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ARTICLE INFO ABSTRACT

Article history: The triboelectric nanogenerator (TENG) collects mechanical energy from its surroundings and
Received 11 September 2024 converts it to electrical signals that can be used in sustainable energy harvesting technologies to
Received in revised form 13 October 2024 help maintain the social ecosystem. However, TENG operation with pure triboelectric material
Accepted 19 October 2024 may not be sufficient to power a small electronic system without modification. The optimal
Available online 30 October 2024 material capable of producing significant electrical energy with flexible structures remains a major

barrier to practical application. In this study, tin-doped zinc oxide (Sn:ZnO) and polyvinyl alcohol
(PVA) composite thin films were prepared using a simple solution immersion technique at various
Sn atomic percentage (at.%) concentrations for use in TENG devices. The crystalline quality of a
composite thin film made of Sn:ZnO and PVA was identified using x-ray diffraction. The
microstructure changes of the composite thin film were found to be influenced by Sn doping, as
studied using optical microscopy. The TENG with 2.5 at.% Sn:ZnO/PVA composite thin film and
Kapton film achieved the highest peak voltage of 8.5 V in open circuit and 90 uW output power
at 1 MQ. The produced electrical output was then used to store energy in capacitors. According
alcohol; Zinc oxide; Tin doping; Output to its TENG properties, the Sn:ZnO/PVA composite thin film-based TENG has the potential to be
voltage used in low power electronic devices.
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1. Introduction

Mechanical energy sources are ubiquitous in our daily lives, including human movement, wind,
water flow, and vibration. These types of energy have the potential to be used as beneficial,
environmentally friendly sources of power [1-4]. Mechanical energy to electrical energy conversion
is a valuable method of harvesting energy compared to other renewable sources like solar cells, tidal,
wind, and geothermal power generation [5-7]. Recent work has demonstrated the potential of
harvesting mechanical energy and converting it into electricity using the triboelectric nanogenerator
(TENG) [8-10]. Unlike batteries, TENG has the capability to provide a continuous supply of electricity.
TENG has benefits such as low environmental impact and easy scalability in terms of size and
structure. Due to its capacity to generate electrical energy from small mechanical forces like
heartbeats [11], muscle movements [12], airflow [13] and raindrops [14], TENG has become a highly
sought-after component of energy harvesting devices in various self-powered devices. However,
most TENG encounter drawbacks like costly materials, intricate techniques, complex device
architecture, and low durability. As a result, several techniques have been devised to enhance the
effectiveness of TENG. These include choosing superior triboelectric materials for opposition and
altering their surfaces [8, 15, 16]. Therefore, determining the optimal material that can produce
significant electrical energy with flexible structures remains a major obstacle.

Zinc oxide (Zn0), a metal oxide, has been extensively utilized in nanogenerators because of its
piezoelectric and triboelectric properties. It exhibits auspicious characteristics such as the ability to
grow in crystalline wurtzite structures, and it can be synthesized into a wide range of morphologies,
including nanobelts, nanotubes, nanowires, and nanorods [17-20]. In addition to being a
semiconductor with a high exciton binding energy (60 meV) and a large direct bandgap (3.7 eV), ZnO
is a biocompatible oxide because it is practically non-toxic [21, 22]. Adding certain elements to ZnO
nanostructures through doping is considered an effective technique for altering their properties to
meet various desired specifications [20, 23, 24]. For instance, Sn:ZnO, a doped material with
improved properties over its undoped counterparts, is produced by carefully optimizing the
introduction of tin (Sn) atoms to ZnO. This material maintains the desirable characteristics of ZnO,
such as low toxicity, affordable production, and visible transparency for thin films [25]. Sn is
considered a valuable dopant because its ionic radius closely matches that of Zn, allowing for easy
replacement of Zn ions with Sn ions [26]. A variety of deposition techniques, including sol-gel [27],
hydrothermal [28], spray pyrolysis [29], and solution immersion [30], were utilized to produce Sn:ZnO
nanostructures. Solution immersion is one of the most preferred deposition methods due to its ability
to work at a low temperature (less than 100°C), low cost, simplicity, and environmental friendliness.

