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A B S T R A C T   

The development of triboelectric nanogenerators (TENGs) based on inexpensive inorganic materials has attracted 
significant attention to envisage next-generation self-powered electronic devices and sensors. In this research 
work, the fabrication of a triboelectric nanogenerator (TENG) based on ZnS nanosheets arrays was investigated 
for the first time. This TENG was fabricated with ZnS nanosheets films, polydimethylsiloxane (PDMS) as active 
tribo-layers. The originality of this work lies in the choice of materials; pure ZnS nanosheets and PDMS-Al cover 
foils. By hand excitation force, the developed TENG (5 ×5 cm2) produced an output voltage and a short-circuit 
current of ~8 V and ~7.12 µA respectively. In addition, the present TENG with pure ZnS nanosheets on Al 
substrate produced an output voltage almost twice than TENG that involved only Al substrate. In this current 
study, introducing ZnS nanosheets on Al substrate increased the surface area and roughness, resulting in 
improved performance. The study of TENG parameters confirms that the TENG (10 ×10 cm2) with 2 cm spacing 
between tribo layers, applied force frequency of ~ 4–5 Hz were optimum to obtain the maximum output voltage 
of ~33 V. The high stability of TENG was confirmed by testing TENG response over 1000 cycles. Further, TENG 
was used to power portable electronic devices such as a digital watch, thermometer, calculator, and 64 LEDs 
when coupled to a capacitor. Finally, TENG was demonstrated for sensing force and pressure, TENG output 
response was used as a clock pulse for the digital circuits. The proposed TENG is easy to handle, simple and 
economical, and ZnS-based TENG’s performance can be improved using other tribo-materials instead of PDMS.   

1. Introduction 

From the past decade, triboelectric nanogenerators (TENG) have 
attracted a lot of attention due to their innumerable applications in the 
fields of medical, electronics, sensors artificial intelligence e.t.c [1–4]. 
The TENG has been demonstrated for the conversion of various types of 
mechanical energies such as ocean energy, wind energy, biomechanical 
energy into electrical energy. Therefore, the TENG technology is 
considered a promising energy collection and renewable resource [5,6]. 
TENGs offer several benefits, including high power conversion effi
ciency, simple structure, low cost, durability, scalability, and ability to 
harvest energy from low-frequency irregular inputs energies [7,8]. The 
TENG is relatively a new energy collection technique that uses a com
bination of triboelectrification and electrostatic induction to convert 
mechanical energy into electricity [9]. In TENG, the periodic contact 

and separation between the surfaces by external mechanical strength 
result in electrical energy [10]. 

TENG includes AC to DC conversion systems and storage elements 
like a battery or capacitor to power up tiny electronic devices or sensors 
[11]. Based on electrode arrangement and polarization switch direction, 
four distinct modes of TENG functioning have been proposed. The four 
modes are vertical contact separation, lateral sliding, single electrode 
mode, and free-standing triboelectric layer [12,13]. Among other 
modes, the vertical contact separation mode has been shown for many 
triboelectric materials [14,15]. Therefore, we have also used the vertical 
contact separation procedure for our TENG operation in this manuscript. 

Many portable electronic devices and sensors were operated using 
the power generated by TENG. However, TENG’s have several draw
backs, including low power density, limited flexibility, low surface 
triboelectric charge density, multi-layer involvement, and complicated 
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fabrication techniques. Several approaches have been proposed in the 
literature to increase the power density of TENG viz. (1) increasing 
effective contact area or roughness [16,17], (2) various surface modi
fication treatments [18,19], (3) cascaded TENG devices [20], (4) use of 
new materials as tribo-layers [21]. The surface modification, including 
micro/nano surface patterning into pyramids, cube lines, and nanodots, 
was reported to enhance TENG output. In addition, TENG output was 
increased with the help of treatments such as plasma etching, chemically 
modified nanomaterials, ionized-air injection [13,22–24]. The easy way 
to enhance TENG output power is to cascade a large number of TENG’s. 
The most-reported approach to enhancing TENG output power is trying 
new materials and composites as an active layer for TENG. Several re
ports in the literature indicate that new inorganic functional materials, 
such as MXene (Mono transition metal), metal oxides, and sulfides and 
their composites, have recently been identified as promising candidates 
for TENG [25–27]. The performance of TENG may be considerably 
improved by inorganic functional materials, with strong chemical sta
bility, high electronic conductivity, and a large surface area [28–30]. 
Further, TENG’s were developed using different polymers such as Pol
yvinylidene fluoride (PVDF), Polylactic acid (PLA) [31–33]. Recently, 
TENG’s were fabricated using bio-waste such as orange peel, fish scale, 

bladder, rice husk [34,35]. For wearable applications, TENG’s were 
fabricated based on the structure and format of textiles [36,37]. The 
current work focuses on employing ZnS nanosheets as a new tribo ma
terial for the fabrication of TENG. 

