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Multifunctional self-powered energy harvesting devices have attracted significant attention for wearable,
portable, loT and healthcare devices. In this study, we report transition metal dichalcogenide (TMDC)
ternary alloy (MogsWqsS,)—-based self-powered photosensitive vertical triboelectric nanogenerator
(TENG) devices, where the ternary alloy functions both as a triboelectric layer and as a photoabsorbing
material. The scalable synthesis of the highly crystalline Mog sWq sS; ternary alloy can overcome the limit-
ations of binary TMDCs (MoS,, WS,) by utilizing its superior optical characteristics, enabling this semi-
conductor-based TENG device to simultaneously exhibit photoelectric and triboelectric properties.
Benefiting from visible light absorption, this vertical TENG device generates higher triboelectric outputs
and exhibits excellent power harvesting properties under visible light illumination. The open circuit
voltage and short circuit currents of the devices under illumination (410 nm, 525 pW cm™) are enhanced
by 62% and 253%, respectively, while in the darkness, a very high photoresponsivity of ~45.5 V mw™
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(voltage mode) is exhibited, indicating the superior energy harvesting potential under ultralow illumina-
tion. Furthermore, the energy harvesting ability from regular human activities and the operation as artificial
e-skin expands the multi-functionality of this TENG device, paving a pathway for simultaneous mechani-
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1. Introduction

The growing research interest in the development of Internet
of Things (IoT)," human-machine interfaces® and future-gene-
ration wearable/portable devices® necessitates battery-free, low-
cost, long-durable energy resources.”” In this regard self-
powered energy harvesting devices® are very attractive, as they
can power-up different systems and can act as sensors as
well.””® Among different types of energy harvesting devices, tri-
boelectric nanogenerators (TENGs) are very much promising
for converting mechanical energy into electrical energy under
various environmental conditions'®'" (pressure, light, temp-
erature, and different gases) and have a strong impact on elec-
trical outputs.'>'® Furthermore, different types of sensor
devices can be fabricated using this technology, such as tribo-
electric sensors and tribotronics (triboelectric field effect tran-
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cal and photonic energy harvesting with self-powered sensing.

sistors, synaptic devices, resistive memory switching devices,
etc.)."*1®

Energy harvesting from mechanical, photonic,"”” thermal
and other'® resources using individual devices separately has
been previously reported, and to study their coupling
effects'® > on electrical performances, additional electric cir-
cuits®® are necessary, which make the system size bulky,
hamper portability and increase the cost. For multifunctional
energy harvesting applications, it is necessary to fabricate a
single device that can harvest mechanical energy with the
ability to sense different environmental conditions>*?®
without any additional circuit modifications. The coupled
effect of surface friction induced contact electrification, and
electrostatic induction is the basic mechanism of TENG
devices.”® There are well-known dielectric materials that can
serve as a friction layer, but only a few polymers have been
reported so far,>® and the inherent high impedance of poly-
mers limits the triboelectric output.”” However, the higher
charge carrier mobility of semiconductors stimulates the
charge transfer between two friction layers with an added
benefit of their photo-conducting properties for the fabrication
of photosensitive TENGs.'>?® Layered two-dimensional (2D)
materials, such as transition metal dichalcogenides (TMDCs),
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are very attractive in this regard,* >’ because of their fascinat-
ing electronic and optical properties***> in combination with
their flexibility and stability make them promising for next-
generation smart devices and sensors.*®*” The high surface
area of 2D materials are suitable for the contact electrification
process, which is favourable for high-output TENG devices.*!
However, the photo-induced modulation of the electrical con-
ductivity of TMDC layers in the visible wavelength increases
the charge transfer rate between two contact layers, resulting
in enhanced triboelectric outputs.

Recently, TMDC ternary alloy semiconductors*® have
attracted tremendous attention because of their excellent opto-
electronic properties and we have explored their high-potential
application as a photo-absorbing triboelectric layer for the first
time (to the best of our knowledge). Theoretical calculations
predict that in binary TMDCs, there are large numbers of
vacancy-related defect states and local deep-level defects
(DLDS), which act as scattering/trap centers, reduce the carrier
mobility and lead to enhanced recombination rates, all of
which degrade the optical and electric performances.** To
overcome these shortcomings of binary TMDCs, ternary alloy
formation is predicted as an efficient choice to improve the
material characteristics over their binary counterparts, which
offers higher thermodynamic stability.’® In ternary alloys, the
deep level defect states are supressed without changing the
basic electronic properties with an additional benefit of
tunable bandgap and band structure engineering.*!

