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Ultramicrotomy-Assisted Fabrication of Nanochannels for
Efficient lon Transport and Energy Generation

Ankit Bhardwaj, Raj Kumar Gogoi, William Joshua Howard, Evan Tillotson,
Solleti Goutham, Yi You, Teruo Hashimoto, Eli Janzen, James H. Edgar, Sarah J. Haigh,

Ashok Keerthi, and Boya Radha*

Nano- and angstrom-scale channels fabricated from 2D-layered materials
provide a unique platform for studying fluidic behavior at atomic-scale
confinement, with applications in desalination, osmotic power generation,
and fuel cells. While various fabrication methods exist, achieving precision,
scalability, and minimal fabrication time is challenging. Ultramicrotomy-based
nanofabrication is shown here as an efficient approach to create nanofluidic
membranes containing nanochannels with atomically flat walls. This
approach is compatible with both bottom—up nanolaminates and top—down
nanochannels, produces multiple devices from the same 2D assembly and
allows swift variation of channel length. Integration of these membranes into
macroscopic silicon fluidic-chips is achieved maintaining the structural and
functional properties. The robustness of the sliced membranes is
demonstrated through restacked vermiculate laminates that sustain applied
pressures and generate ionic streaming currents. Sliced pristine vermiculite
channels exhibit charge-selective ion transport, leading to osmotic power
density (P,,,,/A) ranging from 9.2 to 300.4 Wm~2 under various KCI
concentration gradients. Maximum conversion efficiency of 23.3% is obtained
at a 100-fold gradient, yielding P, /A of 234.6 Wm~2. Short channel lengths
sliced by ultramicrotomy contribute to high P, /A, promising applications of
miniature energy devices for pressure-driven electricity generation and
osmotic power generation.

1. Introduction

2D materials have significantly pushed the
limits of nanofluidics, serving as building
blocks for fabricating nanoscale channels
which revealed ultra-fast frictionless flow
of liquids, molecular separation, ion selec-
tivity, blue energy, biomolecular sensing,
etc.[!l There are primarily two approaches
for making capillaries with nanometer di-
mensions, top—down and bottom—up. The
top—down approach relies on van der
Waals (vdW) heterostructure nanofabrica-
tion methods and yields precisely controlled
channel height (k) at the single atomic
layer limit. For instance, 2D slit-shaped
channels with confinement heights down
to ~#4 A can be made from a variety of
2D materials like graphene, molybdenum
disulfide (MoS,), hexagonal boron nitride
(hBN), mica, etc.[?l Atomically precise slit-
shaped 2D channels fabricated by vdW as-
sembly of 2D materials are ideal candidates
for investigating unexpected fluid-transport
phenomena.’) However, these fluidic de-
vices with dngstrom-scale precision need
meticulous, time-consuming, and rigorous
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nanolithography steps to make each device.[*l On the other hand,
the bottom-up approaches utilize chemical synthesis or self-
assembly methods to restack 2D crystals and generate nanochan-
nels in a facile way, for example, nanochannels from the in-
terstitial spaces in the laminates of graphene oxide,l’! clay,®!
MXenes, "] etc. The restacked membranes are in general few hun-
dred nanometers to several microns thick,®! have long channel
lengths typically millimeters long,>! and have a combination
of in-plane and out-of-plane tortuous channel paths.l! The ap-
proaches are complementary, while bottom—up methods allow
the scalable production of fluidic channels, the top—down ap-
proaches offer high control and precision of the channel dimen-
sions. Nonetheless, there always is an undesirable trade-off be-
tween precision and scalability making these two approaches’
benefits mutually exclusive.

Herein, we introduce an approach using an ultramicrotome
to fabricate a variety of nanoscale 2D channels with highly pre-
cise dimensional control in a facile way that is compatible with
integration into nanofluidic chips. In our proposed method, the
desired 2D channels are embedded in polymer resins followed by
accurate mechanical cutting of slices to different thicknesses us-
ing an ultramicrotome. The thickness of the slice determines the
length of the fluidic channels. This has the advantage that hun-
dreds of nanofluidic devices can be made by slicing a typical sin-
gle vdW heterostructure or a 2D laminate, while preserving their
precise channel dimensions and surface cleanliness, and without
introducing any unwanted contaminants or functional groups.
The polymer resin provides mechanical support to the materials
during the cutting process and helps the integration with macro-
scopic fluidic devices. In the literature, using microtomy, 1D sys-
tems such as nanotubes and their arrays!®>!° have been sliced
and molecular transport was investigated. Previous studies us-
ing microtome slicing of nanotubes have produced channels with
lengths from 660 nm to 25 um. However, the number of channels
in nanotube arrays are uncontrollable and there could be poten-
tial structural defects that occur while slicing. Our method can be
precisely tuned to create single-channel or multi-channel devices
of any length, height, and offers the choice of 2D material.

