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ABSTRACT: As one of their major goals, researchers attempting to
harvest mechanical energy eﬃciently have continuously sought ways
to integrate mature technologies with cutting-edge designs to
enhance the performances of triboelectric nanogenerators
(TENGs). In this research, we introduced monolayer molybdenum-disulﬁde (MoS2) into the friction layer of a TENG as the
triboelectric electron-acceptor layer in an attempt to dramatically
enhance its output performance. As a proof of the concept, we
fabricated a vertical contact-separation mode TENG containing
monolayer MoS2 as an electron-acceptor layer and found that the
TENG exhibited a peak power density as large as 25.7 W/m2, which
is 120 times larger than that of the device without monolayer MoS2.
The mechanisms behind the performance enhancement, which are related to the highly eﬃcient capture of triboelectric
electrons in monolayer MoS2, are discussed in detail. This study indicates that monolayer MoS2 can be used as a functional
material for eﬃcient energy harvesting.
KEYWORDS: monolayer MoS2, electron-acceptor, triboelectric nanogenerator, liquid exfoliation, triboelectric enhancement,
nanocomposite
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triboelectric nanogenerators (TENGs) have been extensively
developed to achieve high electricity output, which is due to
their high energy-conversion eﬃciency, to have low cost, simple
structure, and ﬂexibility, to be compatible with many materials,
and to have the ability to harvest a broad band of mechanical
energy from sources such as body motions, vibrations, wind
ﬂows, and ocean waves.8−18 Even though some studies
concerning MoS2-based ﬁeld-eﬀect transistors driven by
TENGs have been performed,19,20 investigations on the use
of monolayer MoS2 to improve the performance of TENGs
have not yet been reported. In this work, in an attempt to
enhance dramatically the electrical output performances of
TENGs, we fabricated and studied the performance of highoutput TENGs employing monolayer MoS2 as a triboelectric
electron-acceptor layer in a negative friction layer.

onolayer molybdenum disulﬁde (MoS2), a member
of the layered transition-metal dichalcogenide family,
is currently being explored and used in highperformance ﬂexible optoelectronics and electronics due to its
electrical and optical properties, atomistically thin dimensions,
superior high ﬂexibility, and high thermal stability.1−3 The
direct bandgap enables the use of monolayer MoS2 in highperformance transistors and integrated circuits. Furthermore,
the layered MoS2 and its composites have been used to
fabricate light-emitting devices and photodetectors. Its large
speciﬁc surface area and appropriate energy level, along with
the quantum conﬁnement eﬀect, render monolayer MoS2 a
competitive alternative as a charge-trapping material.4,5
Especially, excellent piezoelectricity and piezotronic eﬀects
have been observed in two-dimensional (2D) atomistically thin
MoS2 ﬂakes, which enables mechanical energy to be converted
into electricity.6,7 Note that the piezoelectric output of a MoS2based piezoelectric nanogenerator with a power density of 2
mW/m2 is far from being practical for a power source for a
large-scale self-powered wearable electronic device. Recently,
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Figure 1. Preparation and characterization of monolayer MoS2. (a) Schematic illustration of PAA-assisted exfoliation of MoS2. After MoS2
ﬂakes had been mixed with a PAA solution, sonication was used to exfoliate the MoS2 ﬂakes to obtain monolayer MoS2. The inset presents a
photograph of the as-prepared MoS2 monolayer:PAA suspension. (b) SEM image of the as-prepared MoS2 monolayer. (c) AFM image and
cross-sectional analyses of monolayer MoS2 deposited on a Si substrate. (d) TEM image of a MoS2 monolayer; the inset shows the
corresponding selected area electron diﬀraction (SAED) pattern of the MoS2 sheet. (e) High-magniﬁcation TEM image of the MoS2
monolayer.

