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Nanofluidic memristors promise brain-inspired information processing

withions, yet their microscopic origin remains debated. So far, ionic
memory has been attributed to ion-specificinteractions, dynamic wetting,
chemical reactions or mechanical deformations, yet typically without direct
experimental evidence. Here, by combining operando interferometric
imaging with electrokinetic measurements, we directly visualize
voltage-induced blistering of the confining walls of two-dimensional (2D)
nanochannels as the key origin of memristive hysteresis. We identify two
distinct classes of blisters: unidirectional, driven by electrostatic forces
onsurface charges, and bidirectional, arising from osmotic pressure
dueto concentration polarization. This mechanistic framework explains
device evolution and device-to-device variability, and reframes stochastic
blistering as a functional design element. Our results constitute a direct
proof of electromechanical coupling as arobust pathway to ionic memory
in 2D nanochannels and open routes towards high-performance ionic
memristors and electrically actuated nanofluidic valves.

Emerging phenomenain nanoscaleion transport under extreme con-
finement are a major interest of nanofluidics'?, both for the funda-
mental questions they raise and for their potential to enable novel
applications. In particular, striking nonlinearities such as hyperbolic
currents®, diode-like rectification*® and memristive hysteresis’ ™
have been experimentally observedin avariety of nanofluidic devices.
Memristive nanofluidic devices have attracted significant attention by
enabling neuromorphicnanofluidics, anew field aiming at processing
information with solvatedions, thereby mimicking the brain®*. In most
studies, the physical origin of nonlinear ion transport is rationalized
either through molecular simulations or through phenomenological
modelsinvolving ad hoc new physics in extreme confinement. By rely-
ing onidealized devices, these approaches often fail to capture the

experimentally observed devices’ stochasticity and evolution, which
is amajor obstacle towards the realization of reliable nanopore-based
technologies'®2°. Thus, operando imaging approaches are much
needed to complement ‘blind’ electrokinetic measurements and
uncover unambiguously the mechanisms of nanoscale ion transport.

Arecentstudy combined optical and electrokinetic measurements
to reveal the origin of ionic memory in highly asymmetric channels,
showing that voltage-induced mechanical deformations modulate
confinement and, consequently, device conductance?”. However, the
working principle of many other nanofluidic memristors remains an
open question. Intwo-dimensional (2D) nanochannels made by van der
Waals assembly for instance, it has been hypothesized thation-specific
effects such asionic pairing and polyelectrolyte formation were at the
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Fig.1| Operando microscopy of a2D nanochannel device and methodology.
a, Opticalimage of device 2 (two-layer graphene spacer) depicting the trilayer
stack of hBN-graphene-hBN on SiN, membrane with a ~3-pm x 25-pm microhole
and rectangular aperture separated from the microhole by a fixed length
defined as L. b, Schematic of operando measurement set-up wherein a water-
dipping objective is used to visualize the device dynamics while simultaneously
recording the ionic current. NA, numerical aperture. ¢, Representative
I-Vcharacteristics, namely overconducting (the dashed line represents the
theoretical current value), rectifying and two types of memristor (unidirectional
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hysteresis and bidirectional hysteresis), as observed and discussed in the text.

d, Image processing methodology for the quantification of voltage-induced
blisters from raw reflectance images. The VIC ¥(AV) is evaluated as the Michelson
contrast of the raw intensity images at rest 7(0) and under an applied voltage
n(AV).e, Contrast-height curves ¥(h;) for various t,,, and t,,. used in this study.
The highlighted red region shows the range of monotonic scaling between ¥(h;)
and hg. f, Blister topography extracted from d and e with typical values of blister
height and diameter.

root of ionic memory'>?>?*, However, a direct experimental proof'is
still lacking. Here, we combine optical thin-film interferometry and
electrokinetic measurements to directly observe the phenomenon
triggering memristive hysteresis in 2D nanochannels. We observe that
voltage-induced mechanical deformationslead to nonlineariontrans-
portin2D channels. We further identify the electromechanical effects
that explain these deformations through systematic characterization
and analytical modelling.