In this study, we have demonstrated TMDC alloy-based flex-
ible photosensitive triboelectric nanogenerators, exhibiting
enhanced tribo-electrical outputs under visible light illumina-
tion. We introduced a simple low-temperature, cost-effective
method for the scalable synthesis of Moy ;W,5S, (TMDC)
alloy®®** nanosheets, which overcomes the constraints of
high-temperature reaction condition and limited nano-flake
sizes. By studying two-terminal device configurations, we
demonstrate the photocurrent generation ability of
Mo, sWy 5S, ternary alloy nanosheets superior to that of its
binary counterparts (WS,, MoS,) in the visible wavelength
range (365-633 nm). The triboelectric charging behaviour of
this layered ternary alloy with well-known dielectric polymers
was studied. Among different TMDC-dielectric combinations,
the Mo, 5W, 5S,—nylon TENG device exhibits the highest tribo-
electric outputs (open circuit voltage ~17.7 V and short circuit
current ~4.1 nA, under dark conditions). The triboelectric per-
formance of this vertical TENG (V-TENG) device is improved to
~27.7 V and ~14.5 nA under 410 nm illumination (525 pW
cm™?). Most importantly, this flexible TENG device exhibits
outstanding photoresponsivities of 42.2, 45.5, 28, and 15.5 V
mW ™" under illumination of 365, 410, 525 and 633 nm in self-
powered voltage mode yielding an excellent energy harvesting
ability of ~13.25 pW cm ™ (under 410 nm, 525 pW cm™2 illumi-
nation), and the power density is enhanced by 172% more
than that obtained under dark conditions. With photo-
coupled mechanical energy harvesting, this TENG device exhi-
bits electrical outputs from low-frequency mechanical impacts
(regular human activities), high sensitivity under very low
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impacts, and various self-powered sensing activities, attractive
for multipurpose applications and next-generation smart
device fabrication.

2. Results

The crystal structure and morphology of TMDC alloy
(Moo 5Wo.5S,) along with binary counterparts (MoS, and WS,)
are investigated by transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) analyses. The TEM images
and selected area electron diffraction (SAED) patterns are pre-
sented in Fig. S1,f indicating the formation of 2D nano-
structures. The HRTEM images of ternary alloy nanosheets
exhibit lattice spacings of 0.16 nm and 0.27 nm, indicating the
formation of the (110) and (100) planes*’ (Fig. 1a) respectively,
and the discrete fast Fourier transform (FFT) pattern (inset of
Fig. 1a) is in good agreement with the HRTEM image, corres-
ponding to the formation of highly oriented basal lattice
planes. The SAED patterns (inset of Fig. 1a) of alloy
nanosheets depict the good crystallinity with a hexagonal
lattice symmetry, confirming the formation of 2H-semicon-
ducting phase. In this synthesized random alloy nanosheet, all
the components are homogeneously distributed, which is con-
firmed from the E-DAX elemental mapping®® (Fig. S21). To
understand the crystallinity, the X-ray-diffraction (XRD) pattern
is examined for all the nanosheets (x = 0, 0.5, and 1)
(Fig. S3at). The peaks correspond to the formation of (002),
(004), (100), (103), and (110) lattice planes** in ternary alloys
(Fig. 1b). The characteristic Raman modes (in-plane E',, and
out-of-plane A;g) for the Mo,W(;_»S, alloy (x = 0.5) (Fig. 1c)
and its binary counterparts are depicted in Fig. S3b.} For the
alloy, the MoS, and WS,-like Elzg modes are noticed separately
and the out-of-plane Raman mode is observed in the inter-
mediate position of the out-of-plane modes of MoS, and
WS,." The HRTEM images and XRD pattern reveal the good
crystallinity and Raman spectra indicate the lattice vibration
nature of the synthesized ternary alloys. The light-matter inter-
action of semiconducting materials is correlated with the
energy band structure, and to get the idea about the optical
properties of the semiconductor, UV-Vis spectroscopy is a
powerful tool. The absorption spectra of alloy nanosheets
along with the binary counterparts are depicted in Fig. S4a.}
For these alloy nanosheets, the absorption spectra cover a
broadband (350-750 nm) regime with the appearance of
characteristic excitonic peaks (exciton A and B) indicating the
excitonic transitions at K and K’ points of the first Brillouin
zone, the separation between the excitonic peaks is attributed
to the spin-orbit splitting of the valence band*®*” and the
other peak (exciton C) is observed in a relatively high energy
side of the absorption spectrum. The broadband absorbance
spectrum indicates the strong optical absorption through the
entire visible regime, making it suitable for fabricating visible
light energy harvesting TENG devices. The photoluminescence
emission spectra are depicted in Fig. S4b;t the emission
spectra show a blue shift of peak with the increase in W
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Fig. 1 (a) High-resolution TEM image of the Mog sWy 5S> nanosheet with interlayer spacings, with the inset showing the corresponding FFT and
SAED patterns of the nanosheet. (b) XRD pattern of the Moy sWq 5S, alloy nanosheet, with the schematic of the structure shown in the inset. (c)
Typical Raman spectra of the alloy nanosheet at an excitation wavelength of ~532 nm, with the indexed vibrational modes indexed. (d) Schematic

steps for the fabrication of vertical-mode TENG devices.

