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Abstract

Nanofluidic memristors have recently emerged as a promising alternative to mimic brain-like
synaptic functions for neuromorphic applications. Here, we observed that when fluidic
devices such as nanoporous membranes are measured with Ag/AgCl electrodes, pinched
hysteresis in current-voltage (/-V) loops can be generated even when there is no intrinsic ionic
memory behaviour. The nanoporous membranes like nitrocellulose/mixed-cellulose ester
(MCE) and polyvinylidene fluoride (PVDF) show memory signatures including pinched I-V
loops, nonlinearity, and frequency dependent variation in loop area with Ag/AgCl electrodes,
whereas the /-V response became purely capacitive when platinum or glassy carbon
electrodes were used in two/three electrode configurations. The same hysteresis could also
be reproduced in a bulk electrolyte without any membrane, confirming its origin due to the
Ag=AgCl redox reaction and salt deposition. In contrary, nanochannel devices made by van
der Waals assembly of 2D materials retained their characteristic memory loops regardless of
the chosen electrode material. These results show that electrode effect can mimic
fundamental memristive signatures and therefore highlight the importance of electrode
control to develop reliable, energy efficient fluidic computing architectures.
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1. Introduction

Memristors proposed by Chua have attracted wide interest for its potential to emulate the
adaptive learning behaviour of the biological brain.! They are now central to neuromorphic
and bioinspired computing, as they offer tunable history dependent resistance along with
volatile and non-volatile memory states.* Most demonstrations of memristors in the past
decade were solid-state and relied on electronic transport such as carrier drift or electric field-
driven redox processes following the first experimental demonstration® in 2008. Biological
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synapses work with the flow of ions through selective nanochannels.® Nanofluidic devices
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mimic this via selective ion transport through confined nanochannels, where the aPTﬁ\éﬂeO”“”e

Ol:10.10
voltage stimuli can produce history dependent conductance changes analogous to synaptic

weight modulation.”12

In nanofluidic memristor measurements, a two electrode arrangement is commonly used,
with a separate working and a combined counter/reference electrode. Ag/AgCl electrodes are
often employed in such two electrode system as it provides a stable potential and exhibit low
polarization in chloride based electrolytes.!* However, in chloride rich environments, these
electrodes are not chemically inert as the AgCl can dissolve to form silver-chloride complexes.
Moreover, the Ag* can also migrate through the electrolyte, and metallic silver can redeposit
on the opposite electrode. These coupled (Ag=AgCl) redox and film growth processes can
cause additional charge-transfer pathways that overlay the intrinsic device response.'*

Confirmation of memristive behavior in /-V characteristics is commonly based on three
fingerprints as described by Chua, which are pinched hysteresis at the origin, frequency
dependent loop area, and the pinched hysteresis loop shrinkage to a single valued function
at infinite frequency.* In nanofluidic systems, these features can arise through two
fundamentally different mechanisms. The first is intrinsic channel memristance, where
strongly confined geometries show voltage driven ionic rearrangement and interfacial charge
modulation.>1% This mechanism produces a stable ionic conductance state that remains
unchanged regardless of the electrode material. The second is electrode dominated redox
hysteresis that originates from electrochemical reactions at reactive electrodes.*
Disentangling intrinsic and extrinsic phenomena in nanofluidic channels drive hysteresis is
therefore critical for identifying and programming ionic memory. In this work, we make this
separation explicit by investigating I-V characteristics of several fluidic systems including
porous membranes, van der Waals nanochannels with several electrode materials such as
Ag/AgCl, Pt, and glassy carbon. Our results show that the choice is central to interpreting
nanofluidic memristors, as it provides a direct means to test whether a memory like I-V loop
is intrinsic to the device or instead arises from electrochemical artefacts.