Design and correlative measurements of 2D
nanochannels
For the fabrication of 2D nanochannel devices, a modified version of
the fabrication process (Supplementary Fig.1) previously reported was
followed*?¢, wherein abottom hexagonal boron nitride (hBN) flake is
transferred ontoasiliconnitride (SiN,) free-standing membrane witha
~3-um x 25-pmmicrohole. A few-layer graphene flake patterned using
electron-beam lithography and dry etching serves as a spacer layer.
Supplementary Fig. 1c shows an atomic force microscopy image of
the spacer. A top hBN flake completes the trilayer stack, into which
arectangular aperture is dry etched to define the channel length,
L=5um. Importantly, the top and bottom thicknesses ¢, and t,,,
change not only the mechanical but also the optical properties of the
devices and had to be chosen carefully. The full details of the N = 14
devices measured in thisstudy are provided in Supplementary Table 1.
Our measurement set-up consists of a custom fluidic cell with a
top reservoir large enough to fit a water-dipping objective (Fig. 1b).
The device is observed via wide-field reflection imaging with quasi-
monochromatic normal-incidence illumination enabling the quantifi-
cation of the device topography by using thin-film interferometry”->.
lon transport is induced by applying a sinusoidal potential drop

AV(t) = AV, sin(2ift) with varying amplitude AV, and frequency facross
Ag/AgCl electrodes connected to a digital-analogue converter for
recording. The camerais triggered with the digital-analogue converter
tosynchronize optical and electrokinetic data (Supplementary Fig. 2).
In this study, we used aqueous solutions of KCl in various concentra-
tions from1mM to 1M as well as 1-M solutions of NaCl, LiCl and CaCl,
(Supplementary Fig. 6). Our coupled electrokinetic-optical investiga-
tionis motivated by the striking diversity of current-voltage character-
istics previously reported in nominally identical 2D nanochannels™**%,
Asillustratedin Fig.1c, theseinclude linear but overconducting traces,
strongly rectifying behaviours, and unidirectional or bidirectional
memristive hysteresis. Such variability is difficult to reconcile with
purely electrokinetic models, leading us to hypothesize that itinstead
originates from voltage-induced mechanical deformations that are
naturally diverse in their manifestation?.

Quantifying nanoscale deformations viaimage
voltage-induced contrast (VIC)

We found that the application of a voltage resulted in visible features,
namely liquid-filled blisters of nanoscale height A, and microscale
lateral extension. In this work, we introduce a methodology for the
quantification of the voltage-induced deformations of the device
(Fig. 1d) through the VIC ¥(AV), defined for each pixel as

n(Av) — n(0)

YAV = 2an + 10y

@

wheren(AV)istheintensity value for an applied voltage AV. This metric
canbe understood as the voltage-induced Michelson contrast and has
values between —1and +1. It depends on the thickness of all the layers
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Fig. 2| Origin of memory in 2D nanochannels. a,d, /-V characteristics of device
1(five-layer graphene spacer) in1 M KCl for a driving voltage AV(t) = AV, sin(2mft)
atafrequency f=100 mHz showinga transition fromalinear ion transport
phenomenon to memristive hysteresis. a, /-V characteristic for AV, =0.2V
showingalinearion transport regime with no hysteretic behaviourin the

curve. b, A corresponding snapshot of the rawimage at 0 V (i) and VIC images
capturedat+0.2 V (ii) and -0.2 V (iii) show no evidence of deformations or
blister formation within the nanochannel. ¢, Schematic image of the absence of
evolution of blisters in ananochannel device under applied voltage AV,=0.2 V.
d, /I-Vcharacteristic for AV, =1V showing a nonlinear ion transport regime

with hysteretic behaviour. Arrows indicate the hysteresis loop direction.

e, A corresponding snapshot of the raw image at 0 V (i) and VIC images showing
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evidence of deformations (circled in green) at +1 V (ii) and -1V (iii). f, Schematic
image of the evolution of blisters in ananochannel device under applied voltage
AV,=1V.Top leftinsetsin both /-Vplots (a,d): schematics of the device structure
withblisters, corresponding to the conduction behaviour. The black upward
arrow indicates the potential drop across the blister and the double-headed

red arrow indicates the voltage-dependent deformation. Bottom right insets:
the equivalent circuits, where R. and Ry are the channel and blister resistances,
respectively. In the nonlinear case, Ry(¢) is amemristor. The dashed red lines
inboth the /-Vgraphs represent the theoretical current obtained from the
theoretical conductance, calculated on the basis of the device parameters. Scale
bars, 5 um. Supplementary Video 1 presents the full dataind and e.

