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ABSTRACT

We demonstrate an effective approach to enhance the output performance of a flexible piezoelectric energy harvester by using flexible
electrodes with negative Poisson’s ratio (NPR). The relationship between open-circuit voltage and Poisson’s ratio of electrodes is estab-
lished theoretically by deriving the analytical expression. It reveals a continuous increasing trend in open-circuit voltage with the decrease
in Poisson’s ratio of the electrodes. Further, graphene-assembled macro-film (GAMF), an NPR material with excellent flexibility and high
conductivity, is used as the electrodes to fabricate flexible piezoelectric energy harvesters. Compared with the energy harvesters using sil-
ver electrode, the harvesters made by GAMF electrodes, with an NPR of —0.39, achieve nearly 1.7-times enhancement in open-circuit
voltage and 1.6-times in short-circuit current for output performance. The experimental results are highly consistent with the simulation
results, indicating that the GAMF has great prospects in developing flexible piezoelectric energy harvesters with enhanced electrical output

performance.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015100

Flexible piezoelectric energy harvesting, which converts the
ambient mechanical energy into useful electricity through piezo-
electric transduction, has the potential to provide facile and
environmental-friendly power supply for usage in portable and
wearable electronics.' ~ Compared with other ambient energy har-
vesting techniques, the flexible piezoelectric energy harvesting
method has many advantages, such as direct conversion, high effi-
ciency, wearing comfort, easy miniaturization and integration,
independence of time and location, etc.” ® However, the electricity
generated by most of the currently reported flexible piezoelectric
energy harvesters is insufficient for practical uses. Hence, research
efforts toward improving the output performance of flexible piezo-
electric energy harvesters are necessary.”

Extensive research has been carried out to promote the output
performance of flexible piezoelectric energy harvesters, and most of

them are focused on the optimization of piezoelectric materials."*
Various kinds of piezoelectric materials, including nanomaterials,” '*
polymers,'” *'  inorganic  films,””*" and  organic-inorganic
composites,” " with excellent flexibility and piezoelectricity have
been developed. Besides the optimization of piezoelectric materials,
the optimization of the mechanical structure of the flexible piezoelec-
tric energy harvesting devices could also be an effective approach for
improving the output performance. By incorporating appropriate
mechanical design, the applied stress or strain can be amplified and
concentrated onto the piezoelectric material, and the working mode
can also be intentionally selected and hybridized so as to improve the
performance of the piezoelectric energy harvester. The strategies of
mechanical structure optimization have been extensively used in pie-
zoelectric vibration energy harvesters and proved to be effective.””*
To work in resonance vibration mode, a certain stiffness of the devices
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is required and, therefore, these piezoelectric vibration energy harvest-
ers usually display poor flexibility. For the flexible piezoelectric energy
harvesters, which harvest strain energy through deformation, the strat-
egies of the mechanical structure optimization have rarely been
reported.

Poisson’s ratio is a fundamental mechanical property of materi-
als, which relates the lateral strain to the applied strain. Materials with
negative Poisson’s ratio (NPR) exhibit auxetic behavior, i.e., the mate-
rial would expand in the lateral direction when it is stretched under
uniaxial tension. Piezoelectric devices with the NPR effect have been
reported previously.”* *° In 1998, Baughman et al. mentioned that
metals with the NPR effect may find application as electrodes that
amplify the response of piezoelectric sensors.”* For the case of piezo-
electric energy harvesters, Li et al. performed finite element calcula-
tions and showed that the piezoelectric bimorph comprised an auxetic
substrate sandwiched between two piezoelectric layers resulting in
increased power output for vibration energy harvesting,”” Ferguson
et al. have demonstrated experimentally that piezoelectric vibration
energy harvesters constructed with the auxetic substrate demonstrated
enhanced electric power output.”® These works indicate that the per-
formance of piezoelectric energy harvesters can be effectively pro-
moted by the NPR effect, but the incorporation of the NPR effect by
using the auxetic steel substrates, to some extent, sacrifices the device
flexibility. To utilize the effect of NPR in flexible piezoelectric energy
harvesters, materials with both auxetic behavior and flexibility are
required.

Graphene, the famous two-dimensional material of hexagonally
arranged carbon sheet, has great potential in flexible electronics
owing to its extraordinary properties.”””® Applications of graphene
and its derivative have also been demonstrated in piezoelectric energy
harvesting.””*' Very recently, our group has developed a graphene-
assembled macro-film (GAMEF), which possesses not only excellent
flexibility and NPR but also high electrical conductivity.” Owing to
these extraordinary properties, the GAMF could be used as the electro-
des to fabricate piezoelectric energy harvesters and thereby enhance
the output performance by utilizing the NPR effect.