2. Methods

2.1. Devices

We utilised two commercially available nanoporous membranes for ionic memory
measurements. The first was a nitrocellulose/mixed cellulose ester (MCE) membrane (from
Merck Millipore, MF-Millipore™, REF VSWP02500) with ~25 mm diameter discs, hydrophilic
and non-sterile characteristics, with a 25 nm pore size. The second was a polyvinylidene
fluoride (PVDF) membrane (from Merck Millipore, REF VVLP04700), supplied as 47 mm discs,
hydrophilic and non sterile characteristics, with a 100 nm pore size. We have also fabricated
a micro-hole (~3x25 um) on a silicon nitride chip, and van der Waals 2D nanochannel devices
on free standing silicon nitride (SiNx) membranes.2%?! The micro-hole structure was patterned
on SiN,/Si membranes using standard photolithography and reactive ion etching techniques.
For nanochannels, mechanically exfoliated hexagonal boron nitride (hBN) flakes were used as
the top and bottom encapsulation layers, with few layer graphene as the channel spacer.
Graphene spacers were patterned by electron beam lithography followed by oxygen plasma
etching to define channel width (~130 nm). The top/spacer/bottom vdW heterostructures
were stacked covering a microhole ~3x25 um on a free standing Si/SiNx membrane. The
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assembled heterostructures on the membrane were subsequently annealed at 300 °C for 3
hours and 400°C for 4 hours in a 10% H,/Ar atmosphere to remove residues and ‘s}g?or% e Dﬁgo‘i;“;j
interlayer adhesion. Then the channel length was defined with a gold patch patterned on the

heterostructure by lithography, deposition, and dry etching (Supplementary Fig. 2).
2.2. Measurements

Electrochemical measurements were performed using a custom-built fluidic cell, where the
membrane/device separated two electrolyte reservoirs filled with aqueous salt solutions.
Before the first I-V measurement, fresh PVDF or MCE membranes were rinsed with deionised
water until they were fully wet. The wet membrane was then gently placed in the fluidic cell.
The measurements were carried out for mono, bi, and trivalent electrolytes including KCl, HCl,
CaCly, MnCl,, AICI3 with concentrations varying from 1 uM to 3 M. The electrical response was
recorded in either two or three electrode configuration using a Biologic SP-300
electrochemical workstation. The Ag/AgCl electrodes were prepared by immersing high purity
silver rod overnight in sodium hypochlorite solution to form a uniform silver chloride layer.
For comparison, commercially available Ag/AgCl, platinum and glassy carbon electrodes were
also used. Electrodes were immersed on both sides of the device within the fluidic chamber.
Measurements were conducted in a grounded Faraday cage to minimize electrical
interference and ensure a stable /-V response.

2.3. Characterization

The atomic force microscopy (AFM) images of graphene spacer were obtained by Dimension
FastScan (Bruker, USA) instrument in tapping mode. Comprehensive structural and surface
characterization was performed to elucidate the morphology of the devices and electrodes.
Field Emission Scanning electron microscopy (FE-SEM) from Zeiss ULTRA 55, with 5 kV
accelerating voltage was used to visualize the structure of Ag/AgCl electrodes. Energy
dispersive X-ray spectroscopy (EDX) confirmed the successful formation of the AgCl layer on
the lab made silver electrodes. Quantitative determination of the composition of the
deposited silver containing compounds is challenging because several characteristic X-ray
lines overlap. For example, Ag exhibits La and related L-series peaks at approximately 0.312
keV and 2.634-3.151 keV, whereas Cl shows its Ko and Kf lines at around 2.622 keV and 2.816
keV and K shows its Ka and K lines near 3.314 keV and 3.590 keV. The proximity of these La
and Ka emissions leads to substantial spectral overlap, complicating accurate quantitative
analysis. SEM imaging of the PVDF and MCE membranes were performed at an accelerating
voltage of 3 kV. Prior to imaging, a 10-nm gold layer was deposited on PVDF membrane to
minimize surface charging.
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3. Results and Discussion

