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ABSTRACT: A liquid Ga-based synaptic device with two-terminal electrodes is demonstrated
in NaOH solutions at 50 °C. The proposed electrochemical redox device using the liquid Ga
electrode in the NaOH solution can emulate various biological synapses that require different
decay constants. The device exhibits a wide range of current decay times from 60 to 320 ms at
different NaOH mole concentrations from 0.2 to 1.6 M. This research marks a step forward in
the development of flexible and biocompatible neuromorphic devices that can be utilized for a
range of applications where different synaptic strengths are required lasting from a few
milliseconds to seconds.

1. INTRODUCTION
The von Neumann architecture has served as the basis of
modern digital electronics for the last few decades.1 It mainly
consists of a central processing unit (CPU) and a memory unit.
The CPU accesses the memory through a shared bus, which
facilitates the transfer of data between the CPU and memory in
both directions. This data transfer through the bus suffers from
large latency and high power consumption, causing inter-
connect bottlenecks when working with large data sets.2,3 With
the advent of artificial intelligence (AI) that can perform
cognitive tasks and offer predictions for the future, the von
Neumann bottlenecks limit the performance of advanced
electronics requiring real-time processing and computing such
as big data analytics and machine learning.4 To address the
challenges of latency and power consumption inherent in the
von Neumann architecture, new computational methodologies
based on in-memory processing units (IMPUs) or processing
in memory (PIM) have been proposed.5 In the IMPUs or PIM
architecture, the processing elements are integrated directly
into the memory units, allowing computation to be performed
on the data stored in the memory without data transfer
between the CPU and memory through the bus. In short, this
computing architecture allows CPU and memory functionality
to occur within the same unit without the interconnect.
Compared to the traditional von Neumann architecture, the
IMPU/PIM architecture can considerably minimize latency
and power consumption since there is no requirement to
transfer data repeatedly between the CPU and memory.6 This
computational methodology replicates brain functions, and the
resulting devices are accordingly referred to as neuromorphic

computing and synaptic devices because of the functional
similarity with neural synapses.7 Synaptic devices are a key
component of neuromorphic computing systems and can serve
to achieve ultrafast and energy-efficient computing in neuro-
morphic systems. These synaptic devices use analog circuits to
model the variable strength of synaptic connections in the
brain, enabling them to perform functions such as learning,
memory, and pattern recognition. Unlike traditional memory
devices that use binary information, those reported synaptic
devices are not just binary on or off processes. In the biological
system, information is transferred from one neuron to another
through synapses. The strength of each synapse is represented
by its synaptic weight that is represented as analog values and
is used to control the amount of influence that one neuron has
on another. The synaptic weight plays a crucial role in
neuromorphic devices, which enable the system to process
information in a way that is more like natural processing. So
far, various synaptic devices have been reported with its own
advantages and challenges, including resistive switching
memory,8−12 phase-changing memory,13−15 ferroelectric mem-
ory,16−19 electrochemical memory,20−25 and charge trap
memory.26−28 Resistive switching memory implemented
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synaptic weights in neuromorphic systems, where the strength
of a synapse is proportional to the resistance of the memory
element.8−12 Phase-change memory implemented synaptic
weights by varying the crystalline state of the material to
adjust the strength of the synapse, which can switch between
amorphous and crystalline states to store data.13−15 Ferro-
electric memory can vary the polarization state of the material
to adjust the strength of the synapse, which can switch between
two stable polarization states to store data.16−19 Electro-
chemical memory implemented synaptic weights by controlling
the flow of ions across the junction,20−25 where the strength of
a synapse can be adjusted by changing the concentration of
ions at the synaptic junction. These devices are electronic
devices that use ions rather than electrons to conduct
electricity. Charge trap memory varied synaptic weights by
controlling the number of trapped charge carriers to adjust the
strength of the synapse.26−28 These reported synaptic devices
have shown promise in terms of energy efficiency, scalability,
and compatibility with the current technology.

Very recently, an ionic device using liquid Ga was made to
resemble neural spike signals, which is beneficial for organ
cell−machine interface systems because Ga is biocompatible
and flexible at room temperature.29,30 Depending on the
specific application, synaptic functions with different decay
constants are required for synaptic devices because synaptic
functions with different decay constants can affect the temporal
dynamics of the network and its ability to perform certain
computations, such as short-term memory or pattern
recognition.31 Synaptic decay refers to the gradual decrease
in the strength of a synaptic connection over time. For
example, different decay constants can help the network
distinguish between phonemes that have similar temporal
patterns but different durations. In fact, the human brain
utilizes a wide range of synaptic current decay from 1 ms to 1
s.32 Different types of synaptic currents serve different
functions in the brain. Fast decay time involves the rapid
transmission of information between neurons, which can be
used to filter out noise and unwanted signals. On the other
hand, slow decay times are involved in more complex neural
processes such as learning and memory. In previous studies,
different decay characteristics have been demonstrated using
different materials,33 crystallinity,34 defects,35,36 and bias
voltages.29 In this study, we demonstrate a liquid Ga-based
synaptic device using two-terminal electrodes in different
NaOH solutions that can generate different synaptic current
responses. The proposed devices exhibited a wide range of
current decay times from 60 to 320 ms in different NaOH
moles.

