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The advancement of neuromorphic computing is driven by progress
in computing hardware and architecture. For further improving the
energy efficiency of computing, nanofluidic ionic memristors have
been rapidly developed for mimicking the ionic mechanisms of
biological neurons and synapses. In these systems, designs and
syntheses of nanosized pores, channels and 2D-slits are required
to accomplish the memristive mechanisms. This study proposes
another mechanism to develop an ionic memristor, which is based
on a closed electrochemical bipolar cell with a designed bipolar
electrode (BPE). Under an applied potential, the different electro-
chemical reactions on both sides of the BPE would lead to a
memrristive response with diode-like rectification. More importantly,
a bipolar electrochemical memristor allows easy tuning of the
response by simply varying the range of the applied electric
potential. With a simple and scalable fabrication based on electro-
deposition, the present system has great potential for use in neu-
romorphic architectures.

1. Introduction

Neuromorphic computing, an emulation of the brain’s neural
network and synapses, is being rapidly researched as a more
energy-efficient and faster computational method." Memristors
are ideally suited as the basis for neuromorphic computing
hardware and architecture,>* given their ability to retain mem-
ory by switching or changing their resistance based on the
history of the charge flowing through them.” To date, various
electrical,® optoelectronic,’ and ionic memristors have been
reported.” Electrical memristors typically rely on the movement
of ions (like oxygen vacancies) or the formation and rupture of
conductive filaments within a thin film material. They are
highly compatible with existing silicon-based manufacturing
processes and can achieve high density and scalability.® How-
ever, the scaling of electrical connections can limit their
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performance and density, and repeated electrical read/write
cycles can cause unwanted changes to the stored resistance
state.” Optoelectronic memristors leverage both electrical sig-
nals and light to change their resistance. They show the
potential for high-speed, low-crosstalk, and energy-efficient
parallel processing, but achieving robust all-optical control is
difficult."’

To mimic ionic-based biological neurons, energy-efficient
nanofluidic ionic memristors that realize data processing and
storage by ion transports have been developed.”'"'* Although
ionic memristors, at present, show a slower switching speed
compared to other types of memristors due to the slower physical
movement of ions, the research has been rapid because of the
potential to emulate ion-mediated biological neural networks.
The present mechanisms are mainly based on the ion transport
across designed nanoscale pores,'>'* channels,"'® and 2D-
slits,"”'® from an electrolyte reservoir to another under an
applied voltage. The mechanisms employed, such as double layer
polarization, Coulomb  blockage, adsorption/
desorption, and concentration polarization, are achieved
through the design and synthesis of nanostructures that gener-
ally require sophisticated technology. A device with less demand-
ing fabrication would be beneficial, and developing new
memristive mechanisms at this early stage of ionic neuromorphic
computing is also advantageous to the research field for offering

ion
7,11,12

ionic

more potential candidates for neuromorphic architectures.

In this study, we exploit bipolar electrochemistry for devel-
oping an ionic memristor. With a closed bipolar electrochemical
cell making use of a solid electrode instead of pores or channels
to separate two reservoirs, currents will be conducted by electron
flow inside the electrode under an applied potential. Opposite
poles are induced on the electrode and hence the name bipolar
electrode (BPE)."® The cell’s current-voltage (I-V) characteristics
are found to be dependent on the electrochemical reactions of
the BPE, and we have achieved diode-like memristive character-
istics of hysteresis and rectification resembling previous devices
based on ion transport across the reservoirs.'>'7*°>* The I-V
characteristics of our bipolar electrochemical memristor can be
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controlled by several methods, such as varying the potential
window or applying a constant potential across or onto the BPE,
thus creating a tuneable device that is highly desirable.® Further-
more, the main fabrication step of the BPE involves only
electrodeposition, a process that is fast, simple and scalable,
as elaborated by previous studies.”*® These features of I-V
tuneability and ease of fabrication are highly beneficial to the
development of neuromorphic computing.

2. Results

2.1. Design and mechanism of the bipolar electrochemical
memristor

The BPE of the closed bipolar electrochemical cell is designed
to be asymmetric with gold (Au) on one side and manganese
dioxide (MnO,) on the other, which can undergo different
electrochemical reactions at the two electrode/electrolyte inter-
faces. The Au and MnO, layers are supported by a porous
polymeric film as shown in Fig. 1a, which is selected to be a
polycarbonate track-etch (PCTE) membrane with straight pores
of diameter 10-15 nm.?® With PCTE, the Au side of the BPE has
a much smaller contact area with the electrolyte than the MnO,
side, and the electrochemical reaction rate—an extensive quan-
tity—will become slower.>” The scanning electron microscopy
(SEM) image of the structure shows a thin Au layer of thickness
~100 nm and a solid MnO, layer of thickness ~2.5 pm
(Fig. 1b). The Au surface at the interface with MnO, is rough,