We analysed the electrochemical response of nanoporous membranes, nanochannel devices
from the measurements in two electrode (Ag/AgCl) configuration measurement with aqueous
electrolytes. The measurement configuration, illustrated in Fig. 1a, consists of a two electrode
setup where both electrodes are immersed in the electrolyte, and the device is positioned in
between. A voltage stimulus was applied to drive ionic transport across the device, and the
corresponding current was recorded.
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Fig. 1(b-d) shows the /-V characteristics for different device architectures (see Methods for
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fabrication details). The porous membranes of 100 nm PVDF and MCE have shown hystéerétic °n'n
DOI: 10:1039/D5FD00135H

loops that are pinched at the origin (Fig. 1(b-c)). We have also varied the frequency, salt type,
and its concentration (Supplementary Fig. 3) with PVDF membranes to track how the
hysteresis evolves. With both membranes, the direction of the loops was clockwise, and such
hysteresis loops observed previously with 2D nanochannels were attributed to ion
concentration polarization leading to current saturation.?? Both the PVDF and MCE
membranes produced relatively large current (in the milliampere range), which is
substantially higher than the typical nanoampere level currents observed in nanofluidic
devices. The inset in both figures shows the SEM images of the membranes, showing the
interconnected porous structure. Many of these surface pores are much larger than the sizes
mentioned in the commercial membranes, however the effective pore size for the whole
thickness of the membrane is reported as measured from the manufacturer to be around 100
nm for PVDF and 25 nm for MCE. Further measurements with a micro-hole (3um x25um
dimension) as shown in Supplementary Fig. 1 provided a linear I-V response without any
pinching, and hysteresis. This purely ohmic behaviour indicates the absence of memristive
effects.2423
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Figure 1. Schematic and electrical characterization of ion transport devices measured using a two
electrode Ag/AgCl configuration within a +1 V potential window in 1 M KCl. (a) Schematic of the
experimental setup showing the fluidic chamber and device configuration. (b) /-V characteristics of a

100 nm PVDF membrane, with the inset showing the membrane surface morphology. (c) /-V

characteristics of a 25 nm MCE membrane, with inset showing SEM images of porous structure. (d) /-
V characteristics of the bi-layer nanofluidic channel fabricated by sandwiching of graphene spacer
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between top and bottom hBN flakes, with the inset showing an AFM image and height profile of the

graphene spacer along with a schematic of the 2D device. All measurements were performed &atv3:75: onine
DOI: 10.1039/D5FD00135H

mHz, except for the bi-layer nanochannel tested at 8.33 mHz of sweep frequency.

The nanochannels fabricated by van der Waals assembly (Fig. 1d), with a graphene spacer
confined between top and bottom hBN flakes (Supplementary Fig. 2), show /-V loop with an
anticlockwise direction with hysteresis and clear pinching at the origin. Such loops are
attributed to ion dissociation-association dynamics due to Wien effect under the applied
voltage, and the kinetics of this phenomenon leads to hysteresis and ionic memory in
nanoconfined systems. Several confined nanofluidic architectures displaying such hysteresis
loops in the literature®16.24-27 have demonstrated neuromorphic properties.

A nanochannel device with bi-layer graphene spacer shows intrinsic ionic memory with
Ag/AgCl electrodes, as has been previously reported.”?? As the PVDF and MCE membranes
also display pinched hysteresis loops, we do a closer examination of the underlying
mechanisms by varying frequency (Fig. 2 a-b) and performing endurance cycling (Fig. 2d). For
the 100 nm PVDF membrane in 1M KCI (+1 V), the loop area increased from 0.25 to 1.2 mHz
and then decreased up to 6.25 mHz (Fig. 2c). This shows a strong frequency dependency.
Similarly, the same trend has also been observed with 25 nm MCE membrane in 1 M HCI (Fig.
2b). Furthermore, we performed endurance tests on the PVDF membrane with Ag/AgCl
electrodes up to 250 cycles, where the current magnitude at £1 V evolved from +5.6/-6.3 mA
(cycle 1) to +9.5/-9.4 mA (cycle 250) (Fig. 2d). Taken together, these pinched loops, frequency
dependent area, and cycle dependent conductance suggest these porous membranes show
the hallmark features of memory like behaviour.
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Figure 2. I-V characteristics of membranes. I-V characteristics of (a) 100 nm PVDF membrane in 1 M
KCI at frequencies from 0.25 to 6.25 mHz, and (b) 25 nm MCE membrane in 1 M HCI at frequencies


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fd00135h

Open Access Article. Published on 29 January 2026. Downloaded on 4/6/2026 9:01:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Faraday Discussions

Main Manuscript

from 0.50 to 6.25 mHz. (c) Variation of the enclosed /-V loop area with frequency for the PVDF and
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MCE membranes shown in (a) and (b). (d) Cyclic /I-V response of the 100 nm PVDF membrane iavhrivk ontine
KCI, showing an increase in current from approximately 3.1 mA (in negative potential WindSWy 163 g0

mA (in positive potential window) between the 1tand 250t cycles.

