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Tribovoltaic Nanogenerators Based on MXene-Silicon
Heterojunctions for Highly Stable Self-Powered Speed,
Displacement, Tension, Oscillation Angle, and Vibration

Sensors

Xiongxin Luo, Lindong Liu, Yi-Chi Wang, Jiayu Li, Andy Berbille, Laipan Zhu,*

and Zhong Lin Wang*

Tribovoltaic nanogenerators (TVNGs), an emerging high-entropy energy har-
vesting technique, present great features such as low matching resistance,
high current density, and continuous output performance. Here, an MXene
layer and a semiconducting silicon wafer are assembled into a tribovoltaic
nanogenerator (hamed MS-TVNG). The output peak current of the MS-TVNG
reaches up to 22 pA for a P-type (0.1-0.5 Q cm) silicon wafer under a normal
force of 4.56 N and a sliding speed of 2 m s~'. Owing to the unique metal
characteristics of the MXene layer, the performance is superior to those
previously reported TVNGs using traditional metals. The layered structure of
MXene endows the real-time MS-TVNG with outstanding wear-resistance and
stable output properties. The performance of the MS-TVNG can be tuned by
the doping type and concentration of the silicon wafer, as well as by the pres-
sure and the relative sliding speed between two friction surfaces. The MS-
TVNG has proven to be a solid foundation for high-performance self-powered
speed sensors and has excellent potentials for applications in displacement,

tension, oscillation angle, and vibration detection.

1. Introduction

With the rapid development of artificial intelligence, big data,
and the Internet of Things, human’s demands for miniatur-
ized and distributed power sources have increased dramati-
cally.l Compared with traditional electromagnetic generators
(EMGs) and solar cells, piezoelectric nanogenerators (PENGs)
and triboelectric nanogenerators (TENGs) demonstrate better

efficiency to convert random, low-fre-
quency mechanical energy and other
forms of high-entropy energy, promising
to form distributed power supplies.?
They are also envisaged as self-powered
sensors to detect instantaneous pulsed
mechanical stimuli.l’! Direct-current (DC)
output nanogenerators have the potential
to greatly extend their application to real-
time sensing for consecutive mechanical
motions.™ Recently, progress has been
achieved in low-frequency energy har-
vesting using tribovoltaic nanogenerators
(TVNGs), devices consisting in metal/
semiconductor,’) P-N  semiconductor,®
metal/conducting  polymer,”]  aerogel/
silicon®!  or  liquid/semiconductor
dynamic junctions. The sliding Schottky
nanocontact generates DC signal due to
the diffusion and drift motions of non-
equilibrium carriers on the microscopic
scale.l'¥l The concept of tribovoltaic effect
and its basic mechanisms were proposed in 2019, which was
described as follows.'! During friction, a bindington, the
energy quantum when two atoms form a bond, will be released,
which excite electron—hole pairs across the sliding interface.
Electron-hole pairs are then separated and expelled out of the
junction attributed to the built-in electric field, thus generating
continuous DC current. Only the drift motion of carriers plays
a decisive role on the macroscopic scale. Although many power
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generation devices based on TVNGs have been proposed, one
very desirable application has not been widely explored yet.
TVNGs have great potentials to design high-performance self-
powered mechanical sensors.

Recently, the novel 2D-layered transition metal carbide/
carbonitride MXenes (such as Ti;C,T,, Ti,CT,, Nb,CT,, V,CT,,
Ti;CNT,, and Mo,CT,) have attracted wide attention due to their
unique structures and electronic properties.l’?l They are usually
produced by selectively etching the A layer from metal con-
ductive layered MAX phases (M = transition metals, A = main
group elements, and X = C/N). During the etching process, the
A atoms are replaced by different functional groups, yielding
MXene nanosheets with hydroxyl, oxygen, or fluorine groups
on the surface.l’ Therefore, the MXene displays a highly hydro-
philic surface, with diverse chemical properties and tunable
properties without losing the metal conductivity of transition
metal carbides. Such combinational properties are difficult to
achieve in traditional 2D atomic crystals such as graphene, lay-
ered transition metal dihalides and layered double hydroxide.["”]
Thus, MXene has been demonstrated in applications such
as light-to-heat conversion, energy storage, and electrostatic
shielding [12b1416]
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Here, we use the Ti;C,T, MXene and semiconductor sil-
icon wafer to construct a tribovoltaic nanogenerator (named
MS-TVNG). Similar to traditional metals, the MXene can pro-
duce a stable and continuous DC output by rubbing it against
silicon wafers, and the peak output current of the MS-TVNG
can reach up to 22 pA. The MS-TVNG presents outstanding
wear-resistance and energy output stability over those made by
traditional metals. In addition, the output current of the MS-
TVNG increases linearly when increasing the applied pressure
and sliding speed. Therefore, a novel principle for self-powered
speed, displacement, tension, oscillation angle, and vibration
sensors is proposed.

