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ABSTRACT

The tribovoltaic nanogenerator (TVNG) has evolved in recent years as a novel type of nanogenerator
designed to address the limitations of the standard triboelectric nanogenerator in terms of output signal
and charge generation. Besides the outstanding characteristics, the tribovoltaic effect can also well be
coupled with another effect to further boost the output performance. In this work, we proposed firstly a
frictional heat-assisted performance enhancement in dynamic Schottky contact from the rubbing be-
tween n-type silver selenide (Ag,Se) and aluminum. The chemical composition and physical charac-
teristics of the Ag,Se ceramic were analyzed using X-ray diffraction, scanning electron microscopy, and
Synchrotron X-ray tomography techniques. UV—Vis spectroscopy and UPS were also utilized in order to
validate the semiconducting property of the n-type Ag,Se ceramic. Moreover, the presence of the
Schottky junction was demonstrated through the analysis of the current-bias voltage characteristic curve
of the AgpSe/aluminum (Al) contact under varying stress and temperature conditions. The built-in
electric field plays a crucial part in the tribovoltaic effect by efficiently transferring the excited carriers
to an external load through sliding contact between Ag,Se and Al. Demonstrating the synergy between
tribovoltaic and thermoelectric effects becomes achievable through the excellent thermoelectric prop-
erty of Ag,Se. Herein, the proposed TVNG generated a peak output voltage and current of around 0.7 V
and 24.8 nA, respectively, achieving a maximum output power of 12.6 nW at a load resistance of 10 kQ.
The influence of frictional heat on the output performance of the proposed TVNG was well demonstrated
by the thermal-induced voltage and enhanced electrical output from continuous sliding. The concepts
given in this study establish the basis for the progress of effective energy collection employing semi-
conducting materials and the advancement of flexible harvesting and sensing device development in the
future.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The rapid progression of human civilization and the need for
increased energy consumption have resulted in an urgent energy
crisis and environmental issues [1]. Thus, the utilization of sus-
tainable energy from ambient sources for replacing fossil fuels,
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was initially discovered in 2012 by Wang et al. [3]. It became a new
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energy technology that is lightweight and compact, offers a wide
range of material options, and exhibits high energy conversion ef-
ficiency. In principle, TENG produces an alternating current (AC)
signal via contact electrification and electrostatic induction to
convert mechanical energy into electricity [4—10]. Recently, the
friction of semiconductors with metal (or semiconductors) has
brought a new type of mechanical energy harvester called the tri-
bovoltaic effect [11,12]. The energy generated by the friction be-
tween atoms during the formation of chemical bonds causes the
activation of nonequilibrium carriers. These carriers are then split
in a specific direction to create the electric current due to the
electric field formed at the junction [12]. The tribovoltaic nano-
generator (TVNG) overcomes the barrier of the TENG by providing
the direct current (DC) signal with a high charge density [13].

Recently, many semiconductor material systems have been
explored in order to enhance the electric output performance of the
TVNGs [14—17]. Thermoelectric materials are a class of materials
that can convert heat directly into electricity, and have been rarely
used in nanogenerators. The thermoelectric materials that have
been extensively studied so far for energy harvesting include metal
chalcogenides composed of Bi—Te/Cu—Se/Sn—Se, half-Heusler
compounds, multicomponent oxides, PbTe/GeTe hybrids, and
organic-inorganic composites [18—21]. For the TVNG, Bi;Te; was
first proposed as the tribovoltaic material, acting as one of the
semiconductors for contact electrification [22]. The popular of
Bi,Tes is due to remarkably anisotropic thermoelectric properties
with a narrow bandgap of around 0.1 eV, which has been utilized as
an essential component in commercial thermoelectric devices
[23,24]. However, the study of the influence of the thermoelectric
property BiyTes on the tribovoltaic performance is absent. Consid-
ering the fact that the element Te is limited in availability and
highly expensive, it is of the utmost importance to seek alternatives
that are free of Te [25]. An interesting choice is Ag,Se, an n-type
semiconductor that is both inexpensive and friendly to the envi-
ronment. Ag,Se also demonstrates excellent thermoelectric per-
formance, in addition to possessing a low thermal conductivity and
high carrier mobility at near-room temperatures [26,27].

