innovative mechanism will
form the foundation for high-power TENG and contribute
to the future development of self-powered nanosensors.

of TNW array and TNS array, a modified triboelectric series, the
generated short-circuit current density ratio of TNW array-based
TENG and TNS array-based TENG when sensing catechin solu-
tions with different concentrations, and SEM images of TNW
array and TNS array after the TENG was operating for 3 h. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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