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Special Issue Paper

Composite-Based Material and Process Technology Review for
Improving Performance of Piezoelectric Energy Harvester

Geon Su Kim*, Ji-un Jang**, Seong Yun Kim*"

ABSTRACT: The energy harvesting device is known to be promising as an alternative to solve the resource shortage
caused by the depletion of petroleum resources. In order to overcome the limitations (environmental pollution and
low mechanical properties) of piezoelectric elements capable of converting mechanical motion into electrical energy,
many studies have been conducted on a polymer matrix-based composite piezoelectric energy harvesting device. In
this paper, the output performance and related applications of the reported piezoelectric composites are reviewed
based on the applied materials and processes. As for the piezoelectric fillers, zinc oxide, which is advantageous in
terms of eco-friendliness, biocompatibility, and flexibility, as well as ceramic fillers based on lead zirconate titanate and
barium titanate, were reviewed. The polymer matrix was classified into piezoelectric polymers composed of
polyvinylidene fluoride and copolymers, and flexible polymers based on epoxy and polydimethylsiloxane, to discuss
piezoelectric synergy of composite materials and improvement of piezoelectric output by high external force
application, respectively. In addition, the effect of improving the conductivity or the mechanical properties of
composite material by the application of a metal or carbon-based secondary filler on the output performance of the
piezoelectric harvesting device was explained in terms of the structure of the composite material. Composite material-
based piezoelectric harvesting devices, which can be applied to small electronic devices, smart sensors, and medicine
with improved performance, can provide potential insights as a power source for wireless electronic devices expected
to be encountered in future daily life.
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Fig. 1. Summary of composite-based nanogenerators composed
of piezoelectric filler, matrix and related applications.
Reproduced with permission [6,7,37,89,92,95] Copyright
2008-2020, MDPI, Elsevier, American Chemical Society
Ltd.
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Table 1. Output performance of piezoelectric polymer matrix based composite harvester
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Fig. 5. (a) Schematic illustration of overall fabrication for BaTiO,
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(c) The cross-sectional SEM images of the NCG device
(left) and p-NC layer (right). (d) Photograph of a NCG
device (3 cm x 4 cm) completely bent by human fingers.
Reprinted with permission [59] Copyright 2014, Royal
Society of Chemistry Ltd.
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Table 2. Output performance of flexible polymer matrix based composite harvester

Material
Output performance Ref.
Filler Matrix
. _12 . .
10 wt% PZT rods Epoxy d;; and.gh are 2 times (>80 x 107"* C/N) and 25 times (>70 x 10 Vm/N) solid PZT values, Klicker ef al. [52]
respectively
PZT Epoxy |High piezoelectric coefficient (d,; = 332 pCN™) with reduced dielectric constant (¢, = 105) | Zhen et al. [53]
BNKT-ST Epoxy |High d,,= 104 pCN™" and High frequency mode of 2 Mhz Liet al. [54]
BaTiO; NWs PDMS | The output voltage of 7.0 V and current of 360 nA Park et al. [59]
0, o : -2 :
15 wt% BaTiO, PDMS Peak. to-peak voltagj 0f 126.3 V and a current density of 77.6 pAcm ™, and maximum power Alluri et al. [60]
nanocubes density of 7 mWcm™ at 988.2 Pa
BaTiO; nano tube PDMS | The output voltage and current are 5.5 V and 350 nA respectively Lin et al. [61]
By-axiall
Zill SXII\IR)SI growlt PDMS |Values of 2 V and 60 nA were produced from the bending motion of the fingers Lee et al. [63]
ZnO nano flake PDMS |Current density of 57 pAcm?, peak-to-peak voltage of 110 V, and power density 1.2 mWem™ |Ngoc et al. [64]
Y-ZnO nano sheet | PDMS |10 times higher output voltage (20 V) compared to pure ZnO NRs Sinha et al. [65]
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Fig. 6. Schematic diagram to demonstrate (a-c) the synthesis
process of BTO micro stone-like architectures by a solid-
state reaction route method and (d-f) the fabrication
process of PNG device with Ag-NWs/BTO/PVDF compos-
ite film. Photographic images of the flexible (g) Ag-NWs/
BTO/PVDF composite film and (h) PNG with an active
area of 2x2 cm? Reprinted with permission [71] Copy-
right 2018, Elsevier Ltd.
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Table 3. Output performance of 2™ filler applied composite harvester

