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High Energy Storage Efficiency Triboelectric Nanogenerators
with Unidirectional Switches and Passive Power Management

Circuits
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The high-voltage and low-current output characteristics of a triboelectric
nanogenerator (TENG) make itself difficult for directly powering small
electronic devices. A power management circuit (PMC) is indispensable

to address the impedance mismatch issue. In this paper, a TENG with a
unidirectional switch (TENG-UDS) is developed, which can provide the
maximized output energy regardless of the load resistance. A passive PMC
with a simple structure and high energy storage efficiency is designed based
on this TENG-UDS, which is made up of all passive electronic components,
including an inductor, a diode, and a capacitor. Theoretical calculations show

digital signals. In the IoT, the sensors con-
sume a very little amount of energy, but
they are huge in number and widely dis-
tributed with possibility of mobile. If they
are driven by using batteries, it will not
only lead to difficulties in battery’s tracking
and recovery, but also cause environmental
pollution and health hazards. Therefore, it
is urgently needed to develop novel energy
technology that can continuously supply
power to small electronic devices. Recently,

that the theoretical energy storage efficiency of the passive PMC can reach
75.8%. In the actual experiment of charging a capacitor, the measured energy
storage efficiency can reach 48.0%. It is demonstrated that the electronic
watch and high-brightness quantum dot light-emitting diode can be driven
by using the TENG-UDS with the passive PMC, which cannot be achieved
without the PMC. The passive PMC for TENG-UDS has the advantages

of simple structure, low energy consumption, and high energy storage
efficiency, which provides a promising method for the power management

and practical application of TENG.

1. Introduction

The internet of things (IoT) aims at realizing the interconnection
between objects through sensing, processing, and transmission
of the information. The sensing terminal is a key part in the IoT,
which converts various parameters in physical world, such as
temperature, humidity, light intensity, pressure, and so on, into

triboelectric nanogenerator (TENG) has
been invented through coupling the tribo-
electrification and electrostatic induction
effects, which can directly convert mechan-
ical energy from the environment and
human motion into electricity.!™* Based
on various working modes of TENG,P-1
many self-powered sensors have been
developed, which can be used to detect
temperature,l'® light 17! gas['® sound,
sphygmus,?% and so on.

TENG has the characteristics of high
voltage and low current, which is not suit-
able for directly driving small electronic devices. Therefore,
power management circuit (PMC) is necessary to efficiently
store the energy generated by TENG in a battery or a capacitor.
TENG has high output impedance, generally in the range from
1 to 10 MQ.2-231 However, the input impedance of common
PMCs is only several kQ. For developing PMCs with high
energy storage efficiency, the impedance mismatching problem
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is necessary to be solved. In our previous report, a mechanical
trigger switch has been introduced to modulate the output
performances of TENG.?*3% Through this method, we can
obtain constant output voltage and maximized output energy
regardless of the load resistance.?l The theoretical calculations
also show that the utilization of a switch is the key for solving
TENG’s impedance mismatching problem and achieving the
maximum output energy.?®l Due to the excellent impedance
matching characteristics, the switch has been used for devel-
oping high energy storage efficiency PMCs for TENG. Several
groups have already used metal oxide semiconductor field
effect transistor (MOS-FET) and other electronic components
as switches to develop TENG’s PMC,223132 and the maximum
energy storage efficiency of 60% has been obtained.??l How-
ever, the switches in these PMCs are composed of active elec-
tronic components, such as MOS-FET, and additional power is
needed to drive the switches. The active electronic components
increase the complexity and manufacturing cost of the PMC
system, and produce additional energy loss. Therefore, in order
to develop PMCs with high energy storage efficiency and low
cost, it is of great significance to designing passive PMC on the
basis of passive switch.

In this paper, a TENG with a unidirectional switch (TENG-
UDS) was developed, which can provide maximized output
energy regardless of the load resistance. Based on this
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TENG-UDS, a passive PMC was designed, which was composed
of all passive electronic components, including an inductor, a
diode, and a capacitor. This passive PMC has the advantages
of simple structure, low energy consumption, and high energy
storage efficiency. No additional power source is needed in
the passive PMC. And the unidirectional switch decreases the
number of diodes used in the PMC and reduces the energy loss
induced by the diodes. The theoretical calculations and simula-
tions showed that the maximum energy storage efficiency can
reach 75.8%. In the actual experiment, the energy storage effi-
ciency reached 48.0%. It was demonstrated that the electronic
watch and high-brightness quantum dot light-emitting diode
(QLED) can be driven by using the passive PMC.

