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Abstract
We demonstrated a nanogenarator as a pendulum ianoHorce active sensors
which is first made from zinc sulfur (ZnS) nanowireThe ZnS nanowires were
synthesized on Si substrate by carbonthermal emtiporprocess at 105C. The
length and diameter of the ZnS nanowires are ard80 um and 50-100 nm,
respectively. The x-ray diffraction (XRD) patterhosvs that the ZnS belongs to a
wurtzite structure. The TEM image shows that theomares were grown along [0001]
axis, which is in spontaneous polarization directi@dhe ZnS nanowires can be
packed into a nanogenerator either in-serial grarallel manner. Furthermore, on the
basis of our theoretical calculation, as appliedoapressive stress %110° N/m?)
along the c-axis of ZnS nanowire, the correspondintput piezopotential can be
reached ~2V. Because the output voltage and cuoktite ZnS nanogenerator is
proportional to the momentum, it can detect varim@mentums from 0.077N s to
0.177N s. The latter can also be self-powereddacetia simple harmonic motion of a
pendulum that is released from different heightsangle. The same device can
therefore be used for pendulum and micro-forcevactensors without applying an
external power source.

KEYWORDS: Nanowires, Pendulum, Active Sensors, 24&jogenerator
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1. Introduction

Since Wang's et.al.,, the first demonstrated nareWwased piezoelectric
generator in 2006 the nanostructure-based energy harvesting hatetidgawards an
important milestone, making nanotechnology becompmmising new way to harvest
piezo-energy. This technological breakthrough hemslted in piezoelectric devices
such as Zn® GaN, polyvinylideneuoride (PVDFJ,* ZnSnQ@,® BaTiO;,° and lead
zirconate titanate (PZT)receiving enormous attention. The nanogeneratseda
sensors made from piezoelectric materials, whichammvert the mechanical energy
in our living environment into the electric outpsignals, which have successfully
analyzed the mechanical motions to develop a leds€, tire pressure and bridge
vibration sensors. This is also called self-powenatiotechnology that enables to
make the sensor self-drive without batteries oemel power sources, namely, an
active sensof’ Therefore, the nanogenerator based on piezoel@etriomaterials not
only shows considerable potential for an energydstimg application, but also can
act in the capacity of a highly sensitive activass® such as in health management
and environmental monitoring applications. When sidering these issues, it is
extremely important to develop an infrastructurenitaysing system and health care
devices that prevent natural disasters or endahgeran life. Therefore, a highly
sensitive active force sensor is important for harsecurity.

However, in a larger scale of sensors network systiue to the difficulty of
tracking and recycling the batteries in the syste#ns, important to reduce the usage
of batteries to minimize environmental impacts utls sensor have to be powered
entirely by batteries’ To develop the energy harvesting device or actamsors, the
wurtzite structures such as Zh@saN? CdS® and CdS¥ have received intense

attraction because such materials possess a unigeentrosymmetric structures
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naturally created in a c-axis to form spontanealarjzation properties. Among the
wurtzite structures, the noncentrosymmetric ZnS &asmarkable semiconducting
property and can be used in many different apjitinat for instance UV nanolaséts
optical device¥, and sensoté ZnS has superior piezoelectric propertfebut it is
not as widely researched as ZnO, GaN, and PZTeopionic device$’

This work, our theoretical calculation suggests #r@S has a significant output
piezopotential of ~2V while apply a compressivaisiron the c-axis of the ZnS
nanowire. Based on our calculation and experimerdgallts, the ZnS exhibited
significantly piezoelectric properties that enatdlempose these results on the energy
harvesting of nanogenerator. Motivated by these sidemations, we have
systematically investigated ZnS nanowire based gamerator as an active force
Sensor.

