ADVANCED
MATERIALS

'a\
M“h\)ii"ﬁ

www.MaterialsViews.com

www.advmat.de

Polymer—Metal Schottky Contact with Direct-Current

Outputs

Hao Shao, Jian Fang, Hongxia Wang, Liming Dai, and Tong Lin*

Conversion of mechanical energy into electricity is an impor-
tant process widely used for power generation.!!l Over cen-
turies, large mechanical energies from steam flow, wind, and
falling water have been converted into electrical power based
on electromagnetic induction. Small mechanical energies asso-
ciated with body movements, muscle contractions, rotation of
vehicle tires, and rainfall, to name a few, exist everywhere.?
Harvesting these seemingly small energies into electricity to
charge personal electronics is highly desirable, particularly for
those with whom being charged by an alternating current (AC)
line cord and/or a heavy battery are difficult (e.g., athletes, sol-
diers in the field).

Indeed, small mechanical energies have been harvested into
electricity using miniaturized electromagnetic devices (or gen-
erators)®l and piezoelectric converters.[! Recently, other inno-
vative mechanical energy to electricity conversion mechanisms
have also been reported, for example, ionization of a polymer
gel under mechanical deformation to generate electric signals
of few millivolts,! triboelectric generation of large voltage out-
puts,l® and electric energy generation simply by bringing two
metals with different work functions together.”! However, most
of the devices reported so far produce a low output current den-
sity, though some of them show large voltage outputs. Large
current density is necessary to provide sufficient power to run
a device for various practical applications, which should also
open up avenues for miniaturizing the generators to be inte-
grated into utilizing devices for self-powered miniature medical
robots, for instance.l®l

Most of the existing technologies for harvesting small
mechanical energy can only produce alternating current out-
puts. Rectification is needed to produce direct current (DC)
power before use. This not only reduces the overall energy con-
version efficiency but also increases complexity and difficulty
in miniaturizing the generator system. Self-rectified energy
harvesters that can directly produce DC outputs without extra
rectifying are highly promising. Piezoelectric DC generators
have been reported based on oriented ZnO nanomaterials
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(e.g., aligned nanowires, nanorods, and nanosheets) by forming
Schottky contact between the ZnO nanomaterials and an
electrode to regulate the charge movement.’l However, those
devices typically have a low power output and also require
precisely control of the preparation process. Besides, DC out-
puts have also been reported for triboelectric generators with
multiple electrification pairs to periodically switch charging
directions (see a summary of DC generators in the Supporting
Information, Table S1).11%

Conducting polymers, such as polypyrrole (PPy), have dem-
onstrated for mechanical-to-electrical energy conversion.!'!l Pre-
vious reports on mechanical energy harvesting involving PPy
are often based on interaction with an electrolyte solution.!'
The minute voltage output (e.g., 0.28 mV) and use of electrolyte
solution make these devices unsuitable to be integrated into
solid-state devices (e.g., wearable electronics). As far as we are
aware, however, electric generation from mechanical deforma-
tion of a dry, freestanding PPy without electrolyte has not been
reported to date.

Here, we have found that a freestanding PPy thin film (plate
of 1-2 mm in thickness) under compression can generate a
DC power with a current density as high as 62.4 pA cm™ and
voltage of 0.7 V. We have further demonstrated that the elec-
tric energy thus generated can be directly stored into a capacitor
without rectification to power electronic devices, as exemplified
by lighting up a commercial light-emitting diode (LED) (vide
infra).

In a typical experiment, PPy was synthesized using FeCl;
as oxidant, and PPy plates (diameter: 13 mm; thickness:
1.44 = 0.10 mm) were fabricated by mechanically pressing the
PPy powders in the same manner as FTIR (Fourier transform
infrared spectroscopy) KBr plates were made. Figure 1a shows
a typical digital image for the as-prepared PPy plate. Scanning
electron microscopy (SEM) images given in Figure S1 of the
Supporting Information shows a typical globular morphology
for PPy.l3]

To measure the mechanical-to-electric conversion of the PPy
plate, we used an aluminum foil and a gold sheet as electrodes
and devised the electrical circuit, as shown in Figure 1b. The
gold sheet was supported by a dense polyethylene terephtha-
late (PET) film of the same size. During the test, the PPy plate
was mounted on the Al electrode, whereas the Au electrode was
laminated to a nonconductive PET film and fixed to a movable
load. The circuit is connected just during compressive impact
of the PPy plate by the PET/Au-load. By moving up-and-down
the gold electrode with the load, the PPy plate was compressed
and decompressed to generate electric signals.