2. Results and Discussion

2.1. The Design and Working Mechanism of the TENG-UDS

The structure diagram of the TENG-UDS is shown in Figure 1a.
Here, we use the freestanding triboelectric-layer mode of TENG
to demonstrate the structure and working mechanism of the
unidirectional switch. The triboelectric layer and electrode layer
of the TENG are composed of polytetrafluoroethylene (PTFE)
film and Cu electrode, respectively. The unidirectional switch
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Figure 1. a) The structure diagram of the TENG-UDS. b) The AFM image of the RIE etched PTFE film. c—f) The working mechanism diagram of the

TENG-UDS.
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consists of two moving contacts and four stationary spring
contacts. Two moving contacts are fixed on the acrylic cantilever
of the triboelectric layer and move along with the triboelectric
layer. Two stationary spring contacts are placed on the outside
of each Cu electrode layer. The surface of the PTFE film is
modified by the reactive ion etching (RIE) process, and the
atomic force microscope (AFM) image of the etched PTFE film
are shown in Figure 1b. After etching, the nanoscale convex
and concave structure were produced to increase the roughness
on the PTFE surface, which can improve the effective contact
area of the triboelectric layer and further enhance the output
performance of the TENG.13%34

The working mechanism of the TENG with a switch has
been discussed in detail in our previous reports.2*>% Briefly, as
shown in Figure 1c—f, when the PTFE layer moves to the right-
hand side (Figure 1d) and left-hand side (Figure 1le), respectively,
the switch is closed, and a pulsed output is generated. With the
switch, the transferred charge reaches the maximum value,
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Omaw and the output voltage can be accumulated to the max-
imum value, £V,,,,, regardless of load resistance. With previous
switches, #3031 there are two electrical output with opposite
direction in a moving cycle of TENG. However, as the unidirec-
tional switch is used here, the two electrical output in a cycle
would have same direction. This is because that the connections
between the two moving contacts and the two Cu electrodes are
changed in the two half cycles. In the half cycle of right sliding
and left sliding, the upper moving contact is connected with left
and right Cu electrode, respectively, as shown in Figure 1d,e.

2.2. The Output Characteristics of the TENG-UDS
Figure 2a shows the output current curve of the TENG-UDS,
where the load resistance is 20 MQ and the motion fre-

quency of the TENG is 1 Hz. The unidirectional pulsed cur-
rent peaks are obtained with a peak height of =17.5 uA, and
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Figure 2. a) Output current curve of the TENG-UDS with a load of 20 MQ, and the enlarged view is shown in the inset. b) Output voltage curves of the
TENG-UDS with loads of 1, 10, and 50 MQ, respectively. Inset is the circuit diagram of measuring the output voltage of the TENG-UDS. The depend-
ences of c) voltage peak, d) current peak, e) power peak, and f) output energy on resistance for TENG-UDS and TENG-WOS, respectively.
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the frequency of the current peaks is 2 Hz. This verifies that
the unidirectional output is obtained. As shown in the inset
of Figure 2a, the current increases suddenly from zero to the
peak, and then slowly drops to zero. The position of the pulsed
peak corresponds to the moment the switch is closed. Figure 2b
shows the output voltage curves for external loads of 1, 10, and
50 MQ, respectively. The inset is the circuit diagram of meas-
uring the output voltage of the TENG-UDS. It is found that the
peak values remain almost same about 350 V. However, the
peak width is gradually widened with the increase of resistance.
For the pulsed mode TENG with a switch, the output voltage’s
change over time satisfies the equation?*!

V =Voue " (1)

Here, 7is the decay time constant of the voltage and equals
to RC, where R is the load resistance and C is the TENG’s
equivalent capacitance. See ref. [24] for detailed derivation
of Equation (1). According to Equation (1), T is proportional
to its load resistance. The calculated 7 at loads of 1, 10, and
50 MQ are 0.61 x 107, 0.88 x 1073, and 0.39 x 107 s, respec-
tively, which are nearly proportional to the load resistance.

The dependences of instantaneous voltage peak (V;), instan-
taneous current peak (I,), instantaneous power peak (W}), and
output energy in a half cycle (E) on load resistances ranging
from 1 kQ to 1 GQ are shown in Figure 2c—f. For a freestanding
triboelectric-layer mode of TENG, the theoretical maximized E
in half cycle satisfies the equation[®!