This research investigated the synergetic effect between tribo-
voltaic and thermoelectric by continuously sliding Ag,Se ceramic
onto Al. The multi-physics coupling behavior for these effects was
investigated systematically in 2021 by Z. Zhang et al. 28], revealing
the feasibility for multi-energy collection and sensing. The rubbing
between n-type silicon (Si) and metal provides the Schottky
interface. Increased sliding velocity and pressure can amplify both
the thermo- and tribo-outputs, which are generated by elevated
temperature difference and greater frictional energy, respectively.
Importantly, expanding the investigation of tribovoltaic and ther-
moelectric coupling to other semiconductors, especially for ther-
moelectric semiconductors is highly essential. Herein, the Schottky
interface between n-type Ag,Se and Al serves the DC output.
Possibly, it comprises two distinct components: the thermoelectric
effect, which accounts for the stable part, and the tribovoltaic effect,
which accounts for the fluctuating part. Under the influence of the
built-in electric field from the metal-semiconductor interface, as
confirmed by Synchrotron radiation UPS and non-linear current-
bias voltage characteristic curves, the electron-hole pairs excited by
friction are separated to generate a current. During that period, the
heat generated by friction causes the majority carrier to move in the
direction corresponding to the rising temperature gradient. An
equivalent circuit is proposed for expressing the charge generation
mechanisms of the coupling effect. Increased sliding velocity pro-
duces the thermal-induced voltage and shows the potential to in-
crease the output performance of the TVNG. The purpose of this
work is not only to establish a fundamental of multi-physics com-
bination but also to exhibit the possibility of multi-energy
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collection and sensing in practical usages. Since the junction
interface is a key point for improving the TVNG performance,
hence, seeking other thermoelectric materials exhibiting high
semiconducting properties with durability at high friction is also
highly suggested for future nanogenerator development.

2. Experimental section
2.1. Synthesis of Ag»Se powders

All reagents were analytical grade and used without further
treatments. Chemical precipitation synthesizes the Ag,Se powders
[29]. Firstly, the 0.9478 g of Se (QReC™) and 1.5125 g of NaySO3
(QReC™) were dissolved in 120 mL of Deionized (DI) water. The
mixed solution was stirred continuously by a magnetic stirrer at
100 °C for 30 min to obtain Sodium selenosulfate (Na;SeSO3) ac-
cording to the chemical reaction:

NaySO3 + Se — NaySeSOs3 (1)

After the NapSeSOs3 solution cooled to room temperature (RT),
4.0772 g of AgNO3 (QReC™) in 240 mL of DI water was poured into
the first solution. After the reaction for 2 h, the precipitate of Ag,Se
was collected and rinsed with DI water and absolute ethanol
several times. The reaction followed this chemical reaction:

NaySeSO3 + 2AgNOs + H,O — Ag,Se (s) + 2NaNOs + HyS04  (2)

The final samples were dried in a vacuum oven at 70 °C for 24 h.
The Ag,Se powders were then obtained.

2.2. Preparation of Ag»Se ceramic

Fig. 1a illustrates the fabrication of Ag,Se ceramics. Ag,Se
powder 1.98 g mixed with 3 drops of PVA binder (PVA binder conc.
5% (mass by volume percentage (w/v): mass by volume percentage
refers to the mass of solute (in grams) present in 100 mL of solu-
tion.) in DI water) in a pestle and agate mortar for 3 min. Then the
Ag,Se mixture was shaped to pellet (diameter = 1 cm,
thickness = 0.4 cm) in a tungsten carbide block, and subjected to
uniaxial pressure of 7,000 kPa at RT for 10 min for densification.
Finally, Ag,Se ceramics were removed from the block, and sintered
at 250 °C at a rate of 5 °C/min for 10 min in a nitrogen atmosphere.

2.3. Fabrication of the TVNG based on Al/Ag,Se interface

The structure of the TVNG based on Al/Ag>Se interface is shown
in Fig. 1b. The device structure consists of n-type Ag,Se ceramic
pairing with aluminum. The electrodes are conducted with silver
electrodes and copper wires. The automatic linear motor applies
the sliding motion to the metal horizontally with the fixed position
of ceramic to produce the electrical signals.

