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ABSTRACT: Driven by the need of maximizing performance,
membrane nanofabrication strives for ever thinner materials

aiming to increase permeation while evoking inherent challenges Sg;%izn
stemming from mechanical stability and defects. We investigate [ISSSSIOAN 100 --------
this thickness rationale by studying viscous transport mecha- ++it

nisms across nanopores when transitioning the membrane
thickness from infinitely thin to finite values. We synthesize
double-layer graphene membranes containing pores with
diameters from ~6 to 1000 nm to investigate liquid permeation
over a wide range of viscosities and pressures. Nanoporous
membranes with thicknesses up to 90 nm realized by atomic layer deposition demonstrate dominance of the entrance
resistance for aspect ratios up to one. Liquid permeation across these atomically thin pores is limited by viscous
dissipation at the pore entrance. Independent of thickness and universal for porous materials, this entrance resistance sets
an upper bound to the viscous transport. Our results imply that membranes with near-ultimate permeation should feature
rationally selected thicknesses based on the target solute size for applications ranging from osmosis to microfiltration and
introduce a proper perspective to the pursuit of ever thinner membranes.
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ass transport across nanometer-sized pores is of water,” and gas transport’ through such ultimately thin
fundamental interest to many disciplines such as membranes. Researchers have predicted that nanoporous 2D
biology, medicine, physics, and engineering.l_3 materials, such as porous graphene, pose unique flow physics
Nanopore-based separation and filtration have seen a surge for gases and liquids. Originated from the infinitesimal
in membrane technology research due to the vast potential to thickness, ultimate permeation of gases and liquids could be
reduce energy requirements over conventional technologies observed, rendering 2D membranes as a potentially efficient
and to an implication of a significantly decreased facility membrane material for filtration and separation.'’ Various
footprint.” membrane architectures that employ porous graphene are
Permeation through porous membranes is often limited by conceived for fields such as desalination, ultrafiltration, and
frictional losses related to molecule—wall interactions. membrane distillation.''~** Infinitessimal thickness, however,
Minimizing the energy requirement for permeation can, comes at the expense of in-operando mechanical stress and
therefore, be achieved by reducing the thickness and lowering susceptibility for defects, altogether impairing the membrane
the transport resistance associated with it.> Consequently, the performance.16’17 Indeed, independent stacking of graphene
use of thinner membranes is a core of current membrane layers has been shown to exponentially decrease defective areas
research with permeation conventionally understood to be of membranes, giving strong motivation to increase the
inversely proportional to thickness.”® Then, an ideal porous
membrane is supposed to have a negligible thickness. The Received: June 27, 2018
discovery of mechanically stable 2D crystals like graphene has Accepted: December 19, 2018
immediately triggered computational simulation for ion,” Published: December 19, 2018
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membrane thickness.'® Thus, a trade-off emerges such that
optimizing overall membrane performance requires detailed
understanding of the governing transport mechanisms of
membranes of various thicknesses.

As the membrane thins down to nearly a 2D layer, the
inverse proportionality between mass flux and thickness is
prone to breaking down because of a shift in transport
mechanism. The comprehensive understanding of this
channel-to-orifice transition has so far been hampered by a
lack of a well-controllable characterization system.

Characterization of liquid permeation across single nano-
pores requires the determination of flow rates that are
undetectable using conventional flow meters, and state-of-
the-art flow measurement approaches conversely involve
significant experimental efforts and sophistication.'” Therefore,
typical permeation studies today employ a method of
simultaneous permeation across a multitude of pores, which
often invoke significant uncertainties in pore number and pore
size distributions."”*® To overcome these uncertainties, a
direct perforation technique such as focused ion beam (FIB)
milling has proven itself to be instrumental by demonstrating
well-defined pore geometries and pore numbers.'’ We
manufacture nano-to-microporous graphene membranes
(PGMs) by FIB with narrow pore size distributions and
precisely defined pore numbers. This well-controlled system
enables the characterization of pressurized flows of liquids of
various viscosities through pores with diameters spanning
almost 3 orders of magnitude from sub-10 nm up to 1000 nm.
Permeation is found to be limited by entrance resistance
stemming from viscous dissipation within the fluid near the
pore entrance. This resistance needs to be overcome by any
type of porous structure and thus provides an upper bound to
permeation.

