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lon and Solvent Dynamics in Charged 2D Clay Nanoslits
with Unprecedented Angstrom-Precise Slit Height Control

Max Stevenson, Sandra Pappler, Leonie Kanzler, Agsa Nisar,

Jepsinraj Kakkuzhiyulla Parambath, Markus Rosenstihl, Flora Lebeda, Sebastian Weif3,
Georg Papastavrou,™ Michael Vogel,* Jiirgen Senker,* and Josef Breu*

_Nanoconfinement by layered silicates has been claimed to deliver superionic
conductivity as needed for many electrochemical applications. Unraveling
governing principles of solvent and ion dynamics within charged 2D
nanochannels requires A-precise slit height control. This work addresses
existing experimental limitations utilizing synthetic fluorohectorite, known for
its superb homogeneous charge distribution, high aspect ratio (> 20,000),
and spontaneous delamination by 1D-dissolution. This triad of properties
enables an A-precise slit height control of monodomain Bragg stack
membranes over a wide slit height range (5-100 A) while offering a variable
and high surface charge (0.17-0.24 C m—2). A concerted characterization
applying electrochemical impedance spectroscopy (EIS), colloidal-probe
atomic force microscopy (CP-AFM), pulsed- and static-field gradient nuclear
magpnetic resonance (PFG- and SFG-NMR), assisted by molecular dynamics
(MD) simulations, revealed in-depth insights: The maximum conductivity (0.2
S m~) is observed at a confinement of 15.1 A, where aside of the two
Helmholtz planes (HP) attached to the confinement walls a diffuse layer (DL)
exists. Independent of the surface charge, the vast majority of Li* is strongly
bound by electrostatics and hydrogen bonding of the first hydration shell to
the anionic walls. Regardless of the slit height and electrolyte concentration,
conductivity is governed by the Li* balancing the surface charge.

1. Introduction

processes.'?! Understanding, controlling,
and optimizing individual selective ionic
and molecular transport mechanisms
enabled rapid advancements in various
technological sectors such as electrochemi-
cal energy storage,!'”! energy conversion,!!]
energy harvesting,'?l  bio-sensing, /1314
water purification,[’® and molecular/ion
sieving."®!  Particular research interest
has been dedicated to the governing
principles of superionic conductivities
within nanochannels of 2D materials.[718]

A plethora of synthesis and prepara-
tion routes for nanostructured 2D materi-
als have been explored over the years.[1920]
However, they typically lack either 1) vari-
ability and tunability or 2) scalability. The
approaches limit systematic variations of
governing parameters that are key to a
deeper understanding. The crucial parame-
ters governing the angstrom and nanoscale
transport of ions and molecules within
these nanochannels?'2] are 1) the slit
height, 2) the charge density of the con-
fining surfaces, 3) the ion type and va-
lency, 4) the solvent, and lastly 5) the
ionic strength of confined electrolytes.

The principles of ion and solvent mobility in confinement are
well-founded in their theoretical concepts.|

24251 However, exper-

Nanopores and nanochannels of different dimensionalities (0D,
1D, 2D, and 3D) are vital in various biological and technological

imental confirmation is still incomplete. The most precise con-
trol for experimental confinement parameters is achieved with a
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Top-Down fabrication of individual nanochannels by assembling
two coplanar surfaces pillared to desired distances.?®! This ap-
proach was optimized over the years to A-precision!?’] but is re-
stricted to uncharged or low-charged 2D materials (Graphene,
hBN, MoS,). Moreover, as only individual channels are mea-
sured, the signal-to-noise ratio of conventional characterization
techniques represents a severe challenge.

Bottom-up formation of nanochannels is a less sophisticated
and more common experimental approach, where dispersed
mono- and multilayer nanosheets are self-assembled into mem-
branes with approximately coplanar arrangement.”®! This ap-
proach offers the advantage of simultaneously generating a large
number of channels, albeit less ordered. A variety of 2D materi-
als (vermiculites, GO, MoS,, MXene, LDHs)[2-33] have been uti-
lized with applications like water purification,['*] osmotic power
generation,3*] or battery separators!*¢! in mind. The downside
of this approach lies in the lack of control over the height of the 2D
building blocks. With multilayer nanosheets of different thick-
nesses, the height of the self-assembled slits will vary. Uniform
slit heights require suspensions of mutually repelling monolay-
ers with subsequent membrane self-assembly. Once these are as-
sembled, the slit height must be controlled by incorporation of
pillars or by solvation (swelling).37:38]

Strictly monolayers are only obtained by thermodynamically
driven, spontaneous delamination of ionic 2D materials. This
process is referred to as 1D dissolution.[**] As the number of lay-
ered materials that can be delaminated by 1D dissolution steadily
increases, a modular toolbox has become available to fabricate
membranes with utter confinement control. For these materi-
als, delamination is driven by the electrostatic repulsion of ad-
jacent layers, and nematic liquid crystalline suspensions are ob-
tained. The separation of the coplanar nanosheets is controlled by
the volume ratio of nanosheets and the dispersant, and the ionic
strength. Separations up to the Debye length represent Wigner
crystals, where repelling individual nanosheets are kept in a 1D
crystalline arrangement of coplanar nanosheets. When fabricat-
ing membranes from these nematic suspensions, monodomain
Bragg stacks are obtained. The separation of the nanosheets in
these monodomains may easily be tuned over a substantial range
by adding various amounts of swelling solvents/electrolytes to
the Wigner-type monodomain.

Here, we fabricate such Wigner-type, monodomain Bragg
stack membranes with nematic suspensions of lithium fluoro-
hectorite [Li, ™" [Mg,, Li ]°*[Si,]*'O,,F, (Li,Hec, x = 0.5 or 0.7),
which were obtained by ion exchange from the Na,Hec (Figures
S1-S4, Supporting Information).

