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ABSTRACT Magnetic sensors are usually based on the Hall effect
or a magnetoresistive sensing mechanism. Here we demonstrate
that a nanogenerator can serve as a sensor for detecting the
variation of the time-dependent magnetic field. The output voltage
of the sensor was found to exponentially increase with increasing
magnetic field. The detection sensitivities for the change and the
changing rate of magnetic field are about 0.0363 = 0.0004 In(mV)/G
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and 0.0497 + 0.0006 In(mV)/(G/s), respectively. The response time and reset time of the sensor are about 0.13 and 0.34 s, respectively. The fabricated

sensor has a detection resolution of about 3 G and can work under low frequencies (<0.4 Hz).
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anogenerator (NG) is a technology
N that converts mechanical energy as
produced by small-scale physical
action into electricity." NG has three typical
approaches: piezoelectric’ ™ triboelectric,”®
and pyroelectric nanogenerators.”® If we take
the output electric signal as a power source, itis
the original objective of the NGs. Alternatively,
the signal from NG can be used as a sensor
to directly measure the magnitude and dy-
namic behavior of the mechanical triggering or
temperature variation, which is a new type of
active sensor for monitoring mechanical and
thermal processes, such as vortex capture
and ambient wind velocity detection,® low-
frequency vibrations,'® automobile velocity,"'
and temperature sensing.'? There is an urgent
need to develop self-powered nanotechnol-
ogy that the NG is utilized as both the power
source and the active sensor.*'°
Magnetic fields have many uses in an-
cient and modern society. The detection
of magnetic field is important for environ-
mental surveillance, mineral exploring, and
safety monitoring. Currently, the reported
magnetic sensors are usually based on the
Hall effect sensing mechanism or magne-
toresistive sensing mechanism.'® '8 In this
study, we demonstrate the first application
of the NG for sensing a time-dependent
magnetic field without the use of an external
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power source. The output voltage of the
sensor was found to exponentially increase
with increasing the change of magnetic field,
and the detection sensitivities for the change
and the changing rate of magnetic field are
about 0.0363 4= 0.0004 In(mV)/G and 0.0497 +
0.0006 In(mV)/(G/s), respectively. The fabri-
cated sensor has a response time of about
0.13 s and a reset time of about 0.34 s. The
detection resolution and work frequencies of
the sensor were also investigated.

RESULTS AND DISCUSSION

The triboelectric nanogenerator (TENG)
used for this study was fabricated using a
polydimethylsiloxane (PDMS) micro/nano-
wire array. The magnetic field Bin a solenoid
can be given by

B =— (1)

where u is the magnetic permeability, N is
the number of turns, [ is the current in the
solenoid, and / is the height of loops of the
solenoid.'® In this study, the magnetic field
to be sensed was produced by a solenoid,
where the magnetic field increases with
increasing both the number of loops and
the current through the coils. The distribu-
tion of magnetic field in the coils was calcu-
lated by using the COMSOL software, as
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Figure 1. (a) Calculated magnetic field distribution in the coils. (b) Schematic diagram of the self-powered magnetic sensor
and the corresponding measurement setup. (c) Photograph of the fabricated TENG device. (d) SEM image of the PDMS

micropattern array.

shown in Figure 1a. The diameter of the used coils was
about 0.05 m to produce the four rings with the
diameter of 0.4 m. The distance between two adjacent
coils is about 0.05 m, and the current density through
the coils is about 1 A/mm?. The obtained magnetic field
is uniform in the center of the coils (about 100 G).
Figure 1b shows a schematic of the fabricated self-
powered magnetic sensor. One end of a flexible TENG
was fixed. A metallic (Fe) disk was attached on the
other end of the TENG as the sensitive unit of magnetic
field, where a solenoid was put under the disk. When
the current flows in the solenoid, the Fe disk is
attracted by the electromagnetic force so that the
TENG is bent downward, the deformation and defor-
mation rate produced by which results in an electric
output signal by TENG. The magnitude of the electric
signal is an indication of the local magnetic field. This is
the mechanism we will use to measure the magnetic
field by using an electric signal.