Figure 2. Device structure. (a) Illustration of the vertical contact-separation mode TENG with a MoS2-monolayer ﬁlm. The right panel shows
a schematic diagram of the electron transfer from the PI layer to the MoS2 monolayer. (b) Cross-sectional SEM images of the MoS2:PI layer.

exfoliation of bulk MoS2 powders in organic solvent with the
aid of ultrasonication is considered as a viable route to achieve
this goal.23 Here, we used polyamide acid (PAA), a precursor of
polyimide (PI), to assist the exfoliation and the dispersion of
monolayer MoS2 from its bulk material in N-methyl-2pyrrolidone (NMP) under sonication. The preparation of the
monolayer MoS2:PAA composite precursor via the polymerassisted exfoliation process is schematically shown in Figure 1a.
This suspension was stable under ambient conditions. Good
dispersion of MoS2:PAA in NMP is extremely desirable for
device fabrication via solution processing and allows the
MoS2:PI layer to be conveniently fabricated by using spincoating and subsequent imidization,24 leading to the easy
fabrication of TENGs.
The MoS2 powder was successfully exfoliated into individual
nanosheets during the sonication, as shown in Figure 1b. The
morphology of the MoS2 was further studied by using atom
force microscopy (AFM). For the AFM measurements, the
MoS2 was prepared from the supernatant via repeated washing
and centrifugation steps, and then, it was redispersed in NMP
and deposited on a Si substrate. Figure 1c shows the AFM
image and cross-sectional analysis of the exfoliated MoS2
nanosheets. The thickness of an obtained MoS2 nanosheet
with a width of a few hundred nanometers was approximately 1
nm. The morphology of the as-prepared MoS2 was veriﬁed by
using transmission electron microscopy (TEM) (Figure 1d).

The electrons in the friction layer serve as an electrostatic
induction source for the electricity generation process of the
TENGs, which has a great impact on the output performances
of TENGs. However, once the triboelectric electrons are
generated, the electron density on the surface of the friction
layer will decrease gradually,21 and this loss of triboelectric
electrons will decrease the potential diﬀerence between the two
electrodes of the TENGs. To solve this problem, in our
previous work, we proposed a methodology for enhancing the
output performances of the TENGs by introducing reduced
graphene oxide as electron acceptors.22 Similar to a sheet of
reduced graphene oxide, 2D monolayer MoS2 has a large
speciﬁc surface area and experiences the quantum conﬁnement
eﬀect, thus enabling the realization of electron accepting.
Furthermore, the bandgap structure of monolayer MoS2 allows
the TENGs with monolayer MoS2 to achieve a better
performance. We show that the peak power density of
TENGs with monolayer MoS2 is as large as 25.7 W/m2,
which is 120 times larger than that without monolayer MoS2,
and we discuss in detail the performance-enhancement
mechanisms relevant to the highly eﬃcient capture of
triboelectric electrons in monolayer MoS2.

RESULTS AND DISCUSSION
The ability to produce monolayer MoS2 is a critical step toward
allowing its implemenation in electronic devices. Liquid-phase
B
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Figure 3. Performances of the TENGs. (a) Rectiﬁed open-circuit voltage of the TENG without MoS2. (b) Rectiﬁed open-circuit voltage of the
TENG with monolayer MoS2. (c) Short-circuit current density and the amount of charge generated during a press-release cycle for the TENGs
with and without monolayer MoS2. (d) Charging processes by using the TENGs. The inset is a detailed enlarged view. (e) Curves of the
output peak current as a function of the output peak voltage for the TENGs with and without monolayer MoS2. The area of the largest
rectangle deﬁned by the current−voltage curve corresponds to the maximum peak power density. (f) Photographs of green LEDs and a LCD
panel directly driven by the TENG with monolayer MoS2.