2. Results and Discussion

The Ti;C,T, MXene nanosheets usually present as black pow-
ders. Therefore, tableting appeared to be an appropriate
approach to prepare the MXene films into a friction layer for
the MS-TVNGs. The fabrication steps of the MXene sliders
are shown in Figure 1a. The MXene-based slider was prepared
by dispersing the MXene powders on a copper tape and then
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Figure 1. lllustration of the device structure, experimental setup, and electric output characteristics of the MS-TVNG. a) Step-by-step fabrication
processes of the MXene-based slider. b) Testing principle of electrical performance and schematic structure of the MS-TVNG. ¢) Schematic of the
experimental setup. d) DC output open-circuit voltage and short-circuit current signals of the MS-TVNG. e) Comparison of the output short-circuit
current and open-circuit voltage using a copper slider and the MXene film slider, respectively.
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exerting a high pressure (20 MPa) to attach the MXene powder
tightly onto the copper tape. The MXene-based slider thus
formed includes a top electrode copper and an MXene film.
After etching the natural oxidized layer on the surface of the
silicon wafer with hydrofluoric acid, an approximately 50 nm
thick Au bottom electrode was sputtered using magnetron sput-
tering. Finally, an external circuit is used to connect the bottom
and top electrodes. The device structure is shown in Figure 1b.
The MXene film can make good contact with the surface of the
silicon wafer, and be slid under an external force using a linear
motor-based experimental set-up (Figure 1c). The linear motor
is employed to provide a horizontal sliding movement. Two z-
axis displacement platforms are used as supports to adjust the
pressure at the sliding interface. A pressure sensor is installed
between the linear motor and the slider to measure the applied
pressure. The MS-TVNGs are capable of generating a DC elec-
trical output when rubbing MXene film against a semicon-
ductor silicon wafer, as shown in Figure 1d. The output signals
are continuous and can respond effectively to changes in sliding
speed. This is probably due to the MXene films can maintain
the metal conductivity of transition metal carbides which could
lead to high output performances. To illustrate the superior per-
formance of the MS-TVNGs, the electrical output of a Cu-based
and an MXene-based TVNGs under the same experimental
conditions (where the area of the upper copper electrode, the
normal force, the sliding speed, and the type of silicon wafer
are 1.5 X 1.5 cm?, 4.56 N, 2 m s7}, and N-type (2040 Q-cm),
respectively) are compared, as shown in Figure le. The MXene-
based TVNG generates more than 30 times higher output cur-
rent (5.8 LA) compared with a Cu-based TVNG (0.18 nA).