2.4. Characterizations

The purity and crystal structure of prepared samples were
examined by X-ray diffraction (XRD) recorded by D8 Advance X-ray
diffraction (Bruker company, Germany) with a diffractometer
employing Cu K, radiation in the 26 range from 20° to 60°. The
surface morphology with energy dispersive X-ray spectroscopy
(EDS) and optical absorbance of the samples were characterized
using scanning electron microscopes (SEM) (FEI, Helios Nano Lab
G3 (X), and UV—Vis Spectrophotometers (HITACHI, UH4150)
ranging from 200 nm to 800 nm, respectively. The binding energy
scale was calibrated from adventitious carbon using the C1s peak at
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Fig. 1. (a) Preparation of n-type Ag,Se ceramic; (b) A 3D schematic showing the experimental setup and structure of the TVNG based on the Al/Ag,Se interface.

284.8 eV.

Synchrotron radiation X-ray tomographic microscopy (SRXTM)
was carried out at beamline BL1.2 W at SLRI, Thailand. The X-ray
Synchrotron radiation was produced by a 2.2-T multipole wiggler
running at 150 mA and 1.2 GV in the Siam Photon Source. With a
source-to-sample distance of 34 m and a mean energy of 12.5 kV,
filtered polychromatic X-ray beams were used for all SRXTM
studies. The detection equipment, comprising a lens-coupled X-ray
microscope (Optique Peter, France), a 200-um-thick YAG: Ce scin-
tillator (Crytur, Czech Republic), and a sSCMOs camera (pco.edge 5.5,
2,560 x 2,160 pixels, 16 bits), provided the X-ray projections of the
materials. At an isotropic voxel size of 1.44 um, the tomographic
images were obtained. Following data acquisition, a flat-field
correction procedure was used to normalize the X-ray pro-
jections, and Octopus reconstruction software was utilized to
reconstruct them [30]. Drishti software was used to compute seg-
mentation analysis and a three-dimensional representation of the
samples' tomographic volumes [31]. Synchrotron radiation photo-
emission spectroscopy (SRPES) was accomplished at beamline
BL3.2Ua: PES at SLRI, Thailand. The beamline produces photons
with energies ranging from 39 to 160 eV, 220-520 eV, and
440—1,040 eV utilizing 600 lines/mm grating, 1200 lines/mm
grating and 2400 lines/mm grating, respectively. Approximately
1.0 x 10'° photon/s was the photon flux at the sample. The size of
the photon beam was 200 pm x 200 pm. An angle-integral hemi-
spherical electron analyzer (Alpha 110, Thermo VG Scientific),
positioned at a 90° angle from the incident photon beam (39.5 eV),
was installed in the chamber. In the analysis chamber, the pressure
was ~10~19 mbar. Various kinetic energies of photons ranging from
32 to 46 eV and 5—15 eV were used to trace the secondary electron
cut-off and valence band (VB) spectra, respectively. The recording
conditions were at pass energy (PE) of 10 eV, dwell time of 100 ms,
and step size of 0.02. A small bias of —9.6 V is applied to the samples
to deconvolute the true work function by shifting the entire UPS
signal to the higher kinetic energy.

The experiment was designed to record the output voltage and
current from the TVNG based on the Al/Ag,Se interface at RT. The
metal was attached to the slider operated by a linear motor with a
sliding speed of ~16 mmy/s and a sliding distance of ~15 mm, while
the Ag,Se ceramic was attached to the substrate in static position.
The current-bias voltage characteristic curves of the Al/Ag,Se
interface were measured at RT between —1 V and +1 V at various
applied vertical forces of approximately 0—5 N with the contact
area of the test of about 5 cm?, and at different temperatures
(30—100 °C) via a precision LCR meter (E4980A, Agilent). A pair of
thermocouples (K-type) connected to a temperature recorder
(449SD, Ponpe) were used to monitor the temperature variation
between the hot and cold sides. Thermographic inspection during
sliding of the TVNG was achieved by using a thermal imaging
camera (HT32, HT Instruments). The output voltage and current of
the TVNG were recorded via a digital oscilloscope (DSOX1202A,
Keysight) and a picoammeter (6485/E, Keithley), connected to a
computer with real-time data acquisition software and controlled a
relative humidity (RH) of 50%.

