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Abstract

We present a flexible sandwich piezoelectric nanogenerators (PENGs) device with gold-
coated ZnO nanorods (Au@ ZNRs) as an efficient top electrode; this device was used to har-
vest energy from the human walking motion. ZNRs were synthesised on the two-piece of ZnO
seed layer coated gold/flexible polyethylene terephthalate (Au/PET) substrates through a sim-
ple hydrothermal method of low temperature and low cost at molar concentration (0.01M). X-
ray diffraction and field emission scanning electron microscopy images revealed that the as-
grown ZNRs have high crystallinity and apparent vertical growth with hexagonal shapes, the
average diameter of NRs is 120 nm. Flexible sandwich PENGs based ZNRs was fabricated
with gold-coated one piece of ZNRs by DC-sputtering method as an efficient top electrode,
which was placed on the uncoated ZNRs as-grown on another piece of substrate. The maxi-
mum output potential voltage (Vmax) under a periodic of pressing and releasing of human
walking is 5.76 V. The results confirmed the top efficient electrode has created more contact
area with uncoated NR when it is pressed, which increases the transfer efficiency effectively
of piezoelectric potential that generated from uncoated ZNRs.

Keywords: ZnO nanorods, Hydrothermal method, Piezoelectric nanogenerators, Energy har-
vesting, Efficient top electrode.
dadal)
138 ¢0lad (5 sle a4 ) el 31 a6l o se ) g caady 1o g e i s S sl il ga Slea Jandl 138 205
D5 ARk e Grindad e Led 5 a5 4 s el Gl a6l o) se ) sl Gal) AS e (e A8 sliand aadil) leal)
a0 3 dasad) Ja i s alell 485k JOA Caadll Alhal) cullidy 5 Galll sl 6 Jaad Sl el sl
sl Hsas Al iV aga (Jse 0.01) oY sl S ve diaddidl A  dcaididl bl al)
iy oo (S8 s gee el seds ae e sk ellias 2l ol 31wl o el o S malall g SV
ol b e lgaial o e jeSll i) il sal (sl Sles sl sils 120 Apsilll 22yl Jas i
s s (Jlad gsle QhiS aiuall HLally 33 5 A8k 538 1 e il @l S ol o) e Y saal g dakd
hin ciad aga Al el 35850 e gAY Aakdll e Al Al puall Ay 300 el aS ol slgel e
e S Juail dalise (558 38 Jladll (g slall aadl) Gl il CaxS) 5 5,76 OIS g il (ohall 550 T 4 ) 5
Oa Al i g 5ol agall Jlad (5 Jal 3618 e 3 Lae adde baall o5 Laxie dllae aall Ul o) gl
Jallae Sl el 3l Al ff ol e

human Body such as walking, typing, automo-

Harvesting energy in our living environment is
a feasible approach for powering mi-
cro/nanodevices and mobile electronics due to
their small size, lower power consumption, and
special working environment. The type of en-
ergy to be harvested depends on the applica-
tions. For mobile, implantable and personal
electronics, solar energy may not be the best
choice, because it is not available in many cas-
es all the times [1]. Alternatively, mechanical
energy, including, Airflows, activity of the

bile movement, etc., is available almost every-
where and at all times, which is called wasted
mechanical energy [2][3][4].

PZNGs is a technology that has been devel-
oped for harvesting mechanical energy and
converted into electrical energy by designing a
device that comprises a piezoelectric material,
electrodes, and an external circuit, the electric
potential due to the piezoelectric effect can
generate electric voltage and can be used as a
source of electrical energy [5]. The main inten-
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tion for mechanical energy harvesting through
PENGs is to replace or supplement the current
battery systems [1]. The idea of PENGs was
first presented in 2006 by Prof. Wang in the
Georgia Institute of Technology by sweeping
an AFM conductive tip across a vertically
grown ZnO nanowire, an electrical volt-
age/current was generated [6]. The fundamen-
tal mechanism of PENGs mainly relies on the
piezoelectricity of nanostructures material, as
well as the formation of a Schottky contact be-
tween the tip of the nanostructure and the metal
electrode [7]. The use of nanostructures mate-
rials in PENGs due to the piezoelectric proper-
ties is improved in nanoscale dimension, i.e.,
the bending and compression in nanostructure
are easily when compare with materials in mi-
crostructures [8][9]. Among the various piezoe-
lectric materials, ZnO based PENGs is im-
portant in mechanical energy harvesting from
the environment due to the unique properties of
ZnO such as chemically stable, biocompatible,
cost effective, and eco-friendly [10]. And it
exhibits both semiconductor and piezoelectric
properties [11].

Among different method used to synthesise
ZNRs, the hydrothermal method is more ad-
vantageous because its low cost, simple, envi-
ronmentally friendly, the growth occurs at a
relatively low temperature, compatible with
flexible substrates [12][13]. And there are sev-
eral parameters in hydrothermal method that
can affect the growth of the ZNRs such as
seeding of the substrate that used to achieve
well-controlled morphology and growth direc-
tion of ZNRs [14][15].