traversed by light, where each interface contributes to reflection and
propagation through each layer introduces adephasing, which canbe
calculated throughthetransfer-matrixmethod (Supplementary Note 5).
This enablesretrieval of h,, whichis the only parameter susceptible to
evolutionunder the application of a voltage. Our calculations showed
that for parameters used in this work the contrastincreases from zero
to positive values on blister formation (Fig. 1e). The layered structure
was determined by optical contrast on the exfoliation wafer, with
thicknesses known within a ~10-nm-wide window around target val-
ues, resulting in small contrast changes highlighted in Fig. 1e. Thus, we
primarily report the model-independent contrast ¥ throughout this
work, treating converted heights as order-of-magnitude estimates.

Ion transport nonlinearities originate from
voltage-drivenblister formation

We measured nonlinear current-voltage (/-V) characteristics as previ-
ously reported insimilar devices™?**, which we investigated with our cor-
relative approach. Varying the sinusoidal voltage amplitude AV, at high
salt concentration (1 MKCI) from 0.05Vto1V (SupplementaryFig.7),

we observed linear ion conduction at low voltage amplitude (Fig. 2a,
AV, < V,=0.2V).Althoughthe/-Vcharacteristicislinear, the measured
conductanceis several times higher than the expected theoretical value
(Fig.1c). Thisis evident from the raw image Fig. 2b(i), where areas with
different contrast are circled in yellow, identifying liquid-filled blis-
ters. This previously overlooked imperfect adhesion could resultinan
underestimation of the effective channel cross-section in addition to
the previously proposed contribution of interfacial hydroxide ions®. In
this regime of linear conduction, no significant VIC is observed at either
positive or negative voltages (Fig. 2b(ii), (iii)): blisters circled in yellow
inFig. 2b(i) are not voltage responsive (Fig. 2ainset). For larger applied
voltages AV, > V,, we observed the onset of nonlinearities including
memristive hysteresis (Fig. 2d), coinciding with the appearance of
blisters at high absolute value of the voltage (green circles, Fig. 2e).
Blister formation and/or enlargement inside the nanochannel area
have the effect of temporarily increasing the device’s cross-section,
thereby increasing its conductance. This shows the electromechani-
cal origin of the nonlinearity of the /-V characteristic. Crucially, the
strictly linear response observed in the absence of dynamic blister
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Fig. 3 | Spatiotemporal analysis of conductance jumps and device stochastic
evolution. a, Repeated /-V characteristics of device 2 (1M KCl at a frequency
f=10 mHz) exhibiting a conductance jump around -0.7 V, and the corresponding
rawimage at 0 Vand VICimages at +1V.b, VIC kymographs extracted along
thelines labelled ‘Left’ and ‘Right’in a, correlated with the conductance-time
trace. While many voltage-responsive blisters are present, this analysis enables
pinpointing of which blister opens the ionic path creating the conductance jump
effect. ¢, Consecutive /-V characteristics and corresponding images of the first

cycle for device 6, whichiincludes agold patch. The device exhibited hysteresis
that evolved over cycles, as shown by the non-overlapping characteristics.

d, VIC kymographs extracted along the yellow and red lines in ¢, showing the

two voltage-responsive regions of the device. Both react to voltage in a stochastic
manner, and together ROI1and ROI2 account for all conductance variations
observed in the time trace. The time colour codes of the /-V characteristics
match therespective conductance time traces. The dashed linesin panelsbandd
indicate individual voltage cycles. Scale bars, 5 pm.

deformation (Fig. 2a) implies that active structural evolutionis required
for hysteresis (Supplementary Discussion).

Blister stochasticity explains ion transport
anomalies and evolution

We applied our correlative approach to devices exhibiting /-V char-
acteristics of different shapes, to investigate their distinctive features
and localize the device regions responsible for the nonlinear response.
Device 2 (Fig. 3a) exhibits a repeatable conductance jump (+50% over
<1s)around-0.7 V. VIC kymographs (Fig. 3b) trace this jump precisely
to astructural change at blister 2n (brown arrows). This directly links
local confinement changes to macroscopic device conductance,
explaining 2D slit conductance jumps not captured by ion-specific
phenomenological models. Additionally, the top left blister 20 has a
negative VIC for the part thatis not covered by the top layer, inaccord-
ance with calculations (Supplementary Fig. 5). Blisters may thus not
only formbetween top and bottom layers but also between the bottom
layer and the SiN,membrane (Supplementary Fig. 8a), contributing to
the observed conductance changes alongside blister 2p.