1
Emax = EQmameax (2)

The derivation of Equation (2) is shown as Equations (S1)—(S4)
(Supporting Information). In the actual test process, the output
energy is calculated by integrating current under different loads
according to Equation (3)

E=[I'Rdt (3)

As a comparison, the electrical output of the conventional
TENG without a switch (TENG-WOS) are also plotted here. For
TENG-UDS, V,, and F are regardless of R, which are constant
about 350V and 3.33 ] in the range from 1 kQ to 1 GQ. Figure S2
(Supporting Information) shows the output voltage under
the load resistance of 1 kQ. I, and W, are proportional to
1/R. As R is reduced from 1 GQ to 1 kQ, L, and W, increase
from 3.54 x 107 A and 1.25 x 10™* W to 0.36 A and 126.74 W,
respectively. It is worth noting that the obtained peak value of
126.74 W is the instantaneous power peak of the TENG-UDS
under a load resistance of 1 kQ. By considering the narrow peak
width less than 1 us and the time interval of 0.5 s between two
peaks, it is calculated that the average power is only 6.67 uW.
For TENG-WOS, V, and F are almost linear with R, which are
only 5 mV and 4.81 x 107 pJ, respectively, as R is 1 kQ. The
measured electrical output characteristics of the TENG-UDS
are in good accordance with the theoretical calculation results
of the TENG with a switch, where the output voltage peak is
equal to the open-circuit voltage and E is maximized, regard-
less of R[2*30 In addition, the output voltage of TENG-UDS
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remains unchanged at 1 kQ. As we know, if the internal load
resistance is larger than the external resistance of the TENG,
the output voltage will decrease, so the internal resistance of
TENG-UDS should be lower than 1 kQ.

In addition, the effect of sliding speed and the force exerted
on the triboelectric layer was investigated. by connecting a
50 MQ resistor in series with the TENG-UDS. The sliding
speeds were set to be 0.06, 0.17, and 0.51 m s}, respectively.
As shown in Figure S1 (Supporting Information), the cur-
rents are almost the same and the peak value is about 7 LA,
and the feature is of great significance when collecting irregular
mechanical energy in the environment. Pressures of 1.0, 3.2,
4.2, 5.3, 6.5, and 7.4 N were applied to the triboelectric layer,
respectively. The output current increases from about 6.5 to
8.5 HA. Considering that the TENG-UDS will be used to col-
lect mechanical energy in the environment in the future and to
maintain a smooth motion, we set the applied pressure in the
range of 1-3 N in the experiment.

2.3. The Passive PMC Based on TENG-UDS

Based on the excellent impedance matching and unidirec-
tional output characteristics of TENG-UDS, a passive PMC is
designed, which is composed of three simple passive compo-
nents including one inductor, one diode, and one capacitor.
The schematic diagram of its structure and working principle
is shown in Figure 3a,b. In this passive PMC, TENG-UDS is
equivalent to the series connection of a voltage source (Vo)
and a capacitor C;. There are two parallel circuits connected
to the output of the TENG-UDS. One circuit consists of an
inductor L, and the other circuit consists of a storage capacitor
C, and a diode Dj in series. Through the passive PMC, the elec-
trical energy output of TENG-UDS is stored in C,. The energy
storage process is divided into the following two stages. In the
first stage (Figure 3a), the electrical energy of TENG-UDS is
converted into magnetic energy and stored in L. In the second
stage (Figure 3D), the magnetic energy of L is converted into
electrical energy and stored in C,.

As the switch is closed, the first energy transfer stage begins.
Since TENG-UDS has a positive output voltage, D, is reversely
biased and turned off. Therefore, the branch of C, is open.
As a result, the TENG-UDS only forms an electrical loop with
L and generates a current on L (I;). With the increase of I,
the magnetic energy stored in L increases gradually. When I
reaches the maximum, the electrical energy of TENG-UDS is
completely transformed into magnetic energy and stored in L.
Subsequently, I; gradually decreases, and a negative self-
inductance voltage is generated by L, which is applied to the
branch of D; and make D, forward biased. As D, is turned on,
an electrical loop between L and C, is formed, and then the
second energy transfer stage begins. In this stage, the mag-
netic energy of L is converted into electrical energy and stored
on C,. After the energy storage is completed, D, is reversely
biased and turned off again, and then C, is disconnected with
L, which allows the stored electrical energy to be remained on
C,. Now, one charging cycle is completed. In one motion cycle
of the TENG-UDS, the switch is closed twice, and two charging
cycles occur.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a,b) The working mechanism of the passive PMC for TENG-UDS in the first and second energy transfer stages. c) Dependences of calculated
voltage of the capacitor C,, d) stored energy and its energy storage efficiency of each charging cycle, and e) totally stored energy and its energy storage
efficiency on charging cycles, with an ideal and an actual inductor, respectively. f) The simulated curve of V| during multiple charging cycles, and
g) the enlargement for the first charging cycle. h) The simulated curve of V for the first charging cycle.

