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Pseudocapacitance-Induced Synaptic Plasticity of
Tribo-Phototronic Effect Between lonic Liquid and 2D MoS,

Ribwar Ahmadi, Amin Abnavi, Amirhossein Hasani, Hamidreza Ghanbari,
Mohammad Reza Mohammadzadeh, Mirette Fawzy, Fahmid Kabir,

and Michael M. Adachi*

Contact-induced electrification, commonly referred to as triboelectrification, is
the subject of extensive investigation at liquid—solid interfaces due to its wide
range of applications in electrochemistry, energy harvesting, and sensors.
This study examines the triboelectric between an ionic liquid and 2D MoS,
under light illumination. Notably, when a liquid droplet slides across the
MoS, surface, an increase in the generated current and voltage is observed in
the forward direction, while a decrease is observed in the reverse direction.
This suggests a memory-like tribo-phototronic effect between ionic liquid and
2D MoS,. The underlying mechanism behind this tribo-phototronic synaptic
plasticity is proposed to be ion adsorption/desorption processes resulting
from pseudocapacitive deionization/ionization at the liquid—-MoS, interface.
This explanation is supported by the equivalent electrical circuit modeling,
contact angle measurements, and electronic band diagrams. Furthermore, the
influence of various factors such as velocity, step size, light wavelength and

1. Introduction

Liquid-solid contact electrification (i.e.,
triboelectrification) is of great significance
in electrochemistry due to its broad im-
pact on water splitting, electrowetting,
liquid—solid triboelectric nanogenerator
(TENG) for harvesting blue energy, the
direct current generation, and recently,
tribovoltaics.'12] Tribovoltaics and pho-
tovoltaics are similar effects observed in
semiconductors with the only difference in
their energy quantum that are bindingtons
and photons, respectively.l”*] Bindingtons
are generated upon sliding one material
over another and can excite electron-hole
pairs in the semiconductor. The excited

intensity, ion concentration, and bias voltage is thoroughly investigated. The
artificial synaptic plasticity arising from this phenomenon exhibits significant
synaptic features, including potentiation/inhibition, paired-pulse
facilitation/depression, and short-term memory (STM) to long-term memory
(LTM) transition. This research opens up promising avenues for the
development of synaptic memory systems and intelligent sensing

applications based on liquid—solid interfaces.
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electron-hole pairs are separated through
the built-in electric field between the lig-
uid and semiconductor, similar to the
photovoltaic effect at the solid-state p-n
junction. The actual identity of the charge
carriers at the liquid-solid interface was
unclear until Wang et. al through nano
and macro scale measurements showed
that ion transfer and electron transfer
are the dominant mechanisms.(®13-1¢]

Recently, several studies have reported di-
rect current generation based on forward-
driven pseudocapacitors formed at the
interface of ionic liquid and solid."'! This effect is due
to the movement of surface charges by capacitance charg-
ing/discharging at the front/end of the droplet. Also, when ionic
liquid moves on the surface of reasonably porous and electrically
conductive electrodes such as carbon fibers, ions are adsorbed
on the surface of the oppositely charged electrode.[?*?! This phe-
nomenon, used as a highly efficient and low-cost water purifi-
cation technique is called Capacitive Deionization (CDI). Cou-
pling capacitive deionization with forward-driven pseudocapac-
itance effect (i.e., pseudocapacitive deionization) should be pos-
sible by investigating the triboelectric properties of ionic liquid
and porous materials such as MoS,. MoS, is an excellent candi-
date for this purpose because of its porous structure, large spe-
cific surface area, high chemical stability, good hydrophilicity,
and excellent lubricating properties.[22-26] The favorable range of

© 2023 The Authors. Small published by Wiley-VCH GmbH
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oxidation states of Mo atoms makes MoS, suitable for elec-
trosorption capacity through the pseudocapacitor reactions. %!

In this work, we explore the triboelectric properties of an ionic
liquid and 2D MoS, under light illumination. Specifically, we in-
vestigate the current and voltage changes that occur when a lig-
uid droplet slides on the surface of MoS,. Our findings reveal
an intriguing phenomenon where the current and voltage in-
crease in the forward direction and decrease in the reverse direc-
tion. We propose that this unique memory-like behavior arises
from the ion adsorption/desorption processes associated with
pseudocapacitive deionization/ionization at the liquid—-MoS, in-
terface. To support our explanation, we employ various analytical
techniques including electric double layer (EDL) analysis, equiv-
alent electrical circuit modeling, contact angle measurements,
and electronic band diagrams. Moreover, we systematically an-
alyze the influence of parameters such as velocity, step size, light
wavelength and intensity, ion concentration, and bias voltage on
this tribo-phototronic effect. Importantly, this behavior enables
the realization of essential synaptic features, including poten-
tiation/inhibition, paired-pulse facilitation/depression, and the
transition from short-term memory (STM) to long-term mem-
ory (LTM) through mechanical stimulation. Our findings hold
promising implications for the development of synaptic memory
systems and intelligent sensing applications that leverage the po-
tential of liquid-solid interfaces.