Furthermore, active composite materials composed of polymers and ZnO nanostructures provide
a remarkable approach to enhancing the output of nanogenerators. The utilization of ZnO
nanostructures and polymer composites has been employed by scientists to boost the piezoelectric
phase content within the polymer [31-33]. The use of inorganic metal oxides and polymers in
composites yields superior stability and endurance. One example is the use of polydimethylsiloxane
(PDMS) in ZnO composites, which are commonly used in nanogenerator applications because of their
biocompatibility, flexibility, and transparency [31]. However, the manufacturing process for this
composite still involves many repetitive and tedious steps. Additionally, treating the surface of PDMS
requires using harmful chemicals or solvents that may damage its structural properties. Hence,
polyvinyl alcohol (PVA) possesses the capacity and is well-suited for implementation in
nanogenerators owing to its beneficial features. These include semi-crystalline structure, the ability
to form good films, superior physical and mechanical strength, environmental friendliness,
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biocompatibility, and natural breakdown [34]. PVA is frequently used in electrical devices due to its
exceptional features, like its high dielectric strength and high charge storage capacity [35, 36].

In this study, a simple and cost-effective TENG constructed from Sn:ZnO and PVA (Sn:ZnO/PVA)
composite thin film was prepared. The fabricated TENG consists of an aluminum electrode and
Kapton film for the top triboelectric layer, and a Sn:ZnO/PVA composite film and silver electrode for
the bottom triboelectric layer. The change in output voltage was investigated with the addition of Sn
to the Sn:ZnO/PVA composite film. The Sn:ZnO powder was synthesized using a simple solution
immersion with different at.% of Sn doping. The study aimed to explore how adding Sn to ZnO affects
its ability to generate electricity and output voltage for TENG.

2. Methodology
2.1 Preparation of Sn:ZnO Powder

Zinc nitrate hexahydrate (Zn(NOs)26H20, Friendemann Schmidt), hexamethylenetetramine
(HMT, Sigma-Aldrich), and deionized (DI) water were mixed together in a beaker to prepare the ZnO
powders. Different atomic percentages (at.%) of tin (l) chloride, purchased from Sigma-Aldrich, were
introduced into the solution mixture, with a range of 0.5 at.% to 2.5 at.% for the Sn doping procedure.
The Sn-doped ZnO solution was subjected to 30 min of sonication in an ultrasonic water bath at a
temperature of 50 °C. The mixture was subjected to stirring on a hot plate at a speed of 250 rpm
without the application of external heat, resulting in the formation of a white, transparent, and
uniform mixture. Subsequently, the solution mixture was transferred into Schott bottles and
subjected to a water bath maintained at a temperature of 95 °C for a duration of 4 h. Following the
immersion process, the bottles were extracted, and the Sn:ZnO samples were meticulously
transferred into a petri dish using a pipette. The samples were subsequently dehydrated in a
desiccator for a few days in order to acquire the Sn:ZnO powder. Following the completion of the
process, the Sn:ZnO powder was subjected to annealing for a period of 1 hin a chamber furnace at a
temperature of 500 °C. Figure 1 depicts the complete procedure of the immersion method used to
prepare Sn:ZnO powder.

o -~

Sn-ZnQ solution

Sonicating process

Stirring process

— = 00000 ¢

Immersion process
Fig. 1. The preparation process of Sn:ZnO powder using the solution
immersion method
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2.2 5n:ZnO/PVA Composite Thin Film Preparation

The composite thin film was developed by mixing 1 g of Sn-doped ZnO powder with 0.5 g of PVA
powder in 10 ml of DI water. The solution was then stirred at a constant speed of 300 rpm for a
duration of 24 h. The composite mixture solution was subsequently transferred onto a clean glass
plate using a pipette and subjected to a 24-h drying process. Once completely dried, the Sn:ZnO/PVA
composite thin films were removed from the glass plate. A sample of undoped ZnO/PVA was also
prepared for the purpose of comparison. Subsequently, a thermal evaporator (TE) was utilized to
deposit silver (Ag) onto ZnO/PVA and Sn:ZnO/PVA composite thin films, thereby creating the Ag
electrode. The resulting thin film was prepared 1 x 1 cm? in size and used as a bottom triboelectric
component in constructing the TENG.