The hunt for new triboelectric couples remains a hot topic of study to 
increase energy efficiency and reduce TENG device cost, complexity etc. 
A new combination of triboelectric materials for energy harvesting ap
plications had become the subject of recent innumerable published ar
ticles [38–40]. For the first time in the current work, intrinsic ZnS 
nanosheets and PDMS were used as a new triboelectric pair for me
chanical energy harvesting. The aluminium substrate and waste food 
packaging Al cover (FPAC) foil were used as electrode materials. To the 
best of our knowledge, there is no report in the literature on TENG’s 
based on pure ZnS nanosheets. However, there were few reports on 
ZnS-based TENG’s listed in Table 1, but no one used pure ZnS and 
nanosheet morphology. Further, ZnS is a promising semiconducting 
conductor with a wide range of applications, for instance, UV nano la
sers [41], micro force active sensors [42], optoelectronic devices [43], 
photocatalysts [44]. Although ZnS possess piezoelectric and triboelec
tric properties, it is not as widely explored as ZnO, BaTiO3, CdSe, GaN, 
and PZT in nanogenerators applications. In terms of the TENG design 

Table 1 
Literature review of ZnS-based TENG’s, the morphology of ZnS used, and device output voltage.  

Materials Device size Output Performance Type Structure Reference 

ZnS:cu/PDMS 4 × 4 cm2 27 V, 0.1 µA Triboelectric Nanogenerator Fabric [26] 
PDMS/ZnS:Cu 4 × 1.5 cm2 126.3 V, 193.6 nA Triboelectrification-induced electroluminescence (TIEL) Particle [27] 
ZnS/ZnO 2 × 2 cm2 156 V, 18.9 µA/cm2 Triboelectric nanogenerator Nanoflakes [48] 
ZnS:Cu 5 × 3.5 cm2 Not available in the report Triboelectrification-Induced Electroluminescence Particle [49] 
ZnS/PDMS 5 × 5 cm2, 10 × 10 cm2 8 V, 7.12 µA, 33 V Triboelectric Nanogenerator Nanosheets Current work  

Fig. 1. (a) Fabrication of TENG schematic, (b) Fabricated TENG schematic, (c) Actual step-by-step fabrication process and, (d) TENG charge generation process.  
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aspect, ultra-thin ZnS NSs can significantly improve the charge transfer 
rate between two tribo layers. The proposed ZnS-based TENG can be 
utilized for self-powered gas and photodetector applications in the 
future [45]. Further, ZnS nanosheets films selected for TENG due to their 
high structural stability than other nanostructure forms. Fabrication of 
TENG with ZnS in this manuscript has several advantages; (1) No extra 
electrode deposition step is required as ZnS nanosheets directly growing 
on the Aluminum substrate, (2) Strong adhesion of ZnS nanosheets is 
formed due to direct growth on the aluminum substrate, (3) no extra 
seed layer is required for ZnS nanosheets growth compared to the seed 
layer assisted ZnS nanorods/nanowires [46,47]. We have selected ZnS 
because of the above-said points. 

The PDMS is a polymer film that is commonly used as a negative 

triboelectric layer for fabricating TENGs. The use of FPAC foils as elec
trode materials for energy harvesting substantially encourages the 
development of next-generation energy systems that effectively prevent 
pollution and risks produced by non-biodegradable materials. 

For the first time, a novel TENG based on pure ZnS nanosheets on an 
aluminium substrate together with PDMS has been fabricated and tested 
for mechanical energy harvesting. Further, fabricated TENG has been 
demonstrated for possible applications in electronics, digital systems, 
and sensors. 

Fig. 2. (a-b) Morphology of as-synthesized ZnS film on Al substrate with different magnifications, (c) EDX spectrum of ZnS nanosheet film, (d) XRD spectra of ZnS 
nanosheet film, (e) Original photographs of the prepared PDMS films, (f) cross-sectional view of the PDMS using an optical microscope. 
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2. Experimental details 

2.1. Materials 

Zinc chloride anhydrous (ZnCl2), thiourea (NH2CSNH2), ethyl
enediamine (C2H4(NH2)) chemicals were purchased from FINAR. 
Acrylic sheets, Aluminum packaging foil, sponge, IC 7490, seven- 
segment display, and light-emitting diodes (LEDs) were brought from 

the local market. 