content*® in the alloy. Both the spin-orbit splitting and emis-
sion peak position can be continuously tunable with Mo/W
contents indicating the control over band engineering. By
sliding the tip of a conductive-atomic force microscope
(C-AFM) onto the TMDC alloy layer, current can be generated
on the semiconducting surface at zero bias as well. Therefore,
frictional mechanical energy is converted into electric energy
even without the application of any external bias (Fig. S57),
due to the formation of a nano-contact between the tip and
the TMDC surface (Fig. S5at),”® offering the potential for
green energy harvesting.

The knowledge of surface potential profile is very much
important to understand the triboelectrification of semicon-
ducting nanosheets. In this work, the surface potential profile
of the TMDC ternary alloy nanosheets are examined by electro-
static force microscopy (EFM). From Fig. S6,1 it is seen that
the electrostatic potential is distributed over the whole
nanosheet surface, necessary for the triboelectric contact elec-
trification process.”® The schematic structure of the vertical
mode TENG (V-TENG) device is depicted in Fig. 1d.
Chemically synthesized TMDC alloy nanosheets (Mo, 5W, 5S,)
are spin-coated onto a flexible ITO-PET substrate and used as
active dielectric layers and another polymer layer on ITO acts
as the second dielectric layer, which are separated by a spacer
layer. The depicted working mechanism (Fig. 2a) of triboelec-
tricity can be described into four consecutive steps: pressing,
pressed, releasing, and released. When the polymer layer
(nylon) and TMDC thin film layers are separated from each
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other and no external force is present, no triboelectric charges
are generated on the friction layers (initial state), the electric
potential difference between two triboelectric layer is zero, no
charges flow in the external circuit, resulting in zero tribo-
outputs. Upon the application of an external mechanical force,
the two layers come into contact and equivalent opposite
polarity tribocharges are generated in the surface of each layer.
The previous equilibrium state breaks, leading to the gene-
ration of electrostatic charges on both sides of electrodes. The
induced potential difference between the two electrodes drives
the electrons to transfer from one electrode side to another
through the external circuit, resulting in output voltage in the
external circuit. When the external force is released from this
TENG, the friction layers start to separate again, and then, the
redistributed charges on each layer can build a reversed poten-
tial to drive the electrons to flow back in opposite directions,
producing a reverse signal. The induced charges from the elec-
trode flow in an opposite direction to screen out the induced
electric potential difference between the two friction layers.
When the applied force is completely removed, two friction
layers are fully separated, and then, the TENG device is
returned back to the original equilibrium state; thus, the four-
step cycle of triboelectricity generation is completed.
Individual V-TENG structures are fabricated by constructing
different TENG pairs using a Moy sW, S, thin film with
different polymers, which gives a detailed idea about the
contact electrification and surface charge polarity of
Mo, sW,5S, compared with other well-known triboelectric

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Schematic working principle of the MogsWgosS,—nylon TENG devices operated under vertical pressing and releasing forces. (b)
Triboelectric charging behaviour of Moy sWq 5S, with PTFE and nylon (dielectric materials) and their corresponding open-circuit voltage, where p
and r indicate the pressing and releasing actions. (c) Triboelectric charging polarity of Mo sWq 5S, measured by pairing with the selected dielectric
polymers and their position in triboelectric charging series. (d) Output voltage signal of a 2D MogsWg S, alloy nanosheet—nylon TENG. (e)
Schematic of the working mechanism of contact charge transfer. (f) Triboelectric potential distribution simulated using the COMSOL Multiphysics

software.

materials. Fig. 2b depicts the open circuit tribovoltage gene-
ration from each TENG pair (Mo, sW,5S,~PTFE and nylon)
under pressing/releasing operations, and the output voltages
switch its polarity in reverse connections for all TENG devices.
A negative tribo-voltage is observed under pressing, and a posi-
tive signal is detected during the releasing action from the
Mo, 5sW, 5S,~-PTFE structure, which is the opposite nature from
the Moy sW, 5S,—nylon pair (Fig. 2b). It is confirmed that
Mo, 5sWy 55, is positively electrified during contact with PTFE.
Other TENG structures (MogsW 5S,-PVDF, Mo, 5sW 5S,—
PDMS, Moy5W(.5S,-PI, M0y sW,5S,-PET, and Moy sWg 5S,—
Mica) exhibit similar tribovoltage patterns (Fig. S7at) to that of
the Mo, sWy 5S,-nylon pair, indicating that Mo, ;W 5S, is
negatively electrified during contact with these polymers.
These results reveal that the surface polarity of Moy sWy 5S, is
located in between PTFE and PVDF in the triboelectric series
(depicted in Fig. 2c). Tribo-outputs depend on the relative
polarity of two contact materials and also the charge transfer
between the TMDC layer materials with the dielectric layer