2.4. The Equations Expression of the Charging Cycles
of the PMC

In order to understand more deeply about the charging
cycle and the source of energy loss in this passive PMC, a
theoretical calculation has been performed. First, we calculate
the charging cycle with an ideal inductor, where the series
resistance of L, Ry, is zero. Here, the current of L is defined as
I}, and the voltage across L, Vi, and magnetic energy of L, E|,
are expressed as

diI,
vV, =L—L
=L— (4)
1
E = EHE ()

In the first energy transfer stage as shown in Figure 3a, D,
is turned off and the TENG-UDS is in parallel with L. There-
fore, Vy is equal to the voltage across the TENG-UDS, which is
described as

d’Q (9}
L ~Veo = g (6)

where Q is the transferred charge from TENG-UDS to L, Vi is
the open-circuit voltage of the TENG-UDS, and Q; is the charge
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on Cj. At the moment as the switch is closed (t=0), Q; =0. The
expression of V; can be obtained as

Vi = Ve cos(@qt) ()

where @, =1/J/LC,. According to Equations (4)—(7), when I
reaches the maximum, V| equals zero and E; reaches the
maximum. In the second energy transfer stage as shown in
Figure 3D, the expression of V; is described by

dZQ [ 9
-V, =V, — =2 8
Loge = Vee™ a " oq ®)

where Q, is the charge of C,, Vy, = —(Vp + V), Vp is turn-on
voltage of Dy, and V;, is the initial voltage of C,. Here, Vy, rep-
resents a threshold voltage of V;, where D; is turned on and the
second energy transfer stage begins. Here, Q = Q; + Q,. Finally,
VL is expressed as

_G O T in(o) 9)

VL = Vi cos(@,t) — C1C o,
where @, =1//L(C; +C,). According to Equation (9), the abso-
lute value of V| increases first and then drops. As it drops
to Vi, Dy is turned off and the second energy transfer stage
is completed. During one charging cycle, the voltage of C, is
increased from Vg, to

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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o Vie + < Vi = Vo (10)
C,+C, C+C,

After that, the remained magnetic energy in L will oscillate
between L and C;. The equivalent circuit of this process is the
same as the first energy transfer stage, which is also described
by Equations (6) and (7). However, since C; is much less than
C,, this part of energy consumption can be approximately
ignored. For the passive PMC with an actual inductor, where Ry
is not zero, the expressions of the charging cycles can also be
obtained, which are shown as Equations (S5)—(S9) (Supporting
Information).

By solving Equation (10) and Equation (S9) (Supporting
Information), the values of V¢, during 600 charging cycles
are calculated and plotted in Figure 3c, where the parameters
of the electrical components in the PMC are listed in Table S1
(Supporting Information). After 600 charging cycles, V-, with
ideal inductor (R, = 0) and actual inductor (R = 7.2 kQ) are
increased to 26.14 and 23.37 V, respectively. The stored energy
in C, for each charging cycle and its corresponding energy
storage efficiency are shown in Figure 3d, where C, is 10 uF.
Here, the energy storage efficiency is defined as the ratio of
the added energy in C, and the output energy of the TENG-
UDS in a single charging cycle. For ideal inductor, the stored
energy increases rapidly in the first 50 charging cycles, and
then reaches saturation. In the 600th charging cycle, the energy
storage efficiency reaches 96.1%. For actual inductor, the
stored energy increases rapidly in the first 100 cycles, and then
increases slowly. In the 600th charging cycle, the energy storage
efficiency reaches 84.8%.