Figure 1c,d shows the voltage and current outputs, respec-
tively, when the device was compressed to a strain up to

wileyonlinelibrary.com

1461

o
o
3
=
G
2
a
-
o
=



http://doi.wiley.com/10.1002/adma.201504778

2
o
<
S
=
5
=
=
o
1%/

1462

ADVANCED
MATERIALS

Makies

www.advmat.de

a
/

TZ

Load
PET
Au—

PPy —

Al—

C

0.8+

0.6+

—~

0.4

~

>
0.2+

0.0+

03 06
Time (min)

0.0 0.9

www.MaterlalsVIews.com

03 06 0.
Time (min)

Power output (i

ll.-

10° o' 10° 10° 10
Resistance (Q)

Figure 1. a) Chemical structure of PPy and digital image of the PPy plate (diameter: 13 mm); b) circuit (forward connection) for measurement of
electrical outputs under strain; c,d) typical voltage and current outputs from a PPy plate under repeated compressive deformation (strain level: 10.4%;

compression speed: 0.08 mm s7'; frequency: 0.27 Hz);
1.44 £0.10 mm).

10.4% at a speed of 0.08 mm s and then decompressed at
the same speed. As can be seen, the peak current reaches
up to 290 pA (current density 218.6 pA cm~2, Figure 1d) at
a peak voltage of 0.7 V (Figure 1c). The voltage and current
outputs can be generated repeatedly over more than thou-
sands of compression—decompression cycles as the 10.4%
strain is within the elastic deformation of the PPy plate (see
Supporting Information, Figure S2). Compared to various
reported energy harvesting devices (see Supporting Informa-
tion, Tables S1 and S2), our PPy-based energy harvesting unit
shows a much higher current density, though voltage output
is relatively low (0.7 V).

The power (P) outputs at different external resistances were
calculated by the equation: P = IR, where [ is the peak current
at the corresponding external resistance (R). Figure le shows
the output power as a function of external load resistance from
1 Q to 0.1 MQ (see Supporting Information, Figure S3 for
the I-R and V-R). The output power initially increased with
increasing the external resistance to reach a maximum value of
0.15 W m~2 at 8.2 kQ, and then decreased with further increase
in the R value. It is known that an energy device shows a
maximum P value when it works at an external resistance
equivalent to the internal resistance.[¥

To gain further insights into the mechanical energy-
electricity conversion by the PPy plate, we employed different
strain-time functions. Figure 2a shows the response of elec-
trical outputs to a triangle compression-decompression strain
cycles. As can be seen, the device voltage and current outputs
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e) relationship between the output power and the external load resistance (PPy plate thickness:

show a synchronous response to the compression under a peri-
odic compression at a crosshead speed of 0.08 mm s! to the
maximum strain of 10.4%; both voltage and current increase
with increasing the strain value. However, the electric outputs
responded to the strain in a nonlinear manner. The rates of
voltage and current increases for the strain change from 0% to
5% were much lower than those for the strain change from 5%
to 10%. Once the strain was removed, the outputs dropped to
zero spontaneously.

When the PPy plate was pressed and held for certain period
of time and then decompressed to the natural state, the elec-
trical output profile changed with the duration (t) of holding
the plate at certain strain. As shown in Figure 2b, both voltage
and current decay slowly over several minutes even if the strain
is kept at 10.4%. Once the strain is released from the PPy plate,
however, both the outputs drop to zero immediately (Figure 2b).
This differs significantly from conventional piezoelectric mate-
rials in which the electrical outputs decay very rapidly to zero
even if the material is kept at the deformed state. The observed
unique mechanical-to-electric conversion responses were
repeatable for many cycles.