2.2. Synthesis of ZnS nanosheets 

The synthesis of zinc sulfide (ZnS) nanostructure is almost similar to 
our previous report [50]. In a typical experiment the ZnS precursor so
lution was made by mixing 100 mL aqueous solution of ethylenediamine 
(EN) (1:1 v/v) with ZnCl2 and thiourea in a 1:3 molar ratio and stirred 

Fig. 3. (a) Transmission electron microscopy image of as-synthesized ZnS nanosheets, (b) HRTEM image of ZnS nanosheet, (c) SAED pattern recorded on ZnS 
nanosheet, (d) EDX spectrum collected from the single ZnS nanosheet (e) AFM image of ZnS nanosheets and, (f) AFM image of PDMS. 
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continuously for 20 min to get a uniformly mixed solution. Further, a 
clean aluminium substrate (6 ×6 cm2) was masked fully from one side 
with Kapton tape to avoid double side ZnS coating during synthesis. In 
the next step, the cleaned aluminium substrate was placed in the growth 
solution beaker, sealed with aluminium cover foil and transferred to the 

hot air oven. The synthesis of the ZnS nanosheet was performed at 160 
℃ for 4 h. The entire system was allowed to cool to room temperature 
naturally after the completion of the growth process. Finally, the sub
strates were removed from the growth solution, cleaned with de-ionized 
water, and dried under a hot air oven at 60 ℃. A light white-colored 

Fig. 4. (a) Forward-reverse open-circuit output voltage characteristics of TENG, (b) Forward-reverse short-circuit current of TENG, (c) Comparative output for two 
different bases, (d) Output voltage and current with different load resistance, (e), Output power with different load resistance, (f) Rectified output voltage using a 
bridge rectifier. 

Fig. 5. (a) Output voltage of TENG1, (b) Schematic of TENG1, (c) Output voltage of TENG2, (d) Schematic of TENG2, (e) Output voltage of TENG3, (f) Schematic 
of TENG3. 
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Fig. 6. (a) TENG stability under 1310 cycles, (b) Enlarged view of a few cycles of Fig. 6(a), Plot of output voltage as a function of every 50th cycles and, (d) stability 
of TENG over different time intervals. 

Fig. 7. (a) Comparative output of the different active area TENG’s, (b) Variation of average output voltages with the different active area of TENG’s, (c) Comparative 
output of TENG for different tapping frequency, (d) Variation of average output voltages with different tapping frequency, (e) Comparative output of TENG for 
different spacing between two tribo-layers, (f) Variation of average output voltages with different spacing between two tribo-layers. 
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uniform film was found on the Al substrate. 

2.3. Preparation of PDMS films 

The free-standing PDMS film of thickness ~1.2 mm was prepared by 
mixing base and curing agent with a weight ratio of 10:1 followed by 
vigorous stirring [51]. It was then put into a flat petri dish until it 
reached ~1.2 mm thickness and dried for about an hour in an oven at 
100 ℃. A stand-alone sheet was obtained after heating, and a photo
graph of the PDMS sheets is shown in Fig. 2(e). 

2.4. Fabrication of nanogenerator 

The TENG was fabricated using ZnS nanosheets (NSs) film and PDMS 
as triboelectric layers in vertical contact separation mode. Initially, ZnS 

coated aluminium substrate with the aluminium side was firmly 
attached to the acrylic sheet of the selected dimension by scotch tape 
with ZnS nanosheets film facing up, as shown in Fig. 1(a). Similarly, Al 
packaging foil was attached firmly to another acrylic sheet by scotch 
tape with the conducting surface facing up, as shown in Fig. 1(b). 
Further, the PDMS sheet was attached to the bottom aluminium foil. 
Then, all corners of the lower acrylic sheet were attached with sponge 
spacers using a strong adhesive. Next, another acrylic sheet with ZnS 
nanosheets was placed over the spacers and attached using a strong 
adhesive. Due to the sponge spacer, there is a finite gap of ~1.5 cm 
between the upper ZnS nanosheet film and the lower PDMS surface. 
Fig. 1(c) shows the original photos of the constructed TENG device at 
different fabrication stages. Finally, two electrode lead wires were 
drawn from the bottom and top sides of aluminium foil and Al substrate, 
respectively to measure the TENG output voltage, as shown in Fig. 1(d). 