2.3 Fabrication of Sn:ZnO/PVA Composite Thin Film based TENG

To fabricate the TENG, a composite thin film of Sn:ZnO was used as an active layer. The bottom
layer consisted of an Ag electrode, while the top layer was made of Kapton film with aluminum foil.
These layers were adhered to a clear plastic film of the same size (1 x 1 cm?) to serve as a protective
cover. Then, the top and bottom layers were assembled in a vertical contact separation (VCS)
configuration, in which Kapton film and Sn:ZnO/PVA composite thin film were faced opposite to one
another, as illustrated in Figure 2. Kapton film and Sn:ZnO/PVA composite thin film were faced
opposite to one another. Both electrodes were connected with copper wire to measure the electrical
output produced by the TENG.

(a) (b)

Top electrode m

Kapton film Top triboelectriclayer

Sn:Zn0/PVA composite thin film  |«—— Bottom triboelectric layer =-
Silver (Ag) «—— Bottom electrode o

Fig. 2. Fabricated TENG device (a) the schematic diagram (b) actual images of the -t‘op and bottom
triboelectric layers

2.4 Characterization

The X-ray diffraction (XRD) analysis was utilized to analyze the structural characteristics of the
tin-doped zinc oxide (Sn:ZnO) composite thin film by employing Cu Ka radiation at an X-ray
wavelength of 1.54 A. The X-ray diffractograms were captured at a diffraction angle (28) ranging from
15° to 75°. An optical microscope (Olympus BX53M) was utilized to investigate the dispersion of
Sn:ZnO powder in PVA. For the nanogenerator performance, the generation of electricity produced
by the solenoid tapping system was measured using an oscilloscope (Keysight InfiniiVision
DSOX2022A). Then, the fabricated TENG was linked to a rectifier to obtain the output DC voltage and
was measured in a range of different connected resistors from 1 MQ to 15 MQ. In addition, the
capacitor charging ability from the rectified output voltage was investigated by the commercially
available capacitors ranging from 1 uF to 22 uF. The stored voltage in the capacitor was measured
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using a digital multimeter. The dielectric measurement was performed at room temperature using
the HIOKI 3552-50 LCR Hi-Tester.

3. Results
3.1 Structural Properties

Figure 3 depicts the XRD patterns of the Sn:ZnO composite thin films, where the Sn doping
concentration varies in atomic percent (at.%). According to JCPDS card no. 01-075-1526, the XRD
patterns indicate the existence of ZnO in the hexagonal wurtzite phase and a polycrystalline form.
The patterns show nine distinct diffraction peaks at various 26 regions, as depicted in Figure 3(a). The
study revealed that the most prominent ZnO diffraction peaks were observed at 32.2° for the (100)
plane, 34.8° for the (002) plane, and 36.7° for the (101) plane. The diffraction peaks observed at
47.9°,57.0°, 63.2°, 66.9°, 68.4°, and 69.5° correspond to the planes with Miller indices (102), (110),
(103), (200), (112), and (201), respectively [37]. The synthesized Sn:ZnO composite thin films have
good crystallinity, which can be observed through the thin and sharp peaks. There were no
discernible variations in the XRD patterns between the samples prepared with different atomic
percentages of Sn doping. Furthermore, the XRD data did not show the presence of secondary
phases, such as Sn clusters. This showed that Snions had uniformly replaced Zn ions in the ZnO matrix
[38]. Based on the XRD peak, it was discovered that as the percentage of Sn doping increases, the
intensity of the diffraction peaks of the (100) and (002) planes decreases slightly, indicating a gradual
decrease in the crystalline quality of the thin films, proving that the ZnO lattice successfully
incorporated Sn atoms [39, 40]. Figure 3(b) shows broad peaks around 20° in all composite thin films.
This suggests an amorphous polymeric matrix for the PVA thin film, which is consistent with previous
research [34, 41-43]. Therefore, the existence of diffraction peaks for both the ZnO and PVA peaks in
the fabricated Sn:ZnO/PVA composite thin film validates the successful combination of ZnO and PVA.
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Fig. 3. XRD pattern of Sn:ZnO composite thin film (a) with

different at.% of Sn doping, (b) an enlarged view of the XRD
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3.2 Optical Microscopic Study