We demonstrate a wide application of this method by study-
ing three distinct types of 2D nanofluidic channels: i) lithograph-
ically defined channels synthesized within vdW heterostructures,
ii) those where the nanochannels occur naturally in single crystal
minerals, and iii) nanochannels formed by restacking 2D lami-
nates. Importantly, for the second case, our method allows ex-
ploitation of the well-defined 2D channels that occur naturally
in layered materials like mica, and vermiculite, where the con-
fined spaces between adjacent layers are sub-2 nm thick.[6711]
This differs from the most literature reports, where these ma-
terials are used not as single crystals but after exfoliation into
few-layer thin 2D flakes, which are then restacked into laminates
(membrane type iii). Laminate membranes are preferred for ap-
plications and flow measurements, as the bulk materials are ei-
ther in powder form or as bulk crystals with long channel lengths,
which suffer from dislocations of the basal planes and/or de-
laminated morphology at random locations,''?] the presence of
which would hinder the low measurements. On the other hand,
in restacked laminates, the flow behavior is likely affected by sur-
face properties rather than the intrinsic interlayer channels. Our
approach circumvents this by cutting the bulk layered crystals
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into membranes with short channels and allows successful anal-
ysis of nanofluidic channels directly from the natural crystals.

2. Results and Discussion

2.1. Slicing of 2D Flakes and 2D Channels

Figure 1 explains the basic concept behind our ultramicrotomy
fabrication method. To start with, we describe the procedure for
fabricating membranes of layered materials like MoS,, tungsten
disulfide (WS,), mica, vermiculite, etc. Briefly, we prepare flakes
of the layered materials by mechanical exfoliation (flake thick-
ness, H ~50 nm to a few um) on Si/SiO, substrates and transfer
them onto an ultra-flat resin block of epoxy such as epofix or agar
100 (further details in, Figures S1, and S2, and Table S1, Support-
ing Information). Next, these 2D flakes are embedded in liquid
epoxy which is further hardened (at 70 °C for 48 h), such that the
flakes are in the middle of the resin blocks (details in, Figure S2,
Supporting Information). A cuboidal tip containing the desired
2D flake was trimmed from the resin block using a glass knife
(Figure 1B inset; Figure S2, Supporting Information). This tip
was then sectioned into thin membranes (thickness, t 65 nm
to ~1 um) with a diamond knife in the ultramicrotome. The sec-
tioned resin slices float on the surface of the water trough of the
diamond knife holder, as a continuous strip (Figure 1A,C; Movie
S1, Supporting Information). These slices were picked up on a
poly(propylene) carbonate (PPC) film coated on a polydimethyl-
siloxane (PDMS) polymer layer on a glass slide (Figure 1B,D). In
literature, 3] PPC/PDMS is routinely used for the dry transfer of
2D materials onto substrates due to the thermoplastic nature of
the PPC. Similarly, here we could transfer the resin slices with
PPC/PDMS to the desired substrates (Figure S5, Supporting In-
formation). The thickness of the resin slice (few tens to few hun-
dreds of nanometers) is determined by the cutting depth and can
be programmed in the ultramicrotome (Figure S3 and Table S2,
Supporting Information). For resin slices with cutting depth <
100 nm, thickness accuracy was 4% to 7%, and for > 100 nm
resin slices it was 1% to 3%.

