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Abstract

Piezoelectric nanomaterial-polymer composites represent a unique paradigm for making flexible 

energy harvesting and sensing devices with enhanced devices’ performance. In this work, we 

studied various metal doped ZnO nanostructures, fabricated and characterized ZnO nanoparticle-

PVDF composite thin film, and demonstrated both enhanced energy generation and motion 

sensing capabilities. Specifically, a series of flexible piezoelectric nanogenerators (PENGs) were 

designed based on these piezoelectric composite thin films. The voltage output from cobalt (Co), 

sodium (Na), silver (Ag), and lithium (Li) doped ZnO-PVDF composite as well as pure ZnO-

PVDF samples were individually studied and compared. Under the same experimental conditions, 

the Li-ZnO based device produces the largest peak-to-peak voltage (3.43 Vpp) which is about 9 

times of that of the pure ZnO based device, where Co-ZnO, Na-ZnO and Ag-ZnO are 1.2, 4.9 and 

5.4 times, respectively. In addition, the effect of doping ratio of Li-ZnO is studied, and we found 

that 5% is the best doping ratio in terms of output voltage. Finally, we demonstrated that the 

energy harvested by the device from finger tapping at ~2 Hz can charge a capacitor with a large 

output power density of 0.45 W/cm3 and light up an ultraviolet (UV) light-emitting diode (LED). 

We also showed the device as a flexible wearable motion sensor, where different hand gestures 

were detected by the device with distinctive output voltage amplitudes and patterns.

Graphical abstract

*Corresponding author: Corresponding Author, Professor John X.J. Zhang. john.zhang@dartmouth.edu.
Author Contributions
C.J., N.H. Z.X. and X.J.Z conceived the idea of nanomaterials in porous PVDF composite, such as using metal doped ZnO, for 
compact energy harvesting and sensors designs. C.J. designed and conducted the experiment and wrote the manuscript. N.H. 
developed the nanoparticle synthesis method and edited the paper. Z.X. developed the experimental setup, conducted the 
demonstration and edited the manuscript. Y.N. characterized the samples. L.D. and A.C. provided significant discussions and edited 
the manuscript. Z.C. co-supervised the work. X.J.Z. guided the project, supervised the work and edited the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

CONFLICT OF INTEREST
There are no conflicts to declare.

HHS Public Access
Author manuscript
Sens Actuators A Phys. Author manuscript; available in PMC 2021 April 15.

Published in final edited form as:
Sens Actuators A Phys. 2020 April 15; 305: . doi:10.1016/j.sna.2020.111912.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

piezoelectric; ZnO; metal doping; PVDF; flexible energy harvester; sensor

1. Introduction

The research for portable and wearable electronics has bloomed in recent years for their 

diverse applications such as personal communication devices and health monitoring 

sensors1. Powering these electronics in a sustainable and environmental-friendly way has 

become the goal of the next generation wearable devices. Researchers have developed a 

variety of small, flexible generators self-powered electronics by converting energy from the 

ambient or human body motion to electrical energy. One of the emerging technologies is the 

piezoelectric nanogenerators (PENG), which can convert mechanical strain to electrical 

energy, for its outstanding energy conversion effectiveness, compactness and simple 

fabrication. Piezoelectric polymers (such as polyvinylidene fluoride (PVDF) and its 

copolymer poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) are excellent 

candidates for fabricating wearable and implantable flexible PENG due to the material’s 

flexibility and biocompatibility1–8. Zinc oxide (ZnO), that has a hexagonal wurtzite 

crystalline structure composed of tetrahedrally coordinated O2− and Zn2+ ions, is another 

popular material choice for PENG due to its relatively large piezoelectric coefficient (d33), 

abundance, environment-friendly nature and relative biocompatibility.