We also examined irreversible conductance evolutionin device 6
(Fig. 3c), whose four cycles produce non-overlapping /- V characteris-
tics (its large ON/OFF ratio of 50 highlights the neuromorphic poten-
tial of 2D slit blistering). VIC images revealed two voltage-sensitive
regions ROI1and ROI2 corresponding to the formation of blisters with
anegative VIC, aresponse expected for the gold-patched nanochan-
nel device geometry; negative VIC upon blister formationis expected

for this particular device geometry, used in previous studies''**®
(Supplementary Fig. 4). Note that the irreversible changes reported
here were also observed in devices without this gold patch, and con-
versely gold-patch devices were not all prone to irreversible evolu-
tioninsimilar experimental conditions. Kymograph analysis (Fig. 3d)
cleanly decomposes the device’s complex, stochastic conductance
trace into the discrete contributions of ROI1and ROI 2. In particular,
when the blister in ROI1skips the fourth cycle, the conductance does
not increase as for the first three cycles in the corresponding time
window. Likewise, the abrupt conductance jumps identified with the
brown arrows coincide precisely with abrupt VIC jumps of ROI 2. For
gold-patch devices (Fig.3c,d and Supplementary Fig. 8c), we found VIC
values not exceeding 0.1in absolute value, which indicates deforma-
tions under -5 nm (Supplementary Fig. 4).

By comparing the two aforementioned devices, we conclude thata
highly repeatable /-Vcurveis the consequence of astableblister land-
scape. This voltage-driven blistering phenomenology revealed through
our correlative measurement approach thus explains the conduction
anomaliesindevices1-3 and the other 11 devicesreportedin this work.

To further characterize these deformations, we next examined
how individual blisters respond to the polarity of the applied voltage.
This directionality analysis revealed two distinct response types: blis-
ters that expand at both voltage polarities (device 1, Fig. 4a, shown in
Supplementary Video 1) and blisters that expand only under one polar-
ity (device2, Fig.4b,shownin Supplementary Video 2). This distinction
already points to different underlying driving forces, which we explore
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Fig. 4 |Imaging reveals two types of voltage-responsive blister. a, VIC images of
devicelat+1V (1 MKClatf=100 mHz), showing near-symmetric deformations
for positive and negative voltage. b, VIC images of device2at + 1V (1M KCl at
f=100 mHz), showing unidirectional deformations for positive voltage only.

¢, VIC time traces of device 1taken at the ROIs highlighted in a, and the conductance
trace, whichincreases regardless of the sign of the voltage forcing. d, VIC time

traces of device 2 taken at the ROIs highlighted in b, and the conductance trace,
whichincreases only at positive voltages. e, The ¥~V characteristics of the ROIs,
showing a bidirectional pattern. f, The ¥~V characteristics of the ROIs, showing
aunidirectional positive pattern. The dashed vertical lines in cand d indicate
individual voltage cycles. Scale bars, 5 pm.

more quantitatively in the following sections (corresponding /-Vin
Supplementary Fig. 9). The VIC time traces of the blisters circled in
Fig.4aarepresentedin Fig. 4c. We find that, just like the conductance
time trace, all three VIC traces consistently increase at both positive
and negative voltages. In contrast, for device 2 the VIC and conduct-
anceincreases occur only at positive voltages while no blister forms at
negative voltages (Fig. 4d). This directionality analysis can be visualized
through contrast-voltage (¥-V) characteristics: for device 1, all three
blisters had bidirectional ¥~V characteristics (Fig. 4e), while all three
blisters of device 2 had unidirectional positive ¥-V characteristics
(Fig. 4f).Supplementary Fig.10 shows the conductance versus VIC for
bidirectional (device 1) and unidirectional (device 2) hysteresis, respec-
tively. Additionally, unidirectional blisters of Fig. 4f exhibit different
threshold voltages for blister formation: blister 2i forms at near-zero
voltage, while blister 2j and blister 2k form around +0.25 V. Once this
voltage threshold is overcome, the blister VIC evolves progressively to
amaximum value that corresponds to the maximum blister height of
the order of 5-25 nmaccording to Fig. le.