The wurtzite structure of ZnS nanowires were sysitesl on Si substrate and
packed as an active force sensor. The ZnS nan@enaran generate an output
current of ~ 60 nA and a voltage of 0.5 V. Becatlieeoutput voltage and current of
the ZnS nanogenerator is proportional to the moumentit can detect various
momentums from 0.077N s to 0.177N s. On the bdsisioexperimental results, the
output voltage and current can linearly be supagds/ a number of nanogenerators
(ie., either in-serial or in-parallel manner). TheS nanogenerator can be regarded as
a self-powered force sensor that enable to tracedmtect a harmonic motion of
penduluni® and various momentum in the range of 0.077 N sO.tl7 N s.,
respectively. This is a first-time demonstrationaohighly sensitive pendulum and
force active sensor using a self-powered ZnS naiedvased nanogenerator.

2. Experimental detail

The synthesized process of the ZnS nanowires prapared from source
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materials such as ZnS and carbon powder with a p@leentage ratio of 1:1. The
combination of materials, heated to 1®680under an argon gas flow with a rate of
200 sccm (Ar purity 99.9 %) for three hours, crdatecarbonthermal reactiéh®
The working pressure of the system was maintainebixa0? Torr. The thin-film
X-ray diffractometer (Bruker, D8 SSS), a high-regmn transmission electron
microscope (HRTEM, JEOL JEM-3000F, operated at 8@ and a field emission
scanning electron microscope (FESEM, HITACHI S480perated at 3 kV) were
used to investigate the material’s compound, chg$tacture, and morphologies. The
output voltage and current of the nanogeneratoe wezasured by using a low-noise
voltage and current preamplifier (Stanford Rese&@ygbhtem Model SR560 and SR
570).

The fabrication process of the ZnS nanogenerads as follows: First, the ZnS
nanowires were grown on a Si substrate (001) witesgstance that ranged from 0.1
to 0.5 Ohm-cm). The Si substrate was used for atetk and top electrode. The
polydimethylsiloxane (PDMS) solution was createdalgyrocess of spinning a coating
on the ZnS nanowires to protect the device fromaitgef® The other Si was attached
to the top of the device as a top electrode. Th®generators can be in-serial and
in-parallel packed into a tandem nanogeneratonvestigate the linear superposition
principle of output voltage and current.

3. Resultsand Discussion

Figure 1(a) shows the FESEM images of as-sgitbd ZnS nanowires that
were grown on the Si substrate. The length of theowires can be up to a few
thousands micro metergng) and 100-200 nm in diameters. The inset of Fidis
shows the nanowire’s oblique direction, namelyttenSi (001) substrates, out-of-plane

vapor-liquid-solid growth favors nanowires propaggtin range of 45to 135 from

Page 4 of 22



Page 5 of 22

RSC Advances

substrate’s surface. This fact demonstrates thahanowires could deform vertically
from 45 to 135. The XRD pattern of Figure 1b shows that syntleekimanowires
belong to a single phase of wurtzite-type ZnS (JSRIard No. 36-1450) with lattice
parameters of a = 3.82098 nm and ¢ = 6.2573 nm.syhthesis temperature of ZnS
nanowires was controlled at 1080 Accordingly, the ZnS nanowires underwent a
crystal structural phase transformation from thigicaincblend to a hexagonal wurtzite
structure. The HRTEM in Figure 1(c) reveals theidatfringe ~0.619 nm of ZnS
growing along the c-axis. Figure 1(d) shows theregponding Fast Fourier
Transformation (FFT) image and demonstrates a weirtructure with a growth
direction of [0001], which is evidence of the s@omous polarization of ZnS that is
governed by the c-axis.

Figure 2(a) (left-hand-side) shows a schematicrdragpf a ZnS wurtzite structure
with the space group of P63mc. The grey spheregsept the S ions and the red
spheres are the Zn ions. The unit cell of ZnSasksd alternately along the c-axis; its
structure consisted of tetrahedrally coordinatéd @d Zri" ions?* Figure 2(a)
(right-hand-side) shows a hexagonal close packeay af anions, with half the
tetrahedral interstices filled by cations. Eacloarand cation was surrounded by four
cations and anions, respectively, and has formeshtedral coordinated geometry.