To gradually adjust the thickness of the atomically thin
PGMs, we employ atomic layer deposition (ALD). Obtained
thickness variation from sub-1 to 90 nm allows the
investigation of the transition from orifice to channel transport.
Understanding this transition enables us to identify an ideal
permeation thickness for a given pore size, thereby facilitating
reduced defects and enhanced mechanical stability. Further-
more, the permeation upper bound can be utilized as a
benchmark for comparison of various porous materials for their
potential as fast transporting membrane materials, before
optimizing other parameters such as porosity or support
structures.

RESULTS AND DISCUSSION

Porous graphene membranes are prepared by transferring two
single-layer graphene samples synthesized by chemical vapor
deposition (CVD) onto a custom-made silicon nitride (Si;N,)
frame (Figure la).'"” Double-layer graphene (DLG) is
perforated by applying FIB milling, creating pores with well-
defined dimensions between 6.2 + 1.1 and 1020 + 2 nm with
pore numbers ranging between 10 and 10° and areal porosities
between 0.1% and 10% on a graphene area of ~1000 ym®
(Figure 1b—d). This well-controllable method prohibits any
trans-PGM transport pathways other than those artificially
created by FIB (Methods section, SI). The well-controlled and
narrow distributions of pore diameter enabled in this manner
lead to precise determination of the mass transport across
freestanding PGM of a given pore size (Figure 1, SI).
Permeation Measurements and Fouling Model. Water
permeation was measured using a custom-built setup in a
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Figure 1. (a) Schematic of the PGM fabrication approach: (I)
Double-layer graphene is transferred to a porous Si;N, support
frame. (II) Focused ion beam (FIB) milling creates well-defined
through pores with controllable size on the entire freestanding
graphene (III). (IIII) Atomic layer deposition conformally coats
the freestanding graphene membranes. (b) Scanning electron
micrograph of the entire freestanding graphene area with
patterned graphene spanning an 8 X 8 array of 4 pm Si;N,
holes. Inset highlights defect-free uniform porosity of patterned
graphene spanning an individual 4 pgm Si;N, hole. (c) Pores
achieved using FIB milling with 6.5 nm average pore size with
narrow distribution (inset) as determined by STEM. (d) Coated
porous graphene pores using 5 cycles of atomic layer deposition
obtaining 6.4 nm pores.

through-flow mode (Figure 2a, Methods section in the SI).
The system and Si;N, support frame are designed such that the
pressure drop occurs almost exclusively across the graphene
membranes, and leakage is negligible down to the experimental
resolution limit of 13 pL/s (SI). Without external pressure
forcing across the membrane, no movement of the liquid
meniscus in the capillary is detected, confirming the measured
permeation to stem from the externally applied pressure
(Figure 2b). Most of the liquid permeation experiments do not
show linear permeation but display a sublinear behavior with
decreasing flow rate over time at constant pressure (Figure 2¢).
Scanning electron micrographs (SEM) of the pore area of the
membranes after the permeation experiment show significant
contamination of the membrane surface and display blocked
pores (SI). Therefore, we attribute the flow rate decrease to a
change of the active membrane area (total open pore area)
caused by fouling during the through-flow permeation
experiments. The fact that fouling never stopped despite
using distilled (DI) water and cleansing the setup thoroughly
suggests that the source of contamination lies at the graphene
membrane surface and trace contaminants within our fluid
system (SI). Fouling is an omnipresent phenomenon in
membrane technology due to blocking of transmembrane
pathways by contamination. As atomically thin graphene pores
have no internal wall, all the fouling would occur on the
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Figure 2. (a) Schematic of the through-flow experiment. The graphene membrane holding the Si;N, chip is clamped into a fixture and
connected to a feed reservoir. External pressure is applied using compressed nitrogen on the reservoir entrance. Permeation is observed
using a camera to track the liquid meniscus position in the permeate tubing over time. (b) Permeated volume across a PGM with 96 nm wide
pores measured at a pressure difference of 50 mbar; no meniscus movement is observed outside the range of external pressure application.
(c) Permeated volume across a membrane having 8.5 nm wide pores measured at pressure drop of 250 mbar over 50 min; intermediate
fouling model (black line) precisely fits the experiment. (d) Permeated volume comparison of a c-PGM membrane (gold X, with 24 nm wide
pores) together with model fit (black line) and PGM membrane (gray +, 20 nm wide) with model fit (black line). Approximately 30 s after
pressure onset the PGM membrane shows significantly less permeated volume over time. The c-PGM membrane exhibits an approximately
linear increase of permeated volume over time. Inset: per-pore permeation over time extracted from the measurements (c-PGM gold X,
PGM gray +) together with model fits (black dashed line). c-PGM per-pore permeation stabilizes after 60 s with mild decline over time.
After initially similar values, the per-pore permeation of PGM reduces to ca. 25% of the per-pore permeation of the c-PGM membrane. (e)
Calculated membrane half-lives for PGM (gray) and c-PGM (gold) from the fouling model based on 16 membrane samples. A membrane
half-life is defined as time at which the flow rate of a membrane declines to 50% of its initial value.