Fig. 8. (a) Output response of fabricated TENG under different applied forces, (b) Original photograph of the test setup, (c) average output voltage as a function of 
different applied forces and curve fitting, (d) The schematic of the circuit connections of wireless pressure/force sensing, (e) Output voltage from an IR sensor and, (f) 
Repeatability output of IR sensor. 
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2.5. Characterization techniques 

A scanning electron microscope (SEM; VEGA3 TESCAN), a trans
mission electron microscope (TEM; JEM 200CX, JEOL), and an X-ray 
diffraction microscope (XRD, X-pert Pro-PW 3050/50) were used to 
examine the morphology, crystallinity, and compositions of the ZnS 
nanosheets on Al substrate respectively. Atomic force microscopy (AFM, 
Bruker multimode 8) technique was also used to measure the surface 
roughness of the ZnS nanostructure film and PDMS. The optical micro
scope (OLYMPUS, BX53) was used for measuring the thickness of the 
PDMS film. The output voltage against hand tapping was recorded using 
a digital oscilloscope (Tektronix TBS1102). The TENG short-circuit 
current was measured with an in-house-assembled current preampli
fier (CNI570) [52,53]. Initially, TENG of size 5 × 5 cm2, 1.5 cm spacing 
between tribo layers was characterized at a hand tapping frequency of 
4 Hz. Further, the effect of the active area of tribo layers, spacing be
tween the tribo layers, frequency of applied force, and different mag
nitudes of the force on the TENG output voltage were studied in detail. 

3. Results and Discussion 

Fig. 2(a-b) shows the morphology of the ZnS film obtained on the 
aluminium substrate at 160◦C at two different magnifications 15000 X 
and 3000X, respectively. Fig. 2(a-b) confirms that the ZnS nanosheets 
are evenly distributed throughout the Al substrate. Further, Fig. 2(c) 
shows the Energy-dispersive X-ray spectroscopy (EDX) spectrum recor
ded from the group of nanosheets and confirms the purity of ZnS 
nanosheets by revealing the presence of Zn, S, and Al elements only. The 
crystal phase of the as-synthesized ZnS sample was further analyzed 
using XRD. The XRD patterns of ZnS nanostructure film are presented in 

Fig. 2(d). The diffraction peak at 29.32◦ in the XRD pattern of the ZnS 
NSs corresponding to the (111) plane confirms the crystalline nature of 
cubic ZnS (JCPDS No. #80–0020) [54]. The intense diffraction peaks at 
38.59◦, 44.85◦, 65.24◦, 78.35◦ in the XRD corresponding to the (111), 
(020), (022), (131) planes of cubic bare Al coming directly from the 
substrate (JCPDS No. #85–1327). The additional diffraction peaks at 
20◦ and the corresponding (006) plan also confirms the formation of 
ZnAl: LDH at the interface of ZnS nanostructures and aluminium [55]. 
Fig. 2(e) shows the photographs of synthesized transparent PDMS film. 
As shown in Fig. 2(f), The PDMS film thickness was measured using an 
optical microscope and found to be ~1.2 mm. 

Fig. 3(a) shows the transmission electron microscopy (TEM) image of 
ZnS nanosheets. The TEM image clearly shows that the nanosheet-like 
structure formed with an average width of 0.429 ± 0.015 µm, which 
perfectly agrees with SEM images. A typical high-resolution image of the 
ZnS nanosheet is shown in Fig. 3(b), and it confirms the polycrystalline 
nature of the sheets. In addition, the SAED pattern shown in Fig. 3(c) 
shows the diffraction rings that also confirms the polycrystalline nature 
of the ZnS nanosheets. Finally, the energy dispersive X-ray, the EDX 
spectrum collected from the single ZnS nanosheet is shown in Fig. 3(d), 
and it confirms the presence of Zn, S, Cu, C and Al elements. The ele
ments Cu, C come from the copper grid and adsorbed carbon from the 
atmosphere whereas the elements Zn, S, and Al come from the ZnS 
nanosheets. The presence of Al may be due to the doping of ZnS nano
sheets or Al particles that came along with ZnS nanosheets during TEM 
sample preparation. Further studies are required to confirm the doping 
of ZnS films. 

The surface roughness of both the ZnS and PDMS surfaces were 
recorded using an atomic force microscope and shown in Fig. 3(e) and 
(f). The surface roughness values of ZnS and PDMS were found to be 

Fig. 9. (a) Charging characteristics of different capacitors with TENG, (b) Accumulated charge in different capacitors, (c) Stored charge and stored voltage behaviour 
of different capacitors and, (d) Stored energy in different capacitors. 
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184 nm and 49.8 nm respectively. It is worth mentioning that the sur
face roughness of the ZnS film is found to be about four orders of 
magnitude higher than the PDMS surface roughness. This high surface 
roughness for ZnS thin film is attributed to the morphology of the 
nanosheet surface. Also, by introducing ZnS nanosheets on Al substrate 
the surface area increases up to 18.1% than pure Al substrate. The SEM 
study also well supported the AFM results of surface roughness. 
Furthermore, surface roughness plays a crucial role in TENG output 
voltage since TENG works on the principle of triboelectrification and 
electrostatic induction [56]. 