Swelling the membranes with different aliquots of aqueous
dispersant produces nanoconfinements ranging from 2 to 250 A.
Moreover, the number of slits of a dried membrane of 50 ym
thickness is 50000. Slit heights within the membrane are uni-
form and can be controlled with A-precision, easing the prob-
lem of signal-to-noise ratio. Mobility in confinement may thus
be measured for bulk samples instead of individual channels.
The ionic conductivity across varying confinements was mea-
sured by electrochemical impedance spectroscopy (EIS) and com-
pared to pulsed- and static-field gradient nuclear magnetic reso-
nance spectroscopy (PFG-/SFG-NMR). The latter, moreover, al-
lows studying the degree of displacements for Li* and water
molecules and their correlated transport. Additional insights into

Adv. Funct. Mater. 2025, 15706 e15706 (2 Of13)

www.afm-journal.de

local dynamics were obtained through NMR lineshape analysis
and longitudinal relaxation time measurements. Molecular dy-
namics (MD) simulations further modeled ion and solvent be-
havior, while colloidal probe atomic force microscopy (CP-AFM)
characterized the diffuse properties of the nanosheet surfaces.

2. Results and Discussion

2.1. Fabrication of Membranes and EIS Characterization

Fluorohectorite, a 2:1 layered silicate, was obtained through melt
synthesis and subsequent long-term annealing, which ensures a
uniform charge density.[***!l The very large platelet diameter of
the pristine crystals (Figure 1a) transforms into huge aspect ratios
upon delamination into monolayer nanosheets (1 nm thin).

Upon casting the randomly oriented nematic liquid crys-
tal domains (Figure 1b) on a planar substrate, membranes of
overlapping perfectly parallel aligned nanosheets are produced
(Figure 1c). The excellent 1D crystallinity is reflected in an X-ray
diffractogram (Figure 1e) that resembles a single-domain diffrac-
tion pattern. As swollen Wigner-type Bragg stack membranes
slowly evaporate water at the surface, gradient materials will be
obtained if measured without a gas-tight container. The container
must allow for small-angle X-ray diffraction (XRD) in Bragg-
Brentano geometry to determine the exact slit height, confocal
laser-scanning microscopy (CLSM) to determine the membrane
thickness, and EIS to measure the ionic conductivity. To meet
these requirements, a purposely constructed in situ cell was used
(Figure 1d). The cell was carefully and tightly sealed with high
vacuum grease to prevent water evaporation, and the slit height
was cross-checked with XRD before and after all measurements,
to assure a stable and reproducible slit height during measure-
ments (< 8 h).

The slit height (Figure 1le) is determined from the 00l-series
observed for the Bragg stack membrane. The periodicity in the
stacking direction comprises the thickness of the 2:1 silicate
monolayer (~10 A) and the slit containing solvated cations and
water molecules. Narrow slits with a slit height of 2.4 and 5.6 A
are produced by equilibrating the membranes at relative humidi-
ties of 43% and 95%, respectively. The slit dimensions correlate
to the kinetic diameter of a water molecule (2.68 Al*2%}]) and
can only be varied in steps of integral numbers of “water lay-
ers” (WL). Homogeneity of the charge density is a prerequisite
for uniform swelling with water. Melt-synthesized Li, Hec allows
for achieving slit heights corresponding with up to 6 WL (2.4,
5.6, 8.5, 11.8, 15.1, 18.2 A) (Figures S5-S7, Supporting Infor-
mation). In this range, distinct steps of slit confinement are ob-
served. The 00l-series is highly rational, indicating that each slit
has the same height with perfect translational periodicity across
the domain. As already reported by Israelachvili and Pashley,*!
at higher swelling commencing at 7 WL (> 21.4 A), the repulsion
of adjacent nanosheets apparently is no longer strong enough
to strictly determine the number of water layers in individual
confinements. Some slit heights then randomly vary by one wa-
ter layer; consequently, the X-ray beam averages over the varying
periodicities in a number-weighted fashion. As a result, the ap-
parent slit height appears to shift in a quasi-continuous manner
rather than in discrete, stepwise increments (Figure S7c, Sup-
porting Information). Moreover, these randomly interstratified
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Figure 1. Schematic representation of material processing. Membranes with coplanar aligned nanosheets of fluorohectorite were prepared by sponta-
neously delaminating a) micron-sized platy crystals into a b) birefringent nematic suspension of coplanar 1 nm thick nanosheets. The nematic suspen-
sion is degassed, solvent cast, and dried to obtain c) textured monodomain Bragg stack membranes of 50 um thickness, typically comprising 50000
nanosheets/slits. Picture of the macroscopic membrane (top) and transmission electron micrograph (TEM, bottom) of the cross-section of such a
membrane. Individual nanosheets are highly flexible and close the gap caused by an ending nanosheet within a few nanometers. Due to the large aspect
ratio of overlapping nanosheets, these local defects are scarce and may be neglected for the bulk properties of the membrane. d) Homemade in situ cell
setup consisting of a bottom compartment with water reservoirs to maintain 100% r.h., an interdigitated electrode (IDE) with a finger width and distance
of 500 um for EIS measurements, a 50 um thick Lig 5 o ;Hec membrane, Kapton foil closed side windows for small-angle Bragg-Brentano geometry XRD
measurements of up to 10° 26, and a top component with a transparent glass slide for CLSM membrane thickness measurements. e) XRD patterns of
different degrees of Lig sHec hydration and the respective slit heights. f) Exemplary EIS measurements of the hydrated Liy sHec samples. Refinement
was performed with the depicted circuit diagram. The refined diameter of the semicircle was the ionic resistance.