2. Results and Discussion

2.1. Measurement Setup and Material Characterizations

The measurement setup consisted of a droplet of NaCl solu-
tion that moved on the surface of 2D MoS, under light il-
lumination. A schematic illustration and optical image of the
measurement setup are shown in Figure la and Figure S1
(Supporting Information), respectively. A large-area MoS, film
was synthesized on the SiO,/Si substrate using the thermol-
ysis technique. The illustration of the fabrication process and
the optical images of the fabricated devices are shown in Figure
S2a—c, (Supporting Information). The MoS, film consisting of
nanometer-sized MoS, crystals was confirmed by high-resolution
transmission electron microscopy (HR-TEM), where showed
a honeycomb arrangement of atoms and lattice spacing of
0.27 nm (inset of Figure 1a).[?”] Also, the corresponding selective-
area electron diffraction (SAED) displayed hexagonally arranged
diffraction spots, indicating the hexagonal lattice structure of
MoS, crystals.[”®] The Raman spectra of the MoS, thin film
(Figure 1b) show two vibrational modes of A,, (out-of-plane) at
~406 cm™" and E',, (in-plane) at ~381 cm™', which are character-
istic of semiconducting 2H phase MoS,.[?° Furthermore, high-
resolution X-ray photoelectron spectroscopy (XPS) spectrum con-
firmed the Mo 3ds;, and S 2p,,, doublets at 230.0 + 0.1 and
162.0 + 0.1 eV, respectively, which agree with previous reports on
MoS, (Figure 1¢).*% The thickness of the MoS, film was ~50 nm,
as determined by atomic force microscopy (AFM; Figure S2d,
Supporting Information). The liquid droplet was translated along
the MoS, surface by keeping it fixed in a capillary tube and mov-
ing the substrate underneath it, using a linear motor, as schemat-
ically shown in Figure la. A 470 nm blue LED with a constant
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intensity of 20 mW cm~? was illuminated on the MoS,/liquid
structure unless otherwise stated.

2.2. Triboelectric Response Between lonic Liquid and 2D MoS,
Under Light lllumination

Figure 1d,e shows the dynamic current-time (I-t) and voltage—
time (V-t) characteristics of the device in response to five move-
ment steps in the forward direction, followed by five movement
steps in the reverse direction, returning to its initial position all
while under light illumination. The velocity and the step size of
the movements were 5 mm s™! and 1 mm, respectively. Char-
acterization of the motor movements is shown in Figure S3
(Supporting Information). Here, the liquid droplet is a 20 mm
NaCl solution and will remain the same throughout the paper,
unless stated otherwise. Each droplet movement resulted in a
sharp transient peak, which decayed as a function of time until
it reached a steady-state current (Figure 1d). The transient cur-
rent consists of both the triboelectric and photoelectric currents,
whereas the steady-state current solely originates from the pho-
toelectric effect. Both the transient and steady-state currents in-
creased with each forward movement of the liquid droplet on the
MoS, film (Video S1, Supporting Information). When the direc-
tion of movement was reversed, the transient and steady-state
currents decreased with each movement step, returning to its
initial current value of ~0.8 nA at the original position before
forward movement. Similarly, the voltage response shows an in-
crease in the transient and steady-state voltages during forward
movements and a decrease in the transient and steady-state volt-
ages during reverse movements (Figure le). This memory-like
behavior suggests electro—optomechanical interactions between
the liquid and MoS,.3132]

This memory-like behavior was also observed in dark condi-
tions where the transient current peak amplitude increased in-
crementally during consecutive liquid movements in the forward
direction (Figure S4, Supporting Information). However, since
there are no electron—hole pairs generated from the light illumi-
nation, the current consists only of the transient current gener-
ated by the triboelectric effect without the steady-state stair-case
increments/decrements observed in Figure 1d. Therefore, inci-
dent light facilitates the observation of memory-like behavior by
assisting the contact electrification process, elevating the overall
current level, and introducing a steady-state memory behavior.

Forward liquid movements were also applied to other surfaces
including an n-type Si wafer, p-type Si wafer, and SiO,-coated Si
wafer. The current measurements of the resulting liquid-n-type
Si, liquid-p-type Si, and liquid-SiO, interfaces exhibit an approx-
imately equal transient current peak at the onset of each liquid
movement step, after which the current returns to its steady-state
value (Figure S5, Supporting Information). Memory-like incre-
mental increases in the current behavior observed in MoS, were
not observed in these other materials.