To investigate the microstructure of the sliced flakes, we im-
aged them using scanning electron microscopy (SEM). The slices
of the MoS, and WS, single crystals (Figure 2A,C) were found to
be smooth without any delamination between the resin and the
2D flake interface (Figure S4, Supporting Information), indicat-
ing a firm interaction and adhesion between the 2D flakes and the
resin. The scanning transmission electron microscopy (STEM)
high-angle annular dark field (HAADF) image shows the intact
morphology of the atomic layers of MoS, after slicing (Figure 2B).
Compression of the materials and mismatch of the mechanical
properties of resin and the 2D flakes can lead to mechanical de-
formation and breaks in the sliced material.' To better under-
stand this, we varied the parameters of the sectioning process viz
clearance angle, cutting thickness, and cutting speed (defined in
Figure S6, Supporting Information) of the slices with MoS, em-
bedded in resin, to see if there is any influence on the morphol-
ogy, adhesion of the resin and structural integrity (Figure S7, Sup-
porting Information). For slicing speeds <5 mm s~!, MoS,-resin
slices with a thickness >65 nm were always intact but thinner
slices displayed compression folds and discontinuities (Table S2,
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Figure 1. Fabrication methodology of membranes with ultramicrotomy. A) Schematic illustration of the sectioning of 2D materials embedded in resin
using a diamond knife in an ultramicrotome. The width of the resin slice is typically 0.5 mm. C) Photograph shows a resin block (light yellow color)
being sliced with a diamond knife which is at the edge of the water trough (blue color). In the inset, an optical image of the resin block, shaped in the
form of a cuboidal tip (white dotted line) is shown. The embedded MoS, flake is seen in black color. Scale bar in inset is 250 um. B) Optical image
of sectioned resin slices on a PPC/PDMS surface on a glass slide. This is schematically shown in the bottom inset. The top inset shows a schematic
cross-sectional view of a resin slice with 2D material flake in the center, and W and H denote the width and thickness of the 2D material, respectively.
D) Optical image (at the position of the dotted blue rectangle in (B) showing the sliced MoS, which is seen white in the darker resin.

Supporting Information). The clearance angle had no apparent
effect on the structure and morphology of the sliced crystals.

Now we discuss the membranes of mica and VM crystals
(Figure 2D,E) which have larger interstitial or interplanar spaces
that can be used as nanochannels. As described for MoS,, these
crystals are embedded in resin and sliced with a diamond knife.
Atomic force microscopy (AFM) of the resin slices reveals that
the surface of the slice protrudes in the region of the embedded
2D flakes (Figure 2E). This is likely due to the greater hardness
of the 2D material compared to the resin, meaning that the dia-
mond knife will have to exert much more force at the interface,
which often results in a local curvature.['*] Epoxy forms covalent
bonds with the surface groups of various materials, which can be
very strong and contribute to their excellent cohesion!**! despite
this 25-30% bulging of 2D material region out of the resin. A
similar amount of bulging was previously reported for sliced gold
nanowires prepared by ultramicrotomy.'>] Although several 2D
materials can be sliced with smooth edges, some appeared un-
suitable for ultramicrotomy sectioning. In particular, with both
hBN and graphite, very rough cross-sections were observed af-
ter ultramicrotomy (Figure S8, Supporting Information). This is
likely due to a weaker interlayer and stronger intralayer bond-
ing of graphite and hBN, compared to MoS,, favoring success-
ful slicing with the diamond knife.l'*) AFM assisted adhesion
measurements!'! showed the cohesion energy (interlayer adhe-
sion energy) for graphene and hBN is in the range of 0.30 to 0.35
] m~? while for MoS, it was higher (~0.482 ] m~2).
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2.2. Slit-Shaped 2D Channels

Using ultramicrotomy, we can produce multiple devices of vari-
ous channel lengths (I) from a single vdW assembly, greatly de-
creasing the time needed to compare different channel lengths
and to obtain repeat measurements. First, we consider a vdW het-
erostructure composed of graphene and MoS, where the chan-
nels are made by vdW assembly of two crystals of MoS, sandwich-
ing lithographically patterned strips of graphene or MoS,, which
serve as spacers and define the channels’ width (w) and height (k)
(SI, Figures S9 and S10, Supporting Information).[?! The channel
height h is determined by the spacer thickness as h = (0.65 X N)
nm for Mo$S, and h = (0.34 X N) nm for graphene, where Nis the
number of layers of the 2D materials; here we tested spacers with
different h ranging from 1.5 to 74 nm. The pre-made 2D channels
are embedded in resin (similar to the 2D flakes, described in the
earlier section) and are then sliced by ultramicrotomy to produce
several hundreds of membrane slices from each channel (Figure
3A). Figure 3B,C shows SEM images of the as-sectioned 2D slits
with h 8.4 nm and ~60 nm, respectively. However, it was chal-
lenging to obtain images of the 1.5 nm channels, as such thin
channels need transmission electron microscopy imaging which
requires electron-transparent samples that are typically <50 nm
thin slices. Although we were able to slice single MoS, flake down
to 65 nm with certain slicing speeds (Table S2, Supporting Infor-
mation), when cutting thinner resin slices with the van der Waals
stacks of MoS, channels (i.e., slit-shaped 2D channels), there was
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Figure 2. Characterization of sliced 2D materials using ultramicrotomy: Scanning electron microscopy images of as-prepared resin slice with A) MoS,,
C) WS,, D) mica (thickness, t of all the slices #100 nm). B) STEM HAADF image of the sliced MoS, where the atomic layers can be seen as bright
horizontal lines; t 65 nm. E) Atomic force microscopy image of the vermiculite (shown by white dashed lines) with the corresponding height profile (