The magnetic force between the Fe disk and the
solenoid can be approximately expressed as

Fmag = kBg (2)

where k is the magnetic coefficient, z is the distance
between the ferromagnetic object and the magnetic
source, and B is the magnetic field.?° The maximum
deflection Z,, of the TENG can be given by

FrnagL>

Zn = 3y

(3)
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where Y is the elastic modulus of the TENG, / is the
momentum of inertia, and L izsthe length of TENG from
the fixed end to the freeend. By using eqs 2 and 3, we
can see that the magnitude of bending of the TENG

increases with increasing the magnetic field.
Figure 1c shows an optical image of the fabricated

TENG, where the length and width of the TENG are
about 50 and 5 mm, respectively. The structure of the
TENG includes a PET film with the ITO top electrode
and a PDMS micro/nanowire array with the ITO as the
bottom electrode. The two parts were connected with
a Kapton tape and can be easily bent, as shown in
Figure 1c. The fabricated devices are transparent and
flexible. Figure 1d shows the SEM image of the PDMS
microwire array, indicating that the diameters of the
PDMS wires are about 10 um. The same principle and
methodology can apply to a PDMS nanowire array. The
detailed fabrication method of PDMS micro/nanowire
array is given in the Experimental Section. The working
mechanism of the TENG was reported previously.>®
Figure 2a shows the change of magnetic field at the
TENG as a self-powered sensor. Under forward connec-
tion, a sharp positive voltage/current pulse (22 mV/0.8 nA)
was observed when the magnetic field was quickly
increased from 0 to 88 G, as shown in Figure 2b. The
output voltage peaks of the device nearly keep at the
same values. After reversely connecting the sensor to
the measurement system, the output signals were oppo-
site (Figure 2c¢), indicating that the measured signals were
generated by the fabricated sensor. Figure 2d shows the

VOL. XXX = NO.XX = 000-000 = XXXX A@M\N{()

WWww.acsnano.org

1101 L



http://pubs.acs.org/action/showImage?doi=10.1021/nn304374m&iName=master.img-001.jpg&w=418&h=269

30

(a) 100
— 75
Qe
o 50
251
04 T T T T —
0 20 40 60 80 100 120
Time (s)

—_—
=2
S

Voltage (mV)

L Ll
1T

(d

(c)A 30
>
e T T s S
- 7 171
o -15
-
=30 T T T T T
0 20 40 60 80 100 120
Time (s)
_ 12
E 0.6
£ 0.0
e
S 0.6
3
-30 . v r 3 ; -1.2 T T - : -
) 20 40 60 80 100 120 ( 20 40 60 80 100 120
Time (s) ) Time (s)
1.2 5
e 481
< = 201 477
E__ 0.6 E?
154
c @ 493
S 0.0 o
g s 104 5,09
3 0.6 © 5
L) = :
0 20 40 60 80 100 120 45 5.0 55 6.0 6.5 7.0
Time (s) Time (s)

Figure 2. (a) Cyclic changes of the magnetic field B near the sensor. (b,c) Output voltage and current of the device at forward
connection (b) and reversed connection (c) to the measurement system when it was subject to the change of the magnetic
field in (a). (d) Enlarged first output voltage peak of the device in (b).
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Figure 3. (a—d) Electrical output voltage of the sensor when it was subject to the cyclic change of the different magnetic
fields. (e) Dependence of the output voltage of the sensor on the change of magnetic field B. (f) Plot showing the linear

relationship between the InV and B.

enlarged peak of the output voltage in Figure 2b. There
are many small voltage oscillating peaks with a time
interval of about 0.16 s, which are due to the free vibration
of the TENG sensor as it is attracted by the magnetic
forces between the Fe disk and the solenoid.