This journal is © The Royal Society of Chemistry 2023

defined by their respective position in the tribo-series. When
the dielectric is more tribo-positive (the tribo-positivity of
these materials in the series being ordered as: PVDF < PDMS <
PET < PI < mica < nylon),>" it is possible to generate higher
tribo-voltage from that particular Mo, sW, 5S,-dielectric pair,
and accordingly, we obtained tribo-voltages from those
different TENG device configurations (Fig. S7at). The
Mo, sWy 5S,—nylon TENG pair can electrify Moy sW, 5S, more
negatively, as nylon is located at the positive side of triboelec-
tric series, resulting in the generation of higher tribovoltage
(Fig. 2d). Due to the periodic contact and separation, an alter-
nating tribo-signal with peak-to-peak output voltage of ~35 V
is observed. The charge transfer mechanism between the 2D
semiconducting material and dielectric insulators can be pic-
torialized by their work function differences (Fig. 2e). The
work function difference leads to the generation of built-in-
potential between the two contacting materials, and the elec-
trons exchange to align the Fermi level. When the two
materials are in contact, and if the semiconductor has a work

Nanoscale, 2023,15,17398-17408 | 17401
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function higher than that of the insulating polymer, then elec-
trons will be transferred from the polymer to the semi-
conductor and vice versa.*" Despite the work function differ-
ence, the surface charge density and density of states have an
impact on the direction and amount of transferred charges. In
addition to the work function and polarity difference between
the two contact layers; film thickness, surface roughness,
surface contamination, and dielectric constant can influence
the TENG output characteristics. The triboelectric current is
generated not due to the motion of free charge carriers, but
mainly due to displacement current, and hence, the displace-
ment of tribo-layers defines the direction and amplitude of
tribo-outputs, besides that the slight motion of bound charges
of atoms and electric polarization of tribo materials contribute
to tribo-outputs.>® To gain insights into the statistical distri-
bution of the triboelectric outputs, ~50 devices are prepared in
identical configuration and open-circuit tribovoltage signals
are tested under the same conditions (7.6 N), and the device-
to-device average tribovoltage variation is depicted in
Fig. S7b.t The open-circuit tribovoltage (Fig. S7c}) was
observed to be up to ~55 V (5 V) and the short circuit tribo-
current (Fig. S7dt) is estimated to be ~165 nA (F6 nA) under
56 N (0.56 MPa) external impact, revealing superior mechani-
cal pressure tolerance of the TENG device. The vertical mode
TENG generates output on the basis of vertical contact-separ-
ation between the semiconductor and dielectric layers and the
open circuit voltage (Vo) is simulated using the COMSOL
Multiphysics software, and the simulated output voltage (sep-
aration 14 mm) is plotted in Fig. 2f. As the surface charge
density between two friction layers is influenced by the insulat-
ing spacer thickness in the TENG device, the tribovoltage is
measured and simulated for different spacer thicknesses. The
COMSOL simulation (Fig. S8a-ct) results indicate the potential
distribution for different separation distances. The simulated
potential distribution matches well with the experimental tri-
bovoltage outputs, and the increase in separation distance
between two friction layers results in an increase in potential
differences, leading to the enhancement of tribovoltage
(Fig. S8df).