3. Results and discussion

The phase purity and crystallinity of Ag,Se ceramic were
observed using XRD, as shown in Fig. 2a. The XRD pattern indicates
the orthorhombic phase (B-Ag,Se) for all samples with two
prominent diffraction peaks at 2 6 of 33.5° and 34.7°, corresponding
to the (112) and (121) reflective planes, respectively. The pattern is
in good agreement with the literature data for -Ag,Se (the stan-
dard JCPDS card file, 24—1041). Since the orthorhombic phase is a
low-temperature stable phase, it is logical to produce the ortho-
rhombic phase at low temperatures (~250 °C) [29,32,33]. However,
the slight broadening peaks shown in the XRD pattern may reflect
the smaller crystalline size (~(8.00 + 0.16) nm) of the products. It
should be noted that there are some small impurity peaks (30° and
50°) that occurred from the PVA binder not fully evaporating by
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Fig. 2. (a) XRD pattern; (b) UV—Vis absorbance spectra and Tauc plot; (c, d) SEM micrographs; (e) EDS mapping for total elements; (f) 3D visualization of the Ag,Se ceramic.

ceramic sintering. However, this does not affect the tribovoltaic
performance since it mainly relies on the contact interface and
semiconducting properties of the material [12,13].

The UV—Vis absorption spectra in the region of 200—800 nm
(Fig. 2b) was used to examine the optical characteristics of Ag,Se.
Absorption is highly strong around the ultraviolet and visible re-
gions of the spectra [34]. The optical band gap Eg of the Ag;Se can
be determined by Tauc’s plot [35]:

ahv=K(hv — Eg)" (3)

where « is the absorption coefficient, hv is the photon energy, K is
the constant, and n is the constant (n equals to 1/2 or 2 for direct

and indirect semiconductor, respectively). By extrapolating the
straight line of the relationship between (ahv)? and hv, the optical
band gap of Ag,Se was found to be 2.62 eV. This value is well cor-
responding to the value reported by Ref. [36].

Fig. 2c and d show the SEM images to reveal the surface struc-
ture of the AgpSe ceramic at magnifications of 30,000x and
100,000x, respectively. The morphology of prepared ceramic was
slightly porous, and had a small grain size of approximately
(0.876 + 0.410) um. The results found a nonuniform size distribu-
tion in the presence of microstructural inhomogeneity due to the
polycrystalline structure of the ceramic [37]. The relative density p,
of the Ag,Se ceramic can be calculated using eq. (4) [38]:
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4m

pl‘ - Ttd2hpt (4)
where m is the mass of Ag,Se, d and h are the diameter and
thickness of the ceramic, respectively, and p, is the theoretical
density of Ag,Se (8.22 g/cm?). The Ag,Se ceramic sintered at 250 °C
for 10 min has a diameter of 0.91 cm, thickness of 0.36 cm, and a
mass of 1.96 g. The calculated p, reached 92.1%, confirming the
densification of the prepared ceramic. Furthermore, we performed
EDS measurements to qualitatively assess the Ag,Se ceramic
composition and the elemental distributions of Ag and Se. The re-
sults are shown in Fig. 2e. The silver and selenium atoms were
distributed uniformly, and no element precipitates were observed
[39]. The densification and phase uniformity are also confirmed by
SRXTM technique (Fig. 2f). SRXTM is a non-invasive method used to
examine and display the internal characteristics of solid objects
that cannot be seen through. It enables the creation of a three-
dimensional image of internal structures by detecting variations
in the way energy waves interact with the structures [40]. In this
case, the utilization of this technique enabled us to comprehen-
sively survey the entire expanse of the landscape within an
approximate area of 0.25 mm x 1.00 mm of the specimen. The 3D
images illustrated a well-distributed phase of the silver and sele-
nium mixture, and revealed a high densification of the prepared
ceramic.

To verify the Schottky junction effect, the current-bias voltage
characteristics of the Al/AgSe static junction in different testing
conditions are measured. For load pressures and temperatures
applying to the proposed diode (Fig. 3a and b), the rectification
behavior was well confirmed for both conditions. The reduction of
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Schottky barriers due to forward bias speeds up injection and
transportation across the device, resulting in a high current. When
the bias is reversed, the voltage-induced rise in barrier height
makes it harder for the carriers to inject, resulting in only a
somewhat continuous current flow in the device [15]. As illustrated
in Fig. 3a, when applying load pressures ranging from approxi-
mately 0—5 N vertically to the diode, the current level rises
noticeably as compared to the immaculate level (0 N). The
increasing trend refers to the improved electrical outputs, i.e.,
voltage and current, of the nanogenerators [41,42], since the TVNG
performance is based on the interfacial electric field [13]. Larger
currents are usually the result of higher levels of stress applied to
the junction due to the alteration of the band structure [43].
Additionally, the non-linear characteristic curves of the Al/Ag,Se
diode in the temperature range of 30—100 °C are recorded (Fig. 3b).
The curve shifts downward on the lower bias side with an increase
in temperature. More electrons have the energy to overcome the
greater barriers as the temperature rises [44,45]. The occurrence
trend therefore indicates the strong temperature-dependency of
the metal-semiconductor contact.