The diﬀerent devices shared a positive friction layer part for the
purpose of facilitating a comparison between the device
performances of the TENGs with and without monolayer
MoS2. The fundamental electricity generation mechanisms of
typical contact-separation mode TENGs are as follows: Under
external forces, a physical contact is initiated between the PI
(Kapton)/MoS2:PI/PI stacked layer and the top Al electrode.
The the PI layer accepts electrons due to their diﬀerent abilities
to attract electrons. Once the external forces are released, the
top Al electrode separates from the friction layer. Then, the
electrostatic balance is broken, and the positive charges in the
top Al electrode are driven to the bottom electrode through an
external circuit to re-achieve a balance of electrostatic charge.
Once the top Al electrode moves back to the friction layer due
to the external forces, the positive charges in the bottom
electrode move to the top electrode so as to re-achieve the
original electrostatic balance. The TENG can be operated
cycle-by-cycle by driving it with repeated external forces. In this
way, mechanical movements are converted into electricity.
The rectiﬁed open-circuit voltages of the TENGs without
and with monolayer MoS2 are shown in Figure 3a and 3b,
respectively. The open-circuit voltage of the TENG without
MoS2 is about 30 V (Figure 3a). However, the open-circuit
voltage of the optimized TENG with monolayer MoS2 is as
high as 400 V. Furthermore, the short-circuit (SC) current
density of the TENG with monolayer MoS2 is obviously higher
than that of the TENG without MoS2, as shown in Figure 3c.
Note that the electricity generated by using TENGs needs to be
stored in an energy-storage device before powering electronic
devices. Thus, the total amount of charge, rather than the peak
current, is the key to the eﬃcient charging of an energy-storage
device. The total amount of charge generated by a press-release
cycle for a TENG with monolayer MoS2 reached approximately
0.2 μC, which was much larger than that (0.05 μC) produced
by using a TENG without MoS2, as shown in Figure 3c.

The selected area electron diﬀraction (SAED) pattern shown in
the inset of Figure 1d indicates the MoS2 has hexagonal
symmetry, with individual sheets consisting of a single crystal
domain.25 The high-magniﬁcation TEM image shown in Figure
1e clearly reveals the honeycomb structure of MoS2, which
conﬁrms that the great majority of the exfoliated sheets are
monolayers.23,26 Note that the apparent thickness of the thin
ﬁlm in the AFM image shown in Figure 1c is a little larger than
the values of 0.65−0.7 nm reported for mechanically exfoliated
MoS2 monolayers.27 This diﬀerence may be explained by
surface corrugation due to distortion of the MoS2 layer, the
presence of residual PAA molecules, and the presence of a gap
between the MoS2 layer and the substrate. Note that the large
speciﬁc surface area of 2D materials plays an important role in
eﬃcient electron capture; thus, the as-prepared monolayer
MoS2 can allow maximum contact between the MoS2 and the
PI.
A schematic view of a vertical contact-separation mode
TENGs based on the MoS2:PI layer is shown in Figure 2a. The
bottom part of the device is made of the glass substrate onto
which an Al electrode and a negative friction layer with a PI
(Kapton)/MoS2:PI/PI stacked structure are deposited. The top
part of the TENGs is made of a polyethylene terephthalate
(PET) substrate onto which an Al electrode is deposited. The
top PI layer in the friction layer acts as the negative friction
material and can drag electrons from the top Al electrode
during the triboelectriﬁcation process. The monolayer MoS2
sheets embedded into the PI layer act as the triboelectric
electron acceptors. After the spin-coating and the subsequent
imidization, an uniform MoS2:PI layer can be fabricated, as
shown in cross-sectional SEM of the monolayer MoS2:PI layer
in Figure 2b. As a comparison, a TENG without monolayer
MoS2 was fabricated with a friction layer structure of PI
(Kapton)ﬁlm/PI ﬁlm to investigate and emphasize the eﬀect of
the insertion of the monolayer MoS2 on TENGs’ performances.
C
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Figure 4. Analyses of the electron-trapping mechanisms. (a) Illustration of the ﬂoating-gate MIS device used for the C−V measurements. (b)
C−V curves of the ﬂoating-gate MIS device as the applied voltage was swept from −3 to 3 V and from 3 to −3 V. (c) Detailed C−V curves
during the voltage sweep from 3 to −3 V. The VFB can be seen to shift toward higher voltage, and the density of captured charge, Q′, can be
seen to increase with increasing number of voltage sweeps. (d−g) Schematic diagrams of the energy bands for the ﬂoating-gate MIS device.
(d) A negative voltage (VFB0) is applied to keep the device in a ﬂat-band state. (e) When a larger negative voltage is applied, the injected
electrons are captured in the MoS2 monolayer. (f) When a larger negative voltage is applied, some of the captured electrons are released from
the MoS2 monolayer. (g) A smaller negative voltage (VFB1) is applied to keep the device in a ﬂat-band state due to the capture of electrons in
the insulator layer.