membrane surface. We thus hypothesize the intermediate liquids at significantly higher rate than any commercial

fouling model to describe the fouling behavior (SI): membrane material, and therefore, it is not surprising to
observe such a membrane fouling event.

V(t) = ﬁln(l + ke, jApt) On the basis of the mechanistic understanding of the

ke, (1) fouling, we conceive an approach preventing the self-

contamination through conformal passivation of the porous
graphene membrane to trap intrinsic contaminants on the

‘ ) T oL, ! surface and thus reduce graphene fouling. ALD can provide the
the lc)ontammant mol.ar concen(;ranoz, Co dthle1 gltrm.sm conformal passivation. We employ ALD by titania (TiO,) that
rr;em rane p em;g?gzce’ Ji pressure drop, Ap; and the duration is chemically stable in water, easy to manipulate, and
of permeation, f. . . . inexpensive. Depositing 150 cycles of TiO, onto a PGM

Indeed, the intermediate fouling model precisely fits and . :
. . . . having 40 nm wide pores, we created a coated porous graphene
predicts the time evolution of water permeation across porous ) . .

. . membrane (c-PGM) with 24 nm wide pores (Methods section,

graphene (Figure 2c, SI). Therefore, the membrane fouling o . O

. SI). For the initial 40 s of permeation, we observe a similar
mechanism of the porous graphene appears to be random . . -
depositions on the membrane surface in the absence of permeation behavior between this coated membrane and a

interpore fouling. The intrinsic membrane permeance in its pristine PGM with 20 nm wide pores and similar per-pore

with the total permeated volume, V(t); the initial membrane
area, Ay; the contaminant characteristic surface area per mol, k;

pristine state is used to calculate the here-reported per-pore permeances (1'2_>§210 322 m?/(s Pa) for PGM ‘f"ith 20 nm w?de
permeation of porous graphene membranes. Furthermore, the pores; 2.3 X 107** m?/(s Pa) for c-PGM with 24 nm wide
model allows the extraction of the remaining open area of the pores), whereas significantly reduced permeate is observed for
membrane after a certain duration of measurement. The the pristine (noncoated) membrane afterward (Figure 2d).
relatively prominent fouling can be qualitatively understood by The permeation rates confirm this observation, where the
considering that the permeance is exceptionally high—at least ALD-coated membrane shows ca. 400% higher per-pore
one order of magnitude higher than that of commercial permeation after S min in comparison to the pristine
membranes of similar pore sizes. Each 2D pore permeates counterpart (Figure 2d, inset). Since the difference in pore
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Figure 3. (a) Pore size distribution of a PGM with initially 84.4 4+ 0.6 nm, coated subsequently by +150, +150, +150, and +175 cycles (right
to left). The pore sizes reduce to 71.0 + 0.6, 54.4 + 0.7, 44.0 + 0.7, and 26.1 + 0.7 nm, respectively. The standard deviation does not
increase significantly. Insets qualitatively confirm uniform pore shrinkage. (b) Pore size dependency for various ALD cycle numbers and
initial pore sizes. Corresponding linear regression slopes are indicated. Smaller pores shrink more quickly than larger pores. (c) Tilted SEM
image of initial 85 nm wide pores after 625 cycles with final pore size of 26 nm. Tilted view shows converging pore geometry. (d) Cross-
sectional SEM image of the same membrane confirms hourglass geometry with total thickness of 90 nm.

