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ABSTRACT: We investigated the dependence of ion transport through perforated
graphene on the concentrations of the working ionic solutions. We performed our
measurements using three salt solutions, namely, KCI, LiCl, and K,SO,. At low
concentrations, we observed a high membrane potential for each solution while for
higher concentrations we found three di erent potentials corresponding to the
respective di usion potentials. We demonstrate that our graphene membrane, which has
only a single layer of atoms, showed a very similar trend in membrane potential as
compared to dense ion-exchange membranes with nite width. The behavior is well
explained by Teorell, Meyer, and Sievers (TMS) theory, which is based on the Nernst

Planck equation and electroneutrality in the membrane. The slight overprediction of the
theoretical Donnan potential can arise due to possible nonidealities and surface charge

regulation e ects. . .
G raphene is increasingly studied as a potential material for pore diameters up to much larger sizes ( 100 nm).?° In this
membrane applications, e.g., Itration, desalination, and case, the salt concentrations were much lower (1 100 mM
electrodialysis. The material is highly robust, and being thin, it max). They explored the selectivity of a single pore, whereas for
exerts minimum resistance to the uid," making it an attractive practical application multiple pores are required.
candidate for many membrane separation processes. It is also A detailed investigation on the e ect of solution concen-
interesting to study the underlying physics governing the tration on membrane potential in these nanoporous graphene
transport in a nanoporous single atomic layer membrane as new systems and therefore the selectivity has not been investigated
transport properties are expected to appear due to its unique to date. In this work, we perform a detailed experimental
structural and electrical properties.” ° When graphene is in its investigation of membrane potential di erence across perfo-
pristine state, it is completely impermeable, even for the rated graphene membranes versus solution concentration. Our
smallest molecule helium.”® However, when nanopores are ndings show that the potential of 2D graphene membranes
c_:reated in_a graphenz_e sheet, it can_be%%rgelgermeable and even can be described by the Teorell, Meyer, and Sievers (TMS)
ion-selective depending on pore-size.”” _ _ theory, which is primarily used to describe the membrane
To date, some studies have explored the ion-selective characteristic of 3D dense ion-exchange membranes.??* In the

properties of graphene.’®** " O’'Hern et al. investigated the
transport properties of ion bombarded graphene membranes
supported on a polycarbonate substrate. The substrate had an
average pore diameter of 200 nm so that these pores did not
in uence the ion transport through graphene.*® The sizes of the
graphene pores were tuned by using oxidative etching. Their
study showed that the membrane was cation selective when the
oxidative etching time was small, which resulted in small pores.
The maximum membrane potential reported was around 3.5
mV, which is around 8 times lower than the theoretical Nernst
potential at the reported concentration ratio of 3. The pore
sizes of the graphene membrane in their study were in the
subnanometer to nanometer range; however, they did not o .
observe signi  cant selectivity even for small pore sizes. This was related to the Donnan potentials in the system, while the latter
possibly due to the concentration of the working solution being to the di usion potentials. The overall potential in TMS theory,
relatively high (0.5 M KCI/0.1667 M KCI), in which case the which can be derived from the Nernst Planck equations, is

very low concentration range the membrane potential obtained
was approximately 70% of the theoretical Nernst potential,
which results from either some nonidealities in the theory or
the presence of defects in the 2D graphene sheet. As in
previous studies, we found graphene to be cation-selective and
the loss in selectivity is consistent with a separation mechanism
based on charged groups at the pore edges.”®

For conventional ion-exchange membranes, the theory of
Teorell, Meyer, and Sievers (TMS) can be used to describe the
resulting potentials between two di erent concentration
reservoirs in the case of weakly or strongly charged membranes
or di erent anion and cation di usivities.?**%%**> The former is

overall rejection capacity of the membrane would drop due to a given by
decrease in the Debye length in the pores or a change in surface
charge density.”® A later study by Rollings et al., who created Received: September 8, 2018
pores in graphene by applying ultrashort high voltage pulses, Accepted:  October 17, 2018
showed that a graphene membrane remains cation selective for Published: October 17, 2018
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where Ris the universal gas constant, T is the temperature, F is
the Faraday constant, C; is the xed ion concentration in the
membrane, C, is the high concentration, and C, is the low
concentration solution. u is a term representing the di erent
di usion rates of cation (u.) compared to anion (u ) in the
membrane, given by

yo 4Su
U+ i )
The rst term in eq 1 represents the Donnan potential,

which is generated due to the ion partition between the
solution and the charged membrane interface on both sides of
the membrane. The second term is called the di usion
potential, which is generated due to the di erence in
di usivities of cations and anions through the membrane.
The total membrane potential () can be derived from
Donnan equilibrium and the basic Nernst Planck equation.”
Equation 1 is valid for 1:1 salts. The equation for the 1.2 salts
can be found in the work of Shang et al. and is provided in the
Supporting Information.?