Material
Output performance Ref.
Filler Matrix
BaTiO, and 0.5 wt% A peak-to-peak maximum open circuit voltage of 8.5 V; a peak-to-peak short circuit
rGO PVDE current of 2 pA, and an output power of 4.5 pW; respectively, at an applied force of 2N Yaqoob et al. [70]
Output voltage and current of 11 V and 0.78 pA , respectively and maximum power
BaTiO, and Ag NWs PVDF density value of ~9.86 mW/m’ Dudem et al. [71]
- -1 -1 -1 . .
7n0 NWs and Graphite| PDMS Low turn-on voltages of 20 Vum™, 2.4V um™ and 2.8 V um™, even with highly Hwang et al. [72]
deformed geometries
BaTiO; and Carbon filler An output voltage of ~3.2 V and a current of ~350 nA under cyclic mechanical strain
(CNT, 1GO) PDMS (033%) Park et al. [73]
ZnONPand MWCNT | PDMS |High output voltage and power density of 7.5 V and 18.75 uW respectively Sun et al. [74]
BaTiO; and CNT PDMS | The piezoelectric coefficient and power are ~112 pCN™ and ~18 mW/cm’?, respectively. |McCall et al. [75]
30 wt% BaTiO, and An average output voltage of 3.73 V, a current of 1.37 pA and a power of 0.33 W were
0-5wt% MWCNT PDMS produced Yan et al. [76]
KNN and 12 wi% C PDMS ngber relative permittivity (173.56), greater residual polarization (1.84 uC/cm®) and Xia et al. [78]
Maximum output voltage 10.55 V
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Fig. 8. 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 with ZnO nanoparticles. B) TEM image of pure, Co,
Na, Ag and 1, 5, 20 % Li doped ZnO nanoparticles. C) The
thin film based flexible energy harvester and sensor pro-
totype with a U.S. penny coin for scale. 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. Reproduced
with permission [87] Copyright 2020, Elsevier Ltd.
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Fig. 9. (a) Scheme of the fabrication process of composite nano-
generator grinding followed by mixing with PDMS. Spin-
coating, curing, and peel off. Packing with PDMS and
kapton. The inset shows the FESEM images of the PDMS
composite and the cross-section image. (b) Self-powered
piezoelectric-based smart flushing system : schematic
diagram. Reproduced with permission [89] Copyright
2019, American Chemical Society Ltd.
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Electrospun P{VDF-TrFE)/InD scaffold

Fig. 10. The schematic diagram of the three-dimensional hier-
archically interlocked PVDF/ZnO fibers-based PME for
muscle behavior monitoring. (a) The PME conformally
adhered to the calf muscle for the deformation moni-
toring. (b) The fabrication process of core-shell PVDF/
ZnO nanofibers. Reprinted with permission [92] Copy-
right 2020, Elsevier Ltd.
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Fig. 11. Schematic illustration of the mechanism of cell prolifer-
ation on P(VDF-TrFE)/ZnO nanocomposite scaffolds.
The piezoelectric property of P(VDF-TrFE) and the ZnO
nanoparticle-induced release of H,0, may simultaneously
enhance cell proliferation in the scaffolds. Reprinted
with permission [93] Copyright 2017, Springer Ltd.
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Fig. 12. The structure design of the CPZNs-based self-powered
PES. (a) The schematic diagram of the developed smart
sensor applied in the field of iHMI. The sketch of the
device (b), NFs film (c) and a single NF (d). (e) The pho-
tograph of the fabricated sensor under bending mode.
(f) The SEM image of the NFs. (g) The TEM image of a
single NF. (h) The result of the FEM simulation. (i) The
application of robot hand remote control based on the
PES. Reprinted with permission [95] Copyright 2017,
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