defects in the periodicity cause a substantial reduction of peak
intensities and a peak broadening. The membrane thickness ob-
tained after swelling was measured as the height difference of
the electrode substrate with the membrane surface via CLSM
(Figure S8, Supporting Information). EIS (Figure 1f; Figure S9,
Supporting Information) was applied for monodomain Bragg
stack membranes on an interdigitated electrode (IDE, Figures
S10-S13, Supporting Information) in the frequency range of 102-
10° Hz with an excitation voltage of 10 mV to determine ion con-
ductivity. The data was refined with a simple electrical circuit
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using “RelaxIS”. The circuit is a variation of a Randles circuit.
It consists of a resistor (Re,y.), in series with a parallel resistor
(Ry;;) and a constant phase element (CPE;, ), and in series with
one last constant phase element (CPEg. 1040)- Reapre 1S 110t the so-
lution resistance, but the cable connection, which ranges from
0 to 200 Q depending on the crocodile clamp positioning. The
parallel R;;, and CPE,,, refer to the ionic process, with the fitted
diameter of the semicircle R;, as the Li* conductance (S) of the
membrane. Lastly, CPEp.,.q. 1S the capacitive blocking electrode
interface.
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Figure 2. Conductivity as a function of slit height for a) two different layer
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charges Li,Hec (x = 0.5/0.7) swollen with bidistilled (bidest.) water, as well

as LigsHec swollen with an aq. 10 mm LiCl electrolyte. b) Liy sHec swollen with aqueous electrolytes of varying LiCl concentration (0.1-100 mm). c)
Close-up of the initial hydration steps of Liy sHec swollen with bidest. water. d) Conductivity of electrolytes as a function of varying LiCl concentration
(0.1-100 mm). Markers with error bars indicate averaged values and the respective standard deviation of at least five values of the same slit height.
Dashed horizontal lines indicate the conductivity of aqueous electrolytes with the respective LiCl concentration.

2.2. Conductivity as a Function of Slit Height

Combining the results of the three techniques (XRD, EIS, and
CLSM) allows the determination of the conductivity (S m™!) as
a function of variable slit height. The experimental section and
the Supporting Information discuss the analysis of EIS data,
CLSM measurements, and the resulting conductivity calculation
in more detail.

The slit-height-dependent conductivity (Figure 2a) while
swelling with bidistilled (bidest.) water was determined for two
different layer charges (Li,sHec, 0.17 C m~2, 2.2 Li* nm~?%; and
Li,,Hec, 0.24 C m™2, 3.0 Li* nm2). The layer charges were de-
rived from unit cell parameters and composition (Section S2.4.2,
Supporting Information). Control of the slit height relies on the
Wigner crystal nature of the membrane. When the charge den-
sity is increased above 0.24 C m~2, the Coulomb attraction leads
to a collapse of the slits, as the repulsive interaction at the base
of the Wigner crystal is turned attractive. Thus, 0.24 C m~2 is the
upper surface charge density limit for slit height control of the
fluorohectorite. Literature reported increased conductivity with
increasing surface charge density.[2***] In the same line, theoret-
ical modeling!®*! predicted a 40% increase in conductivity with
increased charge density. Contrary to these reports, we found the
absolute conductivity and its trend to be identical within experi-
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mental error for the two different layer charge densities. As the
slit height increases, the conductivity rises from 0.02 S m~! ata
slit height of 5.6 A to a maximum of 0.2 S m~" at 15.1 A (5 WL)
(Figure 2c). This maximum is followed by a plateau of slightly but
insignificantly lower conductivity as the slit height is further in-
creased up to 90 A, where the conductivity was found to be 0.15 S
m~!. Only for very dilute suspensions of randomly oriented ne-
matic domains with 1 wt.% (180 nm slit height) and 0.1 wt.%
(1800 nm slit height), much-reduced conductivities of 0.025 S
m~! and 0.003 S m~! were found, respectively. Both these dilute
suspensions are way out of the Wigner crystal regime.[*!

The initial steep increase in conductivity is in accordance with
observations reported for other swelling 2D materials, such as
clays* and Li,4Sn,4S,.[*”) The high conductivity of 0.2 S m™
within the slits, which is substantially higher than the measured
conductivity of bidest. water (20 uS m™'), is also in accordance
with theoretical models and experimental observations for ion
transport in charged nanochannels.[2+2°]

Swelling the membranes with aqueous electrolytes of vary-
ing LiCl concentration (0.1-100 mwm) (Figure 2b,d) gave the
same dependency on slit height and the same conductivity
at a given slit height regardless of the electrolyte concentra-
tion. This independence of concentration was surprising, as
previous reports suggested a linear increase of conductivity

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Fitted DL potentials as a function of electrolyte ionic strength for two different layer charges of a) Liy s Hec and b) Liy ;Hec. Blue dots correspond
to the averaged measurements at a single spot. Black diamonds indicate the mean DL potential for each ionic strength. The dashed line represents a fit

to the Grahame equation, relating the DL potential to ionic strength.

resembling bulk electrolyte behavior at electrolyte concentrations
(> 10 mm).[2629303244] For hoth charge densities, the externally
added Li* from the electrolyte is orders of magnitude lower than
the slits intrinsic concentration of Li* required to balance the sur-
face charge of the anionic hectorite nanosheets. A more detailed
discussion will be provided in Sections 2.6 and 2.7.

2.3. Diffuse Layer Properties by Direct Force Measurements

The charge density of the nanosheets and, hence, the number of
Li* interlayer cations balancing this charge can easily be varied
by increasing the degree of isomorphic substitution of octahedral
cations. Going from Li; s Hec to Li,,Hec increases the total num-
ber of interlayer Li* by 40%. At the same time, this increase in
charge density of the confining silicate walls will severely influ-
ence both the distribution of Li* across the slit and their mobility.

The diffuse layer (DL) properties, and thus the ion distri-
bution in LijsHec and Lij,Hec in Li*-containing electrolytes,
can be probed by direct force measurements (Figures S14 and
S15, Supporting Information) using the colloidal probe tech-
nique based on atomic force microscopy.l¥’*"! The correspond-
ing measurements were performed in aqueous LiCl solutions
of varying ionic strengths. The experimental force-distance data
were evaluated by fitting the full solutions of the Poisson—
Boltzmann equation using the constant regulation approxima-
tion, allowing extraction of the diffuse layer potential (y), the
regulation parameter (p) (Figure S16, Supporting Information),
and the Debye length (x~!).5052] These values were then used
to calculate the diffuse layer charge density (o) via the Gra-
hame equation, which relates the DL potential to the ionic
strength.