The current-voltage (I-V) characteristics of the MoS, film and
20 mm NaCl solution under dark conditions demonstrate recti-
fying diode-like behavior, confirming the formation of a built-in
potential at the interface (Figure S6, Supporting Information).
This potential enables the separation of electron-hole pairs gen-
erated by bindingtons and photons, caused by the mechanical
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Figure 1. Triboelectric properties of the ionic liquid and MoS, film under light illumination. a) Schematic of the measurement setup (Inset: High-
resolution transmission electron microscopy (TEM) image and the corresponding SAED pattern of the MoS, film). b) Raman spectrum of the MoS,
film. c) Wide-range XPS spectra of the MoS, film. d) The dynamic /-t and e) V—t responses of the device for a series of five movements (step size of
1 mm) in the forward direction followed by five movements (step size of 1 mm) in the reverse direction under the radiation of 470 nm light with an
intensity of 20 mW cm™2. lons are, f) adsorbed to the MoS, surface in forward movement and, g) desorbed from the surface due to the reverse polarity
of the front-end pseudocapacitors formed between the liquid and MoS,.
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Figure 2. Contact angle measurements for two droplets with volumes of 5 and 10 pL. a) The contact angle decreases during the forward movement
steps of the liquid droplet and b) the contact angle increases during subsequent reserve movements and returns to the original contact angle at the
starting position (0 mm). The increasing/decreasing contact angle is attributed to ion adsorption/ desorption to/from the MoS, surface.

movement of liquid on solid and light irradiation, respectively.
Also, MoS, has been shown to have a high Volume Adsorption
Capacity (VAC) owing to its rapid ion transfer, making it a
suitable candidate for capacitive water deionization.l?*] As the
NaCl solution moves on the MoS, surface, a pseudocapacitance
forms at the front end of the droplet, and Na* ions are adsorbed
or trapped on the surface of MoS, (Figure 1f).['1%21] To verify
the crucial role of the interface traps, water movement experi-
ments were repeated on MoS, films passivated with a thin film
of AL,0,.*3] The surface passivation resulted in nearly equal-
amplitude current peaks during each movement in the forward
and reverse directions, similar to the liquid-Si and liquid-SiO,
interfaces, and exhibited no memory-like behavior (Figure S7,
Supporting Information). The reduction of Na+ ions in the lig-
uid during forward movements leads to increasing triboelectric
(transient peak) and photoelectric (steady-state) currents in each
subsequent movement step. Similar increases in current have
also been observed in NaCl solution-semiconductor/dielectric
junctions when the concentration of the NaCl solution was
decreased.®!*161 In the reverse movements, the solution
encounters a positively charged surface resulting in the accu-
mulation of the negative ions at the front end and reversing
the polarity of the pseudocapacitor (Figure 1g). This polarity
reversal causes positive ion desorption from the MoS, surface.
Hence, the liquid regains the positive ions, and both triboelectric
and photoelectric currents decrease during movements in the
reverse direction. Eventually, the current returns to its starting
value (~0.8 nA) when the droplet reaches its starting position.
The effect of MoS, film thickness was also investigated under
the same measurement conditions (1 mm movement step size,
5 mm s7! velocity, 4 = 470 nm incident light at 20 mW cm~2,
20 mm NaCl liquid droplet). The It response for three different
film thicknesses of 16.5, 22, and 115 nm, shows that the current
level decreases with increasing the thickness of MoS, (Figure S8,
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Supporting Information). It has been demonstrated that thicker
MoS, has a higher surface potential barrier and resistivity.**
Therefore, by increasing the thickness of MoS,, ions must over-
come a higher barrier to transport on the MoS, film that results
in a lower current level. Also, due to the abundance of vacancies
in the MoS, films, the memory-like behavior of the movements is
still observable in all of the thicknesses. Moreover, the same mea-
surement was also repeated with a different substrate (Al,O,/Si)
and the response exhibited the same behavior as MoS, /SiO,/Si
devices, thereby excluding the effect of the underlying substrate
(Figure S9, Supporting Information).

2.3. Contact Angle Measurements

To further analyze the ion adsorption on the MoS, film, con-
tact angle measurements for two liquid droplet volumes of 5
and 10 uL were performed. The photograph of the measurement
setup is shown in Figure S10 (Supporting Information). The con-
tact angle between the 10 uL liquid droplet and MoS, at the initial
position (x = 0) was measured to be ~#81°. Then liquid droplet
was moved in the forward direction to positions of x = 4, 8, and
12 mm, and the contact angles decreased to ~73°, ~65°, and
~60°, respectively (Figure 2a). There are two factors contribut-
ing to this behavior that are intrinsically related to the interaction
between the liquid and MoS,. First, it has been shown that ap-
plying positive gate voltage can significantly decrease the contact
angle due to the stronger interaction between liquid and solid.!*!
Since there is no applied voltage in our case, the built-in poten-
tial governs the liquid-MoS, interface. Hence, a smaller contact
angle suggests a higher built-in potential. Second, the contact an-
gle has been shown to decrease with a decrease in the NaCl con-
centration due to the adsorption of ions at the solid surface.3¢7]
Following the forward movement steps, the liquid droplet was
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Figure 3. Circuit model of the mechanism. a) Current—time (I-t) response of the MoS,-liquid heterojunction during consecutive forward movements,
each with an equal step size of 1 mm. As the droplet moves forward, positive ions are adsorbed on the surface resulting in a larger built-in potential and
smaller EDL. b) Schematic of the device under light illumination. c) Equivalent circuit of the device. The total current is the sum of the photocurrent and
EDL capacitance discharge current. d) A second circuit diagram to investigate the effect of applying external square-wave voltage cycles to a stationary
device analogous to the liquid movement behavior, and e) the corresponding -t response. A higher voltage resulted in higher peaks, higher steady-state,