In this work, flexible piezoelectric energy harvesters with
increased output performance are fabricated using GAMF electrodes.
An analytical expression that describes the relationship between open-
circuit voltage and Poisson’s ratio of electrodes is theoretically derived.
Further, experimental results on piezoelectric energy harvesters with
GAMEF electrodes are discussed and compared with the performances
of the harvesters with silver electrodes. The results show that the open-
circuit voltage and short-circuit current can be significantly increased
by using the GAMF electrodes.

To illustrate the effect of Poisson’s ratio on the electricity out-
put performance, a tri-layer laminated structure model is consid-
ered, in which a piezoelectric layer is sandwiched between two
electrode layers. Piezoelectric energy harvesters of this structure
work in the d3;-mode by imparting uniaxial tension. Usually, the
piezoelectric energy harvesters are fabricated with conventional
electrodes having a positive Poisson’s ratio [Fig. 1(a)]. The
mechanical impact of these conventional electrodes on the piezo-
electric material is thought to be minor and negligible, and the
generated electricity is assumed to be exclusively contributed by
the longitudinal strain S;. The reasons for the minor impact of
conventional electrodes on the piezoelectric material are as follows:
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FIG. 1. Theoretical analysis of the effect of Poisson’s ratio of the electrode on the
electricity output performance. (a) Piezoelectric energy harvester using electrodes
with a positive Poisson’s ratio (PPR), in which the generated electricity is exclu-
sively contributed by the longitudinal strain S;. (b) Piezoelectric energy harvester
using electrodes with NPR, in which both of the longitudinal strain Sy and the trans-
verse strain S, have contributions to the generated electricity. (c) The transverse
strain S, and (d) the open-circuit voltage V. as functions of Poisson’s ratio v, of
the electrode with various Young's modulus Y, of the electrode.

(1) the conventional electrodes, such as conducting metal films
and flexible plastics coated with conducting films,*”** etc., have
Poisson’s ratios that are close to that of the piezoelectric layer,
since both of them are positive; and (2) the electrodes are usually
relatively thin, and, therefore, their tensile stiffness is much smaller
than that of the piezoelectric material. In contrast, for the piezo-
electric energy harvester with NPR electrodes [Fig. 1(b)], the
mechanical impact of electrodes on the piezoelectric layer can be
significant. It is expected that the entire harvester device would
inherit auxetic behavior from the electrodes; thereby if the device
is stretched in one direction (working in the d3;-mode), it will sub-
sequently expand in the lateral direction (working in the ds,-
mode) as well. In this way, both the longitudinal strain S; and the
transverse strain S, contribute toward the conversion of mechani-
cal energy into electricity, and, consequently, the electric output
performance is enhanced.

To provide a more explicit demonstration of the above princi-
ple, expressions of the deformation and the open-circuit voltage of
the tri-layer laminated structure model have been theoretically
derived, starting from the elastic constitutive equation and piezo-
electric equations. The following assumptions are applied: (1)
under the condition that the in-plane dimensions are much larger
than the thickness, the near-edge non-homogeneity of the electri-
cal and mechanical quantities, including electric field, electric dis-
placement, stress, strain, etc., are ignored, and all these quantities
are assumed to be homogeneously distributed in each layer; (2) the
mechanical coupling between the electrode and the piezoelectric
layers is considered by assuming no relative sliding between the
electrode and piezoelectric layers, i.e., the in-plane strains of differ-
ent layers are the same; (3) the electrode material is isotropic, and
the piezoelectric material is orthotropic; and (4) regarding the
boundary conditions, the strain in the longitudinal direction S; is
given and fixed, while all the other directions are stress-free.
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According to the above assumptions, the transverse strain S, is

expressed as
(uD — ve) (1 — (vD)z) t.Y.
P P b

S, = — U S1, (1)

2 p
(1 - (v?) >teYe + (1= 02)t,YP

and the open-circuit voltage V. is expressed as

(vl,? - Ue) (vf,?gn +g32) teYe
D 2 2 D
1 (vp) feYe+ (1 - 02)t, Y

where g3; and g, are the piezoelectric voltage constants of the pie-
zoelectric material; Y,” and v,"” are the open-circuit Young’s mod-
ulus and open-circuit Poisson’s ratio of the piezoelectric material,
respectively; Y. and v, are Young’s modulus and Poisson’s ratio of
the electrode material, respectively; ¢, is the thickness of the piezo-
electric layer; and f. is the total thickness of the upper and lower
electrode layers (f./2 for each layer). Details of the derivation pro-
cess are presented in the supplementary material (Sec. S1).