A 0.22 μF capacitor was charged by using a TENG with
monolayer MoS2, as shown in Figure 3d. The capacitor was
charged to 10 V in merely 15 s, which is a gigantic
enhancement compared to the performance of the TENG
without MoS2. The inset of Figure 3d shows an enlarged view
of the details. Both the press and the release operations can
charge the capacitor because of the rectiﬁcation of the output
signals. The voltage of the charged capacitor can be increased
by 0.5 V in each press process by using the TENG with
monolayer MoS2. However, each press or release process can
only result in a voltage increase of about 0.1 V for a TENG
without MoS2.
The curves for the output peak current as a function of the
output peak voltage for the TENG with monolayer MoS2 and
for the TENG without MoS2 were characterized, and the results
are shown in Figure 3e. The area of the largest rectangle
deﬁned by the current−voltage curve determines the maximum
peak power density. The TENG with monolayer MoS2 reached
a maximum peak power density value of 25.7 W/m2 at a
resistance of approximately 5 MΩ, which is 120 times larger
than that of the TENG without MoS2. Furthermore, Figure 3f
shows that the TENG with monolayer MoS2 could serve as a
direct power source for a commercial multicolor light-emitting
diode (LED) array (in series) and for a liquid-crystal display
(LCD) panel. The TENG, which was triggered by pressing and
releasing, generated current pulses that instantaneously lit a
LED array and a LCD panel, as shown in Video S1 and Video
S2 of the Supporting Information.
It is worth noting that the voltage generated under opencircuit conditions is proportional to the electron density (σ) as
follows:
V=

σ × x(t )
ε

where V is the open-circuit voltage, x(t) is the gap between the
electrodes at time t, and ε is the permittivity.28 As a result, the
performance can be enhanced by increasing the density of
triboelectric electrons. We attribute the mechanism for the
dramatic increase in the electrical output of the TENG with
monolayer MoS2 to eﬃcient electron capture in the monolayer
MoS2, which can suppress the process causing the loss of the
as-generated triboelectric electrons.
Among the several processes causing the loss of triboelectric
electrons, in a contact-separation-triggered TENG, air breakdown is likely to happen between the two triboelectric surfaces
with opposite static charges due to the high voltage created in
the vertical separation process.29,30 The drift process caused by
the electric ﬁeld and the diﬀusion process engendered by the
concentration gradient of the electrons can also result in the
loss of triboelectric electrons because of recombination with
positive charges induced on the electrode. Furthermore, the
loss of triboelectric electrons can come from adsorbing
positively charged ions or particles from the air, and the
adsorbed positive charges can then recombine with triboelectric
electrons on the surface.21 Here, we introduce electron
acceptors in the negative friction layer, in which monolayer
MoS2 acts as electron acceptors. The monolayer MoS2 can
eﬃciently capture most of the as-generated triboelectric
electrons due to its high electron-capture properties and large
speciﬁc surface areas.4,5 In other word, the as-generated
triboelectric electrons on the surface of the PI might be
transferred into the MoS2 layer embedded in the PI layer and
stored inside the negative friction layer rather than on the
surface of the negative friction layer. As a result, the static
electron density on the negative triboelectric surfaces is
decreased, and the gap between the positive and the negative
charges is increased, which can weaken the air breakdown
eﬀect. The drift and the diﬀusion eﬀects can also be suppressed
due to the high electron-capture properties of monolayer MoS2.