The powder X-ray diffraction (XRD) pattern and the Raman
spectra of the as-prepared MXene film, shown in Figure 2a,b,
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are in agreement with previous reports.”] Figure 2c presents
a bright-field transmission electron microscopy (BF-TEM)
image of the MXene nanosheets, which exhibits a clear lay-
ered structure. A perfect single crystallinity of the MXene is
demonstrated by the selective area electron diffraction (SAED)
pattern in the inset of Figure 2c. The energy dispersive X-ray
(EDX) spectrum mapping (Figure S1, Supporting Information)
and the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image (Figure S2, Sup-
porting Information) unveil a uniform distribution of Ti, F, O,
and C elements. More importantly, the MXene powder can be
pressed tightly together and can construct a relatively flat film
simply by employing a tablet press, as shown in the SEM image
in Figure 2d. Moreover, the inset of the SEM image shows the
MXene retained the layered structure after pressing. The firmly
composed yet layered microstructure of MXene is of great sig-
nificance to reduce friction losses and maintain a stable elec-
tric output. Traditional TVNGs are usually composed of P-N
junction,®®  metal/semiconductor,’® metal/perovskite,'! or
metal/conducting polymer. Relatively large friction losses in
materials with low Young’s modulus are inevitable when rub-
bing against materials with higher Young’s modulus, which
would cause a sharply declined performance of the TVNGs.[""!
Optical micrographs of the silicon surfaces corresponding to
the Cu-based and MXene-based TVNGs under the same fatigue
testing conditions are shown in Figures 2e—f, respectively. The
observation confirms that the MXene-based TVNG shows more
uniform and gentle scratches. That is, the MXene nanosheets
here can greatly enhance the wear-resisting property of the tri-
boelectric interface over Cu-based TVNGs. Two possible rea-
sons account for the enhanced wear-resisting property. One is
that a small amount of MXene powders falls off the film during
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Figure 2. The microstructure of the layered MXene used for TVNGs. a,b) XRD pattern and Raman spectra of the MXene film. ¢) TEM image of the
MXene nanosheets, where the inset is a SAED pattern of the MXene nanosheets. d) SEM images of the used MXene film, where the inset shows
the layered structure after pressing. e,f) Optical micrographs of silicon wafers after friction with Cu-based (e) and MXene-based (f) films under the
same testing conditions.
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Figure 3. The electrical output (open-circuit voltage and short-circuit current) performance of the MS-TVNG. a) The output of using different types and
resistivities of silicon wafers. b) The output voltage and current generated by applying different normal forces, perpendicular to the friction interface.
c—d) Durability of the Cu-based (c) and MXene-based (d) TVNGs tested for various cycles. e) The output performance of the MS-TVNG generated by

applying different sliding speeds.

the sliding process and stays in the sliding traces, resulting in
the sliding friction becoming into a rolling friction. The other
one is that the MXene nanosheets are more prone to interlayer
slip due to their layered structures, endowing them excellent
lubricating properties as previously reported.2

To further explore the parameters that control the behavior
of the MS-TVNG, the types and resistivities of silicon wafers,
the applied pressure, and the sliding velocity are varied to study
their influence on the electrical output (Figure 3). First, the
direction of the electrical signal appears to be opposite for dif-
ferent types of silicon wafers (Figure 3a). Taking MXene and
N-type silicon TVNG for example, with the increase of doping
concentration, the higher Fermi level of electron filling will
generate a stronger built-in electric field, which promotes the
drifting transport of carriers. However, when the doping con-
centration reaches a certain amount, the transport of the car-
riers is strongly scattered by the doped impurities. These
result in that the output current/voltage first increases and
then decreases with the decrease of the resistivity of the silicon
wafers. Noting that the higher the doping concentration is, the
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higher the resistivity will be. Under a normal force of 4.56 N
and a sliding speed of 2 m s7!, the maximum output current
and voltage are —22 PA and —140 mV, respectively, for a P-type
silicon wafer with a resistivity of 0.1-0.5 Q-cm (Figure 3a and
Figure S3, Supporting Information). Second, the output of the
MS-TVNG is enhanced by increasing pressure for a P-type
(0.1-0.5 Q-cm) silicon wafer under a sliding speed of 2 m s7!
(Figure 3b), which is due to the greater release of residual bond
formation energy obtained by carriers when force increases,
and hence resulting in an increased number of carriers. Third,
the durability test (under conditions of 2.56 N, 2 m s}, and
N-type (2040 Q cm) silicon wafer) results of the Cu-based
and MXene-based TVNGs are shown in Figure 3c,d and
Figure S4, Supporting Information, where both TVNGs worked
for more than 210 min. The current for the Cu-based TVNG
was increasing and then decreasing over time. The gradually
increased contacting area of the Cu film at the very beginning
might lead to an increase in current, while the damaged sur-
face of Si wafer might result in decreasing current. In con-
trast, the current of the MS-TVNG is higher, more stable and

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

even exhibits a slight increase with time, revealing its superior
wear-resistance and stability. Furthermore, the DC current of
the MS-TVNG increases almost linearly with the increase of
sliding speed (Figure 3e), and a sensitivity, S, of 10.96 uA s m™
is achieved for a P-type (0.1-0.5 Q-cm) silicon wafer under a
normal force of 4.56 N. From these observations, using MS-
TVNG for applications in self-powered force and speed sensing
is more promising.