2. MATERIALS AND METHODS
The detailed experimental conditions were described in a
previous study.29 A drop (100 μL) of liquid Ga (99.999% from
Sigma-Aldrich) and a Cu plate was used as a metal electrode.
The liquid Ga formed a small spherical bead with a diameter of
∼1 cm. The two electrodes, separated by 3 mm with a canal
width of 1 mm, were submerged in a NaOH solution (Daejung
Chemicals & Metals Co.) at different molar concentrations
(0.2, 0.4, 0.8, 1.0, 1.3, and 1.6 M). The Cu electrode was
grounded while a voltage was applied to the Ga electrode. The
Ga liquid metal moved toward the cathode when the applied
voltage was higher than 1 V. This movement could be
explained by several factors such as differences in the
electrochemical potential or surface tension of the metal and

the solution.29 When the voltage was in the range from −2 to 1
V, the Ga ions in the solution were oxidized at the surface of
the Ga electrode, forming a thin layer of solid Ga-based oxide
on the Ga surface. Subsequently, the formed Ga oxide tends to
be dissolved again in the solution due to the inherent nature of
NaOH.29 The Ga-based oxide was found to be etchable in
both acidic and basic environments. The oxide dissolves in the
acid solution through a reaction with H+ ions, resulting in the
production of soluble Ga3+ ions and water. Similarly, in basic
solutions, the oxide dissolves by reaction with OH− ions,
forming soluble gallate ions (such as NaGaO2) and water.
When the voltage was in the range from −2 to −5 V, the
formed Ga-based oxide was electrically removed in the NaOH
solution. When the voltage was less than −5 V, no significant
change was noticed except for the gas bubbles that were
generated due to the electrocatalytic water splitting. Electro-
catalytic water splitting is a process that uses an electric current
to split water molecules into hydrogen and oxygen gases. The
NaOH container was made of polylactic acid using a three-
dimensional (3D) printer (Flashfore Advantage 3). The pH
values of 0.2, 0.4, 0.8, 1.0, 1.3, and 1.6 M were 12.01, 12.25,
12.45, 12.54, 12.59, and 12.65, respectively. It should be noted
that NaOH is considered stable in normal conditions of use,
but it is incompatible with metals such as Al, Sn, and Zn, as
well as their alloys.37 Oxygen in the air was able to diffuse into
the NaOH solution and interact with the NaOH aqueous
solution. The NaOH container with the Ga and Cu electrodes
was heated to a hot chuck at 50 °C. All electrical
measurements were conducted using a parameter analyzer
(Keithley 4200-SCS).

3. RESULTS AND DISCUSSION
When a NaOH-based ionic channel was established between
the Ga and Cu electrodes, as shown in Figure 1a, spontaneous

half-cell reactions took place on both sides, resembling those
observed in a galvanic cell. As a result, the Ga electrode
underwent oxidation and released electrons that were assumed
to have been consumed by the Cu electrode via oxygen
reduction. Following the oxidation of the Ga electrode, Ga-
based oxide was subsequently formed on the Ga electrode.38 It
is known that a Ga-based oxide layer can also be dissolved in a
NaOH solution. Under steady-state conditions, the reaction
between the formation and dissolution of Ga-based oxide on

Figure 1. (a) Grounded Cu electrode with the voltage applied to the
Ga electrode. These two electrodes, separated by 3 mm with a canal
width of 1 mm, were submerged in a NaOH solution at different
molar concentrations. The dimensions were determined because it
could be achieved by the 3D printer. The NaOH container with Ga
and Cu electrodes was heated to a hot chuck at 50 °C. (b) Current−
voltage curve of a Ga electrode at different NaOH molar
concentrations.
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the Ga surface eventually produces an extremely thin layer of
Ga-based oxide. It is worth noting that when a voltage was
applied to the Cu electrodes, similar oxidation and reduction
peaks were observed as well,39 indicating that Cu could also be
dissolved in the NaOH solution. The Cu electrode was
grounded while a voltage was applied to the Ga electrode. The
Ga liquid metal moved toward the cathode when the applied
voltage was higher than 1 V. This movement could be
explained by several factors such as differences in the
electrochemical potential or surface tension of the metal and
the solution. In our previous work,29 we demonstrated that this
Ga-based oxide layer could be removed electrically by applying
−2 to −5 V to the Ga electrode in the NaOH solution, which
is called an electrochemical reduction. In the present study,
when a negative voltage was applied to the Ga electrode,
positively charged ions from the NaOH solution were attracted
to the Ga-oxide surface. These electrically attracted ions
reacted with the Ga-oxide layer, causing it to break down and
dissolve in the NaOH solution. Conversely, when a positive
voltage was applied to the Ga electrode, a Ga-based oxide was
formed, leading to an anodic current peak (oxidation currents).
Figure 1b shows the current−voltage curve of the Ga electrode
in a NaOH solution at different molar concentrations. The
voltage was adjusted from −1 to 1 V at a speed of 0.1 V/s. The
results showed a small current hump at around −0.25 V
regardless of molar concentration. This hump current
represented anodic peaks and was attributed to the formation
of a Ga-based oxide layer on the Ga surface. As the NaOH
molar concentration increased, the peak current tended to
increase, indicating that more oxidation occurred with the
higher molar concentrations.