In this work, the growth orientations of the nanm@siwere randomly oblique and
out-of-plane to the substrate. The Comsol softvpaiekage was used to calculate the
piezopotential distribution of ZnS nanowir@s?® The theoretical calculation is based
on an insulating assumption of the material. Fidi(t® and 2(c) shows that the forces
were applied to the different orientation. The mmaxin piezopotential is positioned
on the c-axis, which is corresponding to ~2.1V (ségure 2(b)). The calculated

deformation and applying pressure of the ZnS naresware 1.14x 10° m and
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1x 10° N/m?, respectively. The output piezopotential dependstt® size of ZnS
nanowires and the strain’s orientation. Moreovdrewthe nanowires were randomly
lying in parallel to the substrate plane, its pgatential was reduced to ~0.083V (see
Figure 2(c)). The theoretical calculation of pieatgmtial distribution in ZnS
nanowires has demonstrated that the c-axis of #mwires indeed dominate the
maximum output of the device. This is the sourcpietoelectricity in ZnS nanowires.
The theoretical calculation implies that the growathZnS nanowires is vertically
out-of-plane, which is a key factor for governinget actual output of the
piezopotential. Accordingly, we propose that the&SZzranowires should be grown as
perpendicularly and out-of-plane to the substraseshown in the schematic diagram
in Figures 2(d) and 2(e), and this will producegmigicant output signal. Figure 2 (e)
shows that the ZnS nanowires were grown on planaul$trate and affixed another
one (Si substrate) to from a sandwich structure FBMS was then covered on the
entire device to keep the nanogenerator in robuskemu the various mechanical
collisions. Indeed, Figure 2(f) and its inset shthat the ZnS nanowires growing
obliquely on a substrate after coated by a PDMS8rlay

The nanogenerator was applied with a constantsamiliof ~ 0.117 N.S. The
definition of momentum is given by supporting infation of S1. Figures 3(a) and
3(b) show that the output voltage and current 24h& nanogenerator can reach 0.8V
and 40nA, respectively. The nanogenerator was selyerconnected to the
measurement system, the corresponding output eléagl current was 0.8V and
40nA, respectively, as given in Figures 3(c) and).3(his fact demonstrated that the
nanogenerator made from ZnS nanowires indeed peodusignificant and reliable
voltage and current, which urged us to comprehehsimvestigate the output-power

performance of the nanogenerators and its appicatn self-powered active sensor.
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This work, we have developed the superpositioncipla by considering two to
three independent nanogenerators in-serial an@nalipl connection to evaluate the
linear superposition tests by using a constantstofl of ~ 0.117 N.S. First, the output
voltage of each nanogenerator are defined/@s, Vig,, and Vics. Next, the
measured voltage of two and three nanogenetarserial connections is defined as
Viciinez @NdVaci veaanes, Which are shown in the upper and lower schematic
diagrams of Figure 4(a), respectively. The linagpesposition can be demonstrated

by the following equations:

Vic1envc2=Voo = Vordner + (Vo= = Vi dnez = Vg1 tVig (1)
Vicr+nc24nGs= Vo= = Voidngt + Voo = Vo dnez + (Vo — Vo dnes = Vie1+tVae2tVives (2
Vie1-n62=Vom = Vo dner + Vs = Vo dnez = Vier — Vg2 €))

Vigisncz-nes=p— = Vodnar + Voo = Vo dnaz + Vi = Vo dnes = Viar + Vilea — Vilgs (4)
Where V,_ —V,, is a voltage drop between two ends of a nanogtmeFagure 4(b)
shows that NG1, NG2, and NG 3 is 0.7V, 0.5V, ar&¥/Ocespectively. Accordingly, it
is logical that the output voltage &ys1,ne2 IS ~1.2 andVysiingzengs 1S 1.4 V.
That is, when the polarities of the nanogeneratercannected in the same direction
(see Figure 4(a)), which increased the total veltafthe circuit. By contrast, when
the polarity of the nanogenerators is connectedpiposite direction, as defined by
Vici-ngz and Viciincz-nes (see Figure 4(c)), the corresponding linear
superposition of equations is presented in equaidri3) and (4). The output voltage
is therefore decreased to ~0.3V M{;;_ngc: and 1.2V for Viciine2—ngs (S€€
Figure 4(d)). On the basis of our experimental ltsswe conclude that if we apply
the power sources (eg., nanogenerator) in the dpppslarity connection, thereby
decreasing the total voltage of the circuit in ta@mogenerator group. Conversely, the

polarities of the power sources are connectedarsgime direction, thereby increasing
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the total voltage of the circuit.