The morphological behavior of the synthesized composite thin films was investigated using
optical microscopy. Figure 4 shows optical micrographs of ZnO/PVA and Sn:ZnO/PVA composite thin
films. Figure 4(a) shows that the distribution of particles in the ZnO/PVA composite thin film was both
homogeneous and agglomerative. The microstructure of the composite thin film changed
significantly after the addition of Sn:ZnO to PVA. Figure 4(b)-(f) shows that the particle distribution
in all Sn:ZnO/PVA composite thin films is uniform, with small and irregular shapes (in white). As the
percentage of Sn doping increases, the small irregular particles become more noticeable.
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. ; o “z % :
Fig. 4. Optical microscopic images of (a) ZnO/PVA thin film, (b) Sn:ZnO/PVA composite film at
0.5 at.%, (c) 1.0 at.%, (d) 1.5 at.%, (e) 2.0 at.% and (f) 2.5 at.%

3.3 5n:Zn0O Composite Thin Film based TENG Performance

The ZnO/PVA composite thin films and Sn:PVA composite thin films were used as bottom
triboelectric layers in the development of the TENG device. Their capacity to generate electricity was
assessed by applying an external pushing force. Here is an elucidation of the generation of the output
voltage, accompanied by the schematic diagram depicted in Figure 5. Upon the application of an
external force (tapping force), the Sn:ZnO/PVA composite thin film and the kapton film generated
triboelectric charges as a result of the friction between the two layers. After the force had been
released, the two layers were in a state of separation, resulting in the creation of a potential
difference. Hence, the occurrence of a positive electric signal was observed. Once the two layers have
completely divided, there is no electrical current that can pass between them, resulting in a potential
difference of zero, indicating an equilibrium state. Upon exerting force to bring the layers into closer
proximity once more, a detrimental electric signal was generated. The AC output signal was
generated by continuously applying and releasing an external force in the contact-and-separation
condition mode. Figure 6(a) illustrates the triboelectric reactions of Sn:ZnO/PVA-based TENG with
varying levels of Sn doping, as well as ZnO/PVA-based TENG for comparison, using a tapping force.
The ZnO/PVA TENG device attained a value of 1.5V for the open circuit voltage (Voc). The introduction
of Sn doping in the 0.5 at.% Sn:ZnO/PVA TENG device led to a slight improvement in its electrical
output performance, resulting in a Vo value of 2.0 V. Furthermore, it was noted that as the atomic
percentage of Sn doping rose, there was a substantial rise in the Voc values. The highest Vo value of
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8.5 V was achieved by utilizing a 2.5 at.% Sn:ZnO composite thin film in the TENG. The enhanced
performance of the TENG can be attributed to an increased concentration of carriers as a
consequence of Sn doping.

