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Abstract

Semi-permeable membranes are important elements in water purification and energy generation
applications, for which the atomic thickness and strength of graphene can enhance efficiency and
permeation rate while maintaining good selectivity. Here, we show that an osmotic pressure
difference forms across a suspended graphene membrane as a response to a sucrose concentration
difference, providing evidence for its semi-permeability. This osmotic pressure difference is
detected via the deflection of the graphene membrane that is measured by atomic force
microscopy. Using this technique, the time dependence of this deflection allows us to measure the
water permeation rate of a single 3.4 ym diameter graphene membrane. Its value is close to the
expected value of a single nanopore in graphene. The method thus allows one to experimentally
study the semi-permeability of graphene membranes at the microscale when the leakage rate is
minuscule. It can therefore find use in the development of graphene membranes for filtration, and
can enable sensors that measure the concentration and composition of solutions.

1. Introduction

Semi-permeable membranes are of essential for fil-
tration and separation in the chemical, food and
pharmaceutical industry [1]. Membrane technology
plays a growing role in the transition to a sustain-
able society, for example in energy storage applic-
ations like fuel cells and batteries [2, 3], in energy
generation in osmotic power plants [4] and in water
purification [5]. Recent developments in nanotech-
nology allow for fabrication of sub-nanometer pores
to improve the selectivity of semi-permeable mem-
branes, enabling new applications [6]. A small thick-
ness is beneficial for separation membranes, because
it allows high flow rates at small power consump-
tion [7]. Therefore graphene, consisting of a single
layer of carbon atoms bonded in a hexagonal lat-
tice [8], is a promising candidate for future semi-
permeable membranes with ultimate performance.
Besides its small thickness, also the chemical stability
[9] and mechanical strength of graphene [10-12] are
advantageous. These properties have attracted con-
siderable attention for studies into graphene-based
water purification [13-23], gas separation [24-28]
and gas sensing [29-31]. Water permeation studies on
graphene often require macroscopic setups to apply

© 2020 The Author(s). Published by IOP Publishing Ltd

an hydraulic pressure and measure the permeation
rate. Therefore, the permeation occurs over a large
area, making it difficult to verify molecular dynamics
simulations performed at the nanoscale. Moreover,
a single defect in a large membrane can dominate
the permeation rate and thus significantly impact the
total membrane performance. To further understand
water permeability of graphene at the single pore
level, it is therefore of interest to develop experimental
techniques to measure the permeability on a micro-
scopic level.

Here, we demonstrate the semi-permeability of
single graphene nanodrums, which are graphene
membranes suspended over circular cavities in a sub-
strate, with an area of 9 ym?. The semi-permeability
is demonstrated by monitoring their deflection using
a liquid atomic force microscopy (AFM) technique.
It is observed that suspended graphene membranes
sealing a cavity are deflected when a sucrose concen-
tration difference is applied across the membrane.
This deflection is attributed to the osmotic pressure
generated on the membrane, which pushes the water
out of the cavity and reduces its volume. The time-
dependence of this deflection allows determination
of the water permeation rate of the graphene drum
and this continues until an equilibrium between the
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Figure 1. Illustration of the sample fabrication. (a)
Fabrication starts on a 19 X 19 mm? silicon die with

285 nm thermally grown silicon dioxide. (b) Cavities are
etched in the silicon dioxide layer using reactive ion
etching. (c) Single-layer CVD graphene is transferred using
a water soluble polymer. (d) The polymer is dissolved in
water. (e) The sample is kept in water in a storage container
for at least 3 weeks to let gases permeate from the cavity and
water permeate in. (f) Before the experiment the sample is
carefully removed from the storage container, keeping a
water droplet on the sample to ensure the cavities stay
submerged.

osmotic force and membrane force is obtained. Thus
facilitating the study of the water permeability of
graphene at microscopic scales where the volumetric
flux is minuscule.