(a) MnO, bipolar electrode

6um
(Not drawn to scale)

(b)
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Fig. 1
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and nanopillars resulting from deposition into the pores of the
PCTE are found on the other side. Materials characterization by
energy-dispersive X-ray spectroscopy (EDX) and X-ray diffrac-
tion (XRD) confirms the compositions of the electrodeposited
Au and MnO, (Fig. 1c and d), and the XRD shows that the MnO,
obtained is poorly crystallized §-birnessite.*®

The electrolyte selected is sodium sulphate (Na,SO,), which
is compatible with MnO, in performing electrochemical redox
reactions.>® Two interfaces of MnO,/Na,SO, and Au/Na,SO, are
formed on the BPE (Fig. 2a). A rectifying I-V behaviour is obtained
via cyclic voltammetry (CV), and a pinched hysteresis loop with a
cross-point potential (V) of about 0.2 V is found (Fig. 2b).

The current of the cell is sustained by the electrochemical
reactions of MnO,/Na,SO, and Au/Na,SO,—presumably the
oxidation/reduction of MnO,,"® that of Au accompanied by
oxidation adsorption/desorption of SO,> onto/from the Au
surface,’>*' and possibly the oxygen evolution reaction (OER)
on Au. The applied potential is split among the two interfaces, in
a way that the one with a lower limiting current gets a larger
portion.** Unlike a conventional 3-electrode setup for measuring
one solid/electrolyte interface where the potential difference
across the interface is controlled, a closed bipolar electrochemi-
cal cell has two polarized interfaces in series between two
electrodes, as illustrated in Fig. S1, SI. Under an applied potential
difference E, the same current passes through the in-series
interfaces, and in the present case, this current should be
sustained by a redox reaction on the MnO,/Na,SO, interface:
MnO, + Na* + e~ < MnOONa,* and different possible reactions
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(a) Schematic and a photograph of the MnO, BPE and (b) SEM images of the cross-section of the MnO, BPE with the PCTE removed and the top

views of PCTE, Au and MnO,. (c) EDX and (d) XRD patterns of the MnO, BPE.
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Fig. 2 (a) Schematic of the bipolar electrochemical memristor and (b) the
corresponding /-V curves under CV. PCTE pore diameter: 15 nm, 0.5 mM
NaySO., scan rate: 0.01V s,

on the Au/Na,SO, interface: redox of Au that can follow different
reaction paths,*~** adsorption/desorption of SO,> on the Au
surface and even oxygen evolution (OER) on Au.*" However, the
potential difference across each of the interfaces (E,, E.) is
generally unknown a priori, because the limiting currents of the
two interfaces may be different.>” The limiting currents depend
on the electrochemical reactions, the areas of the interfaces, the
bulk concentration and diffusivity of the reactant species, and the
mass transport conditions on both sides. The interface with a
smaller limiting current is identified as the limiting pole and the
other is the excess (or coupling) pole. For the present BPE, Au/
Na,S0, is the limiting pole because of the smaller interfacial area
due to the nano-porous PCTE. A larger portion of the applied
potential difference would be partitioned to the limiting pole, as
it requires a larger driving force to maintain the current. There-
fore, the ratio between the limiting current of the poles (¢) is the
chief parameter that defines the features of the CV response.’” By
choosing suitable interfaces, the current may reflect the com-
bined electrochemical reactions on both poles, achieving the
desired I-V responses.

As shown in Fig. 2b, no current peaks are observed under
positive potential when the MnO, BPE is employed (15-nm
PCTE, 0.5 mM Na,SO,, 0.01 V sfl). This is because the redox
reactions of MnO,/Na,SO, generally do not show any current
peaks,”>** and the anodic peak of the Au/Na,SO, interface
should be small. The large current should be sustained by
the redox of MnO,/Na,SO, and the oxidation, adsorption and
OER occurring on the Au/Na,SO, interface. Under negative
potential, a small current peak responsible for the desorption