We further investigated the effects of the PPy plate geomet-
rical dimensions on the electric outputs. As seen in Figure 2c,
the current output increases from 7 to 83 pA (current density
from 38.9 to 62.4 pA cm2) when the PPy plate area increases
from 0.18 to 1.33 cm? while keeping the plate thickness
unchanged. However, the voltage output remained almost the
same (Figure 2¢). Similarly, changing the plate thickness while
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Figure 2. a) Electrical outputs of PPy plate as a function of strain change. b) Electrical outputs of PPy plate at a given compression condition (pressing

time t, = 300s, t, = 300s; external load: 8.2 kQ). ¢,d) Effect of plate size an

keeping the PPy plate diameter the same only changed the cur-
rent output to a certain extent but had little effect on the voltage
output. This is presumably due to the effect of internal resist-
ance on the current output. Increasing the plate thickness or
decreasing the area leads to increase in the internal resistance,
hence reducing the current output.

We also noted that the impact side had little influence on
the electric outputs. No matter which electrode was connected
to the traveling load for compression, the PPy device gener-
ated the same level of electrical signals under the same strain
(Supporting Information, Figures S12-S14). In addition, the
electrical outputs were not affected by the electrode-PPy con-
nection modes. When both electrodes are connected constantly
to the PPy plate (Supporting Information, Figure S13a), the
device shows similar electric outputs to those from the device
with one of the electrodes discontinuously connected the PPy
plate, as shown in Figure 1b. When the connection reversed,
the output DC voltages reversed the polarity (Supporting Infor-
mation, Figure S14).

To investigate the mechanism for the novel mechanical-to-
electric energy conversion, we measured the -V curve and
electrical impedance spectrum (EIS) of the Au/PPy/Al device.
As shown in Figure 3a, a nonlinear -V curve with a Schottky
diode feature is observed on the device in both gentle contact
(1% strain level, to ensure the electric connection) and com-
pressed states with a stronger rectifying effect for the device

Adv. Mater. 2016, 28, 1461-1466

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

d thickness on electrical outputs (strain = 10.4%).

under a compressive strain. From the Nyquist plots (Sup-
porting Information, Figure S15), we estimated the internal
electrical resistance of the device after the compression test to
be approximately 8.3 kQ, which is very close to that established
from Figure le (8.2 kQ).

The rectifying effect indicates that a Schottky contact should
exist within the device. To find out the Schottky contact, we
examined devices with the same type of metal electrodes on
both sides of PPy the plate (i.e., Au/PPy/Au and Al/PPy/Al). As
shown in Figure 3D, a linear [-V characteristic is observed on
the Au/PPy/Au device, indicating an Ohmic contact between
the Au and PPy plate with an electrical resistance as low as
80 Q (Figure 3b). For the Al/PPy/Al device, a nonlinear -V
relationship was observed with an electrical resistance as high
as 12 kQ, calculated based on the linear segment (Figure 3a).
This suggests that Schottky contact should form between PPy
and Al. Schottky contact between PPy and Al and Ohmic
contact between PPy and Aul'® have been reported previously.
Our study was in good accordance with these reports.

For comparison, we also tested the mechanical-to-electrical
conversion response of the Au/PPy/Au and Al/PPy/Al devices.
As shown in Figure 3c, no electrical generation is observed on
the Au/PPy/Au device under compression, but uneven positive
and negative outputs with weak voltage output peaks of average
around 0.1 V were generated on the Al/PPy/Al device under
compressive impact (also see current output in Supporting
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Figure 3. -V characteristics of the a) Au/PPy/Al, Al/PPy/Al and b) Au/PPy/Au devices at gentle contact (strain: 1%) and compressed (strain: 10.4%)
states. c) Voltage response of Al/PPy/Al and Au/PPy/Au devices under compressive strain (strain level: 10.4%, compression speed: 0.08 mm s7).
d) Proposed energy band diagram of the Al/PPy/Au device at freestanding state and under compressive strain.

Information, Figure S17). However, the output voltage from
the Al/PPy/Al device is not only significantly lower than that
of the Al/PPy/Au counterpart but also in an AC mode. These
results suggest that single Schottky contact in the Al/PPy/Au
device plays a critical role in conversion of mechanical energy
into DC power.