Prior to the utilization of the TENG device in portable electronics, it is necessary to convert the
AC output signal generated by the TENG into a DC output signal. The DC output voltage is generated
using a DB 107 integrated circuit (IC) rectifier, as illustrated in Figure 6(b). The full-wave rectifier
converted the negative signal into a positive signal, resulting in the generation of a DC output voltage.
The output power of TENG is contingent upon the external load. The electrical output of the
constructed TENG was measured at various load resistances, ranging from 1 MQ to 15 MQ, in order
to investigate the influence of external load resistance on its performance. The voltage generated by
the Sn:ZnO/PVA-based TENG increased with higher load resistance, as shown in Figure 6(c). Figure
6(d) demonstrated a reverse correlation between the output current of these TENGs and the load
resistance, thus confirming the principles of Ohm's law. Subsequently, the output power values of
these TENGs were calculated and plotted in Figure 6(e) by utilizing the formula P = V2/R, where P
represents power, V represents voltage, and R represents load resistance. The TENG, fabricated using
2.5 at.% Sn:ZnO and PVA, demonstrated a maximum output power of 90 uW when connected toa 1
MQ load. The output power diminishes as the load resistance values increase. Figure 6(f) illustrates
the charging behaviour of a capacitor in a TENG, where the capacitor values are varied. This TENG
utilizes a 2.5 at.% Sn:ZnO/PVA composite thin film. The capacitors were charged utilizing the DC
voltage produced by the TENG when linked to a rectifier. The charging process lasted for a total of 2
min, with intervals of 25-s between each charge. Smaller capacitor values exhibited a significantly
higher rate of change. After a charging period of only 2 min, a 1 uF capacitor reached its peak voltage
of 2.8 V. The behavior of the TENG with different capacitance values aligns with results reported in
the literature [44, 45].

Pressed Separating

O Iy ¥ +++++++ I

[+++++++++ |
' === |
e-
(a) Solenoid force applied (b) Force releasing
Pressing Separated

- | Lonp |

[ [Fr++srees]
{ |

[+++++++++ |
|

d) Force pressin
(@ P g (c) Force released

Fig. 5. Schematic diagram of the working principle of Sn:ZnO/PVA TENG
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Furthermore, the efficiency of TENG output relies on the relative permittivity of the triboelectric
layers. The dielectric properties of ZnO/PVA composite films were assessed at different at.%
concentrations of Sn doping. The capacitance of Sn:ZnO/PVA composite films was measured using an
LCR meter across a range of frequencies (500 Hz to 100 kHz). The samples were confined within a
parallel plate capacitor during the measurements. The relative permittivity was determined by

applying Eq. (1) [34].

cd
= e (1)
Here, € represents the calculated relative permittivity, C denotes the capacitance value, and d
represents the distance between the two parallel plates. Meanwhile, o denotes the permittivity of
the free space, while A represents the cross-sectional area of the plates. Figure 7 illustrates the
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correlation between the frequency and the relative permittivity of the Sn:ZnO/PVA composite thin
films. The composite films exhibited an increase in relative permittivity with an increase in the at.%
concentrations of Sn doping. Incorporating Sn doping into the Sn:ZnO/PVA composite improves the
relative permittivity of the material, resulting in an augmentation of the surface charge density in the
composite films. This leads to a substantial augmentation in triboelectric charges throughout the
process of contact and separation [46].
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Fig. 7. Dielectric constants of the Sn:ZnO/PVA composite films
at various at% Sn doping with frequency.

4. Conclusions

The Sn:ZnO powder was successfully synthesized using a simple solution immersion method with
various at.% amounts of Sn doping and used as a triboelectric layer in TENG device fabrication. The
XRD results showed the presence of ZnO and PVA peaks, confirming the successful composite thin
film. Furthermore, the crystallinity of the Sn:ZnO/PVA composite thin film decreased as the at.%
concentration of Sn doping into ZnO increased, indicating that the ZnO lattice was successfully
incorporated with Sn ions. The optical micrograph depicts the alterations in the microstructure upon
the introduction of Sn:ZnO into PVA. An increase in the at.% concentration of Sn doping led to the
formation of a greater number of small, irregular particles in the film. Furthermore, the Sn:ZnO/PVA-
based TENG produced more electricity than the ZnO/PVA-based TENG due to the higher carrier
concentration triggered by Sn doping. The Vo value was increased by increasing the percentage of
Sn doping. The 2.5 at.% Sn:ZnO composite thin film-based TENG achieved the highest Vo value of 8.5
V, with an output power of 90 uW at 1 MQ. Furthermore, as the amount of Sn doping in ZnO/PVA
composites increased, the relative permittivity of the Sn:ZnO/PVA composite film improved. The
addition of Sn doping in the ZnO/PVA composite thin film had a substantial impact on the structural,
morphological, and output performance of the TENG device.
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