This journal is © The Royal Society of Chemistry 2025
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of Au/Na,S0, is found at ~—0.5 V, but apart from this, no other
peaks are observed and the current remains small under
negative potential because of the stable -V behaviour of
MnO,/Na,SO, over a larger potential window and the absence
of the OER on the MnO,/Na,SO, interface.?° The nature of the
hysteresis can be deduced from the I-V curves at various scan
rates. At slower scan rates (0.04 V ™' for 0.5 mM Na,SO, and
1V s ! for 5 mM), the hysteresis is insignificant, and a fast
enough scan rate is required to result in hysteresis. A possible
reason is that the electrochemical reaction of MnO, is sluggish
due to the low concentration of Na,SO,, which could cause the
current to increase further in the backward scan after the
reversal at +1 V until the cross-point potential (V) is reached.
The sluggish reaction can also explain why the current
decreases with the scan rate after the initial rise. A large
potential drop from the high solution resistance can also lead
to a decrease.’® The non-zero V., observed is likely caused by
the influence of surface charges,®” which arise on the BPE as
the oxidation states of MnO, and Au are not completely
reversed by applying the same magnitude of potential differ-
ences in the opposite polarity.

To further study the mechanism, several control experi-
ments were performed. In the first one, we fabricated a MnO,
BPE with a 30-nm PCTE, which would give a higher interfacial
area on the Au side. Under CV, the I-V curve shows a completely
different shape from that of 15-nm or 10-nm PCTE, with little
rectification and neither hysteresis nor pinched loop (Fig. 3a).
Significant current peaks at 0.53 V and —0.39 V are found,
which correspond to the redox or adsorption/desorption of the
Au/Na,SO, interface. This indicates that the larger pores of
PCTE allow a larger reaction rate on the interface. Compared to
15-nm PCTE (Fig. 2b), the difference in the position of the
negative peak could be a result of the decrease in ¢ as the
interfacial area increases. A lower ¢ would cause an anodic shift
of the I-V and widening of the peak-to-peak separation—the
potential difference between the anodic and cathodic peak.*?

In the second control experiment, the electrolyte was chan-
ged from Na,SO, to NaCl or KCI. The I-V curves of NaCl and KCl
have smaller rectification where the positive currents are lower
and the negative ones are higher (Fig. 3b). The hysteresis,
however, is larger than that of Na,SO,. As NaCl and KCI have
the same anion and a similar I-V, the difference from Na,SO,
should be caused by the anion Cl™. As the size of CI” is smaller
than that of SO,>~, the diffusion in the pores of PCTE is easier,
which results in the higher negative currents. Although the
reaction rate of the Au/NaCl or Au/KCl interface is faster than
that of Au/Na,SO,, the change in ¢ is uncertain because the
reactions at the MnO, interface are also faster with Cl~ ions.*
Therefore, the positive current is lower and the I-V hysteresis is
larger even though the reaction rate at the Au interface increases.
Nevertheless, from this experiment, we can see that the electro-
Iyte plays an important role in the I-V feature of the closed
bipolar electrochemical cell with the MnO, BPE. Further tests on
the BPE without MnO, were conducted, which confirmed that the
rectifying and hysteretic I-V of the former is achieved by the
MnO,/Na,SO, interface, as discussed in the SI.

J. Mater. Chem. C, 2025,13,17537-17543 | 17539
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Fig. 3 -V plots of the bipolar electrochemical memristor: (a) with different pore diameters of PCTE (0.5 mM Na,SO,, 0.01 V s7Y; (b) with different
electrolytes: 0.5 mM NaySO4 1 mM KCland 1 mM NaCl (15-nm PCTE, 0.01 V s7%); (c) with different Na,SO4 concentrations (0.01V s~ 15-nm PCTE); and
(d) at different scan rates (0.5 mM Na,SO,4, 10-nm PCTE). Plots of (e) rectification (|/,1v//_1v]) and (f) area of the hysteresis loop against the scan rate for

0.5 mM and 5 mM Na,SO,4 (10-nm PCTE).

2.2. Performance and control of the memristor

Tests with varying Na,SO, concentrations reveals little rectifica-
tion effect at a low molarity of 0.05 mM. Although a small
hysteresis can still be observed, the shape of the I-V curve is
antisymmetric as shown in Fig. 3c, which is significantly different
from the rectifying behaviour achieved by higher concentrations.
Increasing the scan rate decreases the current for 0.05 mM, as
shown in Fig. S2, SI, and at 0.2 V s, the current oscillates
significantly due to the limited current sensitivity of the electro-
chemical workstation. For 0.5 mM Na,SO,, good rectification and
hysteresis are observed until the scan rate reaches 0.2 V s~ ", as
shown in Fig. 3d, and the I-V characteristics at 1 V s~" resemble
the antisymmetric behaviour in 0.05 mM Na,SO,. Similarly, for
5 mM Na,SO,, good rectification and hysteresis can be observed
until 2 V s~" (Fig. S3, SI), and higher scan rates again give an
antisymmetric -V behaviour similar to 0.05 mM Na,SO,.
Moreover, hysteresis disappears at lower scan rates from
0.01 to 0.2 V s, similar to 0.5 mM Na,SO, at 4 mV s~ '. For
both 0.5 and 5 mM Na,SO,, the rectification ratio decreases with
the scan rate in general, except for slightly smaller rectification at
the lowest scan rate (4 mV s~ ') for 0.5 mM Na,SO, (Fig. 3e). The
highest rectification ratio recorded is ~ 50, which is comparable
to previous ionic diodes.*®*° The area of the hysteresis loop
shows an initial rise, followed by a general decrease for both
concentrations, as shown in Fig. 3f. From these results, we
deduce that, at a given concentration, the scan rate has to be
sufficiently fast for hysteresis to occur. A slower scan rate would
allow the electrochemical reactions to take place reversibly,
thereby suppressing hysteresis. Conversely, an excessively fast