size can only account for 70% difference of permeation, the
ALD-coated membrane indeed shows significantly less fouling.
While the titania layer suppresses the fouling, we do not
observe an alteration of the initial flow rate to similarly sized
pristine graphene membrane, which supports our assumption
of negligible effects of pore edge chemistry for >5 nm wide
pores (SI).

The reduced fouling increases the membrane lifetime, as
demonstrated by comparing the time when the initial flow rate
has reduced to one-half of its initial value (SI). Comparison of
the membrane half-life of PGM and c-PGM demonstrates that
the ALD coating can effectively reduce membrane fouling and
is proven as an effective strategy to increase membrane half-life
by more than a factor of 2 (Figure 2e).

ALD Coating To Change Pore Geometry. We further
investigate the aspects of ALD coating of PGM to precisely
control the pore geometry by shrinking the pores and
thickening the membrane (Methods section in the SI). ALD
coating enables a shift of the average pore size of graphene
membranes with little effect on the pore size distribution
(Figure 3a). The standard deviation of less than 3% of the
respective average pore size confirms the precise fabrication by
FIB and subsequent uniform coating of the pore rim, which is
also qualitatively supported by the SEM images (Figure 3a,
insets).

We performed ALD with increasing cycle numbers for
different pore sizes to study the deposition rates within
graphene pores (Figure 3b). TiO, nucleated immediately on
the pore rim in the initial deposition cycles (SI). Continued
deposition formed a uniform coating in the graphene pore
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region. All pore sizes have reduced after the total cycle
numbers, and we observe a trend of higher pore shrink rates
for smaller pores. Interestingly, the 1000 and 500 nm graphene
pores increase in size after the initial 50 cycles of ALD coating
before starting to shrink for higher cycle numbers (SI). SEM in
tilted view reveals constricting pore geometries after extensive
(625 cycles) ALD coating (Figure 3c). Cross-sectional SEM
images confirm the geometry to be an hourglass, a nanopore
shape found in nature, e.g, in aquaporins.” The hourglass
geometry emerges during coating because of homogeneous
deposition around the pore edge (SI). The resulting thickness
(94 nm) of the membrane allows the inference of a lateral
deposition rate of 0.75 nm/cycle that is used to calculate the
thickness of other coated membranes. The developed under-
standing of the ALD rate enables creation of pores with
precisely defined dimensions using a specific number of ALD
cycles applied. This approach allowed fabrication of ALD-
coated porous membranes with pore sizes ranging from 7 to
500 nm for transport characterization.

No-Slip, Continuum Permeation Upper Bound—Pore
Size, Viscosity, and Pressure Scaling. Having established a
precise membrane fabrication, measurement, and evaluation of
liquid permeation, we examine parameters of viscous flow
across an infinitesimally thin aperture. As hypothesized
previously,'” the continuum model derived from a no-slip
Stokes flow through an infinitely thin aperture proposed by