We next examined the electrode surfaces using FE-SEM and EDX mapping (Fig. 3). These
measurements reveal cycling induced morphological and compositional changes at the
Ag/AgCl electrodes, consistent with the pronounced whitening of the electrode surface
observed after cycling (Supplementary Fig. 5).

Figure 3. SEM and EDX images of electrodes before and after cycling. SEM images of the (a) fresh
Ag/AgCl electrode, and (b) electrode after 250 cycles, acquired at 5 kV. (c-e) EDX elemental maps of
the fresh electrode for silver (Ag), chlorine (Cl), and potassium (K). (f-h) EDX elemental maps of the
electrode after 250 cycles.

In Fig. 3(a), freshly prepared electrode shows both Ag and AgCl layer. After 250 /-V cycles in 1
M KCI (Fig. 3b), the surface becomes visibly rough (Supplementary Fig. 5) and is covered with
granular, clustered deposits. These features are in line with previous reports?®2° which
suggests that AgCl films undergo cracking and partial re growth during electrochemical
operation. Correspondingly, the EDX elemental maps in Fig. 3(c-e) show that the fresh
electrode contains only silver (Ag) and chlorine (Cl), with no detectable potassium (K). After
250 cycles, the Ag and Cl maps in Fig. 3(f-h) appear less uniform, consistent with surface

6
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changes seen in Fig. 3(b). The K map in Fig. 3(h) shows an elemental map on the cycled
electrode, confirming K* trapping from KCl electrolyte. Previous work on AgCl eé%ﬁtl%qgg%@%%go?;“;s
shown that external ions can be trapped in the AgCl layer when the film becomes porous or
locally disrupted during electrochemical use. This allows ion movement along grain

boundaries and through surface pores or microchannels.?8

The Ag/AgCl electrodes could undergo significant restructuring under repeated bias. Cycling-
induced modifications to the AgCl layer, including crack formation, partial regrowth, and local
salt deposition, changes the interfacial composition and can influence the electrode’s redox
response.?>30 This supports the view that the hysteresis observed in our /I-V measurements
originates from electrode-electrolyte interactions rather than from any intrinsic memristive
behaviour of the membrane. Such cycling-induced electrode modifications are observed only
in the high-current membrane measurements. For vdW nanochannel devices, the I-V cycling
followed by optical imaging (Supplementary Fig. 5¢,d) and SEM/EDX analysis (Supplementary
Fig. 6) show no visible colour change, surface roughening of the Ag/AgCl electrodes,
consistent with operation in the nanoampere current regime.