UPS measurements were performed to determine the work
function (WF) and the ionized energy of the valence band energy
(Ey) with respect to the Fermi level (Eg) [46]. The technique is
crucial for determining the charge generation and transfer behav-
iors of the TVNG and other energy harvesters [17,47]. The UPS
spectra of Al and AgSe ceramic in the high binding energy (BE)
region are depicted in Fig. 3c. Theoretically, the WF equals the
difference between the incident photon energy (hf = 39.5 eV) and
the binding energy of the secondary electron cut-off [48,49].
Therefore, the spectra give the WF information of 4.10 eV and
5.23 eV for Al and Ag,Se ceramic, respectively, which are well
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Fig. 3. Current—bias voltage characteristic curves of Al/Ag,Se Schottky junction at different (a) applied forces, and (b) operation temperatures; UPS spectra at (c) secondary electron
cut-off for Al and Ag,Se, and (d) valence band maxima relative to the Fermi-level for Ag,Se.
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related to the previous works [50,51]. Additionally, at the low
binding energy region, the UPS reveals the valence band maximum
associated with the ionized energy with respect to the Fermi level
(BE = 0 eV) [48]. As shown in Fig. 3d, the Ag,Se ceramic shows the
difference between Ey and Eg of 2.50 eV. The large |Ey—Eg| with
respect to its band gap proves explicitly the n-type property of the
Ag,Se [52].

The electronic parameters obtained from UV—Vis and UPS
characterizations are used to draw the band energy diagrams of the
contact Al/Ag;Se corresponding to the mechanism based on the
tribovoltaic effect. Three working processes of the TVNG based on
the Al/Ag,Se interface are shown in Fig. 4a. The interface between
Ag,Se and Al is separated in a non-contact state (Fig. 4a—i) with the
vacuum level (Egp), conduction band (Ec), valence band (Ey), and
Fermi levels of Ag,Se (Ers) and Al (Eg). In this case, the WF of Ag,Se
is larger than that of Al, leading to downward band bending with a
barrier height of ~1.13 eV when they are in contact (Fig. 4a—ii). The
formation of Schottky junction is found from the alignment of two
Fermi levels. In a static condition, there is no generation of an
output signal due to the absence of excitation energy. However,
when Ag,Se and Al rub against each other, electron-hole pairs can
be produced in the space charge region. According to the tribo-
voltaic effect [12,15], the dissipation energy from friction (Efiction)
can be absorbed by electrons. There is the driving up of excited
electrons to Ec, followed by the drift of holes along the built-in
electric field (Egelq) to generate a DC current signal Ipc

Journal of Materiomics 11 (2025) 100854

throughout the system [28]. This assists the common sliding energy
for further improvement of the total charge density of the TVNG
due to the more released bindingtons [12,13].

Based on the above mechanism, the equivalent circuit diagram
of the TVNG is drawn in Fig. 4b. As inspired by a solar cell model
[53,54], the nanogenerator can be simplified into four elements: a
current source, a diode, and two resistors. In this case, the current
source [s expresses the production of charge carriers in the semi-
conductor layer of the tribovoltaic cell due to incoming energy. The
currents Ir and Iy are the current sources occurred by frictional and
thermal energies, respectively. The shunt diode demonstrates the
unidirectional charge transfer from the built-in electric field. The
shunt resistor Rp indicates the presence of high-current pathways
within the semiconductor caused by mechanical imperfections and
material dislocations. The series resistor Rs represents the presence
of resistance at the outside areas of the semiconductor, particularly
at the point where the semiconductor and metal electrodes con-
nect. In the non-contact state, two tribovoltaic materials are being
separated, representing the turn-off of the switch. When two ma-
terials are in contact and sliding, the switch state is turned-on.
There is the production of electric current Ipc and voltage Vpc to
external load R;. Applying the Kirchhoff's current law and Shockley
diode equation to the circuit, yields the characteristic equations
[53]:

(Fig. 4a—iii). The continuous sliding can produce heat (Epeat) at the Inc=Is—1Ip—1Ip (5)
metal-semiconductor interface, resulting in a temperature gradient
B Agse Ag Al ® Electron O Hole  © Diffused electron
(a) Non-contact i Contact ii Sliding iii