Figure 3a,b shows the fitted DL potentials as a function of ionic
strength for two different layer charges of Li,;Hec (0.17 C m™2)
and Lij,Hec (0.24 C m™?). Further details on the interpreta-
tion of force-distance data, the Poisson—Boltzmann analysis, and
the application of the Grahame equation are provided in the
Supporting Information. By fitting the Grahame equation over
the full range of ionic strengths,’'%2] DL charge densities of

Adv. Funct. Mater. 2025, 15706 e15706 (5 Of13)

6p. = (296 + 0.16) x 107> C m~2 for Li,;Hec and op; =
(3.12 + 0.11) x 10* C m~? for Li,,Hec were obtained.

The direct force measurements by AFM indicate that Li; ;Hec
and Li,,Hec have a comparable diffuse layer potential. This ob-
servation can be attributed to differences in specific ion adsorp-
tion within the inner and outer Helmholtz planes (IHP and
OHP), which contribute to the overall DL charge density and
may vary with surface charge. In the context of the Lit distri-
bution within hectorite slits at slit heights > 2 OHP, one may
conclude that although Li, ;Hec hosts a higher total ion concen-
tration, a larger fraction of these ions is less mobile within the
[HP and OHP than in the diffuse layer. The ratio of diffuse layer
charge density to nominal surface charge density is ~1.74 x 1072
(0.17 Cm™ vs 2.96 x 10~* C m™?) for Li,;Hec and 1.30 x 1072
(0.24 Cm™2 vs 3.12 x 10~ C m~?) for Li,,Hec. Thus, only a mi-
nority of Li* in the slit resides in the DL.

2.4. Distribution of Li+ Across the Slit as Probed by
Poisson-Boltzmann and Molecular Dynamics Simulations

As the colloidal probe technique focuses on a single nanosheet
surface rather than a slit confined between two coplanar
nanosheets, Poisson—Boltzmann!**! (PB, Figure S17, Supporting
Information) and MD simulations!®*>>! were applied to cross-
check this distribution. Both approaches confirm that the vast
majority of cations in the slit reside in the OHP. Only a small
fraction of cations is located within the DL, remote from the con-
fining surfaces, where they are expected to be more mobile due
to reduced surface interactions. As has been shown by Roten-
berg et al.,> the simplistic PB model gave accuracies compara-
ble to more sophisticated MD simulations. By setting the cutoff
between Helmholtz planes (HP) and DL compartments at 4 A
from the surface (1.5 WL) and calculating the cation distribution
for LiysHec at a slit height of 25 A using PB theory, it was found
that 31 % of Li* cations reside in the DL. As the slit height in-
creases, this fraction of Li* within the DL increases to 35 % at a
slit height of 69 A, where it levels off. Although all Li* within the
slit are mobile, as will be shown by MD simulations, Li* residing
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within the DL are considered somewhat faster. For Li,,Hec, the
ratio of Li* residing in the DL decreases to 25 % and 28 %, respec-
tively. This implies that with increased surface charge, despite
the 40 % increase in total interlayer Li*, the number of cations
in the DL increases as little as 12 % (28 % x 0.24 C m~2 vs 35%
x 0.17 C m~2). This implication aligns with the CP-AFM obser-
vations of a 5% increase in DL charge density. As a result, the
conductivities of Li; s Hec and Li, ;Hec do not differ within exper-
imental error.

Spatially resolved insights into the structure and dynamics of
slit constituents were obtained by MD simulations (Figure S18,
Supporting Information). These were carried out for Li, ;Hecand
slit heights of 7.2 and 69 A (Figure 4). While the first simula-
tion falls in the regime where the ionic conductivity increases
steeply, the second falls in the regime of the conductivity plateau
(Figure 2a). The number density profiles n,,,,(z) of Li* and water
oxygen atoms (Oyy), resolved along the z-direction perpendicular
to the hectorite surfaces, are shown in Figure 4a,b. For the small
slitheight of 7.2 A, two distinct Li* layers are observed, each sepa-
rated from the respective hectorite surface by a well-defined water
layer, as expected for OHP formation. Moreover, there is a third
water layer in the center of the slit. These findings are similar to
prior MD simulations of 3 WL of the sodium fluorohectorite.[*”]

For the large slit height of 69 A (Figure 4b), we focus on just
one of the two confining interfaces as the structure is symmetri-
cal. The majority of Li* is located in a layer adjacent to the hec-
torite surface, corresponding to the OHP (< 4 A, 65%). Addition-
ally, a second smaller maximum is observed and attributed to the
DL (4 A <z < 7 A). While PB assumes a continuous decrease
in the Li* concentration profile, an atomistic model such as MD
instead locates the cations between discrete layers of water, re-
sulting in a non-monotonous decrease of the Li* concentration
across the slit. The first Oy, (Figure 4b,e) coordinating to Li* and
the first Li* maximum (Figure 4b,f) are found at ~1.3 and 2.4
A from the hectorite surface, respectively. As indicated by the
presence of a shoulder, this Oy, layer is somewhat corrugated, re-
flecting that the underlying plane of basal oxygens is not densely
packed but instead forms a Kagome net structure (Figure 4c).
Moreover, the Coulomb interaction is different for monovalent
Li* and divalent Mg°®, which also leads to some corrugation.
Further away from the confinement wall is a transition zone with
less pronounced maxima before the number density becomes in-
dependent of the z position at z ~9 A, corresponding to 3 WL.
When 3 WL at each surface are considered, the positions of the
Oy maxima in Figure 4b align with the expected midpoints of
the water layers, as observed by XRD and shown in Figure 1e.

In the (x,y) plane, water molecules of the first z layer reside at
two different positions. A fraction (0.2 A < z < 0.6 A) occupies
the hexagonal cavities on the hectorite surface (Figure 4d). An-
other fraction (1.2 A < z < 1.6 A) interacts with the basal oxygens
of the tetrahedral layer (Og), leading to a hexagonal symmetry
(Figure 4e). At any given instant, typically only three of the six
equivalent positions occupied by water molecules coordinate to
the partially filled Li* position at 1.8 A < z < 2.2 A residing above
the hexagonal cavities, in line with published single crystal data
(Figure 4f; Figure S5, Supporting Information). When increasing
the distance from the confinement wall, the structuring becomes
less prominent, but the epitaxial effects of the confinement struc-
ture extend well into the slit. In particular, the (x,y) positions of
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the Oy, (Figure 4g) and Li* (Figure 4h) at 3 A < z < 4 A still
reflect the arrangement of the basal oxygens. Hence, the water
molecules do not adopt the tetrahedrally coordinated structures
typical of bulk water.