and longer relaxation times (the same function as the built-in potential).

moved in the reverse direction, during which it retained its con-
tact angle values of ~64°, ~70°, and ~80° at x = 8, 4,and 0 mm,
respectively (Figure 2b). These measurements further indicate
the increase and decrease in the built-in potential due to ion ad-
sorption and desorption at the MoS, surface during the forward
and reverse movements, respectively.

The 5 pL droplet exhibited the same trend of decreasing con-
tact angle during forward movements, followed by increasing
contact angle during reverse direction movements. However, the
10 uL droplet had a higher contact angle than the 5 uL droplet
that could be due to the larger contact radius.*®! During the con-
tact angle measurements, a capillary tube was used to hold, drag,
and release the droplet. Therefore, the shape of the droplet re-
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mained constant before and after movement with the capillary
tube (Figure S11, Supporting Information).

2.4. Circuit Model of the Mechanism

Moving the liquid droplet on the MoS, surface results in the
generation of triboelectric and photoelectric currents. Figure 3a
shows the [t characteristics of a moving water droplet on the
MoS, film with different positions and the same step sizes.
Longer distances from the starting position led to higher peak
amplitudes and longer relaxation times in the triboelectric cur-
rent, and higher amplitude in the photoelectric current. The

© 2023 The Authors. Small published by Wiley-VCH GmbH
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schematic representation of the moving liquid on the MoS, film
under light illumination and its equivalent electrical circuit di-
agram are shown in Figure 3b,c, respectively. When the liquid
moves on the MoS, film, the EDL capacitance generates Iy =
Ceal df;d‘, where C, is the EDL capacitance and v,y is the EDL
potential across the interface. This current is in the opposite di-
rection of the liquid-MoS, diode photocurrent (I,;,) due to the
cathodic behavior of n-MoS,.3%! Therefore, the total current is
Lot = In — ILea- The ion adsorption along the MoS, film con-
sequently decreases the EDL capacitance and Iy . Hence, as the
liquid moves in the forward direction, the contribution of Iy to
the total current reduces resulting in a longer relaxation time (z)
to reach the steady-state current (Figure 3a). To further investi-
gate this observation, we assembled a second circuit (Figure 3d),
where the interface potential was forced by an external bias volt-
age pulse while C,4 was kept constant on a stationary droplet.
Analogous to the larger distance of the liquid to its initial posi-
tion in Figure 3a, by increasing the magnitude of the external bias
square-wave voltage pulse amplitude from 0.05 to 1 V, both the
transient and steady-state currents increase, and takes a longer
time for the currents to relax (Figure 3e).

The movement of the surface charges by pseudocapacitance
charging/discharging at the front/end of the liquid-solid inter-
face results in direct current generation. A different electrode
configuration, where metal contacts were both placed on the
MoS, film, was investigated to show this charging/discharging
effect and no memory-like behavior was observed (Figure S12,
Supporting Information). The forward movement steps induced
a positive current, whereas reverse movement steps induced
a negative current, similar to a previous report on monolayer
MoS,.[* This phenomenon can be also explained by our pro-
posed reversed-polarity model in the forward and reverse direc-
tions. As shown in Figure S13a (Supporting Information), as the
droplet moves forward, the distribution of cations in the droplet
causes electrons to flow from the right to the left in the circuit. In
the opposite direction, the asymmetrical distribution of anions in
the droplet reverses the flow of electrons (Figure S13b, Support-
ing Information).

2.5. Current—Voltage (I-V) Behavior and Electronic Band
Diagrams

The proposed mechanism can be discussed using steady-state
I-V measurements and band diagrams of the liquid and MoS,
interface. The steady-state I-V curves measured after five con-
secutive movement steps, each with a step size of 1 mm, are
shown in Figure 4a. During droplet movement in the forward
direction, both the short-circuit current (I ) and open-circuit volt-
age (V, ) increase (Figure 4b). The droplet movement in the re-
verse direction resulted in decreasing I, and V,. (Figure 4c).
Relatively high photocurrent and photovoltage of this structure
suggest excellent photovoltaic properties that can be further im-
proved upon movement in the forward direction. Accordingly,
photocurrent responsivity (R,) and photovoltage responsivity (R,)
were calculated as R, = % ,and R, = % where L, Vj,, P,
and S are photocurrent, photovoltage, ligflt intensity, and the ac-
tive area, respectively. Here, the illuminated light has a wave-
length of 470 nm with an intensity of 20 mW cm™2. The active
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area is considered the area covered by the liquid droplet, which
is 3.14 x (0.5)* = 0.785 mm?. The R, and R, measured as a
function of position during consecutive forward movements are
shown in Figure S14 (Supporting Information). Both R, and R,
increase as water moves forward reaching the highest values of
15.74 nA mW~! and 1.05 V mW~!, respectively.