During the last decade, achieving higher piezoelectric performance for flexible PENG has 

attracted increasing attention worldwide. Researchers have used various methods to achieve 

the goal such as introducing ferroeletret effect into PVDF by creating porous structure9,10 

and creating piezoelectric nanocomposites11,12. Piezoelectric ceramics (e.g. ZnO) usually 

have larger d33 values than piezoelectric polymers (e.g. PVDF and its copolymers), but they 

are too rigid and fragile to be directly used for building flexible devices. Therefore, by 

incorporating piezoelectric ceramic (e.g. ZnO) into a PVDF matrix, not only is the 

piezoelectric performance of the composite material significantly improved but its flexibility 

is also kept13–22. In order to further increase the energy output, researchers have doped 

different metal elements into ZnO nanostructures as the dopant can create defects in the ZnO 

crystal structure that might improve the piezoelectric performance of ZnO after high voltage 
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polling23. Specifically, when the metal ions are introduced into the ZnO crystal structure, 

they will occupy the off-center positions and lead to permanent dipoles and ferroelectric 

effect24–26. Researchers have found that the piezoelectric coefficient d33 can be increased by 

doping iron (Fe)27, Cerium (Ce)24, gadolinium (Gd)28, gallium (Ga)29, manganese (Mn)30, 

chromium (Cr)25, vanadium (V)31, europium (Eu)26, cobalt (Co)32, or lithium (Li)33,34 into 

ZnO nanostructure. However, these findings only focus on the piezoelectric properties (e.g. 

value of d33) of rigid ZnO film specimen doped by an individual metal element without 

providing information on the actual energy generation (i.e. voltage and power output). 

Despite the large selection of metal elements in these works, there is still a lack of 

information on a systematic investigation of metal dopants on power generation 

performance. This work will endow us a guidance for better material design for flexible 

PENG in the future. Moreover, although several studies have proposed flexible PENGs made 

by compositing Co19, neodymium (Nd)35, yttrium (Y) 36, nickel (Ni) 21, or lithium (Li) 

23,37 - doped ZnO with soft polymers such as polydimethylsiloxane (PDMS) and PVDF 

and reported the power generation of these devices, the key question of how different metal 

dopants lead to different levels of energy output remain unknown in that each of these 

devices are tested based on its very unique material system and test condition while a 

systematic and direct comparison is still missing.

In this work, we developed a small, flexible piezoelectric generator based on metal doped 

ZnO (mZnO) nanoparticles-porous P(VDF-TrFE) composite with enhanced piezoelectric 

power generation, and a systematic and direct comparison is carried out to reveal the 

different energy generation behavior introduced by different metal dopants (i.e. Co, Ag, Na 

and Li). The mZnO nanoparticles are characterized using transmission electron microscopy 

(TEM), X-ray powder diffraction (XRD) and energy-dispersive X-ray (EDS) analysis, and 

the composite film is examined using scanning electron microscopy (SEM). Lastly, we 

demonstrate the outstanding energy harvesting and sensing capability of the flexible device 

in response to biomechanical motion. This work not only provides a direct and systematic 

study on the effect of different metal dopant in increasing the piezoelectric performance of 

flexible PENG that can serve as a guidance for future material selection, but also introduces 

a fabrication strategy that can further boost the piezoelectric performance of such flexible 

energy harvester and motion sensor.

2. Experimental

2.1 Materials and Reagents

Sodium hydroxide (NaOH), zinc nitrate hexahydrate (Zn (NO3)2•6H2O), lithium chloride 

(LiCl), cobalt chloride (CoCl2), sodium chloride (NaCl), silver nitrate (AgNO3) and N, 

NDimethylformanmide (DMF) are purchased from Sigma-Aldrich. Poly (vinylidene 

fluoride-trifluoroethylene) (P(VDF-TrFE)) powder is purchased from Arkema and the 

polymeric ratio is 70/30 mol.%.