The total energy stored in C, and its corresponding energy
storage efficiency during the 600 charging cycles are shown
in Figure 3e. For the ideal inductor, the total energy storage
efficiency increases rapidly in the first 100 cycles, and then
reaches saturation. The total energy storage efficiency
values after 10, 50, 100, 200, and 600 charging cycles are
71.7, 86.1, 89.8, 92.5, and 94.9%, respectively. For the actual
inductor, the total energy storage efficiency increases rapidly
in the first 200 cycles, and then increases slowly. The total
energy storage efficiency values after 10, 50, 100, 200, and
600 charging cycles are 19.7, 43.5, 54.5, 63.9, and 75.8%,
respectively. For the PMC with an ideal inductor, the energy
loss comes from two aspects: one is the generated potential
across the diode, the other is the LC oscillation between L and
C;. When the ideal inductor is replaced by the actual inductor
with series resistance, the total energy storage efficiency after
600 charging cycles is reduced from 94.9 to 75.8%, which
indicates that the series resistance of L is a major factor for
energy loss in the PMC.

2.5. The Circuit Simulations of the Passive PMC

In order to verify the theoretical calculation results, the cir-
cuit simulation method is used to simulate the passive PMC
designed for TENG-UDS. In the simulation, an actual inductor
with a series resistance was used, and the parameters of the elec-
tronic components are the same as those used in the theoretical
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calculation. The simulated results are shown in Figure S3
(Supporting Information), which are similar to the theoreti-
cally calculated results shown in Figure 3c—e. Also, the simu-
lated values are almost same with those obtained by theoretical
calculation. As a quantitative comparison for the totally energy
storage efficiency after 600 charging cycles, the simulated value
of 74.7% is only slight less than the theoretically calculated
value of 75.8%. In the theoretical calculation, the diode is sim-
plified as an ideal diode with a turn-on voltage of 0.58 V. How-
ever, in the simulation, the current-voltage characteristic of the
diode is considered, which is considered as the reason for the
slight increase of energy loss in the PMC.

Figure 3f shows the simulated curve of the voltage on
inductor, Vi, during multiple charging cycles, and the enlarged
view of the first charging cycle is shown in Figure 3g. As the
switch is closed, V; instantaneously increases from 0 to a max-
imum of 200 V, and then sharply drops and becomes negative,
which corresponds to the first energy transfer stage. As Vi
reaches —0.65 V, the diode is turned on, and the second energy
transfer stage begins. During the following 10 ms, the abso-
lute value of Vi first increases and then decreases, which is in
accordance with the expression of Vi by Equation (9). When
the absolute value of Vi is less than 0.51 V, the damping oscil-
lation is generated between L and C;, which indicates that the
diode is turned off and the energy storage is completed. Dif-
ferent with the theoretical calculation results, the simulated
threshold voltage values for turning on (0.65 V) and turning off
(0.51 V) the diode are not exactly same as the turn-on voltage
of the diode (0.58 V), which is attributed to the current-voltage
characteristic of an actual diode. The simulated curve of the
voltage on diode, V;, for the first charging cycle is shown in
Figure 3h, and the curve for multiple charging cycles is shown
in Figure S4 (Supporting Information). The curve of V; is sim-
ilar to that of V. However, as the damping oscillation between
L and C, is completed, V4 does not decay to zero but remains
at 0.189 V, which represents the voltage of C, after the first
charging cycle.

2.6. The Measured Properties of the Passive PMC

Next, the practical performances of the passive PMC for TENG-
UDS are measured. The same TENG-UDS device measured in
Figure 2 is used here, which has an open-circuit voltage about
350 V. The turn-on voltage and the reverse breakdown voltage
of the diode (FRED, HER 208) are 1.7 and 1000 V, respectively.
Figure 4a shows the measured current of L, I;, in a charging
cycle, and the inset shows the enlargement. We can see that
I} rapidly increases from zero to the peak about 198 YA in
0.6 ms, and then slowly declines to zero in 47 ms. The rising
and falling periods correspond to the first and second energy
transfer stages, respectively. Based on Equation (4), V| is calcu-
lated by using the measured I; curve, and the curve of V| and
its enlargement are shown in Figure 4b,c, respectively. These
curves are in good accordance with the simulated V| curves
in Figure 3f,g, which confirm the working mechanism of the
passive PMC discussed above. The magnetic energy in L, Ei,
is calculated by Equation (5) and shown in Figure 4d. The peak
of F; is 3.14 pJ, which reaches as high as 94.3% of the output

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) The measured curve of the I in a charging cycle, and the inset shows the enlargement. b,c) The curve of V| in a charging cycle and its
enlargement. d) The curve of the energy of L in a charging cycle. e,f) The collected charge of TENG-UDS in six charging cycles without and with PMC,
respectively, and the insets show the circuit diagrams. g) The measured voltage of C,, h) the totally stored energy in C,, and i) the total energy storage

efficiency of the TENG-UDS with and without PMC, respectively.

energy of the TENG-UDS about 3.33 pJ. This means that the
energy loss in the first energy transfer stage is about 5.7%.
The transferred charge of the TENG-UDS without and with
the passive PMC are measured, which are shown in Figure 4e,f,
respectively. With the PMC, the collected charge in six charging
cycles reaches 13.5 pC, which is 56 times higher than that
without the PMC (0.24 uC).