While these two devices exhibit uniform blister directionality, we
also observed hybrid cases featuring amixture of bidirectional and uni-
directional blisters (SupplementaryFigs. 6 and 17), which yield complex
asymmetrical /-V characteristics. This phenomenological diversity
extends to the dynamics and retention of these electromechanical
deformations. Frequency-dependent measurements revealed that
both the macroscopic /-V hysteresis and individual blister loop areas
decreasewithincreasing driving frequency (Supplementary Figs.12-15).
Crucially, by monitoring the structural state of the channels at the
zero-voltage crossing during these sweeps, we uncovered the physical
origin of memory retention. While the majority of deformations are
purely volatile and collapse fully at 0 V, particularly at higher driving

frequencies (Supplementary Fig. 17), a specific subset of blisters sus-
tains anon-zero structural deformation even after the bias isremoved
(Supplementary Fig. 16). These non-volatile states emerge primarily
at lower frequencies for device 2 (10-30 mHz), where unidirectional
blisters have sufficient time to grow and reach the large-scale defor-
mations required for memory retention (Supplementary Fig.17a,b).
To quantitatively characterize the electromechanical landscape
underlyingionic memory, we systematically analysed voltage-induced
blister dynamicsacross multiple devices (N =9). Figure 5aillustrates the
extraction of two descriptors from correlative measurements fromthe
time traces of the VIC ¥(¢) and the normalized conductance variation
8G(t) = (G(t) = Grin)/ (Grnax — Gin)- First, to quantify the directionality of
blister expansion under each voltage polarity, we compute the sym-
metry ratio S = A1/ Ajarges Where A and Ay, are the areas under the
blister’s VIC trace ¥(¢) integrated over each half-cycle of the applied
voltage. This ratio measures whether blister expansionis bidirectional
(§=1)orunidirectional (§ « 1). Second, the contrast-conductance cor-
relation C=(6G(t) x ¥(t)) quantifies how strongly blister VIC covaries
with normalized conductance. Applying these metrics to all blisters
(N =50 across nine devices), we show in Fig. 5b that the symmetry
ratio clusters cleanly into two populations: unidirectional blisters and
bidirectional blisters. By contrast, the correlation Cdisplays abroader
spread, reflecting that the impact of a single blister on conductance
depends not only on its underlying mechanism, but also on its loca-
tion within the channel and on the presence of other active blisters in
the same device. High Cvalues nevertheless identify instances where
specific blister dynamics dominate conductance, consolidating the
causal link between local electromechanical activity and memristive
ion transport. Finally, mapping the spatial distribution of blisters
across devices (Fig. 5c) reveals their stochastic nature: they nucleate
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Fig. 5| Statistical analysis of blister dynamics and correlation withion
transport. a, Example trace of §G and ¥ for blister 2g, illustrating the definition
0f § = Agan/Ajarge and the time-averaged overlap between VIC and conductance
C=(8G x W).b, Scatter plot of Cversus S for all blisters analysed in hBN devices
(N=50blisters from nine devices). Two populations emerge: unidirectional

(§ <1)and bidirectional (§ = 1). ¢, Spatial distribution of blister positions relative
to the aperture centre, overlaid for all devices. All locations were collapsed into
one quadrant owing to the device’s double axial symmetry. Blister coordinates
are givenrelative to the black cross at the bottom left, indicating the aperture
centre. See Supplementary Fig. 23 for the full C-S plot with error bars and
exhaustive blister positions.

unpredictably throughout the active region without globally preferred
sites. Bidirectional blisters are consistently found on sites contributing
totheion path, whereas this is not strictly required for unidirectional
ones (Supplementary Fig. 23¢). This spatial and morphological sto-
chasticity explains the strong device-to-device variability and temporal
evolution (Supplementary Figs.18-20) innominally identical channels,
highlighting stochastic blistering as the unifying origin of the diverse
memristive behaviours observed in 2D nanofluidics.