(1)
D
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Figure 5. Electron-trapping veriﬁcation. The structure of the top part of the TENG is PET/Al/PI. Open-circuit output voltage of the devices
without MoS2 (a) before and (b) after surface charging. Open-circuit output voltage of the devices with monolayer MoS2 (c) before and (d)
after surface charging. (e) The working mechanisms of the device. The short-circuit current as a function of the time for the devices (f)
without MoS2 and (g) with monolayer MoS2.

The outermost region of the PI layer stops the electrons stored
in the friction layer and the positive charges adsorbed on the
friction layer’s surface from coming into contact and can
suppress recombination between the triboelectric electrons and
the positive charges.
To prove experimentally the existence of electrons trapped in
monolayer MoS2, we fabricated a ﬂoating-gate metal-insulatorsemiconductor (MIS) device, in which the monolayer MoS2
layer was used as a charge-storage region in the middle of the PI
insulator layer. A schematic diagram of the fabricated ﬂoatinggate MIS device with an Al/p-Si/PI/MoS2:PI/PI/Al structure is
shown in Figure 4a. The eﬀect of trapping charge carriers in the
monolayer MoS2 can be directly detected by measuring the
capacitance of the MIS device; thus, the capacitance−voltage
(C−V) curves for the device were measured at 1 MHz to
investigate its electrical characteristics. The C−V measurements
were conducted by applying dual voltage sweeps from −3 to 3
V. As shown in Figure 4b, a clockwise hysteresis is clearly
observed during the ﬁrst voltage sweep, which is similar to that
of a typical p-Si-based MIS device with charge-trapping regions,
indicative of the existence of sites occupied by carriers.31 The
presence of such sites is attributed to the electron-trapping
eﬀect of the monolayer MoS2 embedded in the PI layer. The
electrons under negative bias voltages emitted from the top Al
electrode are captured in the monolayer MoS2 contained in the
insulator layer.32 The electrons captured under positive bias
voltages are released to the top electrode. A very interesting
observation is that all of the C−V curves during the ensuing
voltage sweeps shift toward higher voltage, as shown in Figure
4b, which is diﬀerent from the C−V characteristics of ﬂoatinggate MIS devices in which the electron-trapping sites are
located in a reduced graphene oxide sheet.22 The detailed C−V
curves during the voltage sweep from 3 to −3 V are presented
in Figure 4c. The magnitude of the VFB is signiﬁcantly related to
the number of carriers trapped in the insulator layer. The
charge density Q′ of the charge captured in the monolayer
MoS2 can be estimated from the following equation:

Q′ =

ΔVFB × d0 × C0
x

(2)

where ΔVFB is the ﬂat-band shift in the C−V curves, d0 is the
thickness of the active layer, C0 is the capacitance of the
dielectric stack layer, and x is the location of the MoS2 layer.33
This phenomenon shows that the electrons captured in
monolayer MoS2 cannot be completely released under positive
voltages and that the number of electrons captured in
monolayer MoS2 gradually increases with increasing number
of voltage sweeps.
Schematic diagrams of the energy bands for the ﬂoating-gate
MIS device are described in Figure 4d and 4e to explain
qualitatively the observed C−V characteristics. First, when a VFB
with a negative value is applied to the top electrode, the device
maintains a ﬂat-band state (Figure 4d). In this case, no
electrons are trapped in the MoS2 layer. When larger negative
applied voltages are applied to the top Al electrode, electrons
are injected from the Fermi level of the Al electrode to the
lowest unoccupied molecular orbital (LUMO) of the PI and are
then captured in the monolayer MoS2 (Figure 4e). The capture
of electrons in the monolayer MoS2 may cause an accumulation
of holes in the PI/p-Si interface, resulting in an increase in the
value of the capacitance. The capture of electrons in the
monolayer MoS2 and the ensuing induction of positive-charge
accumulation in the ﬂoating-gate MIS device are similar to the
operating mechanisms of a TENG with electron-trapping sites.
The captured electrons can occupy both energy states at the
bottom of the conduction band and the trap states of the MoS2
in the interface. Because the intrinsic bandgap energy of
monolayer MoS2 is as large as 1.8 eV, which is diﬀerent from
that of reduced graphene oxide,34 the interface trap states are
distributed in the band gap. Of note is that for the Fermi−Dirac
distribution, the probability of electrons occupying an energy
level becomes higher for energy levels below the Fermi level,
but tends to decrease dramatically for levels above the Fermi
level.35 Under positive voltages, the electrons in energy states at
the bottom of the conduction band might be released to the
E

