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Abstract 

Underwater communication is a critical and challenging issue 

due to the complex nature of the underwater environment. The 

present study proposes an underwater wireless communication 

approach that relies on Maxwell's displacement current generated 

by a novel flexible triboelectric nanogenerator (TENG). We 

developed Zn–Cr layered double hydroxide (LDH) nanosheets 

interfaced with poly(vinylidene fluoride) (PVDF) and Nylon 11 

nanofiber-based triboelectric nanogenerator (PN-TENG). The 

fabricated PN-TENG shows greatly enhanced output performance 

with an open circuit output voltage (Voc), short circuit current (Isc), 

and instantaneous power density (P) of 187 V, 40 µA, and 6.6 W 

m-2, respectively. The operation of more than 20 red LEDs without 

any subsidiary batteries is demonstrated using the PN-TENG. 

Furthermore, the fabricated flexible devices showcase their 

potential for widespread application in self-powered wearable 

sensors capable of capturing various human motion activities. 

More importantly, the wirelessly received signals can trigger the 

operation of some electronics in real time. 

 

Keywords: Triboelectric nanogenerator, underwater wireless 

communication, PVDF, Zn-Cr layered double hydroxide, self-
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1. Introduction 

In the booming field of ocean exploration, underwater 

equipment and technology are attracting more and more attention 

[1]. In particular, obtaining underwater wireless communication 

has always been a critical challenge. Current underwater 

communication is achieved through different physical fields, such 

as the acoustic field, optical field, and electromagnetic field. 

However, all of these methods have numerous challenges and 

difficulties [2]. To overcome these challenges, alternative 

communication techniques are investigated through the 

displacement current, corresponding to JD=𝜕 D 𝜕𝑡 =ε0𝜕𝐸/𝜕𝑡 +

𝜕𝑃/𝜕𝑡 in the Maxwellss equation [3]. The first term of the 

displacement current i.e. 𝜕𝐸/𝜕𝑡  induces electromagnetic 

waves used in information technology, especially in wireless 

communications whereas the second term 𝜕𝑃/𝜕𝑡 induces the 

polarization of material [3]. In the previous work published by Prof. 

Z. L. Wang that the second term 𝜕𝑃/𝜕𝑡  in the Maxwellss 

displacement current is directly related to the output electric current 

of the nanogenerators [3]. Few works have been presented on 

energy transmission or communications in air based on the 

displacement current generated by the triboelectric nanogenerator 

[4]. Compared to air, water has a larger dielectric constant, which 

is more conducive to the propagation of the polarization electric 

field. Therefore, based on the second term of the displacement 

current, i.e., the polarization electric field, underwater 

communication in complex waters is feasible. In this system, 

triboelectrically generated current creates a polarizing electric field 

underwater, which is transmitted from one electrode to another 

electrode. However, the low sensitivity of the triboelectric 

nanogenerator (TENG) limits its wide application. 

To improve the sensitivity and performance of the TENG, Zn-Cr 

LDH nanosheets were incorporated into PVDF polymer to 

fabricate PVDF-Zn-Cr LDH nanofibers, which act as strong tribo-

negative materials, while Nylon 11 nanofibers are used as strong 

tribo-positive materials to fabricate PN-TENG. The as prepared 

PN-TENG exhibited not only superior throughputs (Voc~187 V, 

Isc~40 µA, and power density~6.6 W m-2) but also was used as a 

self-powered wearable sensor for detecting biomechanical signals 

for human health care monitoring. Furthermore, the feasibility of a 

real-life application for wireless underwater transmission was 

investigated under different salinity and obstacle conditions. 

Finally, the wireless received signals can drive more than 20 red 

commercial LEDs directly without using any energy storage 

systems.  

 

2. Experimental section  

2.1 Materials: Poly(vinylidenefluoride) (PVDF) pellets, Zinc 

nitrate (Zn(NO3)2), chromium nitrate (Cr(NO3)3), sodium 

hydroxide (NaOH), sodium tungstate (Na2WO4), Nylon 11, 

nitric acid (HNO3), N, N-dimethylformamide (DMF), formic 

acid, dichloromethane and acetone were obtained from Sigma–

Aldrich Korea Co., Ltd., South Korea, and Ni-Cu coated 

polyester fabric electrodes were purchased from Solueta Co. Ltd, 

South Korea. All the chemicals are analytical reagent grade and 



used without any further purification. 