Next, the Li* and water diffusion along the interlayer was stud-
ied based on 2D mean squared displacements (Equation S18,
Supporting Information) for a slit height of 69 A. In these simu-
lations, we distinguish between Li* and Oy, as well as between
different z-starting positions of the diffusion process relative to
the hectorite surface. In Figure 4i, we see that for t < 10* ps, Li*
initially located at 0 A < z < 4 A exhibit smaller displacements
than those starting further away from the hectorite surface. How-
ever, the 2D mean squared displacements of Li* with different
z-starting intervals differ at most by a factor of ~2. Hence, differ-
ences in Li* mobilities are small. At times t > 10* ps, all fractions
show identical displacement values, indicating an exchange of
Li* between the OHP and the DL volume. Oy, displays similar
behavior, as shown in Figure 4j. While the Oy, displacements de-
pend on the initial position at sufficiently short time and length
scales, quantitative differences in their mobility are smaller than
for Li*. Furthermore, different merging points of the curves indi-
cate that the exchange between different spatial regions is faster
for Oy, than for Li*. Self-diffusion coefficients of Li* (D;;) and Oy
(Do) can be obtained by fitting the common long-time behavior.
For the slit height of 69 A, diffusivities of D;; = 8.1 x 1071 m? 5!
and D, =2.5x 107 m? s! are obtained. In line with the observed
steep increase of ion conductivity, the respective self-diffusion co-
efficients are substantially smaller for a slit height of 7.2 A and
amount to D;; = 4.0 X 101° m? s7! and D, = 1.0 X 107 m? s.!
Thus, for both slit heights, the water molecules diffuse faster than
the Li*.

MD simulations support colloidal probe measurements and
PB simulations by demonstrating that most Li* (~65%; both de-
rived by MD and PB) reside close to the hectorite surface. Only
~35% of Li* may be attributed to the DL. While Li* in the OHP
are more strongly confined by hydrogen bonding of the first co-
ordination shell to the basal oxygens of hectorite, all Li* are mo-
bile. Fast exchange between the different sites ensures that all
Li* contribute to the ionic conductivity. The Li* cations for both
MD models (7.2 and 69 A) are octahedrally coordinated by water
molecules. As HPs exist on both sides of the slit confinement,
amounting to a thickness of ~11.2 A, the 4 WL slit represents
the minimum slit separation where the first coordination shell
of Li* is no longer in direct hydrogen-bonded contact with a sur-
face, and a DL can form. In this line, we propose that a turnover
to a different transport mechanism may occur at separations cor-
responding to > 3 WL.

2.5. NMR Spectroscopy Including Pulsed- and Static-Field
Gradient Experiments

The NMR spectroscopic results (Figure 5) for a series of
[Liy s [Mg, s Liy 5]°¢[Si,]*'O,, F, powders, swollen with aliquots
of water to achieve slit heights between 2.4 A and 250 A (Figure
S19, Supporting Information), are in excellent agreement with
findings of the MD and PB simulations, and the conductivity
measurements.
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Figure 4. Number density profiles n,.,(z) of Li* (red) and Oy (blue) for slit heights of a) 7.2 A and b) 69 A. Adding the van der Waals radius to the

z-position defines z= 0. Number density profiles n,., (xy) (in atoms nm~ 3) for the slit height of 69 A and the indicated z regions mapped on a 2x2 unit
cell of one of the hectorite surfaces: c) surface (basal) oxygens (Os) and octahedral Li (L| ) of the 2:1 layered silicate, white dotted lines mark the unit
cells, d) Oy, residing in the hexagonal cavities on the hectorite surface (0.2 A <z < 0.6 A), e) Oy of TWL (1.2 A <z < 1.6 A), f) Li* in OHP residing
above the hexagonal cavities on the hectorite surface (1.8 A<z <2.2A), g) Oy in2WL (3.0A<z<3.4A),and h) Li* inDL 3.4A <z<3.8A).Incg)
The green dashed lines illustrate the position of one of the hexagonal cavities on the hectorite surface. 2D mean squared displacement r%D (#) of i) Li*
and j) Oy residing in the indicated z-regions at the time of origin. The self-diffusion coefficients D obtained from the common long-time behavior are
shown.
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Figure 5. a) ’Li lineshapes for various slit heights. The inset shows a broader frequency range for slit heights of 2.4 and 5.6 A to highlight the additional
satellites. b) Trend of the ”Li quadrupole coupling constant Cq as a function of slit height. c) TH and ’Li self-diffusion coefficients D determined with
PFG- and SFG-NMR spectroscopy for various slit heights. The dashed lines in b) and c) are guides to the eye. d) Trend for T, as a function of D. The
dashed lines in d) are linear fits of the regime where T, and D are proportional.

From the ’Li and 'H lineshape analysis, two regimes can be
differentiated, with a turnover at slit heights between 5.6 A (2
WL) and 8.5 A (3 WL) (Figure 5a; Figures $20-S22, Supporting
Information). Although satellite transitions are observed for the
’Li NMR spectra at all slit heights, the quadrupolar coupling con-
stant (Cy, Figure S23, Supporting Information) decreases sub-
stantially from 102 kHz at 2.4 A to 7.8 kHz at 5.6 A and finally to
~2.8 kHz for slit heights > 25 A, where C, becomes slit-height-
independent (Figure 5b). A similar trend was observed for the
'H lineshapes (Figure S22, Supporting Information). Here, at
small slit heights of 2.4 and 5.6 A, the lineshapes are also broad-
ened anisotropically, giving rise to Pake-type patterns. For larger
slit heights, only one narrow Lorentzian peak occurs, which re-
flects the rising number of water molecules in the slit that are
not strongly affected by the hectorite surface. As their number
surpasses the number of water molecules near the hectorite sur-
faces, the average lineshapes are dominated by isotropic contri-
butions.