In the present work, we fabricated PENGs de-
vice based ZNRs to convert mechanical energy
from human walking motion into electrical en-
ergy. ZNRs were synthesized by hydrothermal
method on two-piece of seed layer coated
AU/PET substrates, and the fabricated PENGs
involves: PDMS coating on one piece of as-
grown ZNRs, and then combining as sandwich
with Au coated other piece of as-grown ZNRs
that act as an efficient top electrode.

Materials and Methodology

Two-piece of PET substrates (200 pm thick)
was used as flexible substrates. The substrate
was cleaned with ethanol and distilled water in
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an ultrasonic bath and then baked in an oven to
remove moisture. Afterwards, a thin Au layer
was deposition on the substrates by DC -
sputtering system (GSL-1100X-SPC16-3, MTI
Corporation). The sputtering conditions were:
base pressure of 10~2mbar, an ion current of
5mA, with deposit time 7min. The ZNRs were
grown on AU/PET substrates using a two-step
corresponding to the formation of seed layers
and the growth of NRs. Firstly, a ZnO seed
layer film was coated on surface of substrates
by spin- coating and then the seeded substrates
were placed in an aqueous solution to grow
ZNRs.. To obtain seed solution, (0.02M) zinc
acetate dehydrate [CH;CO0),.2H,0; Schar-
lau] was dissolved in ethanol. By using a sy-
ringe, the seed solution was dropped onto the
substrates and rotated at 1000 rpm to attain a
uniformly distributed seed layer across the sub-
strates. This process was repeated thrice. Then,
the substrates were heated to 100 °C in an oven
for 10 min to remove the solvent and achieve
good adhesion of the seed layer. This proce-
dure (from spin coating to pre-heat treatment)
was repeated thrice to ensure complete cover-
age of the substrates with the ZnO seed layer.
Finally, the ZnO seed layer was heated to 100
°C for 25 min to improve the crystalline quali-
ty.

The ZNRs were grown on two-piece of seed-
coated AU/PET substrates via a hydrothermal
method. The growth solution was prepared by
dissolving equal molar (0.01M) zinc nitrate
hexahydrate [Zn(NO3),.6H,0 ; Scharlau] and

hexamethylenetetramine [(CH,)¢N, ;HiMedia]
in distilled water. The solution was fully and
evenly stirred and then transferred into a 50 mL
Teflon-lined autoclave. The seeded substrates
were placed vertically in the solution. The au-
toclave was sealed in an oven and kept at 95°C
for 3h. Finally, the substrates were removed
from the solution, washed with distilled water
to remove the residues on the surfaces and left
to dry in air.

To fabricate ZnO PENGs, an insulating layer
made of polydimethylsiloxane (PDMS) was
deposited onto one-piece of the as-grown
ZNRs on the AU/PET substrate using spin-
coating method. The PDMS prepolymer (Syl-
gard-184, Dow Corning, Midland, MI) was
prepared by thoroughly mixing the PDMS cur-
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ing agent with the PDMS base monomer at a
volume ratio of 10:1. The PDMS prepolymer
was then spin-coated onto the as-grown ZnO
and fully cured at 70 °C. On the other hand, the
thin Au layer was coated on the other piece of
as-grown ZNRs on the AU/PET substrate by a
DC- sputtering system to act as a top electrode.
The device was fabricated by combing a piece
of Au@ ZNRs with PDMS coated other piece
of ZNRs grown on AU/PET as a bottom elec-
trode. The electrical contact was placed on the
top Au@ ZNRs electrode and Au/PET bottom
electrode by using Cu wires with silver paste.
The device was wrapped with Kapton tape to
avoid peeling off problems. The effective size
of PENGs device was 2cm x 3cm. The sche-
matic diagram depict the structure of the fabri-
cated PENGs is shown in Figure 1.The crystal-
linity of the grown ZNRs were analysed by X-
ray diffraction (XRD) at 40 KV and 30 mA
with Cu-Ka radiation in the range of 30°-70°
at a step of 0.02°. The surface morphology of
the structure of ZNRs was characterised by
field emission scanning electron microscopy
(Tescan Mira3 FESEM, Czechia). The output
voltage of the fabricated ZnO PENGs was
measured with an oscilloscope (Twintex,
TSO1102, digital storage oscilloscope).

PET

.
.

PET

Au layer mmm ZnO seed layer
e ZNRs PDMS

- Au@ ZNRs

Figure 1: The schematic diagram depict the structure of
the fabricated PENGs.