After analysis of the electrochemical oxidation current, as
shown in Figure 1b, artificial synaptic behavior was
demonstrated, imitating the behavior of a biological synapse.
This is shown in Figure 2, which depicts the plasticity
characteristics of the Ga electrode in the 1 M NaOH solution
under different pulse conditions. Figure 2a presents a
definition of a pulse-shaped stimulus including the rise and
fall time, delay, and pulse width. When the voltage was
changed from −2 to 1 V as shown in Figure 2b, the current
level remained relatively constant. However, when the voltage
was adjusted from −5 to 1 V in Figure 2b, the current value
changed with an external stimulus exceeding the threshold
value.

The results in Figure 2b indicated that the Ga electrode in
the NaOH solution is analogous to presynaptic and
postsynaptic terminals; the frequency of −5 V acted as a
neuronal stimulus. The nonlinearity factor of the potentiation
was 0.35 at −5 V as shown in Figure S2. Thus, the voltage
condition from −5 to 1 V was applied in the system unless
otherwise noted. It was found that synaptic characteristics
including nonvolatile behavior, low-power consumption, high-
speed operation, programmability, and analog behavior could
be optimized depending on the pulse width, duty cycles, and
voltage amplitude.

Figure 3 compares the generation of synaptic spike
responses at two different pulse widths. It showed that
synaptic behavior was observed at a pulse with 0.04 ms in
Figure 3a, while the synaptic behavior was not observed at a
pulse with 0.08 ms in Figure 3b. It indicated that an optimized
pulse condition needs to be developed further. There are
several key requirements for synaptic devices including
nonvolatile behavior, low-power consumption, high-speed

Figure 2. (a) Definition of the pulse-shaped stimulus. It is defined in terms of the rise and fall time, delay, and pulse width. (b) Synaptic behaviors
of the Ga electrode in 1 M NaOH concentrations at a pulse width of 0.04 ms, a rise and fall time of 0.01 ms, and a delay time of 0.002 ms.

Figure 3. Generation of synaptic spike responses with a rise and fall time of 0.01 ms and a delay time of 0.002 ms at a pulse width of (a) 0.04 and
(b) 0.08 ms.
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operation, programmability, and analog behavior. By satisfying
these requirements, synaptic devices could serve as an efficient
device that can perform complex tasks such as image and
speech recognition with high accuracy and speed. Typical
learning and forgetting characteristics of the synaptic device are
shown in Figure S3.

Figure 4a shows the transient current response generated by
the formation of a Ga-based oxide layer on the Ga surface at
different NaOH molar concentrations. Once the oxide layer
formed on the Ga surface when the voltage changed from −5
to 1 V, a further oxidation reaction was spontaneously
prevented. This caused a current reduction over time, and
the current finally reached a stable state. The current response
showed that both the peak current and the saturation current
increased with higher NaOH molar concentrations. The higher
peak current was attributed to the higher oxidation reactions,
while the higher saturation current was presumably due to the
higher ionic conduction in the NaOH solution. As shown in
Figure 4b, the current response curve was normalized to
compare the current decay behavior at different NaOH molar
concentrations.

The current decay time was defined as the time it took for
the current to decay from 90 to 10% of its maximum peaks.
The results showed that the decay time decreased with higher
NaOH molar concentrations, as shown in Figure 4c. The
average decay time at 0.2 M was 320 ms, and the value
decreased to as low as 60 ms at 1.6 M. Synaptic devices with
either long (320 ms) or short (60 ms) decay time can be
utilized depending on the specific case and requirement.
Synaptic devices with long decay times can be used to store
information for extended periods, allowing for the implemen-
tation of long-term memory in neuromorphic systems.
Synaptic devices with long decay times can also be used for
learning and adaptation in response to input patterns. On the
other hand, synaptic devices with short decay times can be
used to filter out noise and unwanted signals by rapidly
reducing the strength of synapses. The synaptic device with
different decay times allows for the implementation of a wider