Due to the fast exchange of Lit and water molecules between
HP and DL, the observed spectra reflect the motional average
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over these spatial environments. The presence of “Li satellites
and anisotropic 'H lineshapes is thus primarily governed by the
Li* and water molecules residing close to the hectorite surface,
where the local asymmetry of the electric field gradient (EFG) is
largest, and the local mobility is partially restricted.®®! The latter
gives rise to 'H NMR spectra influenced by residual homonu-
clear dipolar couplings. For the regime where the conductivity is
slit-height-independent, the MD simulation shows that a water
layer covers the hectorite surface. As such, all Li*, including the
ones in the HP, are fully solvated, explaining the small average
Cq of 2.8 kHz. The independence of C,, from the slit height in
this regime further indicates that the Li* distribution over HP
and DL does not change significantly, which is in line with the
PB simulation.

The substantially increased C, at slit heights smaller than the
one applied in the MD simulations (2.4 and 5.6 A, correspond-
ing to 1 WL and 2 WL, respectively) indicates a different envi-
ronment for Li*, which is attributed to the occupation of a Li*
site in the IHP. As observed in the crystal structure refinement
of the 1 WL structure (Figure S5, Supporting Information), the
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Li* of this site is in direct contact with the hectorite surface by
coordinating to six basal oxygens and is only partially solvated by
three water molecules. This 6 + 3 coordination environment ex-
plains the markedly larger EFGs and the presence of only one
pair of satellites for a slit height of 2.4 A. For a slit height of 5.6
A, two pairs of satellites are observed. One pair matches the large
C, of the 1 WL configuration (=102 kHz) with Li* in a similar
coordination. The second pair of satellites is markedly reduced
(Cq ~7.8 kHz) but still significantly larger compared to the aver-
age (Cq ~2.8 kHz) for larger slit heights. These Li* most likely
occupy the octahedral vacancies between two water layers. While
the structure of the OHP remains unchanged with increasing slit
height, a dynamic exchange occurs at higher slit heights between
Li* in the OHP and DL. This exchange is consistent with the MD
simulation results (Figure 4i) and explains the observed decrease
in C,, values, as the exchange between these sub-ensembles is
fast compared to the NMR time scale (Figure 5b).

The diffusion coefficients of the water molecules (Dy;,,) and
Lit (Dy;) were obtained using 'H and ’Li PFG- and SFG-NMR
experiments. All experimental results confirm the expected 2D
geometry of the observed diffusion process (Figure S24, Sup-
porting Information). The Dy, values are taken as a measure of
water diffusion. A direct comparison of the results from PFG-
and SFG-NMR spectroscopy (Figure 5c) reveals that both tech-
niques yield similar D despite probing different length scales
(PFG-NMR: 0.5-20 pm; SFG-NMR: 0.25-1.3 um). This similar-
ity indicates that bottleneck effects, such as transitions between
differently oriented stacks or surface inhomogeneities, are negli-
gible, which can be attributed to the nanosheets’ large aspect ra-
tio, homogeneous surface charge distribution, and uniform slit
heights across the sample. This conclusion is further supported
by the observation that the same diffusion coefficient D is ob-
tained when varying the length scale of SFG diffusion measure-
ments in the range of 100-500 ps (Figure S25, Supporting In-
formation). Moreover, Dy, and D;; increase with increasing slit
heights (Figure 5c¢) by roughly two orders of magnitude from
1.0 X 10™ to 1.5 x 10° m? s! and 1.8 x 10" t0 4.2 X 1071° m? s,
respectively. At a slit height of 250 A, Dy;, (1.5 x 10° m? s)
approaches water diffusion coefficients of bulk water (Dyp i =
2.3 X 107 m? §').1] This trend indicates that the retarded dy-
namics of the first water layer, which is hydrogen bonded to the
basal oxygens of hectorite, rapidly vanish with increasing dis-
tance from the hectorite surface, and quasi-bulk-like water dy-
namics occur within the slit. In contrast, at a slit height of 250 A,
D;; (4.2 x 10 m? s!) is about half of that of Li* in bulk LiCl
electrolytes with a concentration equivalent to the Li* concen-
tration within the slit confinement (Dy;p, 1.0 X 107 m? s! at
RT).8] Clearly, the confinement reduces the conductivity rather
than pushing it to superion conductivity. The persistent retarda-
tion of Li* dynamics, despite an increasing slit height, also sup-
ports our conclusion that the majority of Li* remains close to
the charged hectorite surfaces and is thus slowed down by elec-
trostatic interactions and hydrogen bonding to surface oxygen
atoms.

For small slit heights (< 5.6 A), Li* diffuses faster than wa-
ter (Dy; > Dy,,), which can be explained by the high degree of
order of the water molecules and their hydrogen bonds to the
hectorite basal oxygens (Figure S5, Supporting Information). In
these highly confined slits, Li* migrates by hopping along octahe-
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dral voids of highly ordered water layers. Since water diffusion is
slower than that of Li* ions, water molecules form a quasi-solid
substructure that facilitates Li* ion transport. Therefore, water
molecule and Li* migration occur independently in this regime.
The rotational movement of water molecules likely assists the Li*
transport. However, because water’s rotational dynamics are fast
on the NMR time scale, we could not obtain experimental evi-
dence to support this hypothesis. The Li* ion transport mecha-
nism proposed in this regime is more typical of a solid electrolyte
than a liquid one.l*!

This trend is reversed for larger slit heights, where water dif-
fuses faster than Li* (D;; < Dy,) We expect the turnover point
to be at a slit height of 8 A with the 3 WL configuration, as the
MD model already predicts D, to be greater than D,;. For larger
slit heights, all Li* are fully solvated and participate in the dif-
fusion. They will move together with at least the first hydration
shell. A portion of the water molecules is therefore coupled to the
Li* ions, slowing down the transport of Li* ions and resulting in
Dy; < Dy, in this regime. This is typical for liquid electrolytes.[>®!