The Mo, sWy sS, ternary alloy-based two-terminal photo-
detector device exhibits a photoresponse superior to their
binary counterparts (MoS, and WS,). It is observed that for all
the three devices under 410 nm LED illumination (~325 pW
cm™> power), the photocurrent increases with the increase in
bias voltages (Fig. S9at), because of the enhanced drift velocity
of charge carriers, excitation of photocarriers, separation,
recombination and diffusion.® The enhancement of photo-
current from the ternary alloy device is much higher than that
of MoS, and WS, devices with a bias voltage caused by alloying
(Moy.5Wo 5S,). Alloy formation supresses the large density of
defect states than individual TMDCs, as well as it can covert
the deep level defect to shallow levels.>**> Therefore, for fabri-
cating visible light energy harvesting TENG devices, the choice
of TMDC ternary alloys is more appropriate than its binary
counterparts. The potential of broadband photoresponse of
the Mo, 5W, 5S, ternary alloy-based device is examined by illu-
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minating at different wavelengths, which cover almost the
visible regime (365-633 nm) (Fig. S9bt). A model regarding the
superiority of this ternary alloys is presented in Fig. S9c.t It is
noticed that the photocurrent generated under blue (410 nm)
illumination is slightly higher than that of the violet (365 nm)
illumination, and much higher than that of green (535 nm)
and red (633 nm) illumination, under a similar illumination
intensity (Fig. 3a). It exactly correlates with the absorption
spectrum of Mo, sW, 5S,, due to enhanced absorption nearby
the excition-C position, contributing higher photocurrents.
Higher optical illuminations can produce larger numbers of
photocarriers and generate more photocurrents.>>® The work
function mismatch between the tribo-layers (Moy sWy 5S, ~4.7
eV and nylon ~4.08 eV) generates a built-in electric field,
which can separate and accelerate the tribo charge carriers
during the time of contact.’>>® At contact electrification under
light illumination, photogenerated carriers (electron-hole) are
produced in the TMDC layer, which can uplift the Fermi level
in TMDCs,> resulting in reduced work function mismatch
between the two contact layers. It is easier for the photogene-
rated carriers to overcome this relatively less interfacial poten-
tial barrier, which causes the enhancement of tribo-photo
coupled outputs.”®®” This mechanism of the photo-sensitive
TENG is schematically depicted in Fig. 3b. To demonstrate the
effect of superiority in the photoresponse of Moy ;W 5S,
ternary alloys over binary counterparts, three different TENG
pairs are constructed using these three (MoS,, M0y sWy 5Ss,
and WS,) TMDC layers (under the same configuration), and
tribo-outputs are measured under darkness and illumination.
The schematic of the device is shown in Fig. 3c, with the
experimental set up depicted in the inset. Fig. S10a and S10b¥
indicate that the photo-induced open circuit tribovoltage and
short circuit tribocurrent are higher in ternary alloy-based
TENG devices than in other TENG devices (410 nm, ~525 pW
em™? illumination). Upon illumination of visible light, photo-
generated carriers in the TMDC layers are randomly scattered
and recombined by the defect-mediated trap sites. Therefore,
these recombined or scattered charges cannot be separated
and exchanged with the dielectric layer, fail to generate charge
carrier flow in the external circuit and cannot improve tribo-
outputs. In case of the binary TMDC (MoS,, WS,), the major
numbers of photogenerated carriers are trapped in S-vacancy-
mediated defect states® and cannot be added with the fric-
tion-mediated tribo-charges. The realignment of band posi-
tions and the suppression of defect states can enhance the
charge carrier mobility in Mo, W, sS, ternary alloys, which is
beneficial for the generation of higher photocurrents®® and
the photocarriers are added with friction-induced tribo-
charges, which can improve the photo-induced tribooutputs.®®
Under illumination, the internal resistance of the TMDC semi-
conductor decreases, which effectively reduces the effective re-
sistance of the TENG device, resulting in an easier way to flow
the charge carriers.® The impact force is an important para-
meter for controlling the triboelectric output; we tested the
open circuit output voltage (Vo) and short circuit current (I)
under variable applied forces. To examine the effect of light

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr02791k

Published on 22 September 2023. Downloaded on 7/16/2025 8:14:32 AM.

View Article Online

Nanoscale Paper
(a) ~ ~ 325 yWicm® (b) 2D Polymer 2D Polymer
C 404 1V bias
~ ey ¢2D,d:lrk ¢Pol er ¢7 D, lig] ¢Po ymer
£ Bl e, MO LUMO
s a =
S sssfesnssabae L
3 20- =| Exm JPopsErroymer . 4%
° = T e—
< IE\'B o E&s °° s=_HOMO
o 04 HOMO k )
Violet Blue Green Red Dark Illuminated+withcontact
d) 3° _18
( L +@+ 410 nm o (e)g. +~@++410 nm 9
3 244 .. Dark ‘g' 124 e+ Dark -g'
o c
2 84 K - o K4
- .o .’ “ g -
5 K - 3 )
= 129 S 3
3 A a4 9 el
= 6- IE o.- ..._....-l
s g ..m.....l
0 +—y——r—r—r 0 fmry——7T—T7
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Force (N) Force (N)
(f) 40 -
< 365 < 365nm
2 o G (g) £ 25+ 546 yWicm’
© 20- Dark P
o) c |Dark
) d
. = 0+
4 >
o 3 i
2 = - 633nm
‘=-204 =0 410nm 530 Wicm®
- 546 pW/cm’ . Lot 525 pWicm®
525 pWicm 530 qucmZ 5
Time(Sec) Time (Sec)

Fig. 3 (a) Variation in photocurrents from Mog sW 5S> nanosheets under i

llumination at 365, 410, 535 and 633 nm in two-terminal device configur-

ations. (b) Schematic working mechanism of the vertical TENG device under dark and illuminated conditions. (c) Schematic of the V-TENG device,
with the image of the experimental set up shown in the inset. Variations of (d) open circuit tribovoltage and (e) short circuit tribocurrent of the