Non-contact

: loc
g —
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.- }
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Fig. 4. Working process with electronic band diagrams of the TVNG based on Al/Ag,Se interface in (a) non-contact, contact, and sliding states; (b) Proposed equivalent circuit for the

TVNG during operation.
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~ Vpc +IpcRs

Ro (6)

Ipc=1Is —1Io [exp{w} _ 1}

TlVT

(7)

where n is the diode ideality factor, and V7 is the thermal voltage.
The equations state that reduction of Rg and increase of Rp are the
factors to gain higher performance [54]. For the TVNG, input energy
sources can be thermal and frictional energies affecting the gen-
eration of Is. The direction of I is in the opposite direction of Iy due
to the different nature of charge generation mechanisms. The
thermoelectric effect diffuses the excess charges to the electrode
from the hot side to the cold side, obeying the temperature gradient
[55]. However, the direction of tribovoltaic charge transfer follows
the direction of the built-in electric field at the interface [13]. In this
case, the formation of built-in electric field is from metal to semi-
conductor (Fig. 4a), the electric current generated from frictional
energy flow in a different direction of thermal energy. Therefore,
eq. (7) can be manipulated, and indicates the amount and direction
of charge transfer to the external load. The experimental verifica-
tion will be demonstrated later.

As shown in Fig. 5a, during continuous sliding, the frictional
heat occurs at the metal-semiconductor interface. The heat con-
vection provides the temperature gradient (AT = Ty — T¢) between
the hot and cold sides, promoting the coupling between the tri-
bovoltaic and thermoelectric effects of the TVNG [28,56]. The
convection is generally transferred from high to low temperatures,
where the metal shows a higher thermal conductivity than the
semiconductor [57]. In this work, therefore, we attached the ther-
moelectric probes at the electrode of Ag,Se ceramic (probe 1) and
at the position of Al near the interface (probe 2) to define the cold
and hot sides, respectively. The energy dissipation at the interface
produces the relative heat flux Qg in tiny segment through me-
chanical friction according to eq. (8) [58]:
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Q=pP-v (9)
where Q is the heat flux occurred in a specific area, h is convective
heat transfer coefficient, Ty — T is the temperature difference be-
tween ambient temperature and field temperature that occurred at
the specific contact area during the sliding of the TVNG, (x,y) is the
coordinate vector, S is the contact surface, u is the friction coeffi-
cient, P is the pressure, and v is the sliding velocity. This demon-
strates that increasing the velocity of sliding causes an increase in
temperature at the metal-semiconductor interface. A temperature
gradient leads to the diffusion of excited carriers to the electrode. At
the same time, this couples the excited charges from friction, which
is essential for boosting the final output energy [28]. To verify the
heat generated at the interface during sliding, we use 2D finite
element analysis by Ansys software to simulate the phenomenon
that occurs at the interface during contact sliding. For the model,
structural-related materials, i.e., Ag>Se and Al, with the same size as
the experiment were constructed based on the tribovoltaic effect.
The setting speed is 16 mm/s, load force is 0.2 N, convection heat
coefficient is 1 W/(m?-°C), and environmental temperature is 26 °C.
The simulated distribution of temperature during sliding for 1 cycle
of the TVNG based on the Al/Ag,Se interface is shown in Fig. 5b.
Increasing the sliding distance serves the heat fluctuation at the
interface, and rapidly transfers to the end of materials following
their thermal conduction property. Further increasing the sliding
cycle, the simulated AT greatly increases, which is in good agree-
ment with experiment result (Fig. 5¢). The additional confirmation
of heat diffusion during sliding of the TVNG is shown in Fig. 5d.
Thermographic image well illustrated the temperature difference
(AT ~ 0.7 °C) between the top of Ag,Se and Al as the positions of
probe 1 and 2, respectively.

With a contact area of ~0.79 cm?