Sampson”*** should apply.
3
r
Q= _Ap
3u ()
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Figure 4. (a) Per-pore permeation of PGM membranes for pore sizes between 10" and 10° nm (gray X). Theoretical prediction by Sampson’s
formula for infinitely thin membranes (black dotted line) and regression fit of experimental data (blue line) with exponent (2.94) closely
resembling theoretical prediction (3). (b) Pressure scaling of transport across PGM pores. Sampson’s formula scaling in dotted lines for
water and ethylene glycol. Pore-size-normalized flow rates for various fluids (water in gray X, and ethylene glycol in gray A) show linear
dependency on pressure (sloped triangles). Theoretical predictions based on Sampson’s formula (blue lines) for water and ethylene glycol,
respectively. (c) Viscosity scaling of transport across PGM pores. Inverse relation of viscosity to total transport for all pore sizes and
pressures considered over two-order-of-magnitude fluid viscosity variation. (d) Transport scaling of PGM and c-PGM pores with different
aspect ratios. Permeation is normalized by the theoretical no-slip upper bound of Sampson’s formula. The inverse relationship of permeation
and thickness breaks down at aspect ratios of one because of a transition of channel-dominated resistance to entrance-dominated resistance.
Order-of-magnitude reduction in aspect ratios for entrance-dominated transport results in a negligible to marginal increase of permeation.
(Dash-dotted and dashed lines indicate Dagan’s model and Hagen—Poiseuille flow formalism, respectively, both normalized by Sampson’s
formula.)

The solution of the Stokes flow, Q, across an infinitesimally
thin orifice assuming no-slip at the pore edge depends on the
pore radius, r; the dynamic viscosity, y; and the pressure drop,
Ap, across the membrane. Pore array effects, which can be
significant for ionic transport, are negligible for liquid
permeation for the porosities employed in this study.”®™**
Effects of pore edge chemistry, that have been predicted to
affect the permeation behavior for sub-nm pores, are
considered negligible in this work since the smallest diameter
in this study is least 1 order of magnitude larger.'"*” Notably,
the model lacks the transport length dependence, and
consequently the permeation is independent of the gradient
of the driving force unlike macroscopic mass and energy
transfer. The entrance resistance for a viscous fluid in front of a
pore is attributed to viscous dissipation associated with
rearrangement of the streamlines in entering the pore and
upon exiting into the downstream reservoir.”’ Universally
applied to all porous membranes, this resistance, or Sampson’s
model, can offer an upper bound for pressure-driven viscous
flows through any porous system.’"** Unlike a three-
dimensional continuum flow, the Stokes flow across an orifice
follows cubic scaling in the pore radius. The cubic scaling is
indeed observed for our porous graphene samples with pore
sizes between 6.1 and 1000 nm (Figure 4a). Notably, the per-
pore permeation values obtained in this study display slightly
higher values than in our previous report'® likely because of

improved experimental precision and preparation. Suk and
Aluru have predicted that cubic scaling in r may hold for pore
sizes even smaller than 6.1 nm.** We normalize the permeation
across a graphene pore by r° to obtain a universal pressure
scaling for a given viscosity. We confirm linear scaling of
transport with applied pressure, Ap, for both DI water as well
as diethylene-glycol (Di-EG) with their viscosities spanning
almost 2 orders of magnitude (Figure 4b). The general scaling
of permeation with viscosity shows inverse proportionality for
fluid viscosities spanning almost 2 orders of magnitude
(methanol, 580 yPas; and Di-EG, 36 500 uPas) (Figure 4c).
Consequently, Sampson’s model is well-suited to describe
permeation across atomically thin porous membranes. As
mentioned above, mass transport is independent of the
gradient of the driving force unlike the macroscopic expect-
ation in mass transfer. Because of the infinitesimal thickness
assumed in the derivation of Sampson’s model, it can be
interpreted as a general upper bound of no-slip, continuum
permeation across a pore of a given size over a wide range of
viscosities, pore sizes, and pressure forcing. Since it is derived
for infinitesimally thin apertures, a question arises at what
thickness or aspect ratio a membrane can indeed be
approximated as infinitesimally thin. In fact, for nanoporous
membranes, many endeavors are exerted to cut the membrane
thickness, which is rationalized by the assumption of the
inverse proportionality of permeation with passage length. For

138 DOI: 10.1021/acshano.8b04875
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green #,* orange @, yellow €**). Conventional PCTE membranes
classic Hagen—Poiseuille prediction. Aquaporin transport (brown A*’

and pore geometry effects.”**°

gray M) and boron nitride nanotubes (brown €'®) range near the

”) ranges above the upper bound, possibly due to noncontinuum

this assumption to be valid, however, transport needs be
passage-limited, or dominated by channel permeation resist-
ance, which does not hold true for infinitesimally short pores.