Concerning the mechanism, we consider that when a metal
MZXene is in contact with an N-type silicon wafer, due to the
difference in work functions of the two materials, a redistribu-
tion of carrier concentration at the interface occurs, giving birth
to a built-in electric field. A Schottky barrier is formed in the
depletion region of the N-type silicon.’*?!l However, it is worth
mentioning the Schottky theory has not yet been confirmed in
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most practical cases, owing to complex surface states such as
surface dangling bonds, surface reconstruction or relaxation,
steps and kinks, non-stoichiometric vacancies, and impurity
atom adsorption.*?2 Due to the large surface states, the metal/
semiconductor interface forms a Schottky barrier easily no
matter if there is a difference in work functions. A schematic
of the external circuit and the corresponding band structure
under thermal equilibrium (static state) are shown in Figure 4a.
Since no extra energy is released at the static state, there is no
output current. When a piece of MXene film starts sliding on
the N-type silicon, a positive DC current is detected due to the
tribovoltaic effect (Figure 4b).''23 The sliding kinetic energy
breaks the bonds at the interface, and then newly formed bonds
release bindingtons which are absorbed by a large number of
electrons trapped in the surface states. As a result, the surface
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Figure 4. Schematic diagrams of the working principle and corresponding energy band structure of the MS-TVNG. a,b) The schematic diagrams
denoting charge transfer between an MXene and an N-type silicon wafer under static state (a) and dynamic state (b), respectively. c,d) The schematic
diagrams of charge transfer between an MXene and a P-type silicon wafer under static state (c) and dynamic state (d), respectively.
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Figure 5. Applications of the MS-TVNG in self-powered sensing. a) Schematic of the device structure for displacement and force sensing. b,c) Sche-
matic diagrams of force analysis of the external force acting on the slider (b) and being released (c). d) The amplitude of output current of the MS-
TVNG when the slider is stretched to a different displacement and then released. e) The changing curve between the output current and tensile force.
f) Schematic diagram of the MS-TVNG for vibration sensing and an indication for oscillation angle. g) The output current as a function of different

oscillation angles.

electrons are driven to the bulk of the N-type silicon due to the
built-in electric field. Furthermore, the bindingtons released
by newly formed bonds can also excite electrons and holes at
the depletion region of the N-type silicon. These principles can
explain why the greater the pressure and the sliding speed, the
greater the output current. Compared with the N-type silicon
case, the energy band of the Schottky barrier of the MXene and
P-type silicon junction bends downward. Similarly, there is no
current under a static state, as shown in Figure 4c. When a
piece of MXene film slides on the P-type silicon wafer, electrons
and holes in the surface states as well as in the depletion region
will be induced after absorbing the bindingtons released when
new bonds are formed, resulting in a negative current due to
the opposite direction of the built-in electric field compared
with that of the case of N-type silicon (Figure 4d).

As shown in Figure 5, owing to the properties of MXene
and the working principles of TVNGs, the MS-TVNG can pro-
duce accurate, continuous and real-time electrical DC signals
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that not only exploitable for self-powered speed sensors but
also have great application potential in high-performance dis-
placement, tension, oscillation angle, and vibration sensing.
This was demonstrated by the fabrication of a multifunctional
sensor. A schematic of the multifunctional sensor’s structure is
shown in Figure 5a. The detailed fabrication processes of this
sensor can be found in the Experimental Section. The specific
enlarged views are shown in Figure 5b,c. The spring can con-
vert external mechanical energy into potential energy to pro-
duce a long-lasting output. The sensitivities of the sensor, Sy,
can be calculated by the following formula:

Al
Sx = — 1
T Ax @

where the X (X =S, D, T, Oy, and Oy for sensors of speed, dis-
placement, tensile force, oscillation at higher angles, and oscil-
lation at lower angles, respectively) is a unified code name, AI

© 2022 Wiley-VCH GmbH
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is the change in current with the change of independent vari-
able, and Ax is the change of independent variable.