Metal doped ZnO Nanoparticles Synthesis—Hydrothermal method is employed to 

fabricated metal doped ZnO nanoparticles in this work. All reactions occur at room 

temperature unless otherwise noted. First, 125 mM of NaOH solution and 300 mM of Zn 
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(NO3)2•6H2O solution are fully mixed together. Then, a doping ratio of 5% of solid powder 

of LiCl, CoCl2, NaCl or silver AgNO3 are added into the solution followed by 20 minutes 

of ultrasonication. For LiCl, doping ratio of 1% and 20% are also used for comparison. The 

doping ratio is defined as the mole ratio of the added metal and Zn. Next, the solution is kept 

in oven at 100°C for 1 hour for the hydrothermal growth of the crystalline structure of the 

ZnO. Then, the solution is centrifuged and washed with deionized (DI) water three times and 

dried. Finally, the dried ZnO sample is annealed at 600°C for 3 hours. For pure ZnO 

nanoparticle samples, metal salt is not added while all other procedures remain the same.

2.2 Device Fabrication.

The energy harvester fabrication process is summarized as the following. First, 15%wt 

P(VDF-TrFE) solution is prepared by mixing P(VDF-TrFE) powder with DMF with the 

weight ratio defined by the weight of P(VDF-TrFE) powder divided by the total weight of 

the solution. Next, a mZnO-P(VDF-TrFE) mixture solution is made by mixing the as-

prepared metal doped ZnO nanoparticles with the as-prepared 15%wt P(VDF-TrFE) solution 

with a mixing ratio of 30%wt (the weight of ZnO ÷ the weight of P(VDF-TrFE) powder). A 

thin layer (20 nm) of gold electrode is sputtered onto a 50 μm Kapton film with the help of a 

mask to form the circular or rectangular shape of the gold electrode. Then, the first layer of 

pure 15% P(VDF-TrFE) solution is spin-coated (1500 RPM, 1 minute) onto the Kapton film 

with the gold electrode and is dried in an oven at 50°C to form a solid film which prevents 

probable shorting of the top and bottom electrode. Next, the ZnO - P(VDF-TrFE) mixture 

solution is spin-coated onto the first solid P(VDF-TrFE) layer (1500 RPM, 1 minute). The 

sample is immediately transferred into a humidity chamber held (90% relative humidity) for 

8 hours. This vapor phase separation method generates the internal porous microstructure 

inside the ZnO - P(VDF-TrFE) film. Next, the porous P(VDF-TrFE) composite film 

undergoes an annealing process (135°C, 2 hours) and an electrical poling process in a 50 

MV/m electrical field at a 100°C hot plate for an hour. Finally, the top gold electrode of 20 

nm thick is sputtered onto the top porous composite film and above the bottom electrode.

2.3 Characterization

Transmission electron microscopy (TEM) was performed on a FEI Tecnai F20ST field 

emission gun (FEG) transmission electron microscope operating at an accelerating voltage 

of 200 kV. Scanning electron microscopy (SEM) was performed on a FEI Scios2 LoVac dual 

beam FEG scanning electron microscope operating at 20 kV. The X-ray powder diffraction 

(XRD) measurement was performed on a Rigaku D/MAX 2000 X-ray diffractometer with 

Cu-Kα radiation and a scanning speed of 1°/minute. The energy-dispersive X-ray 

spectroscopic (EDS) measurements were performed with the SDD X-ray detector 

(Ametek®) attached to the FEI scanning electron microscope.

3. Results and Discussions

The key fabrication process of our flexible PENG is depicted in Figure 1A. Before the spin-

coating process, we first prepare a 15%wt P(VDF-TrFE) solution without ZnO nanoparticles 

(dark grey in Figure 1A) and a composite solution (light grey) by mixing a 15%wt P(VDF-

TrFE) solution with pure, Co, Na, Ag or Li doped ZnO nanoparticles that are grown 
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hydrothermally. Then a two-step spin-coating process is carried out to form a layer of pure 