Schematic diagrams of the five stages of two consecutive
droplet movements are shown in Figure 4d. These stages consist
of three static stages and two dynamic stages. In the static stages,
current is generated only due to the photoelectric effect while in
the dynamic stages, both photoelectric and triboelectric effects
contribute. The corresponding band diagrams for each stage are
shown in Figure 4e. MoS, synthesized by thermolysis has good
crystalline quality,**) which results in fewer S deficiencies and
weakly n-doped MoS, films.[*1*2] Therefore, the Fermi level of
MoS, is expected to be lower than that of the NaCl solution that
causes downward bending upon contact.*}! Because of the lig-
uid pressure of the droplet on the MoS, surface, the electrons of
the NaCl solution interact with the electrons at the MoS, surface,
which may lead to an overlap of the electron clouds and electron
transfer from the NaCl solution to MoS, (8]

In the first stage (i), where the liquid is stationary and illu-
minated by light, photons can generate excitons in MoS,, and
the built-in potential separates electrons from holes, resulting in
a photoelectric current (static photoelectric current). As the lig-
uid moves on the MoS, surface (ii), more excitons are generated
owing to the contribution of bindingtons, bond formations, and
ion transfer,* resulting in a transient current peak. In addition,
positive ions are adsorbed on the surface of MoS, causing an in-
crease in the built-in potential between the liquid and MoS,, a
higher static photoelectric current in the third stage (iii), and a
higher transient current in the fourth stage (iv). Similarly, due to
the loss of more ions during the second movement (v), the built-
in potential and the static photoelectric current increase further
(Figure 3a).

2.6. Current Response Under Different Conditions

The tribo-phototronic behavior was measured under various con-
ditions. For instance, increasing the velocity of the mechanical
pulse (5, 10, 20, and 50 mm s~!) with the same step size of 1 mm
increased the transient current amplitude (Figure 5a). A higher
velocity generated a larger triboelectric response, which is due to
the generation of more bindingtons, while the steady-state cur-
rent remained approximately the same at each velocity owing to
the same built-in potential. Increasing the step size (1, 2, 5, 10, 20,
and 30 mm) while maintaining a constant velocity of 5 mm s~
increased both transient and steady-state currents (Figure 5b).
This is due to more ion adsorption and a higher built-in poten-
tial at longer movement distances. Voltage-time measurements
as a function of step size showed that increasing the step size
results in higher open circuit voltage (Figure S15a, Supporting
Information), which is closely related to the built-in potential.[*’]
Increasing the velocity of the droplet movement caused the open
circuit voltage to decrease only slightly (Figure S15b, Supporting
Information). This suggests a slightly lower built-in potential was
generated upon faster movements that may be due to less time
for the absorption events.
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movements. d) Schematics of five different stages (static-movement-static-movement-static) of two consecutive movements and, e) their corresponding

electronic band diagrams.

Incident light facilitates the observation of the tribo-
phototronic synaptic plasticity between the liquid and MoS,
by generating more photon-excited electron-hole pairs. The
current responses of the forward movements under illumi-
nation at different wavelengths (400, 450, 500, 600, 700, and
800 nm) at a constant intensity of 100 uW cm=2, step size
(1 mm), and velocity (5 mm s7!) are shown in Figure 5Sc.
The maximum current is generated at the wavelength of
450 nm. The reflectance spectrum of liquid-MoS, (Figure S16,
Supporting Information) showed minimum and maximum
reflection at the wavelengths of ~450 nm, and ~780 that is
similar to the reflection spectrum of water.*?] Also, it has
been demonstrated that MoS, has the maximum absorption
at ~450 nm that increases the photon-excited electron-hole
pairs.I*’] Increasing the intensity of light from 1 to 30 mW cm ™
enhances the electron-hole generation, increasing the steady-
state photoelectric-generated current amplitude whereas the
transient triboelectric-generated current remains approximately
the same at each intensity (Figure 5d). Because of the screen-
ing effect, the photocurrent responsivity decreased at higher
intensities.[*®)

Small 2023, 2304988

2304988 (7 of 12)