PPy is a p-type semiconductor with a LUMO and HOMO
energy level of —2.7 and —5.6 €V, respectively.'”) Metals Al and
Au have a work function of 4.06-4.26 and 5.1-5.47 eV, respec-
tively. Figure 3d illustrates the energy band diagram for the
Al/PPy/Au device. The Al-PPy Schottky contact leads to electron
flow to the metal side. The saturation current density of the
Al/PPy/Au device can be estimated by equations!!>>18]

J=Jo e (1)

2 4
Jo=a'Toexp 2] @
where A* is the effective Richardson's constant, ¢ is the effec-
tive barrier potential, T is the absolute temperature, k is the
Boltzmann constant, and V is the applied voltage. The barrier
potential under compressive strain can be thus estimated based
on Equation (1) as

Pstrain = Pron-strain — kT ln [ﬂ] (3)

J non-strain

Here Jain and Jponstain are the current density at the same
voltage in the linear part of the -V curve. Since Jsain > Jnonstrains
the barrier potential under strain (@,;,) is smaller than that at
nature state (Qponstain)- Such a reduction in the barrier poten-

tial would facilitate the movement of electrons from PPy to
AL[15b,19]

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The physical compression also increases charge density in
the PPy plate because of the decreased volume. If the metal elec-
trodes are not deformed under such a compressive impact, the
increased charge density in the PPy together with the reduced
interfacial barrier potential would allow more electrons move to
the Al side. As a result, the potential difference increases. The
Schottky diode plays a role in directional transfer of electrons,
resulting in a DC output.

We also measured the effect of compression on the through-
thickness resistance of the PPy plate. The resistance was found
to decrease with increasing the strain value. Once the strain was
removed, the electrical resistance went back to the initial level
(Supporting Information, Figures S4 and S5). The observed
resistance changes can be attributed to the reversible effect of
compression on the PPy chain packing. Under compression,
the PPy packing density increased with the intermolecular
chain distance decreased, leading to an enhanced conductivity
(Supporting Information, Figure S4).

It is known that frequent contact between two different mate-
rials could cause triboelectric charging. Energy devices based
on triboelectric effect can generate a peak voltage output as
high as 1163 V.2% In our case, the compressive impact between
PPy plate and metal electrode during mechanical energy-to-
electricity conversion might involve a triboelectric contribu-
tion. To examine the role of triboelectric effect, we prepared a
device using two PPy plates from the same batch of PPy. By
closely connecting an Au electrode onto one side of a PPy plate
and an Al electrode onto one side of a separate PPy plate, and
then making the PPy sides of the two plates to contact each
other during compression, the triboelectric contribution can be
eliminated. We noted that this Au/PPy/PPy/Al device can gen-
erate a similar voltage output but slightly lower current output
(Supporting Information, Figure S19), when compared to the
device made of single PPy plate (i.e., Au/PPy/Al) with regular
PPy-metal connection/disconnection during compression

Adv. Mater. 2016, 28, 1461-1466



ADVANCED
MATERIALS

el
Mt oS
www.MaterialsViews.com

(Supporting Information, Figure S19). Triboelectric contribu-
tion can also be eliminated using closely packed Au/PPy/Al
devices with constant PPy-electrode connection (see the result
in Supporting Information, Figure S13). These results indi-
cate that the mechanical energy-to-electricity conversion of our
Au/PPy/Al is not based on triboelectric effect, though triboelec-
tricity could contribute to electric output at certain conditions.

Therefore, the electric generation of our PPy/metal device
under strain could come from three main aspects: (1) built-in
Schottky contact with the metal, (2) strain-induced decrease in
barrier potential of the Schottky contact allowing extra electron
transfer to the metal side, and (3) increased electron density
and reduced resistance in PPy under compression. The DC
power originates from a switching process. However, the actual
mechanism for the generation of a large electric circuit has yet
been clear at this stage, which warrants a continuous investiga-
tion to clarify this fundamental issue.

To examine the effect of metal electrodes on power genera-
tion, we used other metals (e.g., stainless steel, Al alloy, and Cu)
and ITO to replace Al and Au. We found that the device was
able to generate DC output under compressive impact as long
as a Schottky contact formed on one side of PPy plate, and an
Ohmic contact formed on the other (see Supporting Informa-
tion, Table S5). In addition, a similar DC energy generation
feature was achieved for other types of conducting polymers,
including polyaniline and polythiophene (Supporting Informa-
tion, Figures S20 and S21). Therefore, the built-in Schottky bar-
rier distinguishes our devices from the conventional mechanical-
to-electrical energy harvesters, and the methodology developed in
this study can be considered as a general platform technology for
producing DC power from various metal/conducting polymer
Schottky diodes under strain.