2. Experimental methods

The steps taken for sample preparation are shown in
figure 1. Fabrication starts from a silicon chip with
a layer of 285 nm of thermally grown silicon diox-
ide (figure 1(a)). Circular cavities of 3.4 ym diameter
are patterned using electron beam lithography and
etched to a depth of 285 nm in the oxide layer using
reactive ion etching (figure 1(b)). A sheet of single-
layer graphene grown by chemical vapor deposition
(CVD) is transferred on top of the chip and suspen-
ded over the cavities using water dissolvable polyvinyl
alcohol transfer polymer (figure 1(c)) (supply and
transfer of graphene was performed by Applied Nan-
olayers B.V.). The transfer polymer is dissolved in
water, after which the sample is kept wet during the
rest of the fabrication and experiment (figure 1(d)).
To allow water to permeate into the cavities, and to let
the gas in the cavity permeate out and dissolve in the
water, the sample is stored in a container with deion-
ized (DI) water for more than three weeks before the
experiment is started (figure 1(e)). By studying the
samples in a liquid cell AFM, this sample preparation

Flexible tubing Waste

AFM

Figure 2. (a) Schematic of the measurement setup to detect
the deflection due to osmotic pressure across the graphene

membrane. (b) Optical image taken of the AFM tip on the

sample during the experiment.

results in cavities filled with water in two out of the
four samples; on the other two samples only broken
drums are found.

The deflection of the membranes is studied using
AFM in a liquid cell shown in figure 2(a). Since
the surface tension of water may break the graphene
nanodrums, the cavities have to remain submerged.
Therefore, the sample is removed from the container
in such a way that a droplet of water remains on the
center part of the chip (figure 1(f)). The sample is
then moved to an AFM with a flexible silicon-rubber
liquid cell. The 19 by 19 mm? chip forms the bot-
tom of the liquid cell, while the rubber encapsulation
of the liquid cell ensures that the chip remains fully
immersed in water during the experiment. AFM ima-
ging is performed on a Bruker Dimension Icon AFM
system operating in tapping mode. The cantilevers
used are Bruker ScanAsyst Fluid, with a nominal stiff-
ness of 0.7 N m~!. The AFM scans over the surface
until a suspended graphene drum is found that fully
covers the cavity. From the optical image in the AFM
we observe that the cavities have generally three dif-
ferent optical contrasts (figure 2(b)); some appear
bright, others dark and some show intermediate con-
trast. All the drums used for the experiment show an
intermediate optical contrast. From results of initial
AFM tests it is hypothesized that the brightest and
darkest cavities correspond to cavities with broken
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Figure 3. Time-dependent deflection of a 3.4-micron diameter graphene drum subjected to 0.1 atm of osmotic pressure. (a)
Height scans of the drum at different times. Flushing with a 1.6 g L ™! sucrose solution with osmotic pressure IT = 0.1 atm starts
at t =—2 min and ends at t = 0 min. (b) Horizontal cross section along the center of the drum (at a vertical position of 2 pzm) at
times t =—5 min and ¢ = 63 min. (c) Average height of the suspended membrane as a function of time. From fitting equation (5)
to the experimental data, we find #imem = 0.13 Nm~! and 7 =1.8 x 10° 5.

graphene and air-filled cavities sealed with graphene,
respectively, but this was not studied in more
detail.

The liquid cell has two flexible tubes connected to
it (figure 2(a)), which can be used to flush the cell with
a solution. A syringe with a sucrose (reagent grade,
Fisher Scientific) solution of a well-known concentra-
tion is connected to one of the tubes and the system is
flushed with 2 ml of the solution, which is a volume
much larger than the volume of the liquid cell and the
tubing (in the order of 100 ul), such that the concen-
tration outside the cavity is equal to the concentra-
tion in the syringe. Since the concentration in the cav-
ity remains zero, a well-known concentration differ-
ence is applied across the membrane. By flushing the
liquid cell slowly and carefully to minimize mechan-
ical disturbances, the AFM can remain in contact with
the substrate and continue scanning without having
to retract the AFM tip from the surface. After flush-
ing, the AFM continues to scan the drum in order to
measure the height of the membrane as a function of
time.

3. Results

Figure 3(a) shows the height map of a 3.4-micron dia-
meter drum during the experiment. At t =—5 min the
chip has been in DI-water for three weeks (first panel
in figure 3(a)). Flushing with a 1.6 g L ™! sucrose solu-
tion (IT=0.1 atm) starts at t =—2 min and ends at
t =0 min. During the flushing the AFM tip remains
in contact with the substrate, but the scans taken dur-
ing this process are omitted due to the large mechan-
ical disturbance. The first scan after the flush ends at
t =3 min (second panel in figure 3(a)). In the first
two panels of figure 3(a) it is shown that the dif-
ference between the scans before (t =—5 min) and
after (+ = 3 min) admitting sucrose is small. However,
as time progresses the membrane steadily deflects
downwards. The presence of red and yellow regions in
the last panels in figure 3(a) indicate that the deflec-
tion is not uniform, suggesting that the tension dis-
tribution in this membrane is not uniform over the
membrane area, similar to what was found in other
works [32].
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Figure 4. Experimental result on a different drum than the
one in figure 3. (a) Height scan of the drum before flushing
(the colorbar is the same as (b)). (b) Height scan 12
minutes after flushing the liquid cell witha 4 g L~ ! sugar
solution (IT = 0.25 atm). (c) Height distribution before and
after flushing.