The concentration of NaCl plays a crucial role in the forma-
tion of the built-in potential and EDL. Five droplets of differ-
ent NaCl concentrations (0.2, 20, 200, 500, and 1000 mm) were
prepared and placed on the MoS, surface. The forward move-
ment steps of the 20 mm solution generated the highest current
level, whereas the tribo-phototronic synaptic plasticity behavior
diminished at higher concentrations (Figure 5e). Higher concen-
trations may create a thicker EDL at the interface, thereby reduc-
ing both the triboelectric and photoelectric components of the
current response. Note that, unlike NaCl solutions, the triboelec-
tric and photoelectric currents of DI water and MoS, fluctuated
over time. This could be due to the fact that water adsorbs ions
from the environment, and by introducing a dominant ion such
as NaCl, the measurements are more consistent and repeatable
over time. The transient and steady-state current values for 20
measurements are shown in Figure S17 (Supporting Informa-
tion). Both current level values increase from measurement to
measurement up to a peak value followed by decreases in cur-
rent. The increases in current are attributed to ion adsorption
from the environment and the decrease in current during later
measurements may be due to water evaporation.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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of one forward movement of NaCl solution on the MoS, film with a) different

velocities of 5, 10, 20, and 50 mm s~ and b) different step sizes of 1, 2, 5, 10, 20, and 30 mm. |-t response of forward movements of the NaCl solution

on the MoS, film under illumination at c) 400, 450, 500, 600, 700, and 800 n
of 1, 5,10, 20, and 30 mW cm~2 (4 = 470 nm).

m (intensity = 100 uW cm~2 in each case) and d) at different light intensities

e) |-t response of one forward movement of a droplet with NaCl concentrations of 0.2, 20, 200, 500,

and 1000 mm on the MoS, film. f) Effect of reverse bias voltages of 0, 0.1, 0.2, 0.5, and 1.0 V on the current response of three consecutive forward

movements.

Finally, the application of an external reverse bias voltage can
enhance electron-hole separation and collection (Figure 5f). Four
different reverse bias voltages (0.1, 0.2, 0.5, and 1 V) were applied
to the device during the forward step movements. The low bias
voltage of 0.1 V is not high enough to dominate the charge col-
lection, and incremental increases in current during each move-
ment step are observable. At higher bias voltages (0.2, 0.5, and
1 V), the triboelectric and photoelectric current amplitudes in-
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creased, but the applied bias also overruled the built-in potential
and eliminated the incremental increase in current behavior.

2.7. Artificial Synapse Application
A synapse in the human brain is a small physical gap where a

signal is passed from one signal-passing neuron, known as a
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Figure 6. Artificial synapse characteristics. a) Schematic of a biological syn

Interval duration (s)

apse in the human brain and liquid-MoS, as an artificial synapse where the

mechanical movement is the pre-synaptic input and electrical signal is the post-synaptic output. b) /-t measurements for 1, 2, 5, and 8 consecutive
forward movements as the writing steps followed by 16 reverse movements to the initial position as the erasing steps. The forward and reverse pulses

had 1 mm of duration, 2 s of time intervals, and an intensity of 5 mm s 9]

-t measurements after 1, 2, 5, and 8 mechanical pulses show the transition

from STM to LTM. d) PPF index versus interval duration between two consecutive mechanical pulses. The inset shows the I-t response of two consecutive

pulses.

pre-synaptic neuron, to another, known as a postsynaptic neu-
ron (Figure 6a).[**) Synaptic plasticity refers to activity-dependent
changes in synaptic transmission and is the principal mech-
anism of memory and learning. Synaptic plasticity behaviors,
such as Short-Term Plasticity (STP), and Long-Term Plasticity
(LTP) are key components for perception, discretion, and learn-
ing functions that are difficult to realize with von Neumann ar-
chitectures. Electrically, optically, ferroelectrically, magnetically,
and mechanically modulated synaptic plasticity have been inves-

Small 2023, 2304988 2304988

tigated by researchers to overcome von Neumann barriers.[*-4]

In tribo-phototronic MoS,-liquid heterostructures, an artificial
optomechanical synaptic behavior where electrical current is the
post-synaptic signal, and the mechanical movements act as pre-
synaptic signals, can be realized (Figure 6a).

In this artificial synapse, the velocity and step size of the mo-
tor serve as the intensity and duration of the pre-synaptic signals.
The excitatory post-synaptic current (EPSC) signals as a func-
tion of intensity (i.e., velocity) at a fixed duration (i.e., step size)