Before testing the fabricated TENG, it is necessary to analyse its 
functioning principle in vertical contact separation mode, which is very 
well discussed in the literature [57]. We have applied a similar mech
anism to the present TENG in this report. The ZnS and PDMS films are 
connected to the upper and lower electrode layers of TENG, respectively. 
Each cycle of TENG generation is divided into four stages, as shown in 
Fig. 1(d). The TENG device is electrically neutral in the initial state 
because no charge is generated or inducted, with no electric potential 
difference between the two electrodes. Upon application of an external 
force on TENG, the ZnS surface gets in contact with the bottom PDMS 
film surface, and friction generates between them. The ZnS nanosheet 
film has a high degree of roughness at the nanoscale, which is due to the 
surface morphology, as shown in AFM Fig. 3(e). PDMS surface looks 
smooth at the macroscopic level; however, it will also have roughness at 
the nanoscale level, as shown in Fig. 3(f). Due to the friction, tribo
electric layers get electrostatic charges of opposite signs, already 
depicted in Fig. 1(d). When both layers move apart, both electrodes get 
induced charges and a current flow through the load resistor from one 
electrode to another electrode. As a result, the device comes into 

balance, and no electricity passes through the circuit when both layers 
stop moving. Further, the current flows in the reverse direction when the 
external push brings two tribo layers to come closer. The repetition of 
these processes results in triboelectric energy [58]. 

Initially, TENG of dimension 5 × 5 cm2 was tested for mechanical 
energy harvesting at a spacing condition between the tribolayers of 
1.5 cm and frequency of applied force ~3–4 Hz. The value of the applied 
force was ~5 N. The open-circuit voltage of the TENG for repeated hand 
tapping force is shown in Fig. 4(a). An average output voltage of ~ 8 V 
was observed in the forward connection for the present TENG. Further, a 
switching polarity test was also conducted by reversing the connections 
of TENG and using an oscilloscope to confirm the output voltage only 
due to TENG operation (See SI, Video 1). Fig. 4(a) shows that the TENG 
showed an opposite electrical signal than the forward signal. The po
larity test indicates that the voltage produced comes from TENG, not 
from any instrument’s noise[59]. The average output voltage of ~ 8 V 
was observed in the reverse connection for the present TENG. Fig. 4(b) 
shows the average short-circuit current of ~7.12 µA for our fabricated 
TENG device, and current density is ~0.28 µA/cm2 for both bias con
ditions. The output voltage reported in this manuscript is less than the 
reported literature values mentioned in Table 1. The high output volt
ages in those reports are due to doped ZnS and heterostructured ZnS 
with ZnO. In the present, manuscript we did not use any doping and 
heterostructure formation. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.mtcomm.2022.103292. 

After a successful test of TENG with acrylic base, we have also tested 
our device with a cardboard base for outer structure instead of acrylic 
sheets base. From a cost-effective point of view, cardboard base material 

Fig. 10. (a) Charging and discharging characteristics of a 1 µF capacitor before and after power-on (a) Digital watch, (b) Digital thermometer, (c) Digital calculator 
and, (d) 64 LEDs glowing with the help of 1 µF capacitor and 5 LEDs glowing directly using TENG. 
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for the fabrication of the TENG device is found to be best. The response 
of the TENG with different base material support is shown in Fig. 4(c), 
and both were giving almost the same output for 5 × 5 cm2 area and 
with 3–4 Hz applied force-frequency (See SI, Video2). Therefore, we 
have used TENG prepared with a cardboard base was used for the 
remaining studies. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.mtcomm.2022.103292. 