The height maps in figure 3(a) are used to calcu-
late the average deflection of the drum over time as
shown in figure 3(c). All height maps are corrected
for tilt using the silicon dioxide substrate next to the
drum as a reference, whose height is set to zero. Only
the part of the graphene, enclosed by the sidewalls
(height < 10 nm in figure 3(b)), is used to determine
the average deflection of the suspended drum. Even in
the first scan, before flushing the liquid cell, the mem-
brane height is already lower than that of the sub-
strate. This is due to sidewall adhesion at the edge of
the drum as can be seen in the horizontal line cuts in
figure 3(b). Due to the sidewall adhesion the mem-
brane has an average height of —21 nm in figure 3(c)
at t =0 s. As time progresses, the membrane’s aver-
age height decreases which will be further analyzed
below.

Figure 4 shows the experimental results on a
second 3.4 pm diameter drum. This drum shows clear
wrinkles over the surface of the drum, which remain
after flushing. Initially, the center of the membrane is
higher than the substrate surface (figure 4(a)), and 12
minutes after flushing with a 4 g L™! (Il =0.25 atm)
sucrose solution the membrane is deflected down-
ward (figure 4(b)). This can also be deduced from
the change in the height distribution in figure 4(c).
The downwards deflection can be attributed to the
osmotic pressure, consistent with the observations on
the first drum in figure 3. Time-dependent deflec-
tion was not studied in this drum, because the AFM
lost contact with the substrate during the flushing.
Figure 4(b) shows the first scan after re-approaching
the surface. No significant change in deflection was
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Figure 5. Illustration of the forces on the membrane: (a)
immediately after increasing the sucrose concentration in
the environment and (b) in thermodynamic equilibrium.

detected in subsequent scans after t = 12 min, indicat-
ing that this drum permeates significantly faster than
the drum in figure 3 and already reached equilibrium
between the osmotic and membrane forces during the
first scan after flushing.

4. Model for the time-dependent
deflection

In this section a model is derived to describe the
dynamics of the membrane under osmotic pressure.
We consider the system to initially be in an equi-
librium state, since it is kept in the water for a
long time. Then, after introducing the sucrose solu-
tion, an osmotic pressure difference develops between
the cavity and the environment. As an estimate of
the upper limit, we consider the most extreme case
where the graphene-sealed cavity is impermeable to
the sucrose-particles and permeable for the water
particles. In this case, the concentration of sucrose
inside the cavity remains zero and the osmotic pres-
sure difference II is given by van ‘t Hoff’s law [33]:

IT = kp Tk, (1)

where kg is Boltzmann constant, T is temperature and
¢ the concentration of sucrose in the liquid cell envir-
onment.

Figure 5(a) schematically shows the forces on
the membrane immediately after the environment is
flushed with a sucrose solution. The solute (sucrose
molecules) generate an osmotic pressure on the mem-
brane pushing it downwards. However, the water in
the cavity is incompressible, causing a compressive
hydraulic pressure in the cavity equal to the osmotic
pressure. Since the fluid in the environment is at
ambient pressure, there is a difference in pressure
APpygr = II — Prery between the water inside the cav-
ity and outside the cavity, where Py, is the pressure
resulting from the deflection of the membrane. This
hydraulic pressure difference drives water molecules
out of the cavity through the pores toward the envir-
onment. Using Darcy’s law we can express the volu-
metric flux of water ® as:

(I) :m(H_Pmem) (2)
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where 3 is the water permeation rate per unit pres-
sure difference, in units of m*> Pa=! s~!. This flux
reduces the volume of the cavity, causing the mem-
brane to deflect downwards thereby tensioning the
membrane, resulting in a pressure exerted by the
membrane Py [34]:

121mem0

72Et,0°
Pmem = B
R

3RY(1—v)’

(3)

where #iem is the pre-tension in the membrane, E
the Young’s modulus, t, the membrane thickness, v
Poisson’s ratio and R is the radius of the drum. ¢ is
the average deflection of the drum, defined as: § =
havg — Hstart, where hayg the average height of the drum
from the AFM measurement and hg,. is the aver-
age height of the drum in equilibrium when II=0.
For simplicity, we assume the deflections of the mem-
brane are sufficiently small to ignore the term propor-
tional to §° in equation (3). Using equation (2), the
time-dependence of the membrane’s average deflec-
tion can be obtained by expressing the rate of change
in volume of the cavity as: ® = wR>dd /dt, which res-
ults in:

o _ P

B 121memd
dt  7R? ’

~ 7R2 R?