~100 nm).

a tendency for the top and bottom layers to either slip relative to
one another or delaminate at the resin-2D material interface.
After slicing, the 2D channels are transferred onto a SiNy chip
to study fluidic transport (Figure S5, Supporting Information). To
confirm whether the 2D channels in the ultramicrotomy slices
remain open after the incorporation of the membrane into the
nanofluidic device, we studied helium flow (Q) through them
with a custom-made gas flow setup including a mass spectrom-
eter (Figure S11A, Supporting Information). We measured Q
through a 2D channel device (h =2 nm, I = 350 nm, w = 140 nm,
and n = 28) up to an applied pressure (p) of 100 mbar and found,
Q a p. We compare the experimental measured Q of the channels
with that estimated from the Knudsen theory!'’”! (Equation S1,
Supporting Information) and the two values agreed with < 10%
error compared to theoretical Qy, indicating that the observed
gas flow is through the 2D channels (Figure S11B, Supporting
Information). Control experiments with resin slices containing
no channels revealed no gas flow. Further, we measured the ionic
flows of 2D channels placed on a SiNy fluidic chip separating two
reservoirs filled with 100 mwm KCl as electrolytes, and Ag/AgCl
electrodes were used to measure the voltage-dependent-current
(I-V) characteristics (Figure 3C, Figure S12, Supporting Informa-
tion). The measured conductance per channel, G, cpanqe Of these
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2D slit-shaped channels increased as the h increased from 1.5 to
74 nm, as expected from the theoretical ionic conductance (Equa-
tion S4, Supporting Information) (Figure 3D). With several chan-
nel devices of | ranging from 250 to 600 nm (with fixed h ~45 nm
and 100 mm KCl electrolyte), we observe that the G, channe de-
creased with | (Figure S13, Supporting Information).

2.3. Measuring lon Flows Through the Interlayer Spaces of
Layered Crystals

Clays, which are naturally occurring layered minerals, possess
distinct confined spaces between their layers, providing an in-
triguing platform for studying ion transport. However, the explo-
ration of these confined channels as fluidic channels has been
limited by the absence of an appropriate fabrication technique
that preserves their natural integrity. Previous attempts to cre-
ate confined channels using clay layers have involved exfoliating
the natural stacking of individual layers.®! In contrast, we use
our approach of ultramicrotomy, which allows for the preserva-
tion of the natural stacking of clay flakes. By embedding the de-
sired clay flake (Figure 4B, optical image) in a polymer resin and
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Figure 3. Slit-shaped 2D channels: A) Schematic diagram showing the cross-sectional view of the 2D slit-channels formed by sandwiching three layers,
viz., top, spacers, and bottom layers. Cross-sectional SEM image of the channels of h B) 8.4 nm and C) 60 nm. D) I-V curves recorded through sliced
2D slit-channels of different h with 100 mwm KCl as electrolytes. (Device dimensions in (D), for h = 1.5 nm: [ = 250 nm, w = 155 nm, n = 57; h = 4.4
nm: | =350 nm, w =100 nm, n = 141; h = 8.4 nm: [ = 250 nm, w = 90 nm, n = 33 and h = 45 nm: [ = 250 nm, w = 90 nm, n = 49). Inset represents
a schematic illustration of the experimental set-up used for the ion-transport measurements. E) Variation of the per-channel ionic conductance, G,
channel ©f 2D slit-channels versus h (electrolyte, 100 mm KCl); dotted line is the estimated G channes (Section S5, SM, Supporting Information). The /

and w of all the 2D channels are 250 and 90 nm, respectively.

subsequently slicing it (Figure 4C, cross-sectional SEM image),
we achieve the conservation of its natural structure.