17540 | J Mater. Chem. C, 2025,13,17537-17543

scan rate does not allow sufficient time for the reactions to occur,
resulting in an antisymmetric I-V curve. Therefore, the scan rate
should be selected within an optimal range for a given concen-
tration to achieve the best rectifying and hysteretic I-V curve. The
cross-point potential (V) of 0.5 mM Na,SO, first increases and
then decreases gradually, and that of 5 mM Na,SO, only decreases,
as shown in Fig. S4, SI. Also, comparing the I-V at the same scan
rate of 1 V s !, the lower concentration gives a lower Vep- These
results indicate that the I-V mechanism is different from previous
ion transport memristors.'>*°

In addition to CV, chronoamperometry under step poten-
tials from +1 V to —1 V was performed to show the fast
switching speed of the rectification. The current-time (I-t)
curves show the transient responses with a typical time con-
stant of ~0.1 s, as seen from the spikes in Fig. 4a at the time for
potential switching. The cathodic currents reach steady states
in about 0.1 s, and their magnitudes keep decreasing during
the step. In contrast, the anodic currents keep increasing under
+1 V and take about 5 s to reach steady states. For step potential
durations (7g) longer than ~30 s, a significant rise of the
current is usually observed in the first +1 V steps applied from
0 V but not subsequently—this indicates that the current
depends on the history of applied potential. The rectification,
calculated as the ratio of the current magnitude at +1 V just
before stepping down to —1 V and that at —1 V just before
stepping back to +1 V at the end of the Tg,*® first increases
considerably from Tx = 10 s to 20 s and then decreases steadily
as Tg increases to 60 s (Fig. 4b). The highest rectification ratio
obtained is 12-13 with Tg = 20 - 30 s, which is smaller than that

This journal is © The Royal Society of Chemistry 2025
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(a) I-t plots of the bipolar electrochemical memristor under chronoamperometry step potentials of +1V and —1 V with step durations (Tg) of 10 s

to 60 s and the magnified plots. Black arrows indicate the data taken for calculating |/,1v//_1y|. (b) Plot of |/,1y/I_1y| against Tg (0.5 mM NaySO,, 10-nm
PCTE). (c) I-V plots under potential windows of £0.2 V to =1V and £1.2 V to 2.5 V and (d) the corresponding |/,1v//_1y| and (e) area of the hysteresis
loop against the potential window (0.5 mM Na,SO,, 0.04 V s7%, 10-nm PCTE).

obtained under CV with a triangular potential waveform that
has a slightly longer duration for anodic and cathodic scans,
e.g. ~18 at a scan rate of 0.04 V s~'. These two observations
imply that the magnitude and duration of the applied potential
significantly affect the current response, such that a higher
anodic current may lead to a higher cathodic one, and vice
versa. To test this, we attempted widening the potential window
to +1.2 V, which indeed gives a larger cathodic loop as shown in
Fig. S5a, SI. Conversely, widening the window to —1.2 V only
slightly increases the anodic peak (Fig. S5b, SI).

If the potential window is varied by the same amount at both
ends, a set of similar I-V curves will be obtained, as shown in
Fig. 4c. For £0.2 V, the rectification and hysteresis are almost
absent (Fig. S6, SI). Then, a wider window gives a higher
rectification until +1.4 V (Fig. 4d). After that, the cathodic
current is increased significantly to result in a lower rectifica-
tion. The area of the hysteresis loop, however, increases expo-
nentially with the potential window (Fig. 4e). At £2.5 V, the data
scatter is larger than the others, presumably because electro-
chemical reactions such as the OER or the hydrogen evolution
reaction (HER) have occurred quickly on the BPE at such large
potentials to produce unstable current.”” Nonetheless, the
above results show that -V is dependent on the history of the
potential applied, and the rectification and hysteresis can be
tuned by varying the potential window.

