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Compact Hybrid Cell Based on a Convoluted Nanowire
Structure for Harvesting Solar and Mechanical Energy

Chen Xu and Zhong Lin Wang*

The harvesting of energy from the environment dates back
to the age of the windmill and the waterwheel. Their modern
counterparts are hydro-power plants, wind farms, solar farms,
and more recently, novel piezoelectric devices!!l for power
generation from mechanical vibration.l! Fully utilizing power
sources such as light,>-* thermal, and mechanical energy is of
great importance to our long-term energy needs(® and sustain-
able development”] At a small scale, the development of a wire-
less self-powered systeml®l that harvests its operating energy
from the environment is of great importance and an attractive
proposition for sensing,”l personal electronic,'% and defense
technologies. Recently, harvesting multiple type energy using
a single device has been a new trend in energy technologies.
The first multimode energy harvester!!l has been demonstrated
for simultaneously harvesting solar and mechanical energy.
Recently, the hybrid cell has been developed for concurrently
harvesting biochemical and mechanical energy for in vivo
applications.'>13] This multimode energy harvester has the
potential of fully utilizing the energy in the environment under
which the devices will be operating.

The prototype of the nanowire-based hybrid cell demon-
strated to harvest both solar and mechanical energy is using
a dye-sensitized solar cell (DSSC)!"*13] and piezoelectric nano-
generator.'®) However, due to the encapsulation problem
posed by the use of the liquid electrolyte'” in conventional
DSSCs, solvent leakage and evaporation are two major obsta-
cles, thus the present hybrid cell is actually a back-to-back
physical integration of a nanogenerator and a DSSC on the
same substrate, which may limit its performance. We report
here an innovative approach that convolutes a solid-state
dye-sensitized solar cell'® and an ultrasonic wave driven
piezoelectric nanogenerator into a single compact structure
for concurrently harvesting solar and mechanical energy.
The structure is fabricated based on vertical ZnO nanowire
arrays!’! with the introduction of solid electrolyte and metal
coating. Under light illumination of a simulated sun emission
(100 mW/cm?), the optimum power is enhanced by 6% after
incorporating the contribution of the nanogenerator. This
research provides a platform towards multimode energy har-
vesting as practical power sources.

The design of the compact hybrid cell (CHC) was to convo-
lute the roles played by the nanowire arrays to simultaneously
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perform their functionalities in a nanogenerator and a DSSC.
The main frame structure consists of two sets of ZnO nanowire
arrays that are placed in a “teeth-to-teeth’ configuration?’]
(Figure 1a), as previously demonstrated for the fiber based
nanogenerator.?!l The DSSC follows the template offered by
the nanowire arrays at the top, which is finally coated with a
layer of metal to serve as the electrode for the nanogenerator,
and the nanowire array at the bottom acts as piezoelectric struc-
ture for converting mechanical energy into electricity. The solar
simulator illuminates the device from the top and the ultrasonic
wavell®l is applied at the bottom.

To fabricate the solid-state DSSC, the vertically aligned ZnO
nanowires (NWs) were grown on an ITO-coated glass sub-
strate (CB-40IN-0107, 4-8 Q, Delta Technologies, Ltd.) through
a hydrothermal method. The substrate was first cleaned by
standard acetone/ethanol/IPA/Di water sonication and a thin
film of ZnO with 200 nm thickness was deposited by magn-
etron RF sputter. Then, the ZnO NWs were synthesized by
floating the substrate on the nutrient solution surface, which
is composed of a 5 mM solution of 1 : 1 ratio Zn(NO;), and
hexamethylenetetramine at 80 °C for 24h. After rinsing with
acetone, the NWs were immersed in a 0.5 mmol L™ sensitized
solution of (BuyN),Ru(dcbpyH),(NCS), (N719 dye) in ethanol
for 1 h for dye loading. Then the amorphous organic hole-
transport material, 2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenyl-
amine) 9,9’-spirobifluorene (OMeTAD), was spun on the dye-
sensitized ZnO NWs with 2000 rpm for 60 s and subsequently
baked at 100 °C to remove the organic solution. As shown
schematically in Figure 1b, a cone-shaped surface was thus cre-
ated. A continuous gold thin-film coating (60 nm in thickness)
resulted in the formation of a cone-shaped electrode as required
for the NG described below. Figure 1d shows the scanning elec-
tron microscopy (SEM) image of the cone-shaped surface in
which the space between the cones was 1-2 um wide.

For NG fabrication, ZnO NWs (Figure 1c) used for the NG
were grown on a GaN (0001) surface using the high-temperature

vapor deposition process??l to achieve uniform polarity.
The nanowires were ~2-3 um in length and the interspacing
between the nanowires was 400-700 nm. By stacking the two
sets of nanowire arrays interdigitatively face-to-face, the gold-
coated cone-shaped electrode on top served as the “zig-zag”
electrodel!®! for mechanically triggering the nanowires located
at the bottom (Figure 1a). This is a functional nanogenerator
driven by ultrasonic waves.