Similarly, when evaluating the output current, theasured configurations are
defined as the linear superpositiols.;.ne2 aNd Inc1ina24nes (S€€ Figure 5(a)).
The Iciine2 INcisnc2engs @re given by the equations of (5), (6), respebtive
First, the individual measured output current aeéhnanogenerators as NG1, NG2,
and NG3 are 40 nA, 30 nA, and 10 nA, respectividbxt, the corresponding output
current of linear superpositiofiz1 . ng2 IS ~70 NA andly¢14nea+nes 1S ~80 NA (see
Figure 5(b)), that their amplitudes add linearlyg. donduct a switching polarity tests,
the polarities of the NG2 and NG3 are connectedniropposite direction, as shown
the schematic diagram in the Figure 5(c). The lireegperposition minus are defined
as Iyc1-ne2 andIycq4ne2—ne3» Which can be presented as the equations of @) an
(8), respectively. The measured output current{of,_ ., produced ~10nA while
I¥c1+nc2-nes Produces ~60 nA, as shown in Figure 5(d). On thsisbof the
experimental results, our nanogenerators are indemukistent with a linear
superposition principle. Moreover, the control séamipas carefully been conducted
by using PDMS without ZnS nanowires, which exhidbiteo output signal, as shown
in supplementary information of S2. Therefore, wenatuded that the linear
superposition principle with the switching polariigsts have been demonstrated to

rule out any artifact such as coupling effect vatbctrical measurement system.

Ivgi+nc2=Up- — Iy )ng1 + Up- — Ly )nez = Ingi+ine: (5)
INgranczenes = Up— — Iy)ngr + Up— — Ly )ngz + Up- — Iy )ngs = INg1 + INgz + Ings (6)
Iigi-ne2=Up- — Iy )ng1 + Ups — Iy Inez = Ing1 — INg2 (7)
INg14nc2-n63=Up- = IpInet + Up— — IpInez + Ups — Ip-Ines = INe1 NGz — INes (8)

To understand the relationship between the faltiagght and output signal, the

100g object was dropped from different heights 04,3, 6, and 7 cm. This produced
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various forces of momentum, as demonstrated inr€ig(a). The momentum for the
vary height of 3, 4, 5, 6, and 7 cm are 0.077N.G3® N s, 0.099 N s, 0.108N s, and
0.117 N s, respectively. Thus, the correspondingpudu voltages for various
momentum of 0.077N s, 0.089 N s, 0.099 N s, 0.188hhd 0.117 N s are 0.2 V, 0.4V,
0.6v, 0.7V, and 0.8V, respectively, as shown in uFég 6(b). Likewise, the
corresponding output currents for such momenturaslanA, 15nA, 25nA, 28 nA,
and 32 nA, respectively, as shown in Figure 6(@Qufe 6(d) shows that the various
momentums are proportional to the varied hef§fithe force is therefore proportional
to the collision momentum. This is consistent wotlr previous findings in ZnSnO
nanogeneratdr *®The various momentums have high sensitivity tocreesponding

output signal.

The ZnS nanogenerator was mounted on an objectantiass of 779 to conduct
a pendulum experiment that undergo a simple harnoition as it swings forth and
back. The equilibrium position of the pendulum he tlocation when the object is
hanged downward. Figures 7(a)-7(d) shows that taembénic motions of the
pendulum are released at°13C, 6, and 90, respectively. The more angles the
pendulum had, the more current it put out. The leaimmotions have amplitude for
the sine (or cosine, depends on the phase anghe}idn. Thus, as increased the
swing angle of the pendulum, the amplitude incréagsee Figure 7(a)-7(b)).
Subsequently, the amplitude exhibits an exponedeahy with time. The results are
in good agreement with a typical harmonic motionfggens by a pendulum. There
have slight variations in the output signals. Thasattributed to a small swing

frequency and directions difference.