Moo sWo 5S—nylon V-TENG device under dark and illuminated conditions
device: (f) open circuit voltage and (g) short circuit current under darkness

illumination, the tribo measurements are performed under
dark and illuminated conditions (410 nm, ~525 pW cm™>) and
represented in Fig. 3d and e respectively. It is noticed that
under dark conditions, V,. is increased monotonically from
2.8 V to 17.2 V with the increase in applied force from 1.2 N to
7.6 N and I is enhanced from 0.8 nA (1.2 N) to 4.1 nA (7.6 N).
Under illuminated conditions and for 7.6 N applied force, V.
is enhanced by 61% and I is increased by 253% compared
with those under dark conditions. The voltage sensitivity is
improved from 2.54 V N~ (dark) to 3.58 V N~ (light), and
similarly, current sensitivity is also enhanced from 0.51 nA
N~' (dark) to 1.89 nA N~' (light). Under illuminated con-
ditions, photo-induced e-h pairs are generated, which can
enhance the effective carrier density in Moy sW, 5S,, contact
electrification-induced internal electric field and Fermi level
modulation in semiconducting layers, can enhance the
exchange of charges. This modulated charge transfer mecha-
nism in semiconductor-nylon polymers leads to higher
current and voltage outputs. It is important to be noted that

This journal is © The Royal Society of Chemistry 2023

(410 nm) as a function of applied force. Output performance of the TENG
and illumination at 365, 410, 535 and 633 nm (7.6 N applied force).

the photo-coupled tribo performance of this reported TENG is
much higher than the previously reported photosensitive
TENGs.%**"®® The temporal outputs V.. and I, were measured
under darkness and under illumination at different wave-
lengths (365 nm, 410 nm, 535 nm, and 633 nm), which are
depicted in Fig. 3f and g, indicating the promising energy har-
vesting ability throughout the broadband regime. It is esti-
mated that V. shows 50.3% (365 nm, 546 uyW cm ), 61%
(410 nm, 525 pW cm™?), 42.4% (535 nm, 490 pW cm™?), and
34.8% (633 nm, 530 yW cm™?) enhancement compared with
that under darkness and I;, shows 240%, 253%, 124%, and
104% enhancement respectively. This relatively high photo-
coupled triboelectric outputs under blue light (410 nm) than
violet (365 nm), green (535 nm), and red (633 nm) illuminations
are attributed to the presence of higher density of photo-excited
carriers,*®® which can be correlated with the absorption spec-
trum and photocurrent characteristics of Moy sW 5S,.

As the photosensitive Moy sW, 5S, friction layer has strong
absorbance in the blue region of the spectra and also the
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TENG device generates higher tribo-outputs under 410 nm,
power-dependent tribo measurements are carried out under
constant impact force (7.6 N) with 410 nm illumination. From
Fig. 4a and b, it is observed that V,. is increased from 21.4 to
27.7 V and I is enhanced amplitude from 7.1 to 14.5 nA with
the increase in illumination intensity from ~120 to ~525 pW
em™?. Withdrawing the illumination, tribo amplitudes recover
to the state as darkness even under repeated light on/off cyclic
conditions. The device exhibits outstanding durability in
photoresponse, and such advantage can be used to fabricate
self-powered, ultralow illumination sensors with real-time
monitoring. The illumination intensity generated an enhanced
number of photogenerated carriers (Fig. S9b¥), improving the
triboelectric outputs®® of this V-TENG device. The overall short
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circuit tribo-current is increased gradually with the increase in
illumination power for all wavelengths (Fig. S117}), indicating
the variation in light-induced tribocurrent with illumination
intensity. The enhancement of photo-enhanced tribo-voltage
(ViigheVdar) and tribo-current (higheTdar) With illumination
power at different wavelengths (365, 410, 535, and 633 nm) is
depicted in Fig. 4c and d, and from this, we estimate the

. . AV .
voltage responsivity, defined as R = AP of the TENG,®® which

is 42.2, 45.5, 27.85, and 13.51 V mW " under 365, 410, 535,
and 633 nm illumination respectively (Fig. 4e), (where AV is
the change in voltage amplitude under illumination, AP is the
incident power and A is the effective area of the device). The
estimated values of current responsivity are 14.8, 17.0, 12.4
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and 11.1 nA mw™* respectively, under 365, 410, 535, and
633 nm illumination conditions. This reported voltage sensi-
tivity is higher than that of the previously reported photosensi-
tive TENGs,°>®*"% and the superiority of this fabricated TENG
device is represented in Table 1. Here ultralow illumination
power acts as control on tribo outputs, and hence, this TENG
device shows potential in fabricating self-powered photosensi-
tive flexible nano-micro devices. The effect of illumination on
the energy harvesting performance is examined by measuring
the output power from the TENG device across different load
resistances (under constant impact 7.6 N and 410 nm, 525 pW
em™?). It is found that the TENG exhibits 13.25 pW cm™> areal
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power density under illuminated conditions, which is 2.72
times higher than that under darkness (Fig. 4f). It is estimated
that the power density is enhanced by 172% compared with
that under darkness, and the comparative performance of this
TENG is depicted in Table 1. Thus, the enhancement of power
generation capability under this low illumination implies
superior photo-mechanical coupled energy harvesting poten-
tial to those reported previously.®*®® The fabricated TENG
exhibits highly stable tribo-output even after 3 months of fabri-
cation (Fig. S12at), and exhibits superior flexibility (Fig. S12b
and cf), making it attractive for prototyping and
commercialization.