Figure 3a—d shows the output voltage of the sensor
under the different changes of the magnetic field. It
can be seen that the output voltage increases with
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increasing the change of magnetic field. Figure 3e
shows the measured voltage peaks as a function of
the change in magnetic field, demonstrating an ex-
ponential relationship by fitting the data. Here, we
investigated the mechanism of the self-powered TENG
magnetic sensor. At original state, there is no electric
potential difference between the two ITO electrodes.
With the electromagnetic force introduced bending,
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the contact status between PDMS and PET polymers
was changed, resulting in the surface charge transfer
due to triboelectric effect.?? According to the different
triboelectric coefficients,® electrons will be injected

from PET into PDMS, resulting in net negative charges
on the inner surface of PDMS and net positive charges
on the inner surface of PET, respectively. The induced
charges have a long-time retention due to the insulat-

ing property of the polymers.>* The output voltage V.
of the sensor can be given by
od

Voo = — (4)
€0

(@)

d(B)/dt (Gls)
t - 8

T T T
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AL

where o is the triboelectric charge density, d is the
interlayer distance, and ¢, is the vacuum permittivity.°
The interlayer distance d corresponds to the deflection
of the sensor (from 0 to Z,). Both the triboelectric charge
density o and the interlayer distance d will increase with
. ' . : ; increasing the bending of the sensor. Although we
2 ® Tlm‘: (8) B = cannot obtain the exact relationship between the output
4.2 - voltage V,,. and the magnetic field B, it can be clearly seen
@ Experimental data T . . .
——Fitting that the output voltage V. will increase with increasing
magnetic field B by using eqs 1—4. For practical applica-
tions of the sensors, a linear relationship between the
output and input signals is always preferred. We obtained
the InV—B curve in Figure 3f, showing a linear relationship.
The corresponding sensitivity for the change of magnetic
field was calculated to be about 0.0363 =+ 0.0004 In(mV)/
G by fitting the data points (the red curve in Figure 3f).
An important application of the fabricated magnetic
sensor is that it can be used to detect the changing rate
of the magnetic field. Figure 4a shows that the output
voltage peak of the sensor is about 38 mV when the
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Figure 4. (a) Output voltage of the sensor under the cyclic
change of magnetic field changing rate. (b) Dependence of
the output voltage on the changing rate of the magnetic
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Figure 5. (a) Output voltage of the sensor under the two different changes of magnetic field B. (b) Response time and reset
time of the sensor by enlarging the output signals in a. (c) Output voltage of the sensor under the minimum change of the
magnetic field. (d) Output voltage of the sensor under the different working frequencies.
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noticed that the voltage/current pulse signals gener-
ated when the magnetic field was changed from “on”
to “off” are obviously larger than those generated
when the magnetic field was changed from “off” to
“on” in Figures 2 and 4, which is associated with the
different deformation rates in the two processes.
Although the peak of the changing rate of the mag-
netic field is consistent with the output voltage peak of
the device, the width of the former is significantly
larger than the latter, which is associated with the
threshold changing rate of the magnetic field, below
which there will be no observed output voltage signal.
The InV—dH/dt curve shows a linear relationship in
Figure 4b, where the sensitivity of the changing rate of
the magnetic field is about 0.0497 + 0.0006 In(mV)/(G/s).

In order to obtain the resolution of the magnetic field
of the fabricated sensor, we measured the output vol-
tages under the two adjacent changes of magnetic field,
as shown in Figure 5a. The resolution of the magnetic
field is about 3 G (74.35—71.35 G) for an output voltage
difference of about 0.95 mV (18.91—17.96 mV), which is
much larger than the equipment measurement noise
signal of about 0.1 mV. Figure 5b shows the enlarged
positive pulse signal in Figure 5a. The response time is
about 0.13 s, where it was calculated from 0 to the
maximum value of the output voltage pulse. When the
magnetic field was off, an opposite pulse signal appeared
and then returned to 0. The decay time of the fabricated
sensor follows an exponential decay function with a time
constant of 0.35 s by fitting the V—T curve in Figure 5b.
The calculated reset time of the sensor is about 0.34 s,
where it is defined as the time needed to recover to
37%.% The response time and reset time of the fabricated
magnetic sensor are much shorter than those of the
conventional magnetic sensors.'®"'®

Figure 5c shows the output voltage of the self-
powered sensor under a minimum change in magnetic
field of 44 G, resulting in an observed output voltage
peak of about 4.4 mV. It indicates that the sensor can be
used to detect the change of magnetic field, which is
larger than 44 G. When the change of magnetic field is
below 44 G, the obtained signals are smaller than 5 mV.