P(VDF-TrFE) film on a 50 μm thick Kapton film sputtered with gold and then a layer of the 

composite solution. The bottom layer is to prevent the possible electrical shorting of the 

device. Before the top composite layer solution dries, the sample is quickly moved to a 

humidity chamber to create the porous structure. The porous structure greatly increases the 

compressibility and the charge collecting area in the P(VDF-TrFE), leading to higher energy 

output38–40 and can make the film more flexible. Moreover, the pores can introduce 

ferroelectret effect by creating large change of dipoles moments during compression and 

releasing of the material, generating enhanced energy output9,10. Once the pores are formed, 

the device is peeled off from glass substrate and undergoes annealing and electrical polling 

steps to create polarization in both P(VDF-TrFE) and ZnO nanoparticles, and finally another 

gold electrode is sputtered on the top surface. The cornerstone of our flexible PENG is the 

two piezoelectric material: P(VDF-TrFE) and ZnO. The piezoelectricity of P(VDF-TrFE) 

originates from the polarized orientation of the monomer (consisting of hydrogen and 

fluoride atoms) perpendicular to the polymer chain in its beta phase which is induced by the 

high voltage polling process2 (Figure S1). The piezoelectricity of ZnO nanoparticles is 

owing to the disturbance of the original symmetrical crystalline structure with a neutral 

overall charge. Specifically, when a strain is applied to the wurtzite structure of ZnO, the 

crystalline cell becomes asymmetric and induces an electrical dipole which creates an 

electrical potential difference across the bulk material as a result41 (Figure S1). Next, we 

observe the cross-section of the as-prepared film using SEM (Figure 1A). Pores of different 

sizes are created uniformly across the top composite layer, and ZnO nanoparticles are also 

present evenly in the same layer (Figure S2). By looking at the ZnO nanoparticles with a 

much higher magnification using TEM (Figure 1B), we find that, as we expected, they all 

share similar shapes and sizes regardless of the doped metal or the doping ratio, ruling out 

the possible effect in the materials piezoelectric performance induced by the shape or size of 

the ZnO nanoparticles. Figure 1C shows the actual device that is thin (~90 μm), flexible and 

smaller than a U.S. penny.

Before evaluating the metal doping effect on the piezoelectric energy output, we first verify 

that the metal has been successfully doped into ZnO nanoparticles. XRD is employed to 

analyze the mZnO nanoparticles (Figure 2). The XRD spectrum for pure, Ag, Li, Co and Na 

doped ZnO samples are shown in Figure 2A. We only see the (100), (002), (101), (102), 

(110), (103), (200), (112) and (201) diffraction peaks that corresponds to the wurtzite phase 

of ZnO (JCPDS file No. 36–1451) for all samples without other diffraction peaks that are 

usually indications of other possible crystal structures formed by the metals19,42–44. In 

addition, the slight shifting of the diffraction peaks to lower 2θ angles for all mZnO samples 

as shown in Figure 2B is attributed to the lattice parameter change in the ZnO crystal 

structure, probably induced by the substitutional and/or interstitial metal dopants24,37,45–47. 

In addition, EDS analysis is performed to reveal the element content of the ZnO 

nanoparticles.

Figure 2C–G are the EDS energy spectra of the pure, Ag, Co, Na and Li doped ZnO 

nanoparticles and they all show the presence of Zn and O. Note that the carbon (C), 

aluminum (Al), and Ni element are detected from the sample’s substrate and holder. Figure 