Solving this differential equation yields the following
expression of the time-dependent deflection:

s(t) = — L& (1-e ) o)

121 mem

The total deflection (S0t = |Astart — Hend|> where heng
is the membrane’s final position) the membrane has
after reaching thermodynamic equilibrium,

I1R?

127/lmem ’

§t0t = (6)
is governed by the tension in the membrane, but
does not depend on the permeation rate, since it is
obtained when II = Ppep. It is observed from equa-
tion (6) that a low pre-tension and large radius natur-
ally leads to a larger deflection of the membrane. The
characteristic time constant 7 of the time-dependent
deflection is governed by both the water permeation
rate of and the tension in the membrane:

mR*
T=——.
1znmemfp

This shows that a small tension leads to a large
response time 7 of the system, as more volume needs
to be displaced in order to reach thermodynamic
equilibrium. As expected, a large permeation rate will
lead to a shorter 7. Interestingly, for a constant per-
meation rate I3, the time constant 7 depends strongly
on the radius of the membrane 7 oc R*. Finally, for
the extraction of the permeation rate 3 we note that
7 is independent of II according to equation (7), and
is therefore independent of the sucrose concentration
used during the experiment.

(7)
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5. Extracting tension and permeation rate

By fitting the model in equation (5) to the experi-
mental data in figure 3(c) we extract the pre-tension
fimem and the permeation rate . From the meas-
ured total deflection 6y = 19 nm we find a preten-
$i0N Mpmem = 0.13 N m~!. We calculate the average
pre-tension from the average deflection assuming a
spherical membrane shape (equation (3)). Since the
actual membrane shape is not exactly spherical, the
actual average pre-tension might be somewhat differ-
ent from the calculated value. This calculated value is
lower than the range found on similar CVD graphene
drums based on estimates from their thermal time
constant [35, 36], but is reasonable compared to other
works [10, 37]. Using this value of the pre-tension
and deflection, and values for the elastic properties
of graphene in literature [10], the third order term
in equation (3) contributes approximately 10% to
the total membrane pressure Ppem in thermodynamic
equilibrium. This justifies ignoring the third order
term in our analysis.

The time constant extracted from the fit in
figure 3(c) is 7=1.8x10> s, with an error of
+0.4 x 10° s determined from the 95% confid-
ence interval from the scatter of the data around
the fit. Using equation (7) and the pretension
extracted above the water permeation rate is
P=1.1x10"2°4£02x10"20m?>Pa—! s In
other works, the permeation rate of a single pore
in graphene 8 =7 x 1072 m® Pa~! s7! is estimated
from experiments [14], while theory [21] predicts
a value of 8 = 1.7 x 1072® m?® Pa~! s~!. Since our
measured value of the permeation rate is lower than
the expected value of a single nanopore, we con-
clude that the drum in figure 3 has no defects on the
suspended drum area. Therefore, it is likely that the
graphene-silicon dioxide interface is an important
pathway for the diffusion of water molecules, sim-
ilar to the case of gas permeation through graphene
nanodrums [38, 39]. The permeation rate per unit
area P/mR*=1.2x 107" m Pa~! s7, is 7 orders
of magnitude lower than expected for nanoporous
graphene [16, 23], supporting the notion of the low
defect density in the suspended graphene.

For the second drum in figure 4, we estimate from
figure 4(c) an average deflection of approximately
8 nm, resulting in #1ymem = 0.75 N m~!. However, the
wrinkles on the membrane are as high as 20 nm, and
this additional moment of inertia may cause them
to acts as beams that contribute significantly to the
overall stiffness of the membrane. Since no significant
movement of the membrane is observed after the ini-
tial scan at 12 mins, we conclude that this drum was in
full thermodynamic equilibrium within 12 minutes.
Therefore, the time dependent permeation could not
be studied in the same detail as the first drum in fig-
ure 3. The downward deflection of the drum, how-
ever, does indicate that it is semi-permeable.
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6. Discussion