 

2.2 Preparation of pure PVDF and composite nanofibers and 

Nylon 11 nanofibers: 

The preparation process and other controlling parameters were 

carried out as per our previous work [5]. To prepare the spinning 

solutions, 12 wt% PVDF was first dissolved in a mixed solvent of 

DMF and acetone (6:4) and stirred for 4 hours at 60°C. 

Subsequently, Zn-Cr LDH powder with 5 wt% was added to the 

PVDF solution and vigorously stirred for 8 hours at 60°C. For the 

preparation of Nylon 11 nanofibers, 10 wt% of Nylon 11 was 

dissolved in a mixed solvent of formic acid and dichloromethane 

(1:1) and stirred for 4 hours at 40°C. The electrospinning solution 

was then transferred into a 10 mL hypertonic syringe with a 

diameter of 0.8 mm to initiate the electrospinning process. 

 

3. Results and discussion 

The solution preparation process and methodologies employed for 

synthesizing pure PVDF nanofibers, and 5 wt% Zn-Cr LDH 

nanoparticles-incorporated PVDF (PVDF Zn-Cr LDH) 

nanocomposite nanofibers are explained in detail in the 

experimental section. The FE-SEM images of the as-prepared pure 

PVDF nanofibers and Zn-Cr LDH embedded PVDF composite 

nanofibers revealed a smooth surface (Fig. 1a,b). The average 

diameter of the as-prepared PVDF Zn-Cr LDH nanofibers is 

reduced in comparison to pure PVDF nanofibers. A reduction in the 

diameter of the PVDF Zn-Cr LDH nanocomposite nanofibers is 

attributed to the increased total charge originating from the LDH 

nanosheets enhancing the exerted force in the electrospinning jet 

and reducing the fiber diameter. The XRD pattern of pure PVDF 

and its LDH composite nanofibers are presented in Fig. 1c. The 

comparison of energy harvesting performance of pure 

PVDF Nylon 11 and PN-TENG is shown in Fig. 1d,e. The open-

circuit output voltage (Voc) and short-circuit current (Isc) of the pure 

PVDF Nylon 11 TENG was found to be 30 V and 10 µA, 

respectively, under an iterative hand imparting pressure (Fig. 1d,e). 

The PN-TENG generated a Voc of ~187 V and Isc of ~40 µA (Fig. 

1d,e). The reason for the higher electrical output may be that the 

PVDF Zn-Cr LDH nanofibers possess a higher β-phase content, 

and longitudinal piezoelectric coefficient (d33) compared to the 

pure PVDF nanofibers. Furthermore, the instantaneous voltage 

drop (VL) and power density (P) of the PN-TENG was measured 

under a hand imparting pressure while varying the external load 

resistance (RL) (Fig. 1f). The power density of the PN-TENG was 

estimated using the formula 𝑃 =
𝑉𝐿

2

𝐴.𝑅𝐿
 , where A is the effective 

surface area and VL is the voltage drop across the load resistance 

RL. The estimated maximum power density and corresponding load 

resistance were 6.6 W m−2 and RL ≈ 119 MΩ, respectively. This 

suggests that 119 MΩ is the resistance at which the maximum 

power was delivered, and impedance was perfectly matched. The 

superior instantaneous power density of the PN-TENG was 

sufficient to turn on more than 20 commercial light-emitting diodes 

(LEDs) without the need for any external storage system (right 

lower inset of Fig. 1f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. (a,b) Showing the FE-SEM images of the pure PVDF and 

its composite nanofibers respectively. (c) XRD pattern of pure 

PVDF and its composite nanofibers. Triboelectric energy 

harvesting. (d) Voc, and (e) Isc of pure PVDF and its composite 

based TENG. (f) Variation in the output voltage and power density 

of the PN-TENG with external load resistances.  

 

4. Conclusion.  

In summary, we successfully fabricated the PVDF Zn-Cr LDH 

nanocomposite and Nylon 11 nanofibers based TENG (PN-TENG) 

which exhibited superior performance (Voc~187 V, Isc~40 µA, and 

power density~6.6 W m-2). Finally, the device is capable of 

transferring signals wirelessly in underwater effectively. 
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