2D and E qualitatively show the presence of the Ag and Co element in the Ag and Co doped 
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ZnO nanoparticle samples, respectively. The relative low intensity of the metal dopant 

elements in the EDS spectra is due to their extremely small amount. The only characteristic 

energy of Na (Kα) is 1.0721 KeV which is very close to the Zn’s Lα energy (1.012 KeV), 

and consequently the peak for Na is completely overlapped by that of Zn and cannot be 

observed in Figure 2F. Also, since Li has a very low characteristic radiation energy, it cannot 

be detected by our X-ray detector (Figure 2G) without a major modification to the EDS 

detector48. However, the atomic ratio of Zn:O in pure, Na and Li doped ZnO nanoparticles 

are 1, 0.83 and 0.72, respectively, indicating the deficiency of Zn atoms in the Na and Li 

doped ZnO samples, which is possibly owing to the Na/Li dopants substituting Zn atoms, 

the hydroxyl groups and absorbed H2O in the sample49. Therefore, provided the crystalline 

analysis of XRD and element analysis of EDS spectrum for all samples, we may safely 

assume that the metals have been successfully doped into the ZnO crystal structure.

Next, we evaluate the piezoelectric performance of our mZnO-P(VDF-TrFE) composite 

based flexible energy harvester and compare various dopants’ influence on the voltage 

output. To do so, we carefully designed a striking test platform (schematic shown in the inset 

of Figure 3a) that include a vertical wall to which the device is mounted, a shaker (Model 

2060E, The Modal Shop) and a force transducer (Model 208C02PCB Piezotronics). The 

shaker applies a force of 0.8 N at 1 Hz perpendicular to the surface of the device (active 

area: 0.8 cm2) and the output voltage is measured using an oscilloscope (TDS 2014B, 

Tektronix). Examples of the raw open-circuit voltage for different metal doped devices are 

shown in Figure 3A. The positive and negative voltage responses correspond to the 

compression and recovery status of the composite film, respectively (Figure 3A). The 

average peak-to-peak voltages (Vpp) are shown in Figure 3B. It is found that the voltage of 

the Co-ZnO device (~0.47 Vpp) is only slightly higher than that of the pure ZnO device 

(~0.38 Vpp), while the voltage of Na and Ag-ZnO devices (~1.87 Vpp and ~2.04 Vpp, 

respectively) is about 5 times as large as that of the pure ZnO devices. The most significant 

increase of voltage output comes from Li-ZnO device which generates a 3.43 Vpp which is 

about 9 times as large as the pure ZnO device. The significant enhancement of piezoelectric 

voltage output of the Li-ZnO based device is owing to the electric polarization in the ZnO 

nanoparticles after high voltage polling23. To study the effect of dopant ratio, we fabricated 

two other Li-ZnO devices with 1% and 20% doping ratio (see Experiments for details) to 

compare with the previously test 5% Li-ZnO device. With all test conditions kept the same, 

the voltage output of 1%, 5% and 20% Li based device are 0.58 Vpp, 3.43 Vpp and 2.09 

Vpp, respectively (Figure, 3C and 3D). All three concentrations increase the voltage output 

from that of the pure ZnO based device (0.38 Vpp). However, as the Li concentration 

increases from 5% to 20%, the voltage output drops, suggesting that over-doping metal ions 

into ZnO nanostructure plays a counterproductive role in the energy generation process, 

which is in a good agreement with previous findings23,31. When the dopant concentration 

initially increases, the substitutional and interstitial defects introduced by the dopants breaks 

the original symmetry of the ZnO wurtzite structure, thereby creating an electrical dipole 

that enhances piezoelectricity. Nevertheless, as the doping concentration further increases, 

excessive defects and free charge carriers in the ZnO nanostructure induces a piezoelectric 

potential screening effect that undermines the material’s piezoelectricity23,50. In addition, 

excessive dopants also lead to crystallite disorientation and amorphization of ZnO45 that can 
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substantially weaken the piezoelectric performance of the material31. Furthermore, we have 

measured the dielectric constant for the Li-ZnO and pure ZnO device, and it is found that the 

Li doping has increased the dielectric constant in the AC frequency range of 0.1 – 10 kHz 

(Figure S3).