DOI: 10.1021/acsnano.7b03657
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

TENGs can be attributed to eﬃcient electron capture in the
monolayer MoS2, which can suppress recombination between
triboelectric electrons and positive charges. The maximum
power density of vertical contact-separation mode TENGs with
monolayer MoS2 reached 25.7 W/m2, which is 120 times as
large as that of the device without MoS2. The observations
made in this research should provide direction to a frontier in
active material selection and device structure design for higheﬃciency triboelectric devices. Nanomaterials, including zerodimensional, one-dimensional, two-dimensional, and threedimensional nanostructures, and their composites, should be
considered for use to provide electron-trapping sites in TENGs.

top electrode, while those in the band gap tend to be captured
in interface traps, as shown in Figure 4f. As a result, a smaller
VFB is needed to obtain the ﬂat-band condition (Figure 4g).
When the number of voltage sweeps increases, the number of
electrons captured in the interface trap states of the MoS2
gradually increases, leading to a shift in the C−V curves.
To further verify the important role of the electron acceptors
in the performance of TENGs, we designed an experimental
setup to monitor charge transfers. Two kinds of TENGs, one
with a bottom part of PI (Kapton)/MoS2:PI/PI and the other
with a bottom part of PI (Kapton)/PI, were prepared. The top
parts of the two kinds of TENG were the same and were made
of PET/Al/PI. The active area of the TENG was 1.5 cm × 2.5
cm. Additional triboelectric charges cannot be generated during
the contact process due to the same electron-gaining ability of
the PI. Initially, no eﬃcient electricity output was observed for
either device during the press-release processes due to the
friction materials having the same electron-gaining ability, as
shown in Figure 5a and Figure 5c. We should note that the
devices had a small electricity output during the initial stage,
which might have resulted from a small number of interface
charges or absorbed charges introduced during the fabrication
process.
The triboelectric electrons in the bottom part of the TENG
were introduced by rubbing the bottom part of the TENG with
an Al foil. The device with monolayer MoS2 showed an opencircuit voltage of approximate 120 V (Figure 5d), which was
much larger that of the device without MoS2 (Figure 5b). Some
of the surface electrons for the device with monolayer MoS2
acceptors were transferred into the MoS2 layer, as shown in
Figure 5e-I. Positive charges in the bottom electrode gradually
transferred to the top electrode as the top part was closing
toward the bottom part (Figure 5e-II). In a contact state, some
of the electrons in the bottom part may transfer to the top part
due to the same electron-gaining ability, as shown in Figure 5eIII. The bottom part of the device holds a much larger number
of electrons than the top part does because of electrons are
stored in the MoS2. As a result, positive charges in the top
electrode gradually transfer to the bottom electrode during the
separating process, as shown in Figure 5e-IV and 5e-V. A
similar phenomenon is seen for the device without MoS2; the
electrons in the bottom part transfer to the top part in a contact
state. However, more electrons should transfer to the top part
due to the absence of electron acceptors in the bottom part. As
a result, the open-circuit voltage of the device without
monolayer MoS2 is smaller than that of the device with
monolayer MoS2.
The short-circuit currents as functions of time at a frequency
of 5 Hz are presented in Figure 5f and Figure 5g for the devices
without and with monolayer MoS2, respectively. The output
current for the device without MoS2 is seen to decrease
gradually, which may result from discharging eﬀects, including
drift, diﬀusion, and charge recombination. In contrast, the
retention test of the device with monolayer MoS2 demonstrates
its higher stability, which further conﬁrms that the introduction
of monolayer MoS2 can suppress the processes through which
triboelectric electrons are lost.