On the basis of the superior performance of the AaBogenerator and the

simple demonstration, the results show that the AaSogenerator can detect a
9
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various momentums and mechanical motions as ad@ghitive active sensor. It can
be argued this is the first unique demonstratiousihg a ZnS nanogenerator as a

highly sensitive active sensor that without apphadexternal power source.

4. Conclusion

The ZnS nanowires with a wurtzite structure werentlsgsized by a
carbonthermal evaporation process at 1950A spontaneous polarization direction
[0001] of ZnS was revealed by a HRTEM image. Theoae calculation
demonstrated the piezopotential of the ZnS nanewi@V while applied a
compressive or tensile strain on its c-axis. Anpattvoltage and current of a ZnS
nanogenerator can reach 0.8V and 40 nA. The naedg®ns are consistent with a
linear superposition principle. The output signate proportional to the collision
momentum. The ZnS nanogenerator can be self-poviergdce a simple harmonic
motion of a pendulum that released from differamgla (i.e, 158, 3¢, 60, and 90).
This is a first demonstration that a highly semsitactive sensor made by a ZnS
nanogenerator that enable to detect and/or hamgestnergy from a various
mechanical motions.
Acknowledgements
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Figure Captions

Figure 1. (a) FESEM image of ZnS nanowires. Inset image shihat the growth of
nanowires propagating in range of’46 135 from substrate’s surface. (b)
The XRD pattern shows the nanowires belongs thdziirstructure. (c)
HRTEM image shows the ZnS nanowires with a lafficege ~0.619 nm. (d)
Fast Fourier Transform (FFT) pattern shows the waes grows along
[0001] direction.

Figure 2. (a) Atomic model of the structure ZnS. (b) Pierc#ic potential
distribution obtain by theoretical calculation walpplying directions along
+z axis (c) Appling force at 90to the surface of the nanowire. (d) The
schematic diagram of as-grown nanowires on theseardf the substrate. (e)
A sandwich structure of ZnS nanogenerator (f) Th& Dhanowires with a
PDMS layer.

Figure 3. Output power of a ZnS nanogenerator by a forwartheotion: (a) output
voltage (b)output current; and reverse connection of (c) auypltage (d)
output current

Figure 4. (a) Equivalent circuit of the nanogenerators inasepackage with the

polarity in the same direction. (b) The correspagdoutput voltage. (c)
Equivalent circuit of two and three nanogeneraiorserial package the
polarity with a opposite direction. (d) The corresding output voltage.

Figure 5. (a) Equivalent circuit the nanogenerators in-pargbackage with the

polarity in the same direction. (b) The correspagdoutput current. (c)
Equivalent circuit of the nanogenerators in-patgbackage the polarity
with an opposite direction. (d) The correspondintpat current.

Figure6. A collision momentum test for different heights3p 4, 5, 6, and 7 cm. (a) A

11
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schematic diagram of the nanogenerator testing esta@p) The
corresponding output voltage (c) The correspondimgut current. (d) The
experimental data and fitting curves for outputtagé and current as
function of a vary collision momentum.

Figure 7. The output current of a nanogenerator performaljyendulum test. The
harmonic motion of the pendulum is released al8)(b) 3@,(c) 6C, and

(d) 90.

12
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Figure 1

8 7ZnS (JCPDS 36-1450)
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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A pendulum and micro-force active sensors have been first made from zinc sulfur
nanowires based nanogenerator. The ZnS nanogenerator can be self-powered to trace
a simple harmonic motion of a pendulum that released from different angle. A various
momentums from 0.077N s to 0.177N s were able to detect owing to the output
voltage and current of the ZnS nanogenerator were proportional to the momentum.
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