range of synaptic plasticity, which can lead to more efficient
neuromorphic computing systems. Figure 4d exhibits the
cumulative probability of the current decay time at different
molar concentrations. Cumulative probability refers to the
probability indicating the likelihood of a random variable to
assume a value that is equal to or less than a specified value. In
other words, it represents the probability of an event occurring
up to a certain point in a distribution. This showed that the
current decay time in this work could be predicted at certain
molar concentrations. The ability to implement different decay
times is significant because it can represent a variety of STP/
LTP behaviors. This enables the simulation of various synaptic
behavior characteristics. This result could be useful for
neuromorphic computing applications, which may require
specific decay time to function properly.

Figure 5a,b illustrates a schematic drawing of the formation
and dissolution reactions of the Ga-based oxide on the Ga
electrode at high and low NaOH molar concentrations,
showing the different oxidation reactions. The different
oxidation mechanisms resulted in various current decay
times. It was presumed that a mixed layer of stoichiometric
Ga2O3 and nonstoichiometric Ga2Ox(x<3) was able to form at
lower NaOH molar concentrations. Oxygen atoms in the Ga-
oxide layer were supplied from OH− ions in the NaOH
solution. Thus, it was expected that the formation of a
nonstoichiometric Ga2Ox(x<3) layer resulted from the low
concentration of OH− ions in the lower NaOH solution at
lower NaOH molar concentrations. The nonstoichiometric
Ga2Ox(x<3) layer in the mixture would be vulnerable to the
NaOH solution and easily dissolve, which would cause new
oxidation to occur. This dissolution and partial oxidation
would continue at lower NaOH molar concentrations until the
surface of the Ga electrode would be entirely covered with the
stoichiometric Ga2O3 layer, resulting in a slower current decay
behavior. In contrast, with higher NaOH molar concentrations,
abundant OH− ions could be supplied near the surface of the
Ga electrode when the voltage changed from −5 to 1 V, which
could cause the formation of the stoichiometric Ga2O3 layer on

Figure 4. (a) Step response, (b) normalized step response of oxidation current, (c) current decay time, and (d) cumulative probability of Ga
electrode in the NaOH solution at different NaOH molar concentrations when the voltage is adjusted from −5 to 1 V.
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the Ge electrode. The formed stoichiometric Ga2O3 layer
might be sufficiently robust in the NaOH solution and thereby
prevent further oxidation reactions, which would result in
faster current decay behavior. Synaptic properties can be
classified into two major categories: short-term plasticity
(STP) and long-term plasticity (LTP). STP is a form of
synaptic plasticity associated with rapid and transient changes
that can last from milliseconds to seconds. STP can filter out
noisy and irrelevant information. LTP, on the other hand, is a
longer-lasting change in synaptic strength that can last from
hours to days or even longer. LTP is thought to relate to many
forms of learning and memory. Regarding STP, various types
of synaptic devices have been demonstrated to emulate
biological synapses. Their typical decay time constants are
listed in Figure S1. The results show that the proposed
electrochemical oxidation device using liquid Ga in NaOH
would be able to cover a wide range of decay times by
changing the NaOH molar concentration. Like other liquid-
based devices, high-temperature conditions in practical use
would be detrimental to the functionality of the device. For
example, water in the NaOH solution will start to evaporate at
high-temperature conditions. To improve long-term stability
such as reliability and endurance characteristics, passivation
technology would be further required. The proposed Ga-based
device in the NaOH solution was designed to operate under
certain temperature conditions that are compatible with the
liquid Ga electrode and the NaOH solution. The proposed
electrochemical redox device using the liquid Ga electrode in
the NaOH solution could replicate the function of biological
synapses by utilizing the properties of the liquid Ga electrode
and the NaOH solution to produce different decay constants.
This could potentially have applications in fields such as
artificial intelligence and neural networks, where the ability to
replicate the function of biological synapses could be useful.
Further research and development to fully understand the

potential capabilities and limitations of such a device are
necessary.

4. CONCLUSIONS
Synaptic current behavior was demonstrated via a surface
electrochemical redox reaction on a liquid Ga electrode in a
NaOH solution. By control of the NaOH molar concentration,
a wide range of decay time constants were obtained from 60 to
130 ms at 1.6 and 0.2 NaOH molar concentrations,
respectively. Synaptic devices with long decay times can be
used to store information for extended periods, learning, and
adaptation in response to input patterns, while synaptic devices
with short decay times can be used to filter out noise and
unwanted signals by rapidly reducing the strength of synapses.
Our research marks a step forward in the development of
flexible and biocompatible neuromorphic devices, which can
be utilized for a range of applications where different synaptic
strengths are required that can last from a few milliseconds to
seconds.
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