We begin by examining vermiculite, a naturally occurring lay-
ered silicate. This particular smectite clay features a 2:1 struc-
ture, with two Si-tetrahedral sheets enclosing an Mg-octahedral
sheetin its layers.[?’] Charge-balancing cations reside in the inter-
layer spaces, as depicted in Figure 4A. By employing X-ray diffrac-
tion (XRD), we determined the interlayer spacing between each
vermiculite layer to be ~1.43 nm, with a calculated thickness of
~8 A for the aluminosilicate layer,'®!! (Figure S17D, Support-
ing Information, raw VM dry curve), which implies the chan-
nel height h is ~6.3 A. The resulting interlayer space accommo-
dates exchangeable ions for charge balance while also allowing
for ion flow. We can estimate the number of channels (n) present
in each device by using the formula n = H/d-spacing, where H
represents the thickness of the embedded flake. To validate the
ion conductance properties, we conducted -V curve measure-
ments (Figure 4H) on a pristine vermiculite (VM) fluidic device
with a resin slice thickness of 500 nm, employing aqueous KClI
solutions of varying concentrations (1, 10, and 100 mm). These
observed ionic currents and their variation with the concentra-
tion confirm the exposed pathways for ionic flow through inter-
planar spaces in the single crystal. As a reference, we also mea-
sured ion-transport through resin slices with the same thickness
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(t =500 nm) but without any 2D material which showed minimal
leakage conductance (90 pS, Figure S4, Supporting Information).
The conductance (G = I/V) for KCI (C = 100 mm) through the VM
channels is about ~10* times higher than for the bare resin mem-
branes. For the sliced VM fluidic channels, we measured con-
ductivities (o) over 800 IV cycles using 100 mm KCI (top inset of
Figure 4H) which showed negligible variation revealing the chan-
nels’ stability. The reproducibility of the VM devices was studied
by measuring o of seven devices (bottom inset of Figure 4H),
which shows ¢ 0.7 + 0.13 S m™!, this variation in o can likely
be attributed to blockages of some channels or dislocations in the
natural stacking.!1?}]