METHODS
Preparation of the Monolayer MoS2:PAA Suspension. The
PAA solution was prepared by dissolving polyamic acid in NMP and
consisted of 287.5 mg of p-phenylenediamine (PDA) and 781.25 mg
of biphenyltetracarboxylic dianhydride (BPDA) dissolved in 500 mL
of NMP solvent. For the preparation of the monolayer MoS2:PAA
suspension, 10 mg of MoS2 powder was added to 20 mL of the PAA
solution, after which the mixture was sonicated for 9 h. The asproduced suspension was allowed to settle for 7 days under ambient
conditions in order to remove any residual particles. Finally, the
supernatant was collected for further centrifugation at 4000 rpm for 30
min. The resulting clear colloid was used for the subsequent
characterization and device fabrication.
Fabrication of Devices. To fabricate the negative friction layer of
the TENG with monolayer MoS2, we deposited an Al ﬁlm, acting as an
electrode, on the surface of the glass substrate by using thermal
evaporation. The MoS2:PAA ﬁlm was deposited on the surface of the
PI (Kapton) ﬁlm by using the spin-coating method and was baked at
135 °C for 30 min to evaporate the solvent. Then, another PAA layer
was spin-coated onto the surface of the as-prepared MoS2:PAA layer.
After it had been baked at 400 °C for 2 h, the PI (Kapton, 76-μm
thick)/MoS2:PI(1.5-μm thick)/PI(100 nm thick) stacked layer
adhered to the surface of the as-fabricated Al electrode. As a
comparison, a TENG without MoS2 was fabricated with a friction layer
structure of the PI (Kapton)ﬁlm/PI ﬁlm. Brieﬂy, the PI layer was
deposited on the PI(Kapton) ﬁlm by using the same spin-coating
method. Note that the thickness of the PI (Kapton) ﬁlm/PI stacking
layer was the same as that of the PI (Kapton)/MoS2:PI/PI stacking
layer for the purpose of facilitating comparisons. The positive friction
layer was composed of the PET substrate with a piece of Al foil aﬃxed
to its surface. The positive friction layer for the vertical contactseparation mode TENG was supported by a spring with a thickness of
10 mm, which served as a spacer for the TENG. The active area of the
TENG was 1.5 cm × 2.5 cm. The diﬀerent negative friction layers used
in this work shared a positive friction layer for the purpose of
facilitating comparisons.
A ﬂoating-gate MIS device with a structure of Al/p-Si/PI(100 nm)/
MoS2:PI(100 nm)/PI(100 nm)/Al was fabricated on the p-Si
substrate by using the same spin-coating method. Finally, the top Al
electrode pad with a diameter of 0.5 mm was deposited on the PI layer
by using thermal evaporation.
Characterization and Electrical Measurements. SEM (FEI,
NOVA nanoSEM 450) was used to investigate the microtopography of
the as-prepared nanomaterials. AFM (Park systems, XE-100) and
TEM (JEOL, JEM-2100F) were used to characterize the as-fabricated
MoS2. An oscilloscope (Tektronix, TDS2024C) and a current meter
(Keithley, 2400) were used for measuring the electricity output of the
TENGs. The C−V curves were measured using a Keithley 4200SCS
unit.

CONCLUSIONS
In summary, we have demonstrated that the liquid-phase
exfoliated monolayer MoS2 can act as triboelectric electron
acceptors in TENGs, dramatically enhancing their electricity
output. That signiﬁcant increase in the electricity output of the
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