Rational Definition of Infinitesimal Thickness. Given
the importance of the membrane thickness reduction to
permeation enhancement, it should be well-understood at what
thickness the permeation becomes dominated by the entrance
resistance such that a further reduction in thickness only
marginally speeds up the permeation. Classical channel flow
formalism of Hagen—Poiseuille predicts infinite permeation for
channels with aspect ratios approaching zero. A model
developed by Dagan et al., combining Hagen—Poiseuille and
Sampson solutions as series resistances to permeation, predicts
transition from entrance-limited flow to passage-limited flow
when the pore aspect ratio L/r is varied.”

3 -1
Q= ’—Ap[l + iE]
3u 3rr (3)
Permeation of a certain pore size and pressure consequently
scales nonlinearly with the aspect ratio of the channel within
the framework of continuum description of flow. We
demonstrate the permeation dependency as a function of the
membrane aspect ratio, varying over 4 orders of magnitude
using pore sizes between 8 and 1020 nm and thicknesses
between sub-1 nm (DLG) and 94 nm (625 cycles ALD on
DLG) (Figure 4d). Measured viscous permeation is
normalized by the theoretical upper bound across infinitesi-
mally thin pores provided by Sampson’s model. A two-order-
of-magnitude decrease in membrane thickness from an aspect
ratio of 0.01 to 1 yields only a marginal increase in permeation
within a factor of unity, disobeying inverse proportionality to
thickness. Membranes with aspect ratios lower than unity will
thus not yield in substantial permeation increase for further
reduction of the membrane thickness, as predicted by a
theoretical shift in permeation mechanism (SI). Instead, the
focus of membrane design should be shifted toward other
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parameters such as porosity, mechanical stability, and support
structure engineering because of an onset of scaling disparity
between mechanical stress and permeation (S1)."° In view of
permeation, an aspect ratio of unity can effectively be
considered as reasonably close to an infinitesimally thin pore.
Permeation is governed by entrance resistance, and a further
reduction in the comparably small passage resistance will
merely lead to insignificant permeation increase. While it is
clear that the size of the solute determines the maximum pore
size of a membrane, our results suggest that the solute size also
defines the optimal thickness (via pore size) for near-ultimate
permeation at enhanced mechanical strength and reduced
defects. Assuming straight pores, membrane thicknesses for
reverse-osmosis, nanofiltration, ultrafiltration, and microfiltra-
tion on the order of 1, 10, 10% and 10 nm, respectively, will
permeate reasonably close to an infinitesimally thin membrane.