Similar to VM, we make fluidic channels with mica, which is
also a 2:1 layered silicate (XRD in Figure S14, Supporting Infor-
mation). The linear I-V curves (Figure S16A, Supporting Infor-
mation) with finite G values (varying with C) confirm the pres-
ence of fluidic channels in the mica crystals. In addition, we
explored ionic currents through the bulk mica channels within
the crystal itself. To do this, thin strips of bulk mica crystal
(7 mm x 2 mm X 0.2 mm) were cut and mounted between
ionic solution reservoirs (see Figure S15, Supporting Informa-
tion). Surprisingly, the currents recorded for various C of HCI
(ranging from 0.1 to 100 mm) were below the detection limit
(see Figure S15D, Supporting Information), which indicates that
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Figure 4. Vermiculite nanofluidic device made by ultramicrotomy: A) Schematic illustrations (top) and a digital photo (bottom) of bulk vermiculite
crystals. B) Optical microscopic images of mechanically exfoliated 2D flakes of vermiculite. C) Cross-sectional SEM image of a microtomed vermiculite
slice. D) AFM image with the corresponding height profile of a chemical exfoliated vermiculite flake (4 nm thin) from bulk crystals in (A). A photo of
the as-obtained vermiculite flake dispersion (1 mg ml~1) is shown in the inset. E) Photograph and F) cross-sectional SEM of the RVM membrane.
G) Schematic of the experimental set-up used to measure the voltage-dependent-current (I-V) curves. H) The I-V curves for pristine vermiculite (VM)
channels using 100 mm, 10 mm, and 1 mm KCl solutions. In the top-left inset of (H), the stability of a VM device in terms of conductivity, ¢ (100 mwm KCl)
for over 800 IV cycles (data shown after every 50 cycles). The & (100 mm KCl) of seven VM devices sliced from a bulk crystal are compared in the bottom-
right inset of (H). I) Comparison of the ¢ of VM and RVM versus concentration of KCl electrolyte; solid line is the estimated bulk . ) Pressure-driven
streaming current (Igyeam) for a resin slice with RVM channels. K) I .,m as a function of applied pressure for KCl solutions of various concentrations.
L) Streaming mobility, tgream for an RVM device versus concentration (error bars were calculated from the Iy ., Versus pressure represented in (k).
The dimensions of the VM channels in (H) and (1) are | = 500 nm, w =5 um, h = 6.3 A and n = 110), top-left inset of (H) are | = 450 nm, w =8 um, h =
6.3 A and n = 150, and that of RVM channels in (1), (J), (K), and (L) are | = 800 nm, w = 13.5 um, h = 6 A, and n = 800.
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ion-transport is restricted in the bulk mica crystal. The limited
conductivity may be attributed to the presence of dislocations or
stacking faults along the mica crystal planes, leading to block-
age or discontinuous free space along its length.'?"! This phe-
nomenon is commonly observed in bulk crystals of similar ma-
terials, reinforcing the use of re-stacked laminates to generate
membranes, whereas in our case we can slice the bulk mica by
ultramicrotomy and utilize the channels for fluidic transport.
The laminate membranes fabricated by restacking 2D flakes
are a promising platform for nanofluidics, size-selective sep-
aration, energy harvesting/storage, and water purification
techniques.5?%1 By restacking, bulk materials in powder form
can be transformed into well-defined and continuous 2D
channels. These lamellar membranes have the advantage of
sub-nanometer confined pathways for transport, they are simple
to fabricate at a large scale and offer a facile route for surface
modification. The disadvantages of the approach are that they
suffer from low mechanical stability and longer I, and in most
literature reports, the measured fluidic transport direction is
out-of-plane and involves tortuous diffusion paths.[®+%] Here
using ultramicrotomy, we fabricate thin slices of restacked VM
membranes (RVM) which enables in-plane fluidic transport
measurements. The RVM was fabricated by exfoliating bulk
crystals of vermiculite into thin layers following a two-step ion
exchange method in an aqueous medium (further details in
Figure S17, Supporting Information). The exfoliated vermiculite
2D flakes form a stable dispersion in an aqueous medium
(Figure 4D inset), and a representative AFM image shows
thin vermiculite 2D flakes with lateral dimensions of tens of
microns (Figure 4D). A free-standing RVM was obtained from
this aqueous dispersion by vacuum-assisted self-assembly of the
2D flakes on filter paper (Figure 4E).2!] A triangular strip of
~1 cm long, 1.1 pm thick RVM with 30 pm width at the tip was
cut, then embedded and cured in epoxy in a similar manner to
that described previously for the single crystal flakes in order to
allow ultramicrotomy to slice thicknesses of £ ~500 to 800 nm;
a cross-sectional SEM image of one such RVM slice (Figure 4F)
shows the intact laminate structure. The continuous channel
path in the RVM device is confirmed from the I-V curves (Figure
S17E, Supporting Information) with finite G. We compare the
o of VM and RVM fluidic devices at different concentrations
of aqueous KCl solutions as electrolytes. In both the systems,
C>1mMm, 06 a C but for C < 1 mm, o begins to deviate
from the linear dependence and saturates leading to similar
o for lower C (Figure 4I, similar trend for mica channels in
Figure S16, Supporting Information). This behavior is typically
observed in nanofluidic systems and the enhanced ¢ (or G) at
low C is attributed to the dominance of surface-charge-based
conductance.”?l Moreover, the ¢ at low concentration, which
depends primarily on the surface charge, is similar for RVM
and VM which suggests that the laminates have smooth channel
walls with minimal defects like the pristine VM even after the
chemical treatments performed during the exfoliation process.
A demonstration of the mechanical robustness of our RVM
slices is that we can generate pressure-induced measurements
of ionic currents (Figure 4]), whereas RVM membranes fabri-
cated by traditional routes are generally fragile and unsuitable for
electro-kinetic power generation. Pressure (p) was applied from
one side of the channel to create a pressure difference (Ap) across
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the two sides of the RVM device (schematic in Figure 4G). The
device responds to the applied p with a change in the magnitude
of the ionic current from the baseline (without p). The stream-
ing current (Iye,,) Was calculated as: I = Ins I, where I,
and I,, are the ionic currents before and after applying the p.
Figure 4] shows the obtained I, using 1 mm KCl with Ap up
to 60 mbar, applied in increments of 10 mbar. The I, ., variation
as a function of Ap for 0.1 mm, 1 mm, 10 mwm, and 50 mm KCl
is shown in Figure 4K. From the slope of this curve, the stream-
ing mobility (ug,..,) can be calculated using the equation: pig ..,
= Leam/(APA/l) where A (= nxwxh) is the total cross-sectional
area of the channels. Among the different KCl concentrations,
the highest g ..., (*1.56 + 0.3) X 108 m?V~!s~! was obtained
for 1 mm KCl (Figure 4L). From these streaming measurements,
we can estimate the zeta potential (¢) which is an indication of the
surface polarization and has the dimensions of electrostatic po-
tential. Using the equation: { = —pg,.., 1/EE,, the ¢ is found to
be ~ —22 + 4 mV, considering the bulk properties of water (vis-
cosity # = 1 mPa s, dielectric permittivity £ = 80) and vacuum
permittivity £, = 8.85 x 1072 F m™'). This value of ¢ is similar
to that obtained for the exfoliated VM flakes in water(?’] as well as
for the bulk crystals in water and in KCl solutions.?! This indi-
cates that there are no abrupt changes in the surface polarization
of the material resulting from the chemical treatments employed
in laminate preparation or from the ultramicrotomy slicing of the
resin-embedded RVM channels.