(diameter of Ag,Se

: 23.8°C Max
(i) «— G
Ag,Se Sliding Al 234°C
23.2°¢

123.0°C
- 22.8°C
22.6°C
22.4°C
22.2°C
22.0°C Min

hilosm 285°C

Fig. 5. (a) Working mechanism showing the coupling of tribovoltaic and thermoelectric effects by frictional heat during sliding; (b) The simulated heat convection for the sliding
contact between Ag,Se and Al for 1 cycle; (c) The temperature difference between two probes compared by experiment and simulation; (d) Thermographic pattern during sliding of

TVNG.
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Fig. 6. Output performance of the TVNG based on Al/Ag,Se interface. (a) Output voltage and (b) output current recorded at sliding speed of 16 mmy/s for 20 s; Variation tendencies of
(c) output voltage and (d) peak voltage of the TVNG at different sliding speeds; (e) Output voltage signal of the TVNG recorded for 250 s; (f) Output voltage, output current and

calculated output power of the TVNG at various external load resistances.

ceramic = 1 cm?), as shown in Fig. 6a and b, the TVNG based on the
Al/Ag>Se interface could generate the average DC output voltage
and current of approximately 0.7 nA and 24.8 nA, respectively, with
controlled sliding speed of 16 mm/s, maximum sliding distance of
15 mm and contact force of 0.2 N. In the current work, to study the
tribovoltaic and thermoelectric performances of the TVNG, we are
focusing on the basic sliding process with a constant force and no
external heat. When the sliding velocity increases from 4 to 16 mm/
s, the average output voltage increases from 0.3 V to 0.7 V (Fig. 6¢).
Higher motion velocity leads to higher output performance, ac-
cording to other literatures [59—61]. More dissipated frictional
energy from faster sliding results in more electrons and holes being

excited at the metal-semiconductor interface [60,61]. The low
output current is due to the thick ceramic (~0.33 ¢cm), which pro-
vides the high charge recombination [62]. The unstable outputs
could be treated by the nature of electroceramic, which has a
polycrystalline structure differing from the semiconducting single
crystal [63]. During sliding, hence, there is a possibility to tailor the
surface structure at the interface, affecting the generated electrical
signal. Another point relates to the mismatch of the contact surface
between Al and Ag,Se. Hence, the careful alignment of the mate-
rial’s surface as well as the setup are important. More investigation
to improve the stability will be considered in the future work.
Table 1 shows the comparison of the proposed TVNG with the
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Table 1
Comparison of output performance among various Schottky junction-based TVNGs [16,28,41,60,64—68].
Pair of contact materials Force/speed Approximated Instantaneous Key effect Ref.
Vavgp/lavgp Power density

Mo tip 50 MPa Not available Not available Schottky [64]

Jannealed TiO, /10 pm-s~! /13 nA

Cu/n-Si 9N 2.23 mV Not available Schottky/thermoelectric [28]
/12 cm-s! [2.16 pA

W tip/WO3 03N Not available Not available Schottky [16]
2.7 cm-s~! /2.5 nA

Au tip/n-Si 250 uN 138.5 mV 7 Wem2 Schottky [66]
/43 pm-s~! /3.5 nA @80 MQ

Steel ball/n-Si 1N 470 mV 3.7 mW-.m2 Schottky [65]
/1 Hz /323 nA @7 MQ

Stainless steel 15N 033V Not available Schottky [41]

/n-Si /38.7 cm-s~! /16 pA

Al 0.01 MPa 0.56 V 1.7 pW-cm 2 Schottky [60]

/PEDOT:PSS /3 cm-s7! /81.28 nA @10 kQ

Al alloy 5N 0.84V 11.67 mW-m~?2 Schottky [67]

/PEDOT:PSS /30 cm-s~! /309 pA @20 kQ

Al 3N 3.69V Not available Schottky [68]

|/CsPbBr3 /70 cm-s~! /5.5 nA /photovoltaic

Al 02N 0.7V 15.95 nW-cm—2 Schottky This work

|Ag,Se /16 mm-s~" /24.8 nA @10 kQ

*Mo = molybdenum, Cu = copper, Si = silicon, W = tungsten, Au = gold

recent TVNGs based on the Schottky interface [16,28,41,60,64—68].
For the most related works, our device shows comparable perfor-
mance with the dielectric TiO, [64], and the coupled tribo-
thermoelectric effect-based TVNG [28]. Also, the present TVNG
based on the Al/Ag,Se interface reaches a higher performance than
various nanogenerators using n-Si and metal tips (or steel ball) for
tribovoltaic sliding [16,65,66]. Even though the output current is
lower, our TVNG shows a higher output voltage than the TVNG
based on the stainless steel/n-Si interface [41]. Additionally, in the
case of organic semiconductor and halide perovskite as novel ma-
terials for the TVNG [60,67], the proposed device also demonstrates
comparable output performance with the PEDOT:PSS-based TVNGs
[60,67], even though the contact force and sliding speed are much
lower. However, the recorded outputs are still lower than the dy-
namic Al/CsPbBr; TVNG [68], which employs higher carrier pro-
duction from a higher frictional load and operation speed.