The voltage of C,, V(,, during the charging cycles is meas-
ured and plotted in Figure 4g, where C, is 10 uF, the motion
frequency of the TENG-UDS is 1 Hz, and the average output
energy of the TENG-UDS in 1 s is 6.66 UJ. As a control experi-
ment, V¢, as charged by the same TENG-UDS without the
PMC is also measured. The totally stored energy in C, and
the energy storage efficiency are calculated and plotted in
Figure 4h,i, respectively. In the case without using the PMC,
Vc, increases linearly with time, the stored energy increases in
a power law with a power exponent of 2, and the energy storage
efficiency increase almost linearly. After 145 s (290 charging
cycles), Vc,, the stored energy and the energy storage efficiency
reach 2.84 'V, 40.36 uJ, and 4.2%, respectively. With the passive
PMC, V¢, increases in a power law with a power exponent of
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0.5, which reaches 9.70 V after 145 s. In the first 5 s, the stored
energy increases in a power law with a power exponent of 2,
and then increase almost linearly in the following charging
cycles. After 145 s, the stored energy reaches 470.73 uJ, which
has a nearly 12-fold improvement over that without using the
PMC. The total energy storage efficiency rapidly increases to
40.8% in the first 10 s, and then increases slowly and reaches
saturation after 40 s. The maximum energy storage efficiency
reaches as high as 48.0%.

By using the passive PMC, the electrical energy of TENG-
UDS with high voltage can be efficiently stored on a capacitor,
which can be used as a power supply for small electronic
devices. Figure 5a shows the circuit diagram of driving
electronic devices by using the passive PMC, where the elec-
tronic devices are parallel to C,. First, it is demonstrated to
drive an electronic watch. As shown in Figure 5b, after three
charging cycles about 1.5 s, the electronic watch starts to work
normally and last for 4 s (Video S1, Supporting Informa-
tion). As the TENG-UDS operates continuously at a frequency
of 1 Hz, the electronic watch can work continuously. Next,
it is demonstrated to drive a QLED with high output power

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) The circuit diagram of the TENG-UDS with the passive PMC for driving electronic device. b) The picture of the normal work of a com-
mercial electronic watch driven by the PMC. ¢) The structure diagram of the QLED. d) Dependences of current density and luminance on voltage for

the QLED. e) The picture of the lighted QLED driven by the PMC.

and driving current by using the passive PMC with a C, of
100 uF. A switch is installed between C, and the QLED. As
C, is charged to a certain voltage, the switch is closed. The
structure diagram of the QLED is shown in Figure 5c, and
the dependences of its luminescence intensity and current
density on voltage are shown in Figure 5d. The luminescence
intensity suddenly rises when the voltage reaches 2.5 V, and
the QLED starts to emit light. The breakover point of current
curve is a little lagged behind the luminance curve, which
may be caused by the sub-bandgap electroluminescence from
QLED and Auger-assisted energy upconversion process.[3-3%
For device with a size of 4 mm?, the output power and driving
current at 3 V are 0.78 mW and 0.26 mA, respectively. After
140 charging cycles about 70 s, C; is charged to 3.02 V, which
can drive the QLED with bright light for 3 s, as shown in
Figure Se. For a comparison, 1100 charging cycles about 550 s
is needed to drive the QLED, as the TENG-UDS operates
without the PMC. And we have tried to drive the QLED using
the conventional sliding TENG and the passive PMC. How-
ever, due to TENG-UDS has a huge mismatch with the imped-
ance of the inductor in PMC, the energy of TENG-UDS cannot
be transferred into the PMC, the voltage of the capacitor is still
0V after 1500 cycles.