The “convolution” of the DSSC and NG in serial order to form
a CHC is presented in Figure 2a. ITO serves as the cathode while
silver (Ag) paste in contact with GaN[?3l serves as the anode in
this configuration. After connecting to output wires, the entire
CHC was sealed and packaged by epoxy resin to prevent
infiltration of any liquid except the window of the DSSC.
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Figure 1. Design of the compact hybrid cell (CHC) structure consisting of
a dye-sensitized solar cell (SC) and a nanogenerator (NG). a) Schematic
illustration of a CHC, which is illuminated by sunlight from the top and
excited by ultrasonic waves from the bottom. The ITO layer on the DSSC
part and GaN substrate are defined as the cathode and anode of the CHC,
respectively. b) Schematic illustration of a solid state DSSC. c) Schematic
illustration of a vertically aligned ZnO nanowire array grown on a GaN
substrate. d) Top view SEM image of the DSSC. e) SEM image of the as-
grown ZnO nanowire array using the high-temperature vapor deposition
method for fabricating the NG.

The working principle of the CHC is presented by the elec-
tron energy band diagram (Figure 2b). The electrons were pro-
moted through the two devices consecutively by the piezoelec-
tric and photovoltaic potential.l'!l] The maximum achievable
output voltage is the difference between the Fermi level of the
ZnO NWs in the DSSC (Ef, z40.sc) and that of the ZnO NWs
in the NG (Ef, zn0.n6)- [t is a summation of the output voltages
of the NG and DSSC. In the NG section, the gap between the
Fermi level of the ZnO NWs (Eg, zno.ng) and that of the gold
determined the maximum voltage output of the NG (Vy¢).
The Au-ZnO junction forms a Schottky contact?*l because Au
has a work function of 4.8 eV that is greater than the electron
affinity of ZnO (4.5eV), which serves as a “gate” that blocks
the back flow of electrons. When the gold electrode slowly
pushed a NW like an AFM tip,ll a strain field was created
across the NW width, with the outer surface in tensile strain
and the inner surface in compressive strain. The piezoelec-
tric potential at the compressive side of the nanowire sets the
Schottky contact as forward biased and drives the electrons to
across the Au-ZnO junction.?” Through an electron-transfer
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Figure 2. Design and physical principle of the CHC. A) Schematic struc-
ture of a CHC. B) Electron energy band diagram of the CHC, showing
that the maximum output voltage is a sum of those produced by the
DSSC and NG. The abbreviations are: conduction band (CB), valence
band (VB), and Fermi level (Ef).

process,/?’! these charge carriers continue transport in the
solid state electrolyte into the DSSC'® In the DSSC section
of Figure 2b, the maximum voltage output (Vsc) is dictated by
the difference between the ZnO’s Fermi level (Ef, z,0.5c) and
the electrochemical potential of the electrolyte. Visible-light
absorption by the dye sensitizer excites electron transfer to
the conduction band of ZnO. The electron injection from the
excited sensitizer into ZnO is followed by regeneration of the
dye sensitizer by the electron from OMeTAD. The electrons
in the conduction-band of ZnO and the holes in the electro-
lyte are separated and subsequently transported to the contact
electrodes.

Both DSSC and NG units of the CHC can work independently
and conjunctionally. The CHC was characterized by affixing it on
the water surface in an ultrasonic generator cavity with the trans-
parent DSSC side facing the sunlight source and the NG side in
direct contact with the water underneath,?*! where an ultrasonic
generator with a frequency of ~41 kHz was applied from the bottom
side (Figure 1a). J-V curves were recorded for the CHC, DSSC,
and NG, respectively. The short-circuit current was measured
by serially connecting the CHC to a DS345 30MHz synthesized
function generator (Stanford Research Systems) with a resistance
of 50 Q sweeping from —1 to +1 V as external load. The current
signal was using a DL 1211 preamplifier (DL instruments). All of
the signals were converted through a BNC-2120 analog-to-digital
converter (National Instruments) and recorded by a computer. The
photovoltaic performance of the DSSC for CHC was first charac-
terized under simulated sunlight illumination (AM 1.5G simu-
lated sun light 300 W model 91160, Newport) without applying
ultrasonic waves. The open-circuit voltage (Upc—SC) was 0.42 V
and the short-circuit current density (Jsc—SC) was 0.25 mA cm™
(Figure 3a). The fill factor of the DSSC reached 30.6% corre-
sponding to an overall energy conversion efficiency of 0.03%,
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Figure 3. Performance of the CHC. A) A comparison of J-V characteris-
tics of a CHC when illuminated by simulated sunlight with (red curve)
and without (blue curve) turning on the ultrasonic wave excitation. Inset
is an expanded output of the open circuit voltage Uoc points around the
axial cross point, showing the increment of Ugc for ~19 mV after turning
on ultrasonic waves. B) J-V characteristic of the NG when subjected to
the ultrasonic wave’s excitation, but without sunlight illumination. C) A
comparison in power output J-V characteristics of a CHC. The rectangle
area is the optimal power output for the CHC.

which is comparable to that of the ZnO based solid state
DSSC.127]