9 of 12 © 2023 The Authors. Small published by Wiley-VCH GmbH
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and vice versa are shown in Figures 5a,b, respectively. Figure 6b
shows the I-tresponse for 1, 2, 5, and 8 sequential forward move-
ments, which function as writing steps, each separated by a long
delay. For a single forward movement, the current returned to
its steady-state value after ~50 s, but the current decayed more
slowly as the number of sequential movement steps increased.
The STM to LTM transition is shown in Figure 6¢ when the num-
ber of mechanical pulses increases from 1 to 8. As explained ear-
lier, the transition from STM to LTM is due to the larger built-in
potential and smaller EDL capacitance upon further movement.
When eight consecutive pulses were applied, the current decayed
the slowest. The forward movements were followed by 16 sequen-
tial reverse movements returning to the original position, which
functioned as erasing steps. In other words, the stored informa-
tion is erased if the droplet returns to its initial position along
the same path. During the reverse direction movement, the ad-
sorbed ions are released and the liquid collects the lost ions and
reaches its initial concentration.?] The paired-pulse facilitation
(PPF) index is denoted in the inset of Figure 6d as the ratio of
A, to A; (A,/A,), where A, and A, are the current amplitudes
from two successive pulses with an interval time of At = T,-T;.
The current amplitude generated by the second pulse is conse-
quently greater than that of the first pulse if the PPF index is
greater than 1. The pulse interval, which is determined by the
amount of time between two consecutive spikes, increased from
2 to 30 s, with the pulse interval of 2 s having the highest PPF
index (~126%) (Figure 6d). Higher interval times allow the EDL
to relax and suppress the increase in the built-in potential in the
following pulse, resulting in a lower PPF compared to shorter in-
tervals. Finally, the stability of the device in over ~140 write-erase
cycles is shown in Figure S18 (Supporting Information). Both the
triboelectric and photoelectric currents are subject to a slight de-
crease, which may be attributed to environmental factors such as
permanent ion deposition on the surface and liquid evaporation.
Mechanical-stimulated artificial synapses are a relatively new
area of research and development in the field of neuromorphic
computing. These synapses represent a transition from tradi-
tional electronic synapses by relying on mechanical forces or
movements instead of electrical or chemical signals.’*%] They
can facilitate spatiotemporal input recognition that is an im-
portant neuron functionality.l*®! Unlike their electronic counter-
parts, mechanical synapses have the potential to operate with sig-
nificantly lower energy consumption, which is crucial for devel-
oping sustainable and power-efficient computing systems.[*! In
our device, ionic liquid and MoS, form a network of self-powered
neurons that are activated upon contact and there is no need to
apply a bias voltage to retain the state. This non-volatility char-
acteristic not only reduces energy requirements but also aligns
with the way our brains maintain synaptic strength over time.
In terms of robustness, liquid-MoS, exhibits inherent durability
and resilience that makes it less susceptible to environmental fac-
tors such as electromagnetic interference and radiation. Lastly,
this structure may be suited for integration with biological sys-
tems or medical devices, opening up new prospects toward in-
telligent liquid—solid applications such as iontronics, biosensors,
electronic eyes, gas sensors, and digital microfluidics.[#1:46:57-60]
In addition to MoS,, tungsten disulfide (WS,) is another
important example of TMDCs with promising electronic, opti-
cal, mechanical, and chemical properties.[®*] Using the same
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method as MoS,, we fabricated large-area 2D WS, (see Experi-
mental Section) and conducted triboelectric measurements un-
der light illumination.%S] The XRD and XPS characterizations
shown in Figure S19a—c (Supporting Information) confirm the
successful formation of WS, on Si/SiO,. A 20 mm NaCl liquid
droplet was moved forward in three steps (1 mm each with a ve-
locity of 5 mm s7!) and reversed to the initial position on the WS,
film under light illumination. The results show that the tribo-
phototronic properties of liquid-WS, exhibit the same behavior
as liquid-MoS,, i.e., increasing and decreasing responses with
forward and reverse movements, respectively (Figure S19d, Sup-
porting Information). Therefore, the tribo-phototronic synaptic
plasticity behavior can be extended to liquid-WS, heterojunction.

Liquid-solid interfaces have been shown to have remark-
able properties with applications in a variety of research ar-
eas. To the best of the authors’ knowledge, modern scien-
tific research on this interface started with the streaming po-
tential effect, which is used in supercapacitors, self-powered
nanosystems, and electrokinetic flowmeters.[¢%°1 Ton-sensitive
field-effect transistors, electrochemical photolysis, and capacitive
deionization were among the greatest discoveries of the 20th cen-
tury surrounding liquid-solid interface.l”>72] More recently, the
forward-driven pseudocapacitance effect between ionic liquids
and solids (Graphene and MoS,) has been utilized to generate
direct current. Wang et. Al. introduced liquid—solid-based energy
harvesters for the first time and later quantified the charge trans-
fer between liquids and solids.['*1773] In this work, based on the
tribo-phototronic writeable and erasable behavior, we proposed
an artificial synaptic application based on the liquid—solid inter-
face.