The open circuit output voltage and short-circuit current of the TENG 
was further measured with varying load resistances from 50 kΩ to 
100 MΩ under a uniform hand tapping to find out the maximum output 
power. The voltage and current variation with various load resistances is 
shown in Fig. 4(d). With increasing load resistance, the voltage rises and 
saturates at ~ 7.85 V and current started from 6.588 µA at 50 kΩ load 
resistance and then falls up to 0.43 µA. A similar tendency is also shown 
in the literature for many works on TENG [60]. Z.L Wang and other 
research groups have suggested a simple, equivalent helpful model to 
understand TENG response to the load resistances [61]. The TENG is 
equivalent to a variable capacitor connected to a voltage source. The 
voltage drops across the RL increases up to the optimum RL and saturate 
at the theoretically infinite load resistance similar to open-circuit 
voltage. The instantaneous power output was calculated using P = VI 
and presented in Fig. 4(e) with the varied load resistance. The highest 
output power of the TENG at a load resistance of 9 MΩ was 10.82 μW is 
shown in Fig. 4(e). Further power density was calculated by considering 
the active area of the device and found to be 0.433 µW/cm2. Using the 
maximum power transmission theorem, the output power characteris
tics of the TENG device have been described. The theorem states that 
when the resistance value of the load is equal to the internal resistance of 
the source, a maximal power transfer occurs. This report shows that 

under impendency-matched conditions the peak power density arises 
[62]. Due to the saturated output voltage, the output power density was 
also reduced at a load resistance value above 9 MΩ. The output power 
behaviour of TENG with load resistance is similar to the one reported in 
the literature [63]. Further, the TENG output voltage was rectified to use 
for practical applications with the help of IC bridge rectifier DB 107. The 
rectified output voltage is presented in Fig. 4(f). Hence, it is proposed 
that TENG could be used for applications involving switching on LEDs 
and small electrical devices with the rectified output presented in the 
later section. 

To understand the roles of ZnS and PDMS in TENG output voltage 
generation, another set of two TENG’s were fabricated viz. (1) TENG1 
with only ZnS nanosheets with Al foil and, (2) TENG2 with only Al 
substrate with PDMS. The proposed TENG with ZnS and PDMS was 
considered as TENG3 for comparison. The response of all TENG devices 
against hand tapping and their schematics are shown in Fig. 5(a-f), for 
TENG1, 2, and 3, respectively. The open-circuit output voltage of ~ 
472 mV, ~ 3.60 V, and ~ 8.02 V were observed for TENG1, TENG2, and 
TENG3, respectively. After introducing ZnS nanosheets on Al substrate 
(TENG3), the output voltage was enhanced around 2.25 times that of a 
pure Al-based TENG device (TENG2). This enhancement in the TENG 
output can be understood from the surface roughness point of view like 
reported in the literature[56,64]. The TENG’s output performance 
mainly depends on the electron affinity, the surface area, and the surface 
roughness of tribo layers. An increase in surface roughness effectively 
increases the surface area, resulting in more contact points. The TENG’s 
output voltage effectively increases with more contact points. In the 
present study also, it is concluded that TENG output voltage increases 
with surface roughness. 

It is worth mentioning that the presence of both layers (ZnS and 

Fig. 11. (a) Schematic of decade counter circuit diagram and its connections, (b) Decimal display of counting in response to tapping and, (c) Output voltage of TENG 
across a half-wave rectifier. 
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PDMS) in TENG3 enhanced output voltage to a greater extent. This 
enhancement in the output voltage is due to the tribo pairs (ZnS-Al, 
PDMS-Al, ZnS-PDMS) having different surface roughness and staying at 
different places in the triboelectric series [65]. 

The stability and endurance of TENG are crucial aspects for practical 
applications. The output voltage was measured under continuous hand 
tapping force for 1310 cycles and shown in Fig. 6(a) to check the 
durability of TENG for long-term uses. Fig. 6(a) indicates the high sta
bility of the developed TENG because the generated voltage did not 
degrade after 1310 cycles. The high stability of TENG can be understood 
from the following explanation. We have used TENG in vertical contact 
separation mode. The physical damage to the tribolayers is less in this 
mode than other modes. The frictional layers (ZnS nanosheets and 
PDMS) are not undergoing any significant surface change due to friction, 
which results in stable (same) output voltage even after 1000 cycles. We 
have taken SEM images for ZnS films after 1310 cycles to support no 
significant surface change (See Supplementary Information SI, S1). It is 
clear from the SEM images that there are no substantial changes in the 
morphology of the ZnS nanosheets. The minor surface morphology 
changes did not affect the nanogenerator output voltage. 

Fig. 6(b) represents the enlarged view of a few cycles from the sta
bility graph. Further, the output voltage of every 50th cycle (for 
example, 50, 100, 150 and so on) was plotted and presented in Fig. 6(c). 
The output voltage of TENG shows an average value of 8 ± 0.5 V, and 
this deviation is due to the variation of hand tapping force and fre
quency. We have also tested our device for various time points such as 
one month, two months, and three months to test its repeatability 
outcome, and it shows almost the same output voltages in all circum
stances, as shown in Fig. 6(d). The reproducibility of the results was 
confirmed by testing six nanogenerators fabricated under similar 
conditions. 