The NG was characterized by introducing ultrasonic waves
through the water media without sunlight illumination; the cor-
responding -V curve showed that the Upc—NG was ~0.019 V
and the Iyc was ~0.3 pA cm™ (the left inset of Figure 3a). A
J-V curve of the NG (Figure 4a) was recorded when the sun-
light was turned on and off. The corresponding Uoc-NG
showed no change, indicating that there was no contribution
from the SC to the NG when only NG was being character-
ized. Furthermore, An I-V curve of the NG was also recorded
at near-zero-point region when the device was in dark condition
without applying ultrasonic waves. As shown in Figure 4b, the
curve passed right across the zero point. The data prove that
the DSSC and NG units in the CHC can work independently
when only one type of energy source is available. ZnO based
solid state DSSC was purposely chosen because the output of
the DSSC is comparable to that of NG. But it can be largely
improved by using TiO, based solid state DSSC.

Adv. Mater. 2011, XX, 1-5

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

a Voltage(V)
0 0.005 0.01 0.015 0.02 0.025
0.0
-0.1
-0.1
€ 02
£ -03 + NG only (light on)
-0.3 A NG only (light off)
-0.4
-0.4
b Voltage(V)
1.60
=
=
=
il
= 003 006 009 02
o -

206

Figure 4. Performance of piezoelectric nanogenerator. A) J-V character-
istic of the NG, without including the DSSC unit in the measurement
circuit, when excited by ultrasonic waves with (red curve) and without
(blue curve) turning on simulated sunlight. It shows almost no change
in Ugc of the NG even when the simulated sunlight was turned on or off.
B) I~V curve recorded from the NG part of the hybrid cell at near-zero-
point region when both the sunlight and ultrasonic wave were off. The
|-V curve came right across the zero point, showing no contribution from
the DSSC to the NG when the hybrid cell was measured in dark. These
tests are essential to exclude the influence of DSSC to the characteriza-
tion of NG.

To demonstrate the technological feasibility of the CHC
for simultaneous harvesting of solar and mechanical energy,
we measured the -V curve on CHC under different condi-
tion. When the full sunlight source was on and the ultrasonic
wave source was off, the CHC exhibited a Uy of 0.415 V and
Jsc of 252 pAcm™2 (blue curve in Figure 3a). When both the
ultrasonic wave and sunlight were turned on, the Uy reached
0.433 V, while the Jsc remained at 252 pAcm™ (red curve in
Figure 3a). The output voltage of the CHC showed a 19 mV dif-
ference when turning on and off the ultrasonic wave, as shown
by the expanded plot of Uq in the right-hand inset of Figure 3a,
which is just the output voltage of the NG when the sunlight was
off (Figure 3b).

The main advantage of this new CHC is that, unlike our pre-
vious hybrid cell,"! the new CHC is a solid state device without
liquid electrolyte and two parts are convolutedly designed in a
single compact. In particular, the possibility of solvent leakage
and evaporation from DSSC is no longer an issue. Moreover,
the single compact design makes it truly single device that has
the ability to harvest both solar and mechanical energy.
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tures for concurrently harvesting both solar
and mechanical energy using a single device.
The compact hybrid cell is based on a conjunc-
tion design of the organic solid-state DSSC and
piezoelectric nanogenerator in one compact
structure; it not only shows an increase in the
output voltage but also in the output power
as the driving ultrasonic wave is turned on,
clearly demonstrating its potential for simul-

Figure 5. Controlled performance of the CHC. A) J-V characteristics of another CHC when
a simulated sunlight was illuminating onto the SC side and the ultrasonic wave was turned
on (red curve) and off (blue curve). B) J-V characteristic of the NG component when sub-
jected to ultrasonic wave excitation but with sunlight off. C) J-V characteristic of the DSSC,
without including the NG unit in the measurement circuit, when illuminated by a simulated
sunlight with (green curve) and without (orange curve) turning on ultrasonic waves. Inset
is an expanded plot around the Uqgc points, showing there is almost no change in Ugc by
turning on ultrasonic waves. The open circuit voltage Ugc point was not affected by the

taneously harvesting multiple types of energy.
An increase of 6% in optimum power for the
CHC was demonstrated by incorporating the
contribution of the nanogenerator. Therefore,
the CHC is more efficient for fully utilizing the
available solar and mechanical energy in our
living environment for powering small elec-
tronic devices for independent, sustainable, and
mobile operation.

ultrasonic wave, simply ruling out the contribution from the fluctuation in NG resistance to

the performance of the SC.

In order to further confirm that the increase of Ug is truly
coming from the NG unit, another set of J-V characteristic
was measured between the cathode and anode of DSSC unit
without including the NG unit in the measurement circuit. The
performance of the CHC was shown in the J-V curves (Figure 5a)
with the NG performance in Figure 5b. By turning on and off
the ultrasonic waves, the J-V curves exhibited almost an iden-
tical trace (Figure 5c). Particularly, the Upc-SC remained at the
same point, as shown by the expanded plot of Ug in the inset
of Figure 5c.
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