First, the current output is proportional to the relative sliding
speed of the slider as illustrated in Figure 3e. Therefore, the
sliding speed of the slider can be adjusted, which allows its use
as a speed sensor with a sensitivity of 10.96 UA s m™L. Second,
the device can act as a displacement sensor. Using an external
force F to pull the sliding block to different distances (displayed
on the scale ruler next to the sliding block), the sliding block
acquires different elastic potential energies (Figure 5b). After
the force F is removed, the slider receives the elastic force of
the spring and its own gravity, and the elastic potential energy
of the spring is converted into the kinetic energy of the slider
movement (Figure 5c). The friction energy loss between the
slider and the silicon wafer will bring the slider to a standstill
state after several up and down cycles. Correspondingly, the
slider feels different elastic potential energy when stretched to
different distances, so the initial speed of the slider will be dif-
ferent when it is released. According to the principle depicted
with the current output of the MS-TVNG, the current increases
as the sliding speed increases. It can also be inferred that the
stretching distance is proportional to the output current. Even
if the minimum displacement interval is 0.25 cm, the device
with a sensitivity (Sp) of 49.16 nA cm™! can still provide a good
linear relationship to displacement and current, proving the
reliability of the device as a displacement sensor (Figure 4d
and Video S1, Supporting Information). Third, the device can
also work as a tension sensor. Detailed discussion about the
MS-TVNG used as a tension sensor can be found in the Sup-
plementary Text (Supporting Information). The relationship
between the external force acting on the slider and the current
output can be written as

F = —AF = kaAl 2)

where F is the tensile force, F’ is the tensile force of the spring,
k is the elastic coeflicient of the spring, a is a constant, and I is
the output current of the MS-TVNG. The relationship between
the measured tensile force and the elongation of the spring is
shown in the Supplementary Text and Figure S5, Supporting
Information, where the elastic coefficient k can be calculated.
According to the relationship, the change of the MS-TVNG’s
output current, A, should be proportional to the tensile force.
The experimentally observed linear relationship between the
calculated tensile force and the measured current demonstrates
the feasibility of using the output current to construct a tensile
force sensor with sensitivity, Sy, of 151.68 nA/N (Figure 5e). In
addition, by replacing the spring with a fixed rope, the device
can be regarded as a simple pendulum structure (Figure 5f).
As the swing amplitude changes (6 is changed), the maximum
speed of the pendulum also changes. Therefore, the device can
work as an oscillation sensor. Under different simulated envi-
ronmental oscillation angles, the output current increases lin-
early with the increasing of the oscillation amplitude, as shown
in Figure 5g and Video S2, Supporting Information. Especially,
it is more sensitive with a sensitivity of 2.15 nA/deg at higher
oscillation angles (>25°) compared to that (0.65 nA/deg) at
lower angles. It is worth noting that the negative signals are
derived from the noises from the test system, which have little
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effect on the sensing performance. Moreover, when the sensor
is placed on a horizontal support, it can respond to environ-
mental vibrations, such as knocking on the support with a
random force (Figure S6a, Supporting Information). Since the
force of each tap is different, the vibrational amplitude gener-
ated by the bracket varies, which transfers to random current
output signals (Figure S6b, Supporting Information). It should
be noted that the sensor can separately realize speed, displace-
ment, tension, oscillation angle, and vibration sensing by con-
trolling related variables according to the given mechanical
stimulus, but it can hardly identify multiple physical quantities
simultaneously due to the intercoupled quantities.

3. Conclusion

In summary, the unique metal property of the MXene is uti-
lized to generate real-time DC current by sliding on a silicon
wafer based on the tribovoltaic effect. The output current of
the MS-TVNG can reach up to 30 times compared to that of
the traditional Cu-based TVNG. Moreover, the silicon wafer
doping types, the pressure between the two friction surfaces,
and the sliding speed of the slider have a significant influence
on the output performance of the MS-TVNG. Besides, thanks
to the layered structure of MXene, the MS-TVNG possesses
obvious superior features in terms of wear-resistance and sta-
bility, even after 210 min of continuous work. Considering the
current of the MS-TVNG is proportional to the sliding speed,
new principles for speed, displacement, tension, oscillation
angle, and vibration sensors are proposed. These are exciting
results unveiling great opportunities for the research and engi-
neering of new devices based on MS-TVNGs’ principles.