To isolate any electrode contribution and considering the high current typically observed with
the PVDF and MCE membranes, we varied both the electrode material and the measurement
configuration between two and three electrode systems (Fig. 4a). We examined the effect of
changing the electrode material in the two-electrode system (Fig. 4b). When Ag/AgCl was
replaced with inert glassy carbon or platinum, the PVDF membrane showed capacitive type
loop without any pinching. This observation prompted a key question, whether the previously
observed I-V hysteresis arises from the PVDF membrane itself or merely from electrochemical
processes at the electrode-electrolyte interface? To resolve this, we performed a control
experiment with Ag/AgCl electrodes under identical conditions. One I-V was recorded with
the PVDF membrane and another with only bulk electrolyte in the cell (without any
membrane). As shown in Fig. 4d, both traces show similar pinched hysteresis and redox like
features, indicating that the response is dominated by interfacial Ag = AgCl chemistry with
plausible reaction involving AgCl(s) + CI~ > AgCl,~ + e, AgCl(s) + e > Ag(s) + CI~ and
AgCl,"(ag.) + e = AgCl(s) + Cl~ and electrode polarization rather than ionic transport through
the porous membranes. In chloride rich electrolytes, Ag/AgCl electrodes can be
electrochemically active. During cyclic voltammetry, the Ag/AgCl surface could take part in
reversible redox processes. Under applied bias, AgCl might undergo oxidative dissolution to
form soluble chloro complexes such as AgCl,~, [AgCls]%, [AgCls])? or other silver containing
compounds such as Ag,0 which would increase the number of mobile charge carriers. As a
result, the current increase on both positive and negative sweeps reflect a reversible
electrochemical activity of the electrode (Fig. 2d). Dissolution, and complexation of the AgCl
layer during voltage sweeps generate a history dependent interfacial conductance, which
gives rise to the observed memristor like hysteresis even in bulk electrolyte without a
membrane (Fig. 4d).
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We then tested whether the measurement configuration plays any role by switching to a
three-electrode configuration (Fig. 4a). Here, we used a commercial Ag/AgCl reference
electrode, platinum as the counter, and alternated the working electrode between glassy
carbon and platinum. In 1 M KCI within £1 V, the PVDF membrane showed no pinching in |-V
but only capacitive behaviour (Fig. 4c). The memristor-like loops appear only when Ag/AgCl
itself participates in current flow, confirming that they originate from Ag = AgCl
electrochemistry.
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Figure 4. Effect of electrode configuration and material on I-V characteristics. (a) Schematic of 3 and
2 electrode configurations. In 3 electrode system a commercial Ag/AgCl reference electrode is used
as the reference, a platinum as the counter, and either glassy carbon or platinum as the working
electrode. While in case of the 2 electrode system, a lab-made Ag/AgCl electrodes (see Methods) been
used. (b) I-V response of a 100 nm PVDF membrane measured in the 2 electrode configuration using
platinum and glassy carbon electrodes. (c) I-V characteristics of a 100 nm PVDF membrane measured
in the 3 electrode system by changing working electrode between glassy carbon and platinum. (d) I-V
characteristics of a 2D nanochannel measured in the 2 electrode configuration using Pt and Ag/AgCl
electrodes. All measurements were performed in 1 M KCl within a 1 V potential window.

To distinguish electrode driven effects from intrinsic ionic memory behaviour, a van der Waals
nanochannel with a bi-layer graphene spacer (see Methods) was also tested in 1 M KCl using
Ag/AgCl and Pt electrodes. The I-V response was independent of electrode material (Fig. 4e).
In this case, the nanochannel acts as a high-resistance element that limits the current
magnitudes and the response arises solely from the confined geometry rather than any
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electrode based redox activity. In contrast, PVDF and MCE membranes exhibits clockwise |-V

loops milliampere (mA) scale current characteristic to saturation type redox polarlza‘fim*ﬁf‘&teomme
Ol: 10.1039/D5FD00135H

the electrode-electrolyte interface. The persistence of similar current magnltudes despite
changes in electrolyte type and concentration (Supplementary Figure 3) indicates that the
response is dominated by electrode processes rather than by membrane or electrolyte
properties. This behaviour reflects the low effective resistance of porous membranes, where
many parallel ionic pathways make the device resistance comparable to that of the bulk
electrolyte and electrode-electrolyte interfaces, so that these contributions dominate the
measured response. Accordingly, clockwise loops with high current levels should be regarded
as electrode-dominated unless confirmed by inert-electrode and electrolyte-only control
measurements.