Lastly, we demonstrate our flexible energy generator’s potential in powering small 

electronics using collected biomechanical energy and showcase its sensing capabilities from 

human hand and wrist motion. With material synthesis and device fabrication processes kept 

the same for consistency, an enlarged version (4 × 3 cm) of the device is fabricated to further 

amplify the power output of our device using 5% Li-ZnO nanoparticles for its superior 

energy performance. The electric circuit we use to carry the test is shown in Figure 4A, in 

which our energy harvester directly powers a UV LED through a preamplifier or charges a 

capacitor through a rectifier that converts the input AC voltage to DC voltage. As shown in 

Figure 4B and SI Movie 1, by gently tapping the device using one or two fingers, the UV 

LED that requires a 3.2 V voltage input is lit up. Next, we use similar finger tapping motion 

to charge a 150 μF capacitor at a tapping frequency of ~ 2 Hz (Figure 4C). The stepwise 

voltage increase during the charging process can be clearly seen from the voltage vs. time 

curve, and each increment corresponds to a tapping action. The power (P) generated from 

this biomechanical energy is calculated to be 53.4 μW using the equation P = CV 2
2t , where C, 

V and t is the capacitance (F), voltage (V) and time (s), respectively, and the corresponding 

energy density is 0.494 W/cm3 for our device.

This device can also be used as a sensor to monitor human body motion in real time. As a 

demonstration, we mount the flexible device onto the ventral side of a volunteer’s wrist 

(Figure 4D) and ask the volunteer to perform three different hand actions, namely hand 

grasping, wrist twisting and fist squeezing in a cyclic manner while monitoring the voltage 

output from an oscilloscope (Figure 4E; SI Movie 2, 3 and 4). Each voltage curve induced 

by these movement is distinguishable in terms of the signal’s amplitude and curve pattern. 

For example, the grasping motion creates the largest voltage amplitude (~ 100 mV) as this 

motion is most dramatic that induces greater extension and contraction of the muscles in the 

wrist such as the flexor carpi radialis tendon, the flexor digitorum superficialis tendons and 

the palmaris longus tendon. On the other hand, the twisting and squeezing motion involve 

smaller-scale muscle movement, so their voltage amplitudes are as low as 20 – 40 mV. Also, 

we notice that the output voltage pattern generated by twisting is especially distinct from 

those of the other two as it has more peaks in a voltage period. This is likely due to the more 

complex deformation of the film induced by the twisting movement of the muscles.

Admittedly, in the ZnO nanoparticles synthesis process, the Na+ in the NaOH solution may 

not be reacted completely and leave some residual Na+ ions that might be active in the later 

metal doping step. However, the effect is trivial to our study for two reasons. First, only a 

small amount (compared to the later doped metals), if any, of Na+ is left without being fully 

reacted. Second, all ZnO nanoparticle samples, including pure ZnO and mZnO, are 

fabricated strictly using the same procedure under the same condition, hence providing a 

consistent baseline for the comparison study in this work.

Jin et al. Page 7

Sens Actuators A Phys. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Several hypotheses have been proposed to describe how different dopants can tune the 

piezoelectric performance of ZnO by correlating the dopant ionic size with the piezoelectric 

coefficient of ZnO. Luo et al.27 state that the d33 value of ZnO will be increased if the size 

of dopant transition metal ion is smaller than that of Zn2+ and will be decreased if the dopant 

is larger. Zhang et al.51 ascribe the enhancement of the output voltage of ZnO-based PENG 

to the increasing lattice strain created by the doped halogen elements. More recently, Sinha 

and coworkers36 find that the value of d33 is correlated to the ratio ionic cℎarge
crystal radius  of the metal 

dopant and show that the larger the ratio, the higher the d33 value in general. All these 

hypotheses are based on limited selection of dopants and heavily rely on their ionic or 

crystal radii. Nevertheless, the actual properties such as ionic or crystal radius and the charge 

status of the metal dopants in the ZnO nanostructure is very complicated and may be 

heterogeneous52. For that reason, future research is needed to carefully study the 

fundamental mechanism of the doping effect, including accurately identifying the actual 

ionic radius of the dopant, on the piezoelectric performance of ZnO. This work focuses on 

providing a systematic and a direct comparison of the doping effect in the context of a 

flexible energy generator built on ZnO nanoparticle-PVDF composite. There is still a long 

road ahead for powering electronic devices using sustainable energy such as human body 

motion that will be otherwise wasted. Fortunately, with countless efforts made during the 

last decade, we finally had clues on how to select and design the material so that it can 

optimize the energy conversion performance.