EXPERIMENTAL SECTION

Fabrication of TENGs. The TENG is made of two sheets of polymers
(PET and PDMS) that have different triboelectric characteristics. To
make the PDMS micro/nanowire array, a Si wafer mold was
fabricated by a traditional photolithography method. To avoid the
sticking of the PDMS, the surface of the mold was treated by using
the trimethylchlorosilane. The liquid PDMS was dropped in the
mold and was then put in a container, where the air was pumped
out. The PDMS was then heated at the temperature of 85 °C in an
oven and peeled off from the mold. The obtained PDMS micro/
nanowire array was fixed on a clean ITO-coated PET substrate.
Another ITO-coated PET substrate was put on the top of the PDMS
micro/nanowire array to form a sandwich-structured device. The
two ends of the structure were connected by using a Kapton tape,
and the ITO films were used as the top and bottom electrodes.
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However, they are noise signals since the reversed
signals cannot be obtained when the device was under
the reversed connection to the measurement system.
These signals are related to the applied magnetic field.
Figure 5d shows the output voltage of the sensor
under different working frequencies from 0.05 to
0.4 Hz. It can be clearly seen that the output voltage
of the sensor nearly remains at the same value under
the different frequencies. The sensor can work at a
range of low frequencies (<0.4 Hz). The higher frequen-
cies will result in a decay of the output voltage of the
sensor since the width of the output voltage pulse is
about 2.5 s, as shown in Figure 2d. In this study, we used
the PDMS—PET polymer TENG as a model to demon-
strate that it can be used as a self-powered magnetic
sensor. In the practical applications, there are two
possible methods to improve the performance of the
sensor further. One is to choose the polymer materials
with a larger difference of triboelectric coefficients
than that of PDMS—PET system, which can resultin a
larger output of the sensor under the same magnetic
field change. The other method is to use the materials
with lower elastic modulus, which can give a larger
deflection of sensor under the same magnetic force
conditions.

CONCLUSION

In summary, we have demonstrated the first appli-
cation of a TENG as a self-powered sensor for detecting
the change of magnetic field in a solenoid. The output
voltage of the sensor was found to exponentially
increase with increasing the change of magnetic field,
where the detection sensitivities for the change and
the changing rate of magnetic field are about 0.0363 +
0.0004 In(mV)/G and 0.0497 £ 0.0006 In(mV)/(G/s), re-
spectively. The response time and reset time of the sensor
are about 0.13 and 0.34 s, respectively. The self-powered
magnetic sensor has a detection resolution of about 3 G
and can work at a range of low frequencies (<0.4 Hz). The
self-powered magnetic sensors have potential applica-
tions for environmental surveillance, magnetic sensing,
mineral exploring, and defense technology.

Measurement of the Self-Powered Magnetic Sensor. One end of the
sensor was fixed on a wooden body, and a metal (Fe) disk was
attached on the other end, which was used as the sensitive unit
of magnetic field. A solenoid was put under the Fe disk, where a
DC voltage was applied on the solenoid. When the current flows
in the solenoid, the magnetic force between the metal disk and
the magnetic solenoid will bend the sensor, resulting in an
observed output voltage/current. A magnetic sensor was used
to record the magnetic field near the device during all experi-
ments. The output performance of the fabricated sensor was
measured by using a low-noise voltage preamplifier (Stanford
Research System model SR560) and a low-noise current pre-
amplifier (Stanford Research System Model SR570).
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