Osmotic energy generation by ion channels necessitates selec-
tive ion transport. The selectivity of a particular ions over the oth-
ers through the ultra-microtomed VM nanofluidic channels was
demonstrated by means of ion transference number, ¢ (i.e., the
fraction of the total current carried by the ions of a specified type)
to investigate their osmotic energy. The ¢ is calculated from the
membrane potential (E,,) as!®]:

Vfeed Cfeed
C

permeate

E,=(t —t) %ln( 1)

ypcrmcatc

where t, and t_are the transference numbers of the cation and
anion, respectively and for a particular solution t, +t =1; z is
the number of electrons involved in the reaction; F is the Faraday
constant; R is the universal gas constant; T is the temperature;
Y feedfpermeate A1 Creedpermeate aT€ the mean activity coefficient elec-
trolytes and corresponding concentration in the feed/permeate
reservoirs respectively (generally, we maintain Cpeq > Cpermeate)-
The [-V curves recorded through the channels for different
chloride-salts solutions with a concentration gradient of 10 (Cg.4
=0.1 M and Cpeppeqee = 0.01 M), have finite current values even
without an applied voltage (Figures S18 and S19, Supporting
Information), which is due to the dissimilar diffusion rates of
cations and anions. Membrane potentials (E,,) extracted from the
zero-current-potential (E, ;) (i-e., E,, = Eiu — Ereqoyr S€€ Section
S7 and Table S3 in the Supporting Information for details) were
used to estimate the ¢, and ;4. through the VM channels.
Salts such as KCl, NaCl, and LiCl show a higher ¢, in the VM
channel when compared to bulk salt solutions in water (Figure
S19B, Supporting Information), implying a charge selectivity. Al-
though the hydrated diameter (Dy;) of both the Cl~ and the cation,
K* (~6.6 A)2] are close to the channel h, it was found that £,
> taioride, indicating cation selectivity in the VM channels. The
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Figure 5. Osmotic power generation of VM channels: A) -V curves of KCl salt solutions and B) the transference of Kt and CI~ ions through VM channels

with Creq = 1 mm, 10 mm, 100 mm, and 1T M under a concentration gradient of 10 (Creq/C,

permeate = 10) (the curves in (A) include the contribution of

redox potential from Ag/AgCl electrodes). Comparison of the output osmotic power and the corresponding efficiency of VM channels when C) Ceoq =
T mm, 10 mm, 100 mm, and 1 m under a concentration gradient of 10 and D) Cgeq = 1, 10, and 100 mm and Cpermeate = 0.1 mm. Dimensions of the VM

channels are | = 500 nm, w =5 um, h=6.3 A, and n = 110.

individual clay layers forming the surfaces of the VM channels
have a net negative charge,[?’] which would result in repulsion
between the channel surface and negatively charged Cl-, thereby
reducing the &, iqe-