To demonstrate the potential applications for the energy
generated from the Al/PPy/Au device, we used a capacitor
to directly collect the electric output without using external
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Figure 4. a) Voltage-time during charging of capacitors with an
Au/PPy/Al device; Inset: the charge circuit. b) Pictures taken from video
to show the rotation of a motor powered by a PPy plate and lighting of a
commercial LED. c) A photo of coin generator and corresponding device
structure.
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rectifier (Supporting Information, Figure S22). Figure 4a
shows the voltage change of the capacitor charged by the
working device. It took less than 20 s to charge a 220 pF capac-
itor to 0.7 V, while charging 1.0 and 2.2 mF capacitors to the
same voltage took 2.5 and 7 min, respectively. By connecting
10 charged 2.2 mF capacitors in parallel, the stored electric
energy was able to drive miniature electric motor and power
commercial LED (Figure 4b, also see videos in Supporting
Information). To further facilitate the practical use, we also
prepared a coin-type mechanical energy-electricity conversion
device based on the Al/PPy/Au plate by using the accessories
for making coin batteries. Figure 4c shows a photo of the coin
energy generator, along with the device structure. By finger
taping the device, electric signals generated (see the video in
Supporting Information).

In summary, we have developed a novel concept of using
single Schottky contact between a conducting polymer plate
and a metal electrode to directly convert mechanical energy into
DC electricity. The built-in Schottky barrier plays a key role in
self-rectification. The electrical energy thus generated is suffi-
cient to drive commercial electronic devices, as exemplified by
commercial motor and LED diode. This novel DC electricity
may open up new avenues for further fundamental research
and experimental development of DC energy harvesting sys-
tems of practical significance.

Experimental Section

Materials: lron(lll) chloride hexahydrate (FeCl;-6H,0) (=98%),
pyrrole (298%), 3,4-ethylenedioxythiophene (EDOT) (97%), and aniline
(299.5%) were purchased from Sigma-Aldrich and used as received.

Plate Preparation: PPy was synthesized using a vapor phase
polymerization method. Briefly, FeCl; fine powder was placed in a glass
dish in a vacuum chamber. The monomer was placed underneath
the FeCl; plate. In vacuum, the monomer evaporated to fill the entire
chamber, in which polymerization tool place on FeCl; surface. Once the
reaction started, the brownish FeCl; turned black. After 48 h reaction at
room temperature, the black powder was added to water and stirred for
48 h to remove unreacted chemicals and any side product. The powder
was then washed with distilled water for several times before drying in a
vacuum oven at 60 °C. After drying, the conducting polymer was ground
manually into finer powder and then pressed into plates using a steel die
(7.5 tonnes for 3 min).

Characterization: Surface morphology was observed under a SEM
(Zeiss Supra 55VP). X-ray diffraction (XRD) patterns were obtained
on a Panalytical X-ray diffractometer with Cu radiation of 1.54 A. The
samples were scanned in the 26 range of 10°-80° with the step size of
0.05°. FTIR spectra were obtained on a Bruker Optics spectroscopy in
ATR mode. Raman measurements were performed on a Renishaw InVia
Raman microscope equipped with a 514.5 nm laser. A 50x objective
lens was used and the laser power was around 5 mW. XPS data were
acquired using a Kratos AXIS Ultra (DLD) spectrometer equipped with a
monochromated Al Kot X-ray source (energy ~1486.6 eV). Survey spectra
were recorded at 1 eV per step and a pass energy of 160 eV while high-
resolution spectra was performed at 0.1 eV per step and a pass energy
of 20 eV. The pressure in the analysis chamber was maintained at about
3 x 107° Torr. Stress—strain curves were obtained on an Instron Universal
Tensile Tester (model 5967), and the equipment was used to generate
desired strain levels on the PPy plates. The electrical outputs were
recorded by an e-Corder 401 electrochemistry working station, while
the electrical resistance of the plate was measured by a Keithley 6514
electrometer. |-V curves and electrical impedance results were obtained
using a CHI 760D electrochemical working station.
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Supporting Information is available from the Wiley Online Library or
from the author.
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