Table 1 Comparison of the photosensitive triboelectric performance of this TMDC alloy TENG with other reported photosensitive TENG devices

Materials Tribo-output Responsivity Power enhancement (%) Ref.
MAPbDI; + TiO, 17V 425x 07 Vmw™! — 59
PDMS/Mxenes-Ag NW 145V 17.91 Vmw™* 414 66
Bismuth oxyhalide 454V 0.04x07°Vmw* 76 67
MAPbI, + TiO, nanoparticle av 7.6x0°Vmw ! — 63
ZnO-P3HT : PC4;BM nanocomposite 7V 0.108 Vmw™* — 65
CsBizlyo 80V 20Vmw ! 28.23 69
MAPbLCl;_,~TiO, 22.8V 0.036 Vmw™* 73.10 64

Mo, sWo 5S; 27.8V 45.5Vmw 172 This study
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Fig. 5 (a) Variation in open circuit tribovoltage from the TENG device under a low-impact force. Generation of open circuit output voltage due to
the movement of (b) wrist, (c) arms, (d) elbow, and (e) five fingers at different bending angles. (f) Charging of a capacitor and glowing of an LED in
the self-powered mode. (g) Schematic demonstration of touch sensitivity of this TENG in the pixel array format, different patterned output voltage is

depicted and the corresponding patterned impact is shown in the inset.
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Finally, the output performance of the TENG was investi-
gated for various practical applications. The external impact is
a very crucial parameter to control tribo-outputs; from Fig. 5a,
it is observed that V. is increased from 0.65 V to 8.05 V line-
arly with the increase in impact force from 0.2 to 4 N. Under
very low impact, this TENG exhibits superior sensitivity 3.54 V
N7, but the sensitivity falls with increase in applied impact.
The flexible TENG device can be attached with different parts
of the human body, and upon movement of parts such as
wrist, arms, and elbow, the TENG generates a noticeable open
circuit output voltage (Fig. 5b—-d) and the magnitude of the tri-
bovoltage remains unchanged even after multitude of repeti-
tive cycles. This TENG is attached with five finger joint posi-
tions and the bending of each joint at different angle produces
open circuit tribovoltage (Fig. 5e), making it a promising can-
didate for next-generation wearable energy harvesting devices.
As repeated mechanical impact on the TENG can produce
open circuit output voltages, mechanical to electrical energy
conversion efficiency can be utilized to store the charge, which
can power up various electronic devices. Fig. 5f indicates that
this TENG is able to charge a 1.2 pF capacitor up to 17 V
within a very short time (~16 s), which can lit up commercial
LED devices. The touch response of the TENG can be verified
by fabricating a 3 x 3 pixel array in a planar configuration. The
touch response of this pixel array in the form of discrete area
is pictorially represented in Fig. 5g, such that pressing by fin-
gertip at a particular pixel generates voltage at that particular
one and the recorded voltage is depicted by a bar plot. This 3 x
3 pixel array-based TENG can be attached to the human body/
any curved area and can act as touch-sensitive artificial e-skin
with mild pressing. The demonstrated experimental results
indicate the superiority of the fabricated self-powered TENGsS,
which possess a great potential for application in next-gene-
ration flexible, wearable and portable devices.

3. Conclusion

In summary, we have demonstrated visible light energy har-
vesting TENG devices using 2D semiconducting ternary alloy
(Moy 5Wy 5S,) nanosheets with enhanced photo-coupled tribo-
electric outputs. The open circuit tribovoltage and short circuit
tribocurrent exhibit giant enhancement of 61% and 253%
respectively under visible light illumination (410 nm, 525 pW
cm™?) compared to their dark counterparts. The power harvest-
ing ability can also be enhanced (with an areal power density
ranging from 4.8 to 13.25 pW cm™?) under the same condition.
The TENG device exhibits superior photoresponsivities of 42.2,
45.5, 28 and 15.4 V mW™ " under 365, 410, 535, and 633 nm
illuminations, respectively, demonstrating the energy harvest-
ing capability even under very low light intensity throughout
the visible range. The enhanced performance under illumina-
tion is due to the higher density of photogenerated charge car-
riers, which causes the enhancement of effective surface
charge density of triboelectric layers and improves the charge
exchange between two contact layers. The demonstrated

17406 | Nanoscale, 2023, 15,17398-17408
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results confirm that this fabricated flexible TENG is a promis-
ing candidate for mechanical-photo coupled energy harvesting
and self-powered photosensitive sensors. The capacitor char-
ging and energy harvesting from regular human activities indi-
cate the potential of the TENG for driving portable electronic
devices. Versatile, self-powered, durable, multi-functional, and
photosensitive TENGs can be attractive as sustainable energy
resources, and are highly promising for next-generation porta-
ble, optoelectronic sensors.