At low concentration (when C, and C, ), the Donnan
potential is high and reaches the plateau of the Donnan
dominated regime. However, with increasing concentration
(when C, and C, &) and nite u, the di usion potential
starts dominating.

The variation of potential with C, for di erent membranes
(di erent value of Cg) and for the same salt (constant value of
u) is shown in Figure 1a. We note that the Donnan dominated
plateau and di usion dominated plateau reach the same value
for di erent Cy but the transition point from the Donnan
plateau to the mixed potential (Donnan + di usion) occurs at
di erent concentrations. With a higher value of Gy the
membrane reaches the Donnan plateau at a higher concen-
tration. The potential curve for the same membrane ( xed Cg)
but for di erent salts (di erent values of u) is shown in Figure
1b. In this case the curves reach the same Donnan plateau but
di erent di usion plateaus, as expected.

The holes in the graphene membrane are created by swift
heavy ion (SHI) irradiation. The irradiation is performed at the
IRRSUD beamline of the GANIL (Caen, France). During
irradiation, only the graphene covered PET is bombarded with
the help of a protecting shield. Xenon ions of 0.71 MeV/A are
bombarded at a perpendicular angle. The uence is 5 x 10°
ions/cm?, which implies that 5 x 10® holes are created in 1
cm??® The membrane fabrication process is done in three main
steps, which are illustrated in Figure 2. We use commercially
available graphene (Graphenea) grown by chemical vapor
deposition (CVD) on a copper substrate. First, PMMA coated
graphene is wet transferred to a clear, biaxially oriented, 13 m
thick PET support (Goodfellow). PET provides robustness to
the membrane and covers intrinsic defects present in graphene.
PMMA protects the graphene layer during the wet transfer
onto the PET support layer. In the next step, the sample is
irradiated with a heavy ion beam that creates pores in graphene
and tracks in PET. The number density of holes that are
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Figure 1. (a) Membrane potential vs C, for di erent Cg values and
constant u. (b) Membrane potential vs C, for di erent uand constant

Ck. In both plots, C,/C, = 5.

created in graphene is about 1 per m2, while the diameters of
the holes varies between 1 and 10 nm.?’ Finally, to create holes
in PET at the track etched area, the membrane is immersed in
an etching solution (3 M NaOH, 50 °C). The etching time is
half an hour, which creates conical shaped pores in the PET
having diameters of about 110 and 400 nm for the top and
bottom, respectively. During the etching process, the PMMA
again protects the graphene layer from the etching solution.
After etching, the PMMA is removed by immersing the
membrane in acetone for 45 min and a graphene/PET
composite membrane is obtained. More details about the
fabrication process can be found in the Supporting Information
of our previously published paper.”® The holes in the PET
being much larger, presumably do not in uence the transport
through graphene as the selectivity appears due to Debye layer
overlap.

We measure the potential with a potentiostat (Autolab
PGSTAT302N) across the membrane at various concentra-
tions.?® 3 The graphene membrane is rst mounted between
two holders with an aperture of 1 cm diameter and sealed with
O rings. The membrane is then placed between two reservoirs
containing two di erent concentrations, as shown in Figure 3.
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Figure 2. Schematic illustration of the fabrication process of graphene membrane.

Figure 3. Schematic diagram of the experimental concept. The left
reservoir contains a low concentration solution. The right reservoir
contains a high concentration solution. A graphene membrane is
placed between the two reservoirs. Red and green dots denote anions
and cations in the solution. The inset shows the membrane potential
curve with varying salt concentrations.

During the measurement, equal volumes of solution are
maintained in the reservoirs and the solution is continuously
circulated. Also, the temperature of the ionic solutions is kept
constant at 25 °C by circulating the solutions through a
constant temperature bath.

Calomel electrodes (SI Analytic, VWR) are used to sense the
potential, correcting for the o set voltage between the two
electrodes. During the experiment with the graphene
membrane, we vary the concentration in each reservoir by
keeping C,/C, at a constant value of 5 (unless otherwise
stated). The concentration for each solution is varied from 0.3
to 250 mM at the low concentration side. We measure the
potential for three di erent salts, potassium chloride (KCI, 1:1),
lithium chloride (LiCl, 1:1), and potassium sulfate (K,SO,,
1:2).

Our goal is to investigate the cation selectivity of 2D
perforated graphene membranes and how this varies with salt
concentration and type. The selectivity is estimated by
measuring the potential across the membrane generated due
to charge imbalance and scaled to the theoretical Nernst
potential (). The Nernst potential is the theoretical
potential when a membrane is 100% selective to a particular
ion (N = (RT/F) In(C/C)).