This mechanistic transition is also reflected in the relationship
between spin-lattice relaxation time (1)) and the diffusion coefhi-
cients (Dy; and Dy,), as illustrated in Figure 5d. Assuming that
the shape of the spectral density J(w) is independent of slit height,
D and T, become proportional for fast, liquid-like motion on the
NMR timescale.>®*!l While this proportionality is observed at slit
heights > 25 A, deviations occur at slit heights < 5.6 A, which
is consistent with the confinement-induced changes in the dif-
fusion mechanism, as the transport cannot be described with a
liquid-like transport, and the shape of the spectral density may
change.

For studying the degree of displacements of different Li* sites
in the slit and how they are correlated during transport processes,
we compare self-diffusion coefficients obtained from PFG-NMR
(Dpgg) with those calculated from ionic conductivity using the
Nernst-Einstein relation (Dgs) (Figure 6a). While the slit-height-
dependence of the diffusion coefficient is consistent across meth-
ods, Dy is significantly larger than Dy . The discrepancy likely
reflects fundamental differences in what each technique probes.
PFG-NMR accesses the self-diffusion of individual ionic species,
whereas EIS captures the net charge transport, which is sus-
ceptible to interionic correlations, collective effects, and internal
polarization.[®263] The relationship between these two types of dif-
fusion coefficients is commonly quantified by the Haven ratio H
(H = Dppg/Dys), which is shown as a function of slit height in
Figure 6D.

For a Haven ratio of H ~1, ion motion would be uncorrelated
and purely stochastic, and the Nernst-Einstein relation would
quantify this motion. A Haven ratio of H > 1 indicates destruc-
tive cross-correlations among moving ions, where ion pairs or
collective motion in opposite directions reduces the net charge
transport (EIS) relative to the individual diffusivities (NMR). In
strongly confined regimes of the 2 WL with slit heights of <
5.6 A, extraordinarily high Haven ratios of H ~16 are observed.
This could reflect mobile (as shown by PFG-NMR), but HP local-
ized Li* undergoing frequent local hops and reorientation that
are largely ineffective for long-range conductivity.!®*) At larger slit
heights of > 25 A, corresponding to the less confined regime,
the Haven ratio levels off to H ~3—4. It indicates that, while still
present and relevant, ion-ion correlations are less dominant. The
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Figure 6. a) Comparison of Lit diffusion coefficients obtained using PFG-NMR spectroscopy (Dpg¢) and EIS (Dgjs). Dgjs was derived from the conduc-
tivity using the Nernst-Einstein relation. b) Haven ratios for various slit heights. For slit heights > 100 A, where Dpg¢ is not matched with a data point

from impedance spectroscopy, the Dgs were interpolated linearly.

change further suggests that Li* becomes decoupled from the
surface, transitioning toward more bulk-like (though still con-
fined) transport. In this regime, the ionic distribution is less sen-
sitive to slit height, as the relative populations in the HP and DL
change only insignificantly.

2.6. Intrinsic versus Extrinsic Li+ Concentrations and Debye

Length

So-called “surface charge dominated conductivity”, as implied by
the slit confinement of negatively charged hectorite nanosheets,
allows only counter-cations to the surface charge to enter the slit
at low to moderate heights. The number of intrinsic counter-
ions is bound by the charge neutrality requirement. Thus, when
swelling with bidest. water, the cation number within the slit
must be constant for a given degree of isomorphous substitution
(e.g., for LiysHec, 2.15 Li* nm~2), regardless of the slit height.
Additionally, when considering electrolytes containing both an-
ions and cations, the incorporation of anions between negatively
charged nanosheets is restricted due to charge exclusion(®>-7]
and ion rectification. (%]

When increasing the slit height with bidest. water, the num-
ber of interlayer cations remains constant while consequently de-
creasing their concentration within the slit. This concentration of
intrinsic Li* within the slit can be calculated for any given slit
height of Liy;Hec (Figure S6, Supporting Information) as 7.1,
3.6, 2.4, and 0.4 mol L~! for slit heights of 5, 10, 15, and 100 A,
respectively. This concentration is substantially higher than the
concentration of the swelling electrolyte solution (0.1-100 mwm)
(Figure 2b), suggesting that the conductivity in the confinement
is primarily dominated by the larger number of intrinsic inter-
layer cations, even at slit heights surpassing twice the Debye
length. This is interesting, as the Debye length, which is depen-
dent on ionic strength, was often named a governing or limiting
length scale for surface-charged or confined ionic transport.[2+%]
Hence, the surface conductivity originates primarily from the
stagnant layer of closely bound ions at the surfaces rather than
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from the overlapping diffuse layers. The different contributions
to surface conductivity are an effect that has been studied previ-
ously for other systems.!”7!] Even at an electrolyte concentration
of 100 mm, where the Debye length is 10 A, the conductivity re-
mained dominated by surface charges rather than electrolyte con-
centration. This effect was true even when the slit height was suf-
ficiently large (e.g., 80 A), where the HPs and the Debye lengths
of both surfaces no longer overlapped. For this reason, the effect
of salt concentration on the conductivity is further examined in
the next section.