4. Experimental Section

MXene Film Preparation: The MXene (Ti2C3Tx) black powder
was purchased from Jiangsu XFNANO materials Tech Co., Ltd.,
whose specifications are multilayered nanosheets, of a thickness of
100-200 nm, and a purity of 54-68 wt%. The MXene film was prepared
by a tableting method. First, in order to obtain an MXene film with a
uniform thickness, 40 mg of MXene powder was divided into equal
parts (usually four parts), and then the powders was poured onto the
conductive copper tape (dimension 1.5 cm x 1.5 cm) that were evenly
marked into four equal parts, and a spoon was used to spread the
powder evenly on the surface of the tape. Then the copper tape with
Mxene was transferred to the tablet press machine and kept under a
pressure of 25 MPa for 5 min to ensure the MXene adhered firmly to the
surface of the copper sheet.

Fabrication of the MS-TVNG: The silicon wafers with different doping
concentrations were purchased from Suzhou Jinggui Technology Co.,
Ltd., whose specifications are 4 in., crystal plane orientation along [100],
a diameter of 100 + 0.3 mm, and a thickness of 500 £ 25 um. First, the
silicon wafers were soaked in 10% hydrofluoric acid for 5 min to remove
the surface oxide layer and then cleaned by the alcohol and deionized
water in turns. Second, the Au film layer (50 nm) was coated on the
matte side of the silicon wafer as a bottom electrode via magnetron
sputtering process (Denton Discovery 635, Ar gas environment, 10 min).
Then, the MXene film was pasted on the acrylic board. Finally, the
bottom and top electrodes were connected using Cu wires.

Fabrication of the Multifunctional Sensor Based on the MS-TVNGs: First,
a shell bracket made of plexiglass acrylic was laser-cut, and then two
pieces of horizontal and two pieces of vertical acrylic plates were glued

© 2022 Wiley-VCH GmbH
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to each other with a connection angle set to be 90°. The two vertical
acrylic plates were parallel to each other to ensure that the sliders could
glide steadily in the middle. Next, one end of the spring was fixed on
the top acrylic plate, and the lower end was connected to the slider. An
iron block after insulation treatment was used to increase the elastic
potential energy of the spring and enhance the sensitivity of the sensor.
Then, the two parts of the MS-TVNG were glued on the bracket and
the sliding block, respectively. Finally, a ruler was glued to the edge of a
vertical acrylic so the displacement can be easily read.

Material ~ Characterization and  Electrical Measurement of the
MS-TVNGs: A Keithley 6514 electrometer and a Keithley 6510 digital
multimeter were used to measure the output electric signals of the
MS-TVNGs. If no special declaration, the area of the upper copper
electrode was set to be 1.5 x 1.5 cm? The XRD pattern was measured
with an X-ray diffractometer (XPert3 Powder, Netherlands) with a voltage
of 40 kV, a current of 40 mA, a step length of 0.02°, and a scanning
speed of 0.5° s7. The Raman spectra were recorded with a laser
confocal Raman spectrometer (LabRAM HR Evolution) equipped with
a X 50 objective lens, a 532 nm laser, and a grating of 1800 gr mm™".
Bright field TEM images were acquired using a Thermo Fisher Tecnai
F20 FEG TEM at 200 kV. Energy dispersive X-ray spectroscopic (EDX)
mapping was conducted using a Thermo Fisher Themsis-Z S/TEM at
300 kV equipped with a Super-X EDS detector system consisting of four
silicon drift detectors with 50 us pixel dwell time and summed over
35 frames. The MXene films were characterized with a scanning electron
microscopy (Nova NanoSEM 450) by applying a 10 kV acceleration. The
images of scratches on the silicon wafers were obtained with an optical
microscope (ZEISS Axio Imager M2m). The pressures between the two
friction surfaces were recorded by a pressure sensor (SIMBATOUCH
SBT674), whose maximum range and accuracy are 100 and 0.01 N,
respectively.

Supporting Information

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