Results and Discussion

The XRD pattern of synthesized NR in Figure
2. Shows the as-grown ZNRs has 5 diffraction
planes, (100), (002), (101), (102), (103) at dif-
ferent 20s and associated with the hexagonal
wurtzite structure of ZnO, as well as two addi-

tional peaks for Au and one other peak for PET
were appeared. The ZnO XRD pattern indi-
cates the pure phases with no characteristic
peaks for other impurities. The sharp peaks of
ZnO diffraction peaks indicate that the result-
ing product was of high purity and high crystal-
linity which is confirmed through FESEM im-
age. Figure 3 shows a typical FESEM image of
ZNR grown using hydrothermal method on
seed layer coated AuU/PET substrate. The ZNR
exhibit an apparent vertical grown with hexag-
onal shapes, uniform distribution, parallel to
each other and perpendicular to the substrate
with high density. The average diameter of
NRs is 120 nm. The narrow spacing between
NRs is required to produce piezoelectric poten-
tial when a slight pressing is applied.
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Figure 2: XRD pattern of ZNR grown on seed layer
coated AU/PET substrate.
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Figure 3: FESEM image of ZNRs grown on seed layer
coated Au/PET substrate.

The ZNRs used in our experiments were grown
on the Au/PET and their top ends were con-
tacted by Au@ ZNRs electrode. Au have a
work function of 5.1 eV [16], which are larger
than the electron affinity of ZnO (4.3 eV) [17].
Thus, two Schottky contacts at the two ends of
ZNRs are formed as soon as the Au@ ZNRs is
in contact with the ZNRs. The top Au@ ZNRs
used to compress the uncoated ZNR grown on
AU/PET substrate when pressing is applied on
the device. The Au@ ZNRs electrode will not
generate the piezoelectric potential due to the
metallic conductivity of the surface, which will
nullify the polarization of charges.

The working mechanism of PENGs is the same
as written in many published articles
[18][19][20], which is related to the piezoelec-
tric and semiconducting properties of ZnO
were coupled for charge creation and accumu-
lation, and transfer, respectively. When press-
ing is applied by external force, the top side
Au@ ZNR substrate applies compressive stress
to the uncoated ZNR substrate, uniaxial com-
pression of the uncoated ZNR takes place and a
separation between the static ionic charge cen-
ters in the tetrahedrally coordinated Zn-O units
is created, results in a piezoelectric potential
gradient along the NR growth direction. A neg-
ative piezoelectric potential is created at the tip
of the NR, which gives a rise in the conduction
band and the Fermi level of the top electrode
relative to the bottom AU/PET electrode. Elec-
trons will therefore flow from the top electrode
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to the bottom through the external circuit. Be-
cause of the Schottky barrier on the bottom
electrode, these electrons are accumulated
around the interfacial region between the bot-
tom electrode and the NR until the piezoelec-
tric potential is fully ‘screened’ and the Fermi
levels of the two electrodes reach a new equi-
librium. During this process, the flow of elec-
trons via the external circuit is detected as an
electric pulse. As the uniaxial compression is
released by the removal of the external force,
the piezoelectric potential inside the NR dimin-
ishes. The electrons accumulated at the other
electrode flow back via the external circuit,
creating an electric pulse in the opposite direc-
tion and hence an alternating AC voltage is
generated. When the Fermi levels of the two
sides reach equilibrium again, the generating
process ends. This is the whole working mech-
anism of one time AC output. When a periodi-
cally pressing applied onto the PENGs, contin-
uous AC outputs generate. During this process,
piezoelectric potential acts as a ‘charging
pump’ that drives the electrons to flow and
Schottky contact acts as a “gate” to prevent
those mobile charges from passing through the
NR-Au interface.

Under a periodic pressing and releasing of hu-
man walking condition on PENGs, the device
exhibited Vmax of about 5.76 V, as shown in
Figure 4. The obtained results are considered as
an improvement in the harvested output voltage
observed compared to previously reported re-
sult in [20], the authors fabricated PENGs
based on ZnO nanowires grown on Au coated
hard silicon substrate and used the flat Au
coated other hard silicon substrate as top elec-
trode and the peaks of output voltage is 0.045
V, while we have fabricated PENGs based on
PET flexible substrate that make the device
have high sensitivity to small external pressing
as well as large deformations are possible not
only on the NRs but also on the substrate. And
also we used Au@ ZNR coated Aul/flexible
PET substrate as top electrode that compress
the uncoated ZNR grown on bottom electrode
(AU/PET), the Au@ ZNR has created more
contact area with uncoated NR when it is
pressed, which increases the transfer efficiency
effectively.
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Figure 4: Measured output potential voltage of PENGs
under a periodic of external pressing and releasing by
human walking, (CH1=2V).

Conclusions

In summary, we fabricated flexible sandwich
PENGs based on Au coated ZNRs as an effec-
tive top electrode to collect the piezoelectric
generate from uncoated ZNRs grown on Au
bottom electrode when external pressing is ap-
plied. The result shown the effective top elec-
trode is enhance the contact with uncoated
ZNRs, which improve the output voltage by
increases the transfer of piezoelectric potential
that generated from uncoated ZNRs. The fabri-
cated flexible sandwich device was successful-
ly applied for harvesting mechanical energy
from human walking motion.
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