Theoretical modelling of the observed
deformations
Having shown thation conduction nonlinearities arise fromblister (de)
formationbetween the layers of the 2D nanochannels, we modelled this
system to identify the source of these electromechanical effects. We
first estimated the pressure required to produce the observed deforma-
tions by deriving the full energy balance of blister formation®, includ-
ing theadhesionenergy "of hBN on the spacer, the elastic (stretching™)
energy of the deformed layer and the work of the pressure force (Fig. 6a;
details in Supplementary Note 7.1). Larger blisters are energetically
favoured, butin practice their size is limited by the channel region, giv-
ing the experimentally observed radii R =1-2.5 um. The corresponding
detachment pressure P.needed to cross the adhesion barrier is given by
N @, tL)1/4(8F)3/4
P~ 3R 2
where Y| is the in-plane Young’s modulus of hBN and ¢, the thickness
of the deformed layer. While symmetric hBN devices (devices 1-4)

prevent us from localizing the blister interface, asymmetric designs
clarify these locations. We confirmed blisters between top and bottom
layers using opaque graphite bottom layer (devices 9,10 and 14), and
demonstrated the possibility of blistering between the bottom hBN
layer and SiN, substrate by imaging bare hBN flake on SiN, indevices 12
and 13 (Supplementary Fig. 21). Once this threshold is crossed (P> P,),
adhesion no longer applies and blister height follows

1/3
3PR*
o= (35 ¥

Experimental data correspond to typical nanofluidic pres-
sures (-1 bar)*?>?, but attaining P, requires a I” two orders of
magnitude below its maximal value on pristine hBN/graphene
interfaces (I',,,, = 150 mJ) m2)**. This reduced adhesion could reflect
nanometre-thin hydrocarbon films persisting on2D surfaces even after
annealing, known to lower interfacial adhesion and to be remodelled
in fluidic environments® . Consistent with this, our annealed device
(Supplementary Fig. 11a) still showed blistering, indicating that the
controlling factor is not dry-state cleanliness, but rather how the inter-
face evolves in solution under applied bias. Adhesion is nevertheless
crucial, asit may explain the memory effect (Fig. 6b): the barrier must
be overcome by a growing blister but does not apply to a receding
one, which simply follows equation (3). We thus predict that blister
height, and hence conductance, exhibits hysteresis during a voltage
cycle,smoothed both by disorderinthe adhesionlandscape and by the
dynamics of blister filling. We further predict this hydrodynamic effect
tosuppressthe memory at frequencies above ~-100 mHz, as the blister
no longer has time to grow (Supplementary Note 7.1.5). Regarding the
source of the detachment pressure, we identified two phenomena
that can supply it, yielding either a bidirectional or unidirectional
voltage response.

Inthe first model, we considered the in-plane electric field along
the channel of uniform negative surface charge X (Fig. 6¢). The Dukhin
number Du =|2|/ec,h = 0.2is modest at1 M butincreases at lower con-
centrations, and its coupling with the strong potential drop e AV/
k;T=40 for AV=1V suffices to generate significant concentration
polarization (Supplementary Note 7.2)*®. Indeed, cations dragged along
the channel by the field produce a salt overconcentration on one side
and depletion onthe other. Couplingionictransport tothe electric field
setbythelocalionicresistivity, we predict the salt concentration profile
(Fig. 6d), whose average always exceeds the equilibrium concentration.
This extrasalt generates an average osmotic pressure between channel
and reservoir, pushing the top layer upwards:

Du |ZjeAV?
Posm = T3 Bu 96 hky T @

WithX=-30mCm™, h=3nmand c,=1M, this predicts osmotic
pressures up to 4 bar (refs. 28,39,40). Since the overpressure occurs
regardless of the sign of AV, this model yields bidirectional memristors,
whose height over avoltage cycle (Fig. 6e) compares well with those of
experimentally observed blisters (orange). Substituting equation (4)
into equation (3) further predicts hi; < AV?> once adhesionis overcome,
consistent with experimental data (Supplementary Fig. 24a).