To understand the TENG completely, we have studied the effect of 
different device sizes (active layer size), spacing between the tribo 
layers, and frequency of the applied force. Each parameter was studied, 
keeping the other two parameters constant. The response of TENG with a 
different area of 3 × 3 cm2, 5 × 5 cm2, and 8 × 8 cm2 was studied at 
1.5 cm spacing between tribo-layers and ~ 3–4 Hz of applied force- 
frequency. The response of all the three TENG’s is shown in Fig. 7(a). 
The average output voltages of 4.50 V, 8.01 V, and 15.45 V were 
observed for 3 × 3 cm2, 5 × 5 cm2, and 8 × 8 cm2 TENG devices, 
respectively, as shown in Fig. 7(b). The highest output voltage of ~ 15 V 
was observed for the device of 8 × 8 cm2 area. This enhancement is due 
to the increased active contact area of the triboelectric layers, which is 
consistent with the values reported in the literature [66]. However, we 
have selected the device having an area of 5 × 5 cm2 due to its moderate 
size and output for further studies. Further, we have tested the output of 
the TENG device (5 ×5 cm2, 1.5 cm) studied at different frequencies of 
hand tapping force and the response shown in Fig. 7(c). The output 
voltage of TENG increased with frequency up to 4 Hz and then saturated 
above 4 Hz, as shown in Fig. 7(d). This increase in output voltage is due 
to the incomplete neutralization of accumulated residual charges caused 
by fast external tap cycles, which increase the triboelectric potential 
[59]. 

Finally, (5 ×5 cm2) the response of TENG was measured as a func
tion of the different spacing of 1 cm, 1.5 cm and, 2 cm at an applied 
force-frequency of ~ 3–4 Hz, and the response is shown in Fig. 7(e). The 
output voltage of TENG increased from 6.16 V to 10.78 V with the 
spacing between the tribo-layers, as shown in Fig. 7(f). The output 
voltage of fabricated TENG can be approximately expressed as VOC =

σd
∈

, 
where d is the interlayer distance, σ is the surface triboelectric charge 
density and ϵ is the vacuum permittivity [67]. From the expression of 
TENG output voltage mentioned above, it is clear that the output of 
TENG increases with spacing between the layers. Thus, the behaviour of 
TENG with spacing between the layers is consistent with the reported 
literature [68]. Also, our fabricated TENG produced highest output 

voltage of ~ 33 V for 10 × 10 cm2 area with 2 cm of spacing and ~ 4 Hz 
of applied frequency (See SI, S2, Output voltage of 10 ×10 cm2 device). 

Further, TENG response was recorded against different hand tapping 
forces, and the response of TENG was shown in Fig. 8(a). Fig. 8(b) shows 
the photograph of the TENG placed on a weighing balance and TENG 
connections to an oscilloscope. We noted the weight values on the 
weighing balance and the corresponding response of TENG in the 
oscilloscope were registered simultaneously during different applied 
hand tapping pressures. The force values were approximately calculated 
using the reported procedure in the literature [69] (See SI, S3, force 
calculation). Fig. 8(c) shows the variation of output voltage as a function 
of force. It is clear from Fig. 8(c), TENG output voltage is increasing 
linearly with the increase of force. The response of the TENG with 
different applied forces shows a similar trend as reported in the litera
ture [16]. Therefore, the proposed TENG can be used as a force sensor if 
its output is calibrated against known force values. The nature of the 
curve is showing slightly non-linear. Hence, curve fitting was performed 
using Origin software to develop an equation with an output voltage as a 
dependent variable and force as an independent variable. To perform 
the non-linear fitting, Pow2P2 function i.e., V = a(1 + F)b has been used 
and the corresponding fitted curve was shown as red dotted line in Fig. 8 
(c). The average error for every available data point was estimated to be 
~6.52%. Hence one can use this formula to directly calculate the cor
responding output voltage of our TENG device when a value of force is 
given. 

In addition, TENG was demonstrated for the possible application of 
wireless pressure/force sensors using infrared (IR) LED and IR sensors. 
The schematic of the test setup is shown in Fig. 8(d). Since TENG cannot 
be coupled directly to IR LED, a charged capacitor is used to drive the IR 
LED. When the capacitor switches on the IR LED, the IR light illuminates 
the IR sensor at a distance of ~10 cm. As a result, the IR sensor produces 
an appropriate voltage in response to the light intensity, as shown in 
Fig. 8(e) (See SI, Video 3). The IR sensor output was tested under 
identical conditions of charged capacitor voltage and found a similar 
response, as summarized in Fig. 8(f). If the fabricated TENG could power 
on IR LED directly, it could be used as a wireless pressure/force sensor as 
well. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.mtcomm.2022.103292. 