Herein, the possible coupling effect can be achieved in two
steps. Firstly, at the initial rubbing, the tribovoltaic effect plays the
main role in producing the charges. Secondly, continuous sliding
causes the heat at the interface. The heat convection generates
additional charges following the thermoelectric effect until it rea-
ches a stable temperature gradient. Apart from a common tribo-
voltaic effect, due to the good thermoelectric property of Ag,Se
[52], the Seebeck effect well causes the temperature differential to
create a thermal electromotive force between two contact mate-
rials as [28]:

v (sdT) g - L[
:EJTC ( )semi 7EJT

C

(SdT)metal (10)

where S is the Seebeck coefficient. Nevertheless, the Seebeck co-
efficient of metal is much smaller than that of semiconductors.
Hence, the latter term of eq. (10) can be ignored, and the main
influence of charge generation obeys mainly the semiconductor.
Interestingly, at high speed of rubbing, there is a generation of
thermal-induced voltage with respect to the temperature accu-
mulated at the interface from sliding. This voltage exhibited the
opposite direction from the signal generated by the tribovoltaic
effect, confirming initially the synergetic effect between the tri-
bovoltaic and thermoelectric effects. The static potential in the
negative region can be interpreted from the role of the built-in

electric field located at the metal-semiconductor junction (Fig. 4).
Elevated temperature directly affects the electronic parameters,
e.g., band gap, and carrier mobility [69,70], thereby configuring the
junction potential. As shown in Fig. 6d, the increasing rate of
thermal-induced voltage reached about 79%. Additional evidence
could be found by further sliding for 250 s (~500 cycles) (Fig. 6e),
proving the influence of frictional heat on the output performance
of the proposed TVNG. To illustrate the potential for utilizing this
concept in practical situations, the output voltage and current data
as a function of the external resistances of the TVNG based on the
Al/Ag>Se interface have been measured as shown in Fig. 6f. It can be
clearly seen the trends of increasing voltage and decreasing current
with an increasing resistance [2]. The calculated output power
curve showed a peak power of approximately 12.6 nW (~15.95 nW/
cm?) around 10 kQ, which is highly close to the energy harvester's
internal resistance.

4. Conclusions

In conclusion, we showed how frictional heat can improve the
performance of a dynamic Schottky contact-based TVNG by rub-
bing silver selenide (Ag,Se) and aluminum together. The chemical
structure and surface morphology of the Ag,Se ceramic were car-
ried out using XRD, SEM, and XTM techniques. We clarified the high
purity and densification of the prepared semiconducting ceramic.
The semiconducting property of the Ag,Se ceramic was confirmed
by UV—Vis spectroscopy and UPS. The Ag,Se semiconductor pro-
vided a band gap of approximately 2.62 eV. Through the UPS
technique, an electronic band diagram of Ag,Se and Al was drawn
accurately by the obtained WF and |Ey—Eg|. The results prove the n-
type property of Ag,Se, and give essential information for inter-
preting the charge generation mechanism of the TVNG. Further-
more, the evidence of the Schottky junction was proved by the
measurement of the current-bias voltage characteristic curve of the
Ag,Se/Al contact in different force and temperature conditions.
Operating via a tribovoltaic effect, the built-in electric field can
sweep the excited carriers to external load from sliding. Thanks to
an excellent thermoelectric property of Ag,Se, the coupling be-
tween tribovoltaic and thermoelectric effects was demonstrated.
The temperature gradient generated during continued sliding
provides the additional charges supporting excited charges from
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the tribovoltaic effect. By paring Ag,Se and Al, the TVNG produced
the maximum output voltage and current of approximately 0.7 V
and 24.8 nA, respectively, with a maximum output power of
12.6 nW at a load resistance of 10 kQ. The thermal-induced voltage
exhibited a noticeable rise up to 250 s (about 500 cycles), providing
evidence of frictional heat’s impact on the proposed TVNG’s output
performance. The concepts presented in this study lay the foun-
dation for advancing efficient energy harvesting using semi-
conducting materials. This coupling effect is essential for the future
progress of flexible harvesting and sensing devices.
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