Interestingly, permeation across pores with aspect ratios
above unity exceeds a corresponding prediction by Hagen—
Poiseuille formalism (Figure 4d). We attribute this enhance-
ment to the hourglass-shaped cross-sectional geometry that our
pores possess upon extensive ALD coating (Figure 3c,d). The
opening angle of these membranes is extracted from SEM
cross-sectional images of 45°, and the permeation can thus be
compared to a theoretical prediction for such a geometry.*
For a viscous channel flow across an hourglass geometry,
permeation is predicted to be 20% that of Sampson’s model,
which matches well with the experimentally measured ones
(here, 29% and 28% for each membrane, respectively).
Furthermore, this prediction is for an infinitely thick pore
with 45° opening angle, indicating that a further increase of
membrane thickness will not reduce permeation if the opening
angle is kept constant.’® Thus, the pore cross-sectional
geometry affects the permeation of ultrathin membranes and
serves as a parameter to be considered in nanoporous
membrane design.
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Upper Bound for Viscous Permeation through Pores.
As the entrance resistance of Sampson’s model contains no
thickness dependence, mass transport is independent of the
pressure gradient unlike conventional modes of transport. Such
entrance-resistance-dominated and gradient-independent
transport has also been observed for ionic conductance across
thin nanopores and is predicted for diffusion across infinitely
thin apertures.”**”** Since it is universal for any pore,
Sampson’s model may serve as a benchmark for permeation
across porous materials. Our measurements show an invariance
of the viscous permeation through porous membranes for
aspect ratios up to unity (Figure 5). These membranes are not
thick enough to contribute notable wall shear forces to the
fluid, but the viscous dissipation for low-aspect-ratio
membranes occurs mainly in the bulk fluid around the pore
entrance as shown theoretically before.””*" Comparison to
single-layer graphene membrane simulations as well as
experiments with down to sub-1 nm pore sizes has shown
scattered permeation near the theoretical upper
bound.'”'#'*?39%0 This finding suggests the applicability of
the entrance-dominated flow even down to the limit of the
continuum regime. Reported experimental permeation data of
numerous hi%h flux membranes, like carbon nanotube (CNT)
membranes,"”*' =" porous nanocrystalline silicon (pnc-Si),**
and carbon nanomembranes (CNMs),* confirm that Samp-
son’s theory yields a valid estimation of the upper bound for
pressure-driven flow across any porous material (Figure S).
The reported permeation data for CNTs are scattered around
the Sampson line supporting the hypothesis that most viscous
dissipation occurs at the entrance around the nanotube pore
but not inside the confinement, such that permeation across
CNTs is limited by entrance resistance.’"”** Permeation across
commercial polycarbonate track-etched membranes and boron
nitride nanotubes, which have been shown to have negligible
slip, falls on the prediction by Hagen—Poiseuille formulation.'”
An extensive molecular dynamics simulation of transport
across CNTs including entrance effects for various aspect
ratios follows the upper bound with a mild decrease at high
aspect ratios due to nonzero friction within the CNT
channels.*® Furthermore, transport across biological channels
such as aquaporins lies within reasonable expectation of the
upper bound.**™* It is important to note that Sampson’s
theory is not a strict upper bound for permeation, since the
numerical prefactor (1/3 used in this work, based on the
original formulation) has been predicted differently in various
works.*”* In addition, effects like slip at the pore entry and
cone-shaped entrance geometries as presented above and
reported elsewhere have the ability to decrease dissipation in
the entrance region theoretically and therefore to enhance the
flow with respect to Sampson’s theory.””*’ Similarly,
molecular-sized confinements could advance the permeation
rate beyond continuum limits.>>" Notably, CNT membranes
are reported to have very high flow enhancements considering
three-dimensional flow theory which accounts for their
thickness.'”**»** The effect of flow enhancement is generally
attributed to high slip lengths inside the pore caused by the
pore wall properties of high curvature graphitic surfaces®® or
special phonon coupling of CNT to the liquid.”* However,
upon comparison of the permeation of these high flux
membranes with thin membranes (aspect ratio ~1), the
permeation rate of fluid is not significantly enhanced, which
indicates that even very special no-slip material surface
membranes cannot significantly reduce the pore entrance
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resistance. Consequently, even high-slip pore wall membranes
cannot exceed the here-reported permeation rates of the thin
porous graphene membranes because in both cases flow is
governed mainly by viscous dissipation near the pore entrance.
Improving membrane permeance for these entrance-domi-
nated materials thus should be addressed by increasing the
pore density*’ and reduction of support structure resistance.
Enhancing per-pore permeation further requires engineering of
the pore entrance properties toward reduced viscous
dissipation in front of the pore.