Via AFM measurements we have presented evid-
ence that a sucrose concentration gradient across a
graphene membrane can cause it to deflect. This
effect is attributed to the semipermeability of the
graphene membrane for water and sucrose molecules,
which causes an osmotic pressure to develop across it.
From the total deflection the pre-tension of the mem-
brane can be extracted, while the time-dependence
of the deflection is used to extract the water per-
meation rate of a graphene drum. The value of the
permeation rate is close to the value expected for
a single pore in the graphene sheet, suggesting the
defect density in the suspended CVD graphene is low.
Different permeation mechanisms can cause water
molecules, that have a kinetic diameter of 0.2 nm,
to permeate into the cavity. The first possibility is
through the small intrinsic defects in the suspen-
ded CVD-graphene sheet, the second is through the
wrinkles of the graphene on top of the silicon diox-
ide (that might act as a lateral channel) and the third
is diffusion along the SiO,-graphene interface. Dis-
solved sucrose molecules have a molecular diameter
of 0.9 nm [40], significantly larger than that of water
molecules (0.26 nm), causing it to diffuse at much
slower rates (or not diffuse at all) through these per-
meation pathways. As a consequence, it is expec-
ted that the graphene is more permeable to water
molecules than to sucrose molecules.

We note that if the graphene would be permeable
for the sucrose, it would be expected that after the
initial ‘fast’ downward deflection of the membrane,
it would be followed by a slower upward deflection
of the membrane until the sucrose concentration on
both sides of the membrane would equilibrate and the
membrane would return to its initial position [30].
Since no such equilibration or upward deflection was
observed within the 60 minutes of measurement, we
can conclude that our assumption that the graphene
drum is impermeable for sucrose molecules is correct
within the experimentally relevant times. Measuring
such a slower upward deflection may be interesting in
future work to study the permeation of small solutes
such as ions or gases through nanopores in graphene,
that may permeate at a faster rate than the sucrose
molecules studied here.

In future work, more information on the per-
meation mechanism can be revealed by measuring
the time constant 7 as a function of drum diameter
or membrane thickness, similar to approaches taken
to measure the gas permeability of graphene [34].
Furthermore, sealing the graphene at the edges will
remove the permeation pathways through the sil-
icon dioxide-graphene interface and the wrinkles,
allowing permeation to occur only through defects
in the graphene membrane [38]. Since our measured
value of the permeation rate is close to the expec-
ted value of a single nanopore in graphene, such

6
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a sealed nanodrum might be suitable to study the
(semi-)permeability of individual nanopores. While
the AFM method is suitable to study drums with
very low permeation rates, introducing many pores
or defects in the suspended membrane will signi-
ficantly increase the permeation rate and therefore
decrease 7. This means that faster detection tech-
niques may be more suitable to measure the time-
dependent deflection of nanoporous graphene, which
could be achieved by high-speed AFM [41]; or optical
techniques such as colorimetry [42] or laser interfer-
ometry [43]. The main advantage of using AFM is
the possibility to image the inhomogeneities due to
wrinkles and non-uniform tension and to study their
impact on the deflection profile in detail, which is dif-
ficult to achieve with optical techniques.

The observed deflection of graphene by osmotic
pressures is interesting for applications as an osmotic
pressure sensor that detects the concentration of
solutes, since the deflection of the membrane is
a function of the concentration (equation (6)).
Graphene-based osmotic pressure sensors use
less area than sensors that have been demon-
strated using MEMS technology [44]. Moreover,
graphene has excellent chemical stability [9], large
mechanical strength and flexibility; and the small
membrane areas achievable with these systems
allow for the measurement of extremely low per-
meation rates while maintaining relatively short
response times 7. Reliable fabrication of suspen-
ded graphene membranes submerged in water, with
tight tolerances on wrinkles and defect densities,
is the main challenge for further research in this
direction.

7. Conclusion

In conclusion, we present evidence that graphene
membranes that seal a cavity are deflected by osmotic
pressure induced by a sucrose solution. This deflec-
tion is characterized by AFM in water, demon-
strating the feasibility of mechanically characteriz-
ing suspended graphene in a liquid environment.
When the concentration of sucrose in the surround-
ings is increased, the membrane deflects downward
with an exponential time-dependence which can
be explained by our theoretical model. This allows
the extraction of the water permeation rate of a
single 3.4 pym diameter drum, which is found to be
1.1 x 1072® m® Pa~! s™!. Since this is close to the
expected value of the permeation rate of a single
nanopore in graphene, this suggests a low defect
density of the suspended graphene sheet. The work
opens avenues for studying the semipermeability of
graphene membranes via the effect of osmotic pres-
sure on its deflection, and can thus contribute to
realizing graphene membrane technology for separ-
ation, sensing, energy storage and energy generation
applications.
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