In Figure 4, the membrane potential scaled to the Nernst
potential is plotted against the lower concentration (C,) for
KCI, LiCl, and K,SO, salts. The gure shows a similar trend as
predicted by the TMS theory, i.e., a plateau of high potential at
very low concentration (Donnan dominated) and a plateau of
low potential at very high concentration (di usion dominated).
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Figure 4. Membrane potential () scaled to the Nernst potential
() plotted against di erent concentrations. Solid squares are the
values for KCI, the open circles are the values for K,SO,, and the open
triangle denotes the values of LiCl. The relative standard deviation of
measurements is approximately 1%.

At low salt concentration, where the xed ion concentration in
the membrane is much higher than the solution concentration,
the ability to reject the co-ions by the graphene membrane is
high (approximately 70% of the theoretical Nernst potential).
This is similar to the ratio found by Rollings et al. for a single
nanopore in a graphene membrane with KClI in a ratio of 100:1,
where a reversal potential of approximately 100 mV was
measured vs a theoretical Nernst potential of approximately

115 mV.?° When the concentration of the solution increases,
the di erence between Cgz and C; decreases, which decreases
the rejection of the co-ions by the membrane and the di usion
potential starts contributing to the membrane potential. At very
high salt concentrations, there is no rejection of co-ions by the
membrane and the di usion potential dominates due to the
di erence in di usivities of co-ions and counterions through
the membrane.

We have also performed our experiment with PET foils
irradiated with the same uence (5 x 10% ions/cm?) and having
the same SHI setting and etched in conditions (3 M NaOH, 50
°C, half an hour) similar to that of the composite membrane
without any graphene on top of it. For these PET-only
membranes we did not observe any selectivity during the
experiment. This implies that the ion selectivity is due to the
nanoporous graphene membrane.

In our case, we see that the plateau value in the low
concentration region is smaller than the Nernst potential. This
is possibly due to larger pores in the graphene structure
compared to the Debye length, which is on the order of 10 nm
for the lowest concentration investigated. In order to express
the deviation of the measured potential vs the ideal Nernst case,
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we introduce a factor
TMS theory.

to the Donnan potential term in the

®

We t the experimental data shown in Figure 4 with the
modi ed TMS model (eq 3) with the tting parameters, Cg, |,
and (u /u,). The third parameter is introduced here because
the value of this ratio of di usivity through the membrane, in
principle, can di er from the di usivity ratio in the bulk.

The lines in Figure 4 represent the curves tted to the
experimental data with the modi ed TMS model for the three
individual salt solutions. The results are for a single membrane
(sample 1) tested multiple times. The measurement errors are,
on average, approximately 1%. The curves show very similar
patterns. At low concentrations, all of them reach a plateau at
similar potentials, whereas the membrane potentials at very
high concentrations are di erent for the three di erent salts.
The potential at high concentrations is solely dependent on the
di usion potential of the salt, which is di erent for the three
di erent salts we use. The di usion potential for KCI is
approximately zero, while that for LiCl is negative. For both
salts, a clear transition from the Donnan to di usion potential
dominated regime is evident. For KCI both K* and ClI ions
have similar di usivities in the bulk, which results in the
di usion potential tending to zero. For LiCl, we measure a
negative di usion potential because Cl ions move faster than
Li* ions, which is consistent with their bulk behavior. Unlike for
KCI and LiCl, we could not measure the potential at very high
concentration for K,SO, due to its low solubility in water;
however, the trend shows that it has a positive di usion
potential at higher concentrations. This is consistent as K*
moves faster than SO,? ions in the bulk and therefore should
result in a di usion potential tending to a positive value.*

For KCI and LiCl we use the equation for a 1:1 salt whereas
for K,SO, we use the TMS model for a 1:2 salt.*® The least-
squares estimates of the tting parameters and 95% con dence
interval of the tting parameters for the three di erent salts are
shown in Table 1. We obtain similar Cg values for KCI and LiCl

Donnéﬁ Diffusion

Table 1. Fitting Parameters for the Three Salts with a C,/C,
ratio of 5 and Their 95% Con dence Intervals

salt Cz (MM) u/u bulk (u /w.)
KCI 79.1 £ 133 0.69 £ 0.02 0.99 £ 0.05 1.04
LiCl 86.9 + 10.7 0.58 £ 0.01 164 + 0.08 197
K,SO, 422 +58 0.76 £ 0.01 0.43 + 0.03 0.54

whereas the C; value for K,SO, is much lower. The lower value
of Cg for K,SO, is possibly due to charge regulation e ects or
insu cient data points at high concentration. As mentioned,
the low solubility of K,SO, in water limited the experimental
range for this salt.