The memory like signatures in porous membranes thus originate solely due to electrode-
electrolyte interactions and deposition. We examined whether such interfacial processes can
also mimic synaptic behavior. To explore this, standard neuromorphic measurements
including potentiation, depression, retention, and endurance were performed using the PVDF
membrane in 1M KCl solution with Ag/AgCl electrodes (Fig. 5a-d).
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Figure 5. Neuromorphic characterization with PVDF membrane. (a) potentiation: the conductance
evolution recorded at a 0.1 V (1s) read following successive +1 V (5s) write pulses. (b) depression:
conductance decay measured at 0.1 V (2s) read after repeated -1 V (5s) erase pulses, showing a
consistent decrease similar to conventional depression behaviour. (c) retention characteristics
obtained by reading the device at 0.1 V (1s) to establish the initial state, next a -1 V (10s) write signal
is applied to continuously observe the device conductance state at 0.1 V. (d) endurance is recorded
by successively applying +1 V (5s) write and -1 V (5s) erase pulses with 0.1 V (2s) read after each.
Between each pulses, the relaxation with OV has been applied for 5s. All measurements were carried
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out in a two electrode Ag/AgCl configuration with 1 M KCI solution. In the voltage-time insets of all
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figures, only a representative time window is shown for clarity, while the purple arrows indicatethate ontine
the same input protocol is continuously applied beyond the displayed region CoVer R FurOLss

measurement duration.

In an ideal potentiation process, conductance should increase with successive write pulses,
reflecting synaptic weight strengthening. In the membranes, however, the conductance
rapidly decreases and saturates within two pulses (Fig. 5a), with no incremental growth. This
behaviour is inconsistent with potentiation and instead suggests a transient, non-
programmable response, likely linked to AgCl formation at the Ag/AgCl electrode. A similar
decreasing trend has been reported by Rafique et al.?* Similar monotonic decay is observed
during depression (Fig. 5b), and the system does not show any clear separation or adaptive
evolution between potentiation and depression, indicating that it does not reliably store or
update an internal state. In the retention measurement (Fig. 5c), slow conductance decay at
a small read bias (0.1 V) could superficially resemble short term memory, but in an
electrochemical context it is more naturally attributed to relaxation of the electrode-
electrolyte interface specifically, the decaying nature could be due to interfacial polarization
and dissolution of residual AgCl after bias removal. The endurance data (Fig. 5d) also show
distinct high/low states only for the first ~15 cycles, after which both states converge as the
Ag/AgCl interface approaches electrochemical equilibrium.

Overall, the consistently decreasing conductance trends in potentiation, depression, and
retention, are best understood as relaxation dynamics of the Ag/AgCl electrode-electrolyte
interface. While these decays can mimic signatures of short term (volatile) memory at the
measurement level, but they do not reflect programmable synaptic states through the
membrane itself.

4. Conclusions

We systematically tested a wide range of ion transport systems including micro-hole, porous
membranes, and 2D-nanochannels to distinguish intrinsic device driven memory from
electrode-induced artefacts. The micro-hole showed linear and symmetric /-V responses,
confirming the absence of memristive behaviour. In contrast, the PVDF and MCE membranes
displayed fingerprints of Chua’s signature of memory i.e., hysteresis pinching at the origin,
and frequency dependent area, yet their apparent memory signature vanished when the
Ag/AgCl electrodes were replaced with inert Pt or glassy carbon electrodes in two/three
electrode configurations. These results confirm that the observed hysteresis originates from
Ag = AgCl interfacial processes rather than any intrinsic modulation within the membranes.

For a device that shows memristive nature, its I-V response should remain independent of
electrode material. The 2D nanochannels show a stable and reproducible loops with low
current magnitude (nA range) for both Pt and Ag/AgCl electrodes which clarifies that the
memory arises through confinement. Unlike this, the porous membrane shows high current
(mA range), with saturation type clockwise loops that depend strongly on electrode material
and thus represent electrode driven redox polarization.

These findings highlight a simple diagnostic for fluidic memristors. Saturation type hysteresis
with large current in aqueous systems should first be checked for an electrode contribution
rather than assumed to be an intrinsic device property. A simple way to verify this is to repeat
the measurement with an inert electrode under the same conditions, if the loop disappears

10
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or changes shape, the effect is electrode driven. This simple control helps prevent electrode
artefacts from being misinterpreted as fluidic memristive behavior and SD%PPort’sew’ﬁHéeo”“”e

. . . . L 0.1039/D5FD00135H
development of reliable neuromorphic and nanofluidic architectures for brain like computing.
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