3. Conclusion

In summary, we investigated the coupling between the forward-
driven pseudocapacitance effect and capacitive deionization at
the ionic liquid—-MoS, interface. When the ionic liquid moved in
the forward direction on the MoS, surface under light illumina-
tion, the current flowed from MoS, to the liquid. This current
increased during forward movements and decreased during re-
verse movements, returning to the original current value at the
original movement position. This behavior was attributed to the
modulation of the built-in potential due to pseudocapacitive ion-
ization/deionization. It was further described using contact an-
gle measurements, electronic band diagrams, EDL, and an equiv-
alent electrical circuit. Also, the effects of multiple conditions
such as movement distance and velocity, light wavelength and
intensity, ion concentration, and bias voltage were studied. Fi-
nally, a synaptic memory based on this effect was suggested. This
mechanically stimulated synapse could imitate the main brain
functions such as potentiation/inhibition, paired-pulse facilita-
tion/depression, STM, and LTM.

4. Experimental Section

MoS, Thin Film Synthesis:  SiO, (300 nm)/Si (and Al,O3 (100 nm)/Si)
wafers were cleaned using a conventional cleaning procedure, followed by
ultrasonication in acetone, isopropyl alcohol, and deionized (DI) water.
To obtain hydrophilic surfaces on the SiO,/Si wafers, O, plasma surface
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treatment was performed for 15 min. The precursor solutions were pre-
pared by dissolving (NH4),MoS, powder (Sigma-Aldrich, 99.97% purity)
in ethylene glycol (Sigma-Aldrich, 99.8% purity, anhydrous) at concentra-
tions of 100 mm, 200 mm, 500 mm, and 1 m corresponding to MoS, film
thicknesses of 16.5, 22, 50, and 115 nm, respectively. The precursor so-
lution was spin-coated onto the prepared SiO,/Si (Al,05/Si) substrate at
3500 rpm for 60 s. High-purity N, gas was used for the thermolysis pro-
cess in a thermal CVD system. First, the CVD chamber temperature was
increased to 500 °C and maintained at this temperature for 30 min under
flowing N, at 1 Torr. The flow rate of N, was set to 200 cm® min~ us-
ing mass flow controllers. The temperature of the CVD furnace was then
increased to 950 °C and maintained for 1 h. Sulfur sublimation was initi-
ated by placing sulfur powder (Sigma—Aldrich, 99.5% purity) in the heating
zone, which was set to 300 °C.

WS, Film Synthesis:  SiO,/Si substrates were cleaned and treated with
O, plasma for 15 min to make them hydrophilic. The substrates were then
coated with 10 mm ammonium tetrathiotungstate (NH4), WS, (Sigma—
Aldrich, 99.9% purity) dispersed in ethylene glycol using a spin coater at
3500 rpm for 60 s. The samples were placed on a heated plate at 50 °C for
15 min to eliminate the solvent. To begin the thermolysis process, the sub-
strates were placed in a quartz tube chamber. During this process, pure N,
(200 cm? min~1) was introduced into the chamber. Initially, the tempera-
ture was increased to 500 °C and maintained for 30 min. Under N, gas,
the chamber pressure was held at 1.2 Torr. The temperature was then in-
creased to 900 °C and held there for 1h. In a different annealing zone, sul-
furization was initiated with 0.6 g of 99.5% sulfur powder (Sigma—Aldrich)
and continued for 1 h at this temperature.

Material Characterization: High-resolution transmission electron mi-
croscopy (HR-TEM) was performed using a JEOL-2100F instrument to
confirm the quality of the MoS, crystal. The Raman spectra of the continu-
ous MoS, film were recorded on a Renishaw inVia confocal Raman micro-
scope equipped with a 514 nm continuous-wave excitation laser. Kratos
X-ray photoelectron spectrometer (Axis Ultra DLD, Kratos Analytical, Eng-
land) was used to conduct X-ray photoelectron spectroscopy (XPS) with
Mg K radiation (1250 eV) and a constant pass energy of 50 eV in a vacuum
of 1x 107> mbar. X-ray diffraction (XRD) analysis (D8-Advance, Bruker-
AXS, Germany) with a Cu K target at 0.1542 nm was used to ascertain the
crystal structures of the MoS, and WS, thin films. To determine the thick-
ness of the MoS, films, atomic force microscopy (AFM, Asylum MFP3D)
was used.

Triboelectric Measurements:  The liquid droplets were controlled using
a capillary tube with a diameter of 1 mm. A copper wire through the cap-
illary tube was in contact with the liquid droplet and served as the first
electrode. The distance between the capillary tube and the MoS, surface
was ~2 mm. The Cr/Au (10/60 nm) electrode was deposited on the MoS,
surface using a thermal evaporation system. The MoS, was grounded, and
a Keithley 2400 I~V measurement tool was used for real-time data collec-
tion. A motorized linear stage was used to move the MoS, substrate while
the capillary tube held the droplet. The velocity and step size of the motor
could be precisely controlled. The MoS,-liquid structure was always under
light illumination (470 nm LED, 20 mW cm’z), and the liquid was 20 mm
NaCl unless otherwise noted.

Supporting Information

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