4. Conclusion

In this work, we have developed a metal ZnO nanoparticle-P(VDF-TrFE) composite based 

flexible piezoelectric energy generator with enhanced piezoelectric performance. We 

systematically characterized the performance of pure, Co, Na, Ag and Li doped ZnO 

devices. We identified that the 5% Li doped device, which has increased the voltage output 

to 9 times than a pure ZnO device, is the best among all metal dopant device in terms of 

voltage generation. Moreover, we demonstrated that the device is a promising prototype for 

powering small electronics by harvesting biomechanical energy and detecting human body 

motions as a flexible wearable motion sensor. This work reveals the different effects of the 

metal dopant on the piezoelectric performance of flexible PENG which can serve as a 

guidance for future material selection and introduces a designing strategy to improve 

piezoelectric performance of such flexible energy harvester and motion sensor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Co, Na, Ag and Li ions are doped into ZnO for piezoelectric performance 

improvement.

• Li-ZnO device produces voltage of 3.43 V which is 9 times of pure ZnO 

device.

• Flexible nanogenerators are built by PVDF and metal doped ZnO 

nanoparticles.

• The flexible energy harvester generates 53.4 μW power with finger 

movements.

• The wearable sensors can detect different modes of wrist and hand gestures.
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Figure 1. 
Overview of the metal doped ZnO (mZnO) nanoparticle-P(VDF-TrFE) Composite device. 

A. Schematic of the key fabrication process of the device including a SEM image of the 

cross section of the device showing the porous structure of the P(VDF-TrFE) film mixed 

ZnO nanoparticles (Figure S2). B. TEM image of pure, Co, Na, Ag and 1, 5, 20% Li doped 

ZnO nanoparticles. The scale bar is 500 nm. C. The thin film based flexible energy harvester 

and sensor prototype with a U.S. penny coin for scale.

Jin et al. Page 14

Sens Actuators A Phys. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Characterization of the metal doped ZnO nanoparticles. A. XRD spectrum of pure, Na, Co, 

Li and Ag doped ZnO nanoparticles showing only characteristic ZnO peaks without peaks of 

the metal dopant. B. Shift of peaks observed from the mZnO nanoparticles indicating the 

doping of the metal ions. C. The EDS energy spectrum of the pure ZnO, D. Ag doped ZnO, 

E. Co doped ZnO, F. Na doped ZnO, and G. Li doped ZnO nanoparticles.
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Figure 3. 
The energy output performance different metal doped ZnO nanoparticle-based devices. A. 

The raw voltage output from pure, Co, Na, Ag and Li-ZnO nanoparticle-based devices. The 

inset is the test setup with an impact force of 0.8 N. B. The average voltage output from all 

devices in A. C. The raw voltage output from the 1, 5 and 20% Li-ZnO nanoparticle-based 

devices. D. The average voltage output for all devices in C. The error bar is standard 

deviation of triple measurements.
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Figure 4. 
Demonstration of the device as a compact energy harvester and a wearable hand motion 

sensor. A. The electric circuit schematic for energy harvesting test. B. Picture of the energy 

harvesting test setup in which a finger tapping the device lights up a UV LED (the inset 

picture). C. The voltage vs. time curve of a 150 μF capacitor being charged by tapping the 

device using a finger with a power generation of ~ 53.4 μW. D. Picture of the flexible device 

as a motion sensor attached to the ventral side of the wrist. E. Different hand/wrist motions 

detected by the device in the form of voltage output with distinctive amplitudes and patterns.
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