2.7. Separations Far Beyond the Debye Length

The Wigner crystal starts ‘melting’ when the interlayer sep-
aration reaches the Debye length, where electrostatic interac-
tions between adjacent layers are screened by a large. The lay-
ers become weakly charge-correlated, which is indicated by ful-
filling the classical Hansen-Verlet and Lindeman criteria for
melting.[*] Nevertheless, due to the 20 ym diameter of the hec-
torite nanosheets, they are still forced into a coplanar arrange-
ment within the nematic liquid crystalline domains, even when
separated to > 200 nm, leading to structural colors.”?] While
preparation of monodomain membranes is no longer possible
at this stage, confinement can be extended to significantly larger
slit heights of > 100 nm by swelling with appropriate aliquots
of water.”3] A compromise to be accepted is that only randomly
oriented domains, instead of textured membranes, are accessi-
ble. Measurable, averaged slit heights of 180 nm (SAXS) and
600 nm (Spectral Data) were previously achieved by dilution.!”?]
Diluting beyond 600 nm should result in a further increase in
slit height, following the previously observed relationship of the
suspension volume fraction (¢) and the slit height, of ¢=0-%.1*]
As slit heights > 600 nm cannot be confirmed experimentally,
they were calculated from their respective dilution. The ionic con-
ductivity of such diluted nematic suspensions was determined
via EIS. The preparation of these suspensions followed the pre-
viously described protocols.[7?!
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Figure 7. Four distinct regimes of ionic conductivity as a function of slit height may be identified. Regimes | and Il correspond to in situ measurements
on monodomain textured membranes. Regimes |1l and IV were measured with aqueous nematic suspensions. ) Ultraconfied regime: Li* is immobilized
by electrostatics and hydrogen bonding of the first coordination shell to the hectorite surface. I1) Confined regime: lonic conductivity is dominated by Li*
concentration balancing the negative surface charge of the hectorite. A plateau arises as the number of Li* in the DL increases while their concentration
decreases with further dilution. 1) Dilution regime: The population of the DL with Li* has reached its maximum and is subsequently only diluted with
increasing slit height. Surface charge carriers remain the dominant contributors to conductivity, exceeding the contribution from bulk electrolyte ions.

IV) Electrolyte regime: Conductivity is dominated by bulk electrolyte ions when ng,f,ce < Ngjectrolyte-

With respect to ionic conductivity, four distinct regimes of slit
heights can be identified that differ in their effect on surface-
charge-governed nanochannel conductivity (Figure 7). For these
regimes, only the surface charges and the volume of electrolyte
within the slit are considered. In the ultraconfined regime (I),
Li* is immobilized by electrostatics and hydrogen bonding of the
first coordination shell. Next, the surface charge-governed regime
(IT) follows, where conductivity reaches its maximum before en-
tering a plateau. Here, the conductivity is dictated by the surface
charge density, and Li* is distributed over the HP and DL. In
this regime, as the slit height increases, the number of Li* in
the DL, remote from the surface, also increases. Thus, as the slit
height (and slit volume) increases, the conductivity is governed
by a balance of an increasing absolute number of Li* in the DL
and a decreasing concentration of Li* within the slit. In the sur-
face charge dilution regime (III), the number of Li* in the DL
no longer increases. Consequently, as the slit height increases
further, the conductivity decreases because the Li* concentration
within the slit decreases. At this stage, the Li* concentration re-
quired for charge neutrality still outnumbers the charge carriers
contributed by the electrolyte. Finally, bulk electrolyte charge car-
riers outnumber surface charges in the electrolyte-governed con-
ductivity regime (IV). The conductivity is constant, becomes inde-
pendent of slit height, and depends solely on the electrolyte con-
centration. Higher electrolyte concentrations reach this regime
at smaller slit heights. These four regimes define the rela-
tionship between slit height, surface charge, and nanochannel
conductivity.

3. Conclusion

Reports of superion conductivity in 2D slit confinement of clays
revealed a complex interplay of confinement geometry, ion-ion
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correlations, and material properties like charge density of con-
fining walls. Strong electrostatic correlations and dehydration ef-
fects dominate, leading to suppressed or highly nonlinear trans-
port. Rather than being a simple function of dimensionality, su-
perionic conductivity in 2D slit confinement is a material- and
structure-dependent phenomenon.

This study of Li* and water dynamics in fluorohectorite Bragg
stack membranes establishes a new benchmark for the system-
atic study of ion transport in 2D nanofluidic channels, leveraging
A-precision control, multimodal characterization, and advanced
modeling. By mapping out the full range of confinement regimes
and elucidating the corresponding changes in transport mecha-
nism, from suppressed hopping in ultraconfinement, through a
transition to liquid-like diffusion, to dilution-limited conductivity
at large slit heights this study provides a unified framework con-
necting microscopic structure, ion distribution, and macroscopic
transport.

Key advances over the literature include: 1) Direct experimen-
tal confirmation and mechanistic understanding that the 2D
conductivity as a function of the slit height is governed by two
regimes, with a crossover occurring when the slit height exceeds
three water layers. Below this slit height, Li* diffusion is driven
by hopping between voids formed by quasi-static water molecules
(Dy; > Dyy,), which is typical for solid electrolytes. In this case,
the migration of Li* and water molecules occurs independently.
Above the critical slit height, Li* moves together with a hydra-
tion sphere of water molecules, similar to what happens in a lig-
uid electrolyte. In this regime, some water molecules are coupled
to Li* transport, resulting in D;; < Dy,,. 2) Demonstration that
surface charge effects dominate ion transport well beyond the
Debye length, challenging conventional screening-based mod-
els and highlighting the importance of intrinsic counterions
in nanoconfined systems. 3) Quantitative analysis of ion-ion
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correlations via Haven ratios, revealing the profound impact of
correlated motion and local structure on macroscopic conduc-
tivity. 4) Validation of theoretical and simulation predictions re-
garding water and ion layering and their control over transport
properties.

This work not only deepens the fundamental understanding
of ion transport under extreme confinement but also provides a
robust experimental and theoretical platform for validating and
refining nanofluidic transport theories. The insights gained will
inform the rational design of next-generation ion-conductive ma-
terials for energy storage, separation, and sensing applications,
where precise control of channel architecture and surface chem-
istry can be harnessed to optimize performance across diverse
operational regimes. The ability to exploit or mitigate strong
ion-ion correlations, control dehydration barriers, and engineer
nanochannel architectures opens new avenues for advanced ma-
terials design in energy storage, filtration, and nanofluidic de-
vices. Future work should focus on elucidating the microscopic
mechanisms governing these effects and leveraging them for
practical applications in solid-state batteries, fuel cells, and next-
generation iontronic devices. Key to improved performance of
clay confinement will be increasing the Li* in the diffuse layer
over the one in the Helmholtz planes. Work in this direction is
in progress.

4. Experimental Section

Details of the experimental and methodological part can be found in the
Supporting Information.

Supporting Information

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