In conclusion, we demonstrated the combination of FIB and
ALD as a set of technologies to investigate liquid permeation
with high precision across nanoporous graphene and ultrathin
ALD-coated membranes. Detailed permeation characteriza-
tions allowed the probing of the fouling mechanism of
nanoporous graphene membranes, and ALD has proven as
an effective protection strategy to increase the membrane
operation lifetime. The transport of liquids across an infinitely
thin orifice follows the relation described by Sampson’s model
for various fluids and pores as small as 6 nm. Permeation across
such pores is independent of membrane thickness and
governed by entrance resistance. Any viscous fluid must
overcome this pore entrance resistance, which consequently
serves as the upper bound to viscous flow for any pore.
Application of ALD coating allowed facile alteration of
membrane thickness to investigate the paradigm of inverse
proportionality between permeation and membrane thickness.
Our results demonstrate this paradigm as inapplicable for pores
of aspect ratios below one. For these membranes, transport is
dominated by entrance resistance such that order-of-
magnitude reduction of aspect ratios below one does not
significantly increase permeation. Our report enhances the
understanding of flow physics through porous materials
employed across various fields and for nanoporous membrane
architectures designed for applications ranging from reverse-
osmosis to microfiltration. The shift of the transport
mechanism from passage- to entrance-dominated permeation
at pore aspect ratios close to unity marks the border as a
practical approximation of infinitesimal thickness. The effect of
pore cross-sectional geometry observed in ALD-coated
graphene membranes, moreover, enriches the detailed under-
standing of viscous permeation across nanopores, where
hourglass-shaped pores show enhanced transport over straight
pores in line with previous findings. Nanoporous membranes
can, therefore, be designed in a rational way to optimize the
permeation—thickness trade-off for a given pore size, achieving
ultimate permeation and minimized defects while maintaining
mechanical strength via thickness optimization and pore
geometry engineering. The entrance-resistance-limited trans-
port is shown to apply to various reported high-flux materials,
suggesting a general upper bound to permeation across a
nanopore.

EXPERIMENTAL SECTION

Membrane Manufacturing and Coating. Double-layer gra-
phene membranes are prepared as described elsewhere.'® In brief,
single-layer graphene is synthesized using low-pressure chemical vapor
deposition (LPCVD) on 25 um copper (Cu) foil (ALPHA AESAR
13382). A thin film PMMA (50k, Allresist Inc.) protective layer is
spin-coated on the graphene/Cu composite, after which it is floating-
etched in ammonium persulfate solution (0.5M, Sigma-Aldrich) to
remove the Cu foil. After rinsing in DI water, the PMMA/graphene
composite is fished out by another graphene/Cu composite such that
a DLG sandwiched between PMMA and Cu foil results. After
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repeated Cu foil etching the PMMA/DLG composite is fished out by
custom-made silicon nitride (Si;N,) chips having defined arrays of 4
pum diameter holes of 150 nm thick Si;N, membranes. Thermal
annealing at 400 °C using 900 sccm H, and 100 sccm Ar is applied to
remove the PMMA protective layer. FIB drilling using 30 kV and 1.1
pA is applied to create circular pores with precisely defined size in the
graphene membranes for the liquid permeation experiments. Atomic
layer deposition is utilized to deposit thin film titania (TiO,) on the
graphene membranes at 120 °C (Oxford ALD) using Ti(OC;H,),
and Oj as the two precursors.

Membrane Characterization. Total graphene membrane areas
are small enough to allow SEM imaging of the entire graphene
membrane area with down to S nm resolution to detect any defects.
This approach enables the detection of possible leakage pathways
from pinholes and ruptures in the graphene membrane. We
occasionally used platinum deposition prior to permeation experi-
ments to seal individual defects (SI). Image] is applied to extract pore
sizes and pore number of the fabricated membranes to create
equivalent diameter distributions for circular pores. Cross-sectional
images were obtained for ALD-coated graphene membranes after 625
cycles to obtain sufficient membrane thickness for precise SEM
characterization.

Measurement Setup. The membrane carrying the Si;N, chip is
clamped with O-rings in a custom-built fixture. The feed side of the
membrane is connected to a liquid reservoir and a pressure port. The
permeate side of the Si;N, support is mounted to a nanoport (IDEX
Health & Science LLC) transparent tubing to prevent leakage. Upon
application of pressure to the feed liquid reservoir using compressed
nitrogen, water permeation is observed by tracking the position of the
water/air interface within the permeate side tubing using a camera
(Canon EOS 750D).

Measured Fluids. Deionized water was obtained from Millipore
(Merck) and subsequently distilled to increase purity and reduce
contamination. Ethylene glycol, methanol, and diethylene glycol were
purchased from Sigma-Aldrich and used without further purification.
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