Inthe second model, we considered the out-of-plane electric field
(E,). Due to the device geometry, field lines not only run along the
channel butalso crossthe top and bottom layers (Fig. 6f). The surface
charges at the interfaces are thus pulled in the normal direction, for
which they are weakly screened (¢*, = 2.1), unlike their counter-charges
surrounded by water (¢, = 80) (Fig. 6g)*". Under applied voltage, the
surface charge theninduces an electrostatic pressure on the wall (Sup-
plementary Note 7.3):
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indicates the direction of the cycle and the numbers refer tob. The orange
crosses correspond to the experimental data of blister 1b (Fig. 4), for which we
used an effective R =1pm and fitted an effective /=1.5mJm?and X =-16 mCm ™
f, Sketch of the device with electric field lines crossing the top and bottom layers
and pulling surface charges. g, Zoom on a surface charge and its counter-charge.
While the counter-charge is surrounded by water molecules efficiently screening
theion (e,), the surface charge is only weakly screened in the normal direction
(', < ¢,), resulting ina stronger electrostatic force acting on surface charges
than on counter-ions. h, Prediction of blister height and the corresponding
contrast as a function of the voltage ina cycle. The arrow indicates the direction
ofthe cycle and the numbers refer tob. The orange crosses correspond to the
experimental data of blister 2i (Fig. 4), for which we used an effective R =1.5 pm
and fitted an effective/=4.1mJm2and X =-22mCm™
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With X =-30 mC m, this predicts electrostatic pressures up to
3 bar. Here, the force direction depends on the sign of AV: generating
ablister on the top layer requires an upward force, corresponding to
positive AVfor anegative surface charge. AsshowninFig. 6h, this elec-
trostatic pressure thus produces positive unidirectional memristors,
again comparing well with experimentally observed blisters (orange).
Inthis model, channel height instead scales as i, =< AV, also consistent
with experimental data (Supplementary Fig. 24a).

Independent of the mechanism, our models predict a strong sensitiv-
ity to surface charge, which is corroborated experimentally by varying
salt concentration (Supplementary Fig. 22)**°, While previous work”
reported the formation of micrometre-scale blisters (that canbe rational-
ized as unidirectional positive), we observe here much smaller and more
diverse deformationsin 2D nanochannels. The majority of unidirectional
blisters form at positive voltages as in Fig. 4f, but we also found occur-
rences of negative unidirectional blisters such as the one presented in
Fig. 5a and Supplementary Fig. 11a. We attribute this variability to the
complexity of the layered structure and the possible local variations in
the surface charge landscape. This points toarichand device-dependent
phenomenology that has probably been overlooked on other nanofluidic
platforms. These results demonstrate that, to fully capture the physics
of nanofluidic transport, we must consider not only the forces acting on
the confined molecules but also those exerted on the confining walls.

Outlook and conclusion
In summary, voltage-induced mechanical blistering drives current-
voltage hysteresis and ionic memory in 2D nanochannels. Physical

deformation acts as the primary state variable for the observed mem-
ory, overriding purely ionic effects (Supplementary Discussion). The
stochastic nature of these deformations explains device variability
and evolution, and probably extends to other nanofluidic architec-
tures. Two electromechanical pathways generate sufficient stress to
overcome van der Waals adhesion: osmotic pressure from concen-
tration polarization and electrostatic forces on surface charges. The
assumption of static confining walls does not hold at high voltages,
revealing anintrinsic coupling between mechanics and transport that
parallels the conformational gating of biological ion channels*%. By fully
accounting for these behaviours, our approach provides the basis for
overcoming variability challenges, a necessary step towards reliable
nanofluidic technologies.

By rationalizing the behaviour of all measured devices, our cor-
relative approach calls for the widespread use of operando imaging to
understand nonlinear nanoscale ion transport and reassess previous
conclusions. Because purely ionic memory mechanisms wouldinduce
minute refractive-index variations (<1%), resulting signals would prob-
ably fall below our technique’s detection limit, contrasting with its
pronounced sensitivity to structural deformations. To address this,
complementary operando imaging approaches could be employed
in systems lacking mechanical distortions. For ultrasmall architec-
tures such as nanotubes or biological nanopores, single-molecule
super-resolution microscopy is a promising strategy. Beyond imaging,
controlling nanofluidic blisters viamechanics and interfacial chemistry
provides concrete design principles for ionic memory (for example, by
deterministic placement of nanofabricated low-adhesion zones***).
On this basis, high-performance nanofluidic synapses integrated into
large-scale liquid circuits become a realistic prospect for advanced
ionic computing.
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