The transverse component of the strain, i.e., S,, and the open-
circuit voltage V. as functions of Poisson’s ratio v, of the electrode
with various Young’s modulus Y, are plotted in Figs. 1(c) and 1(d),
respectively, using the piezoelectric material parameters given in
the supplementary material (Sec. S2). It can be seen that with the
decrease in v, S, gradually increases, changing from negative
(compressive strain) to positive (tensile strain). This indicates that
the auxetic behavior of the electrodes renders the tri-layer lami-
nated structure with auxetic behavior, which can be attributed to
the mechanical coupling between the electrode and piezoelectric
layers. As a result, V, also exhibits an increasing trend with the
decrease in v,, depicting the enhancement of output electricity
using electrodes with NPR.

To utilize the NPR effect in flexible piezoelectric energy har-
vesters, the GAMF having excellent flexibility, high conductivity,
and the NPR effect is developed. The GAMF was prepared from
graphene oxide (GO, purchased from Wuxi Chengyi Education
Technology Co. Ltd., China) via a process comprising dispersion
in ultrapure water, formation of GO film by drying in glass mold,
and finally reducing by high-temperature annealing (up to 3000 °C
in an argon atmosphere). For the characterization of GAMF,
Raman spectroscopy (LabRAM HR Evolution, HORIBA, Japan)
and scanning electron microscopy (SEM, JSM-7610FPlus, JEOL,
Japan) were employed. Before the observation of the cross sec-
tional morphology, the GAMF specimen was fractured in liquid
nitrogen. Poisson’s ratio of GAMF was measured via non-contact
method, using a full-field 3D strain measurement system (VIC-3D,
Correlated  Solution, America). Elaborate measurement of
Poisson’s ratio can be found in our previous paper.*”

Figure 2(a) shows that the GAMF possesses excellent flexibility,
as it can be folded into an airplane. In addition, the conductivity of
GAMEF is very high (10> $/m).”” In the Raman spectrum of GAMF
[Fig. 2(b)], G and 2D bands are located at 1582 cm 'and 2722cm ™,
respectively, whereas the D band is almost invisible, indicating that the
GAMF is highly graphitized. The high degree of graphitization of

Voe = +&1 |- tpYPl,jSla (2)
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FIG. 2. Characterizations of the GAMF. (a) Photograph of a GAMF folded into an
airplane. (b) Raman spectrum of GAMF. (c) The transverse strain S, vs longitudinal
strain Sy plot of GAMF under uniaxially tension. (d) Cross-sectional SEM images of
GAMF. Photographs of (e) Ag/PVDF/Ag and (f) GAMF/PVDF/GAMF tri-layer lami-
nated structures.

GAMEF could be responsible for its high conductivity. Figure 2(c)
shows that the GAMF has a negative Poisson’ s ratio of about —0.39.
The NPR of GAMF is associated with the presence of micro-wrinkles
and pores,’” as shown by the cross-sectional SEM images in Fig. 2(d).
The micro-wrinkles and pores are created by the high-temperature
reducing process during the preparation of GAME." Figures 2(e) and
2(f) show the photographs of Ag/PVDF/Ag and GAMF/PVDF/
GAMEF tri-layer laminated structures, respectively. Because of the
excellent flexibility of GAMF, the attachments of GAMF do not influ-
ence the flexibility of the PVDF film. Briefly, the excellent flexibility
and conductivity equip the GAMF with the attributes to be used as
electrodes in flexible electronic devices. Further, the NPR of GAMF
also provides a golden opportunity to develop piezoelectric energy
generator with high output performance.

We design a prototype flexible piezoelectric energy harvesting
device, attempting to take advantages of the NPR effect of GAMF.
Figure 3(a) schematically depicts the piezoelectric energy harvester
device configuration. In the prototype device, the two ends of GAMF/
PVDF/GAMEF tri-layer laminated structure are fixed on a flexible poly-
ethylene terephthalate (PET) substrate. The device is operated by
bending the PET substrate [Fig. 3(b)], and in this manner, the GAMF/
PVDF/GAMEF tri-layer laminated structure is uniaxially stretched. The
tensile strain in the GAMF/PVDF/GAMEF tri-layer laminated structure
is determined by the curvature of the PET substrate.