The value of correction factor () varies from 0.58 to 0.76
for the three salts. The bulk values of u /u, for KCI, LiCl, and
K,SO, are 1.04, 1.97, and 0.54 respectively.*’ The table shows
that the tted values of u /u, (0.99 £ 0.05, 1.64 + 0.08, 0.43 +
0.03) do not di er much from the bulk values, which implies
that there is a relatively small change in the di usivity ratios of
cations and anions when they di use through a membrane like
graphene consisting only a single layer. For dense ion-exchange
membranes, the di usivity ratio of ions in the membrane can
vary by a large degree. For an example, in Na on-117 the
di usion coe cient of K* is around half of its bulk value.*®
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The variation of potential with concentration can be
physically understood from the concept of an electric double
layer for charged membranes.>* The terminated carbon bonds
at the pore edges in graphene membranes contain some xed
negative functional groups likely due to partial oxidation. These
ionic groups are likely created during the bombardment process
or during the etching step. At a very low ionic concentration,
the Debye layer is large, which blocks the pores for co-ions,
leading to Donnan exclusion and a high membrane potential.
When the concentration of ionic solution is high, the Debye
layer thickness becomes small compared to the pore radius.
Additionally, the pore charge density can be a ected by the
bulk concentration via surface charge regulation.*

Figure 5 shows the variation of membrane potential scaled to
the Nernst potential with varying concentration for two

Figure 5. Membrane potential vs concentration at di erent C,/C,
ratios.

di erent KCI salt concentration ratios. For both cases, at low
concentration the membrane potential reaches a plateau. This
implies that with the increase in concentration ratio, the
selectivity remains the same. We note that when the
concentration at the higher concentration side of the
membrane is increased (for C,/C, = 10), the transition from
the Donnan dominated regime to the di usion dominated
regime happens at lower concentration (C,), as shown in
Figure 5. This implies that it is the high concentration side of
the solution that determines the transition from the Donnan
dominated regime to the di usion dominated regime in the
membrane potential versus concentration plot.

To check the reproducibility of the membrane behavior, we
have used three similar membranes prepared by the same
fabrication method and performed our membrane potential
measurements with potassium chloride for a C,/C, ratio of 5.
The average membrane potential for the three samples is
shown in Figure 6. The standard deviation for measurement
represents the sample to sample variation.

We have tted the data for each sample with the modi ed
TMS model and have obtained the best- t parameters, which
are shown in the Table 2. We note that the values of C; are
di erent between samples. This implies that variation among
the samples can arise due to the di erence in the amount of

xed charge groups introduced during the fabrication process.
We have tted the data from the three sample altogether with
the modi ed TMS model to check the variability of membrane

DOI: 10.1021/acs.jpclett.8b02771
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Figure 6. Membrane potential () with KCI concentration averaged
for three di erent graphene membranes prepared by the same
fabrication method. The standard deviation as shown here denotes the
sample to sample variation.

Table 2. TMS Fit Values for Three Di erent Membrane
Samples

Cr (MM) u/u,
sample 1 79.1 £ 133 0.69 + 0.02 0.99 + 0.05
sample 2 195+ 17 0.63 = 0.01 0.97 = 0.02
sample 3 311+30 0.70 + 0.01 1.01 + 0.03
average 322091 0.67 = 0.04 0.96 + 0.07

preparation. We compare the measured potential vs concen-
tration and TMS ts results for three individual membranes,
along with the t for the average of the data in Table 2.

From Table 2, we observe that the , u /u, values are
approximately similar for the three membranes and only Cq
values are di erent. This indicates that the e ective xed charge
is varying between the samples. This can be due to the
distribution in the pore sizes in the sample and di erences in
the charged functional groups in the nanopores.

We have investigated ion transport through nanopores in
graphene membranes in detail by measuring the induced
potential arising across di erent concentration reservoirs. The
membranes show a variation in cation selectivity when we vary
the concentrations of the ionic solution on the two sides of the
membrane. For low concentrations, the membrane potential is
higher than for high concentrations, which implies a higher
selectivity. With increasing concentration, the membrane
potential decreases and becomes dominated by the di usion
potential. This observation can be matched to the TMS theory
which describes the membrane potential for charged mem-
branes. Although the theory slightly overpredicts the potential
obtained in the dilute regime, it is remarkable that the theory
seems suitable to be applied to a 2D membrane.

The rejection of co-ions and the permeation of counterions
in the membrane can be related to the Debye layer overlap.
Increase in concentration leads to a decrease in the Debye
length, which reduces the selectivity. We observe that the high
concentration side of the membrane governs the transition
from the Donnan to the di usion dominated regime. This is
consistent with both a reduction of the Debye length and any
possible surface charge regulation. The di erent Cy values
indicate there is a wide variability in the e ective membrane

6343

charge, possibly due to variation in the pore-size distribution
and coverage of charged functional groups in the nanopores.
Our detailed observation of variable cation selectivity of
graphene membranes with concentration motivates further
studies of ion transport through nanoporous graphene
membranes.
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