Based on the results of chronoamperometry and CV with
varying potential windows, we found another way to tune the I-
V by first applying a constant potential from one reservoir to the
other for some time and then measured the I-V by CV. As
shown in Fig. 5a, applying +1 V for 5 min increases the

This journal is © The Royal Society of Chemistry 2025

subsequent CV anodic and cathodic current significantly and
shrinks the hysteresis of the anodic side while enlarging the
cathodic one. The changes can be reversed by applying —1 V for
the same duration. If the constant potential applied is increased to
+1.5 V, the current will increase further, and the hysteresis for the
cathodic current will also be enlarged more. Again, the changes
can be reversed by —1.5 V. The I-¢ plots corresponding to the £1 V
and +1.5 V potential steps show that positive potentials lead to
much higher currents that continuously increase over the entire
duration, whereas negative potentials make the currents decrease
in magnitude over time (Fig. S7, SI). The increasing currents under
positive potential steps suggest that the rate of electrochemical
reactions of the BPE—cathodic for MnO,/Na,SO, and anodic for
Au/Na,SO,—both increase steadily, which may involve the
reduction of MnO, to MnOONa, oxidation of Au, adsorption of
S0,>~ onto Au and the OER on Au. Therefore, after the positive
potential step, as the subsequent CV scans positively from 0 V, the
sustained positive potential leads to the higher current observed.
Moreover, the potential step causes the positive current to become
steady, and therefore the subsequent CV will have a smaller
hysteresis. The cathodic current also increases when the scan
enters the cathodic side, because the cell has just undergone an
extended period of anodic potential application (from both the
step and the anodic side of the CV). This mirrors the effect
observed when increasing the potential window. The hysteresis
is also larger because the cathodic current has a more rapid rate.

A similar way for tuning the -V is demonstrated by applying
constant potentials directly onto the BPE, as shown in Fig. 5b.
This approach also allows the current to be reversibly increased
and decreased. The Au layer allows potentials to be applied directly

J. Mater. Chem. C, 2025,13,17537-17543 | 17541
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Fig. 5 Tuning the /-V curves of the bipolar electrochemical memristor by applying constant potential (a) across the bipolar electrode (BPE) with +1V,
-1V, +15Vand —1.5V for 5 min and (b) directly onto the BPE with +2 V, —1.5V and +1.5 V for 5 min (0.5 mM Na,SO,4, 0.04 V st for CV, 10-nm PCTE).

onto the BPE. Similar to the previous method, a positive potential
applied onto the BPE will increase the anodic current significantly
and a negative one will reverse the effect (Fig. 5b). However, as the
positive potential step is now directly applied to the BPE against the
right reservoir, the MnO,/Na,SO, would be oxidized, in contrast to
the situation in the previous method where MnO,/Na,SO, is
reduced by the positive potential across the BPE. The I-¢ plots of
the potential steps show that the negative potential applied onto
the BPE gives a higher current magnitude than the positive one
(Fig. S8, SI), suggesting that the reduction rate of MnO,/Na,SO, is
higher than its oxidation rate. Therefore, after applying a positive
potential directly to the BPE, the anodic current under CV increases
because the oxidized MnO,/Na,SO, has become more readily
reduced. In contrast, the cathodic side of the I-V curve exhibits
no significant change. This is because only the MnO,/Na,SO, has
been oxidized in this direct potential application method, unlike
the previous method where both Au/Na,SO, and MnO,/Na,SO,
were altered by the potential step across the BPE. In summary, the
I-V of the closed bipolar electrochemical cell can be altered by
applying potentials across the BPE which induces electrochemical
reactions on both interfaces or to the BPE that induces the
reactions on MnO,. Finally, the endurance under multiple CV
cycles was checked, and a good stability over 30 cycles is observed
(Fig. S9, SI). Future work on endurance and retention at the high-
resistance state (HRS) and the low-resistance state (LRS) is required
to further validate the performance of the memristor.

3. Conclusions

In summary, a tuneable ionic diode-like memristor has been
developed using a closed bipolar electrochemical cell with
a MnO, BPE. The mechanism is based on the different

17542 | J Mater. Chem. C, 2025, 13,17537-17543

electrochemical reactions on both sides of the BPE achieved by
the asymmetric electrode/electrolyte interfaces. The I-V character-
istics, including the rectification ratio and the area of the hyster-
esis loop, can be tuned by varying the potential windows of the CV
and by applying constant potentials across or directly onto the
BPE, showing that the mechanism can become a valuable option
for developing ionic memristors in neuromorphic computing.
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