A commercial PVDF film (purchased from Jinzhoukexin
Electronic Material Co. Ltd., China, and the electrodes for poling have
been removed) with the thickness of t, = 50 um and the piezoelectric
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FIG. 3. Design and measurement of flexible piezoelectric energy harvester devices. Schematics of (a) the piezoelectric energy harvester device configuration and (b) the mea-
surement setup of the electricity output performance. Photographs of (c) the fabricated devices and (d) the bending of the device during the measurement process.

strain constant of |ds;| =21 pC/N was used in the device fabrication.
Two pieces of the GAMF with the thickness of 200 m and the dimen-
sion of 3.0 x 1.0 cm? were attached to the two opposite surfaces of a
piece of PVDF film of area 3.5 x 1.2 cm?, respectively, using conduc-
tive silver paint (SPI Supplies, Structure Probe, Inc., America) to fabri-
cate the GAMF/PVDF/GAMF tri-layer laminated structure.
Subsequently, the two ends of the GAMF/PVDF/GAMEF tri-layer lami-
nated structure were fixed onto a flexible PET substrate with a lateral
dimension of 10.0 x 2.0 cm* and a thickness of 260 um. For the pur-
pose of comparison, the piezoelectric energy harvester devices con-
structed using silver electrodes have also been fabricated with the same
design. Figure 3(c) shows the photograph of the devices. For the mea-
surement of the output performance of the generated electricity, a cus-
tomized bending machine was employed [Fig. 3(d)]. The harvester
devices were operated in repeatedly bending with the open-circuit
voltage and short-circuit current that were measured simultaneously
by an electrometer (Keithley 6514, Keithley Instruments Inc.,
America). This process of measurement is also shown intuitively in
the supplementary video (Video S1).

Figure 4(a) shows the typical waveforms of the open-circuit
voltage and short-circuit current measured from the piezoelectric
energy harvesters with GAMF and Ag electrodes. The frequency is
about 0.76 Hz, which is determined by the bending machine. The
electricity outputs in the forward and reverse connections confirm
that the signals are generated from the piezoelectric effect. It is
noted that the open-circuit voltage and short-circuit current of
the piezoelectric energy harvesters with GAMF electrodes are

significantly higher than those of the devices with Ag electrodes.
The comparative analysis of the peak-to-peak values of open-
circuit voltage V,,, and short-circuit current I, is depicted in Fig.
4(b). For the piezoelectric energy harvesters with GAMF electro-
des, V,p =(167.4 = 11.0) V, I,, = (794.7 = 99.2) nA are recorded,
and for the piezoelectric energy harvesters with Ag electrodes,
Vpp=(101.3£5.1) V, I,,=(485.6*225) nA have been
obtained. These data are the statistical results of four devices for
each group, and each device has been measured for at least 100 s.
A complete set of the measured results for each device is presented
in Fig. 4(c). For each device, the electricity generation is a continu-
ous process and is generally stable. Moreover, the open-circuit
voltage and short-circuit current measured from each of the pie-
zoelectric energy harvester devices constructed with GAMF elec-
trodes are all greater than that of piezoelectric energy harvesters
with Ag electrodes. These results demonstrate the advantages of
the GAMF to be used as the electrodes in flexible piezoelectric
energy harvesters and subsequently enhance their output
performance.

To summarize, we have shown that the electricity output perfor-
mance of flexible piezoelectric energy harvesters can be effectively
enhanced by using the NPR electrodes. The GAMF, endowed with
excellent flexibility, high conductivity, and the NPR effect, is used as
the electrodes to fabricate prototype flexible piezoelectric energy har-
vester. The harvesters with GAMF electrodes exhibit significantly
enhanced open-circuit voltage and short-circuit current compared
with the harvesters constructed with silver electrodes in the same
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FIG. 4. Comparisons of the electricity output performance of flexible piezoelectric
energy harvester devices with GAMF and Ag electrodes. (a) Typical waveforms of
the open-circuit voltage and short-circuit current. (b) Statistical results of the peak-
to-peak values of open-circuit voltage V;,, and short-circuit current /. (c) Complete
set of the measured results of four devices for each group.

design. These results indicate that the GAMF has potential applica-
tions in flexible piezoelectric energy harvesters.

See the supplementary material for the details of theoretical deri-
vation, the material parameters in plotting Figs. 1(c) and 1(d), and a
video of the electrical measurement of the devices.
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