4. Experimental section

Materials and reagents

Sodium molybdate dihydrate (Na,Mo00O,-2H,0), sodium tung-
state dihydrate, (Na,WO,-2H,0), and thiourea (CH4N,S) were
purchased from Alpha Aesar. Polyvinylidene fluoride (PVDF),
polydimethylsiloxane (PDMS), and polyethylene terephthalate
(PET) were bought from Sigma Aldrich. Polytetrafluoroethylene
(PTFE), Kapton (polyimide) and nylon were commercially
available.

Synthesis

Mo, sW,5S, ternary alloy nanosheets along with binary
counterparts were synthesized by a sonochemical-assisted
hydrothermal synthesis technique.** The black precipitate
obtained from the hydrothermal autoclave was washed
thoroughly and kept for drying. The power was dissolved in an
IPA solvent and kept in a bath sonicator to get the nanosheet
morphology, and the unexfoliated bulk part was removed by
centrifugation.

Fabrication of TENG devices

The exfoliated TMDC nanosheets (5 mg ml™") were spin-coated
onto the 1 x 1 em® ITO side of an ITO-PET substrate to
prepare the TMDC thin film and kept on a hot plate for
drying. To prepare the transparent nylon film on the ITO sub-
strate, the first nylon solution was extracted in an acetone
solvent and spin-coated onto the top of the ITO substrate.
These two layers were separated by a spacer, and here, the
TMDC and nylon film act as negative and positive tribo fric-
tion layers respectively. Silver paste and copper wires were con-
nected with flexible ITO electrodes.

Fabrication of two-terminal photodetectors

Photodetector devices were fabricated by using PET as the flex-
ible substrate. First, PET substrates were cleaned several times
with acetone and IPA. Then, a thin layer of gold was deposited
(~50 nm) by using a metal shadow mask via e-beam depo-
sition. The space between the electrodes was maintained at
~25 pm. The exfoliated TMDC nanosheets (5 mg ml™") were
then drop-casted to make complete photodetector devices.
Finally, the whole system was dried in a hot plate at ~80 °C for
2 hours.

This journal is © The Royal Society of Chemistry 2023
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Characterizations

The scanning electron microscopy (SEM) along with energy-
dispersive X-ray (E-DAX) measurements was performed using a
field emission SEM system with 25 keV beam energy at 4 mm
distance under low vacuum. To study the morphology and
inter planer spacings in detail, transmission electron
microscopy (TEM) and selected area electron diffraction
(SAED) measurements were performed using an FEG source at
200 kv. The phase and crystallinity of the exfoliated
nanosheets were measured by X-ray diffraction (Rigaku
(Smartlab)) with a 40 kV energy source. The surface profiles
and morphology of the nanosheets were examined by atomic
force microscopy (AFM), and the surface potential profile was
measured by electrostatic force microscopy (EFM) in the lift
mode using an AFM set-up. Conductive-AFM (C-AFM)
measurements on the TMDC friction layers were performed
using a Pt-Ir-coated Si tip in the contact mode and a UV-Vis
spectrometer (Shimadzu UV-Vis 2600 Spectrophotometer) was
used to record the absorption spectra of the synthesized
nanosheets and micro-Raman and photoluminescence spectra
were recorded using a spectrometer (LabRam HR Evolution;
HORIBA France SAS-532 nm laser). The open circuit tribovol-
tage and short circuit tribocurrent from the TENG device and
current-voltage characteristics of the two-terminal photo-
detectors were measured using a Keithley 2450 source meter
with the Kickstart software. Thorlab LEDs (365, 410, 535, and
633 nm) were employed as the optical illumination source,
and they were calibrated using a spectrometer coupled with an
integrating sphere (Flame-Ocean optics).

Simulation

The open circuit voltage from this V-TENG device was investi-
gated using the COMSOL-Multiphysics 5.5 simulation software
in the electrostatic module. The potential difference is gov-
erned by V = 24, where ¢ denotes the surface charge density, d
is the spacer layer thickness and ¢ is the dielectric constant.
Here, the top surface is a nylon layer and the bottom surface is
a TMDC layer, which are positive and negative triboelectric
layers respectively.
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