As the K* ions have higher transference number than Li* and
Na* ions, we explore the power density and efficiency of these
VM channels with different KCl concentrations (Figure 5). The
osmotic power (P, ) generated by a VM device for a particu-
lar concentration gradient has been estimated using the equa-
tion: P, = (E,2XG)/4, whereas E, is directly proportional to
the t as described in Equation (1). The P, increases from ~3.2
to #55.7 pW when the C4 increases from 0.1 mm to 1 M KCl,
maintaining a concentration of 10 (Creeq/Cpermeate = 10) across the
VM device (Figure 5C, left y-axis). The efficiency of energy gen-
eration is a crucial factor that determines the practical applicabil-
ity. The efficiency (#,,) of the energy devices is determined by
Hosm = %(t . — t_)?. Thus, higher ion-selectivity (i.e., t, /t) results
in higher P, and 7, of energy devices (Table S4, and Table
S5, Supporting Information). In contrast to P, the 7., de-
creases from 19% to 2.2% when the C4 increases from 0.1 mm
to 1 M KCl, maintaining a concentration of 10 (Creeq/Cpermeste =

10, Figure 5C). This is attributed to the decrease in ion-selectivity
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(i.e., t,/t, shown in Figure 5B; Table S4, Supporting Informa-
tion) of the VM devices with the increasing in the overall concen-
tration. There is thus a trade-off between the P and the 7.,
which however can be improved by varying Cr.q and Ciemente-
We fixed Cpeppeqe at 107* M KCl and varied the Cp.oq from 107
to 107! M KCl (ion transport data displayed in Figure S20, Sup-
porting Information); the highest efficiency of 23.3% is observed
for Cpoq = 1072 M with a P of ~81.3 pW (Figure 5D). We fur-
ther extract the osmotic power density, P, /A where A = nxwxh
(Figure S21 for 10 concentration gradient and Figure S22 for dif-
ferent concentration gradients, Supporting Information). The to-
tal cross-sectional area of the channels instead of only the empty
space is also considered for power density calculations as shown
by the comparison between the two areas in Table S5 and Section
S9 (supporting information). The VM channel’s P, /A of 234.6
Wm™ (with Creq = 107 M and Cppepe = 107 M KCl, 77, =
23.3%) is an order higher than most of the reports in the litera-
ture for nanochannels (compared in Table S6, Supporting Infor-
mation). This can be attributed to the shorter channel length (at
least an order less) of the vermiculite channels in comparison to
the literature. To verify this, we varied the I and P, /A was es-

osm

timated for VM devices with | #150, 500, and ~600 nm using
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Creeq = 100 mm and Cpeppene = 10 mm KCL With decreasing |
from 600 to 150 nm, the P /A increased from 56 to 230 Wm~™2,
Figure S23 (Supporting Information). In addition, P . /A from
the interface of sea and river water was estimated using artificial
sea water (0.5 M NaCl) and river water (0.01 m NaCl) and was
found to be 13.3 Wm™2, Figure S24 (Supporting Information).

3. Conclusion

In conclusion, we have developed an innovative method for
preparing 2D fluidic channels using ultramicrotomy. Our ap-
proach involves embedding the desired 2D material membrane
structure in resin followed by slicing it into ultra-thin sections,
resulting in robust and leak-free membranes. The polymer resin
provides mechanical support to the channels during slicing and
enables easy manipulation of the membranes for integration into
macroscopic chips. Our method facilitates the use of the free
spaces naturally present in the interlayer gap of layered crystals
as 2D channels. Furthermore, it enables the efficient and robust
use of the fluidic channels in restacked laminate membranes,
with diffusion paths parallel to the basal planes, readily adjustable
channel lengths, and increased mechanical stability compared to
traditional laminate measurement approaches. In addition, sev-
eral hundred 2D channels’ membranes can be prepared from
a single vdW assembly paving the way to rapidly increase mea-
surement throughput. We explored the nanofluidic ion-transport
present in the fabricated 2D channels and pressure-induced
streaming currents generating an electric current from the ionic
motion. The VM channels demonstrate cation-dominated ion
transport through the interlayer spaces and can convert osmotic
energy into electricity. Depending on the KCl concentration gra-
dients, the P, can varied from 3.2 pW to 104.7 pW. We ob-
tained a maximum efficiency of 23.3% with a P, of 81.3 pW

osm
and P, /A of 234.6 Wm~2 with Cg.4 = 10 mm KCl and C

ermeate
= 0.1 mm KCl. This power density is an order higher than Enaj or-
ity of the systems found in the literature, due to the short chan-
nel length in our system. Our fabrication method is versatile and
can be used to prepare nanofluidic structures from other 2D ma-
terials (e.g., perovskites and MXene), as well as from structurally
aligned nanomaterials (e.g., nanorods and nanotubes), with po-
tential application for developing materials for energy storage,
optoelectronics, and sensors.

Supporting Information

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