The schematic of the TENG circuit connection for charging capaci
tors is shown in the inset of Fig. 9(b). Various commercial capacitors 
such as 1 μF, 2.2 μF, 4.7 μF, 10 μF, 47 μF, 100 μF were charged with the 
help of TENG device for ~ 220 s and the corresponding charging curves 
presented in Fig. 9(a). Further, the charge stored on the load capacitors 
was calculated via the simple equation Q=CV. The stored charge as a 
time function for different load capacitors is shown in Fig. 9(b). It is well 
known that a capacitor with a low value of 1 μF stores a small charge and 
reaches the saturation state soon. Fig. 9(c) shows that the stored charge 
and stored voltage behaviour could be improved by increasing the ca
pacity value. The output voltage of the 100 μF capacitor is 0.586 V, and 
the maximum value of the stored charges is 58.6 μC. With different load 
capacitance values in Fig. 9(c) indicate the characteristics of output 
voltage response and stored charges. The voltage and stored charges for 
the corresponding CL are opposite. Fig. 9(d) demonstrates the variation 
of maximum stored energy with different load capacitance values. The 
maximum stored energy of 23.41 μJ was observed at CL of 47 μF. 

Finally, TENG was demonstrated for practical applications such as 
driving portable electronic devices with the help of charged capacitors. 
The charging and discharging curves of 2.2 μF capacitor in switching on 
the digital clock, calculator, thermometer, were illustrated in Fig. 10 
(a)–(d) (See SI videos 4,5,6). In-set of all the Fig. 10 (a)–(c) shows the 
switched-on condition of portable electronic devices powered by TENG. 
Further, TENG was demonstrated to switch on 64 LEDs with the help of 
charged capacitor (1 µF) (See SI videos 7). In addition, TENG could also 
continuously power 5 LEDs directly by hand tapping in Fig. 10 (d) (See 
SI videos 8). 
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At last, the TENG output voltage pulse was explored as a clock pulse 
for the digital circuits. The circuit connections and components are 
presented in Fig. 11(a). IC 7490 is used as a decade counter, which 
counts 0–9 in response to the applied clock pulse. IC 7447 is BCD to 
seven segment decoders, which convert binary coded decimal (BCD) 
input to seven output lines. The seven output lines of IC 7447 were 
connected to seven segment display to display the decimal values in 
response to the BCD input. The BCD output of IC 7490 was connected to 
IC 7447, and IC 7447 output was connected to a seven-segment display. 
Initially, the output of TENG was allowed to pass through a diode to 
remove the negative part of the output signal. Fig. 11(c) shows the TENG 
output after passing through the diode, and this signal act as a clock for 
the circuit. The application of clock pulses with the output of TENG 
results in an increment in the counter value from zero to nine. The 
photographs of the different states of the counter (seven-segment 
display) are presented in Fig. 11(b) (See SI, Video 9). 

The above experiment shows that the output of the TENG device 
could be used as a self-powered clock pulse generator for digital circuits 
as well as for any other circuits, which work using clock pulses. 

4. Conclusions 

In summary, a novel TENG based on the 2D ZnS nanostructure and 
the PDMS was developed to power tiny electronic devices and sensing 
applications. To the best of our knowledge, this is the first report on 
TENG based on ZnS nanosheets. The TENG (5 ×5 cm2) device was 
fabricated in such a way to function in a vertical-contact separation 
mode and produced an output voltage and short-circuit current of ~ 8 V 
and 7.12 µA with a maximum power density of 0.433 µW/cm2. 
Furthermore, the different device parameters such as device size, 
spacing between the layers, and applied force-frequency were studied. 
The output voltage of TENG was increased with increasing device size, 
frequency of applied force and spacing between the tribolayers. The 
TENG was demonstrated to use as a force and/or pressure sensor. 
Finally, The TENG was used to power portable electronic devices and 
LEDs. It is worth mentioning here that we have demonstrated that TENG 
output can be used as a clock pulse for digital circuits. This study opens 
up a new triboelectric pair using 2D nanostructures to gather energy. 
Furthermore, the fabricated TENG device may be easily scaled to large 
areas for improved performance. The use of food packaging aluminium 
cover foil and cardboard also minimizes environmental pollution to 
some level. It is concluded that the fabricated TENG is a promising 
candidate for mechanical energy harvesting and green energy sources. 
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