As discussed above, the passive PMC can effectively improve
the energy storage efficiency of the TENG-UDS, which has
promising applications in driving electronic devices. The high
energy storage efficiency of the passive PMC comes from three
aspects. First, the output voltage and energy of the TENG-UDS
are maximized and regardless of the load resistance, which has
excellent impedance matching with the PMC. Second, no active
electronic components are used in the PMC, which simplifies
the circuit and reduces the energy loss. Last but not least, the
unidirectional electrical output is obtained in the TENG-UDS,
which decreases the number of diodes used in the PMC and
reduces the energy loss induced by the diodes.
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However, the maximum energy storage efficiency of 48.0%
in the real measurement is less than the theoretically calculated
value of 75.8%. As discussed in Figure 4d, the efficiency of the
energy stored in L in the first energy transfer stage can reach
as high as 94.3%. This means the most energy loss occurs in
the second energy transfer stage. During this stage, it is con-
sidered that the diode is a major source for the energy loss.
As shown in Table S2 (Supporting Information), it is found
that if the diodes with longer reverse recovery time and lower
reverse breakdown voltage are used in the PMC, the collected
charge in a charging cycle is reduced from 2.45 to 0.50 pC.
The energy loss caused by the diode mainly comes from two
aspects. First, the equivalent capacitance of the diode will
store a part of energy. Second, during the diode’s recovery
time from turn-on state to turn-off state, large reverse leakage
current is driven by the voltage of C,, which causes the
leakage of the charges and energy stored in C,. The energy
storage efficiency of the PMC can be further improved by opti-
mizing the parameters of the diode and other components in
our investigations in the future.

3. Conclusion

In this paper, a TENG with a unidirectional switch, TENG-
UDS, has been developed, in which its electrical output is
unidirectional. The TENG-UDS can provide maximized
output voltage and output energy regardless of the load resist-
ance, which has excellent impedance mismatch with the
PMC. Based on the TENG-UDS, a passive PMC with simple
structure and high energy storage efficiency was designed,
which was made up of all passive electronic components,
including an inductor, a diode, and a capacitor. Theoret-
ical calculations showed that the theoretical energy storage
efficiency of the passive PMC can reach 75.8%. In the actual
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experiment, the measured energy storage efficiency can reach
48.0%. It was demonstrated that the electronic watch and the
QLED with high output power and driving current can be
driven by using the passive PMC. The passive PMC based
on the TENG-UDS has the advantages of simple structure,
low energy consumption, and high energy storage efficiency,
which provides promising method for the power management
and practical application of TENG.

4. Experimental Section

The Design of the TENG-UDS: First, the freestanding triboelectric-
layer mode was used to design the TENG-UDS. A laser cutting machine
was used to fabricate a certain shape of acrylic plate as a supporting
material, and two copper tapes with lengths, widths, and thicknesses
of 80 mm, 80 mm, and 0.05 mm were attached as left and right
electrodes, and the distance between the two electrodes is 2 mm. Then
a PTFE film with a thickness of 0.1 mm was adhered to the other acrylic
plate as a triboelectric layer. The unidirectional switch consists of two
moving contacts and four stationary spring contacts. Two moving
contacts were fixed on the cantilever of the triboelectric layer and move
along with the triboelectric layer. Two stationary spring contacts were
placed on the outside of each Cu electrode layer and connected to two
Cu electrodes, and the two moving contacts were connected to the
external load and the test meter. The length and the outer diameter of
the spring in the stationary spring contact are both 5 mm. The moving
contact is two U-shaped copper spring plates. The thickness and width
of the spring plate are 0.5 mm and 5 mm, respectively. The two spring
pieces are not in contact with each other and placed in parallel, and
the spacing of the spring pieces is consistent with the spacing of the
two spring contacts on one side. Finally, the surface of the PTFE film
was etched by the reactive ion beam as follows. The chamber pressure
was set to 200 mTorr, the power was 100 W, the flow rates of O,, Ar,
and CF, were 10.0, 15.0, and 30.0 sccm, respectively. And the etching
time was 6 min.

The Measurement of Electrical Signals of the TENG-UDS: The
measurements were carried out at room temperature and air
atmosphere. The output current of the TENG-UDS was measured
using a low-noise current preamplifier (Model SR570, Stanford
Research System). The multifunctional electrometer (Model 6514,
Keithley) was used to test the transfer charge of the TENG-UDS and
the charging voltage of the capacitor. In addition, the oscilloscope
(Model TBS 1104, Tektronix) was used to measure the output voltage
of the TENG-UDS.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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