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ABSTRACT: In this work, we have studied the pH-dependent surface charge nature of
nanoporous graphene. This has been investigated by membrane potential and by streaming
current measurements, both with varying pH. We observed a lowering of the membrane potential
with decreasing pH for a fixed concentration gradient of potassium chloride (KCl) in the Donnan
dominated regime. Interestingly, the potential reverses its sign close to pH 4. The fitted value of
effective fixed ion concentration (C̅R) in the membrane also follows the same trend. The
streaming current measurements show a similar trend with sign reversal around pH 4.2. The zeta
potential data from the streaming current measurement is further analyzed using a 1-pK model. The model is used to determine a
representative pK (acid−base equilibrium constant) of 4.2 for the surface of these perforated graphene membranes. In addition, we
have also theoretically investigated the effect of the PET support in our membrane potential measurement using numerical
simulations. Our results indicate that the concentration drop inside the PET support can be a major contributor (up to 85%) for a
significant deviation of the membrane potential from the ideal Nernst potential.

1. INTRODUCTION

Perforated monolayer graphene is a two dimensional material
in which pores have been created in a controlled manner by,
e.g., heavy ion beam bombardment, focused ion beams,
electrical pulse method, and oxygen plasma etching.1−7

Nanoporous graphene membranes have potential applications
in the fields of separation, filtration, and biomolecular
translocation.8−11 As ions can diffuse through these pores in
graphene, it can be used as electrodes for lithium ion batteries,
spacers, as well as supercapacitors.12,13 To achieve all these
potential applications in practice, it is important to study the
transport characteristics through these two-dimensional nano-
porous materials. In our previous work, we have investigated
the ion transport properties of perforated graphene by varying
the concentration of monovalent and bivalent cations to
understand how the single-layer membranes behave.14,15 For
all the salts under investigation (KCl, LiCl, K2SO4, MgCl2,
CaCl2, and NH4Cl), we observed clear Donnan and diffusion
dominated regimes due to Donnan exclusion of ions and
differences in the self-diffusion coefficients of ions, respectively.
These membranes further exhibited strong adsorption
phenomena for bivalent cations. A further measurement of
the bi-ionic potential indicated that there are differences in the
interaction of ions with the graphene surface, which lead to the
differences in the Donnan-dominated plateaus. We could also
quantify the extent of differences in the selectivities of different
ions and relate it to the ratio of their ideality factors. This
ideality factor (α) is an empirical correction factor related to
the deviation of the measured membrane potential vs the
expected value in the Donnan plateau, i.e., the Nernst
potential.14 Through the use of numerical simulations based
on the Poisson−Nernst−Planck equations, we demonstrate

that α arises from a combination of the typical magnitude of
surface potentials and from concentration gradients within the
PET support used.
All these experiments conducted so far, were done at pH

neutral conditions, where the membrane was found to be
cation selective. The cation selective nature implies the
presence of fixed negative charges at the surface. These
charges are possibly introduced during the fabrication process
(e.g., deprotonation of surface hydroxyl or carboxyl) or by
adsorption of anions on the membrane surface. This motivates
us to further investigate the nature of surface charge present at
these nanoporous graphene membranes and its effect on ion
transport. The charge of these surface groups is expected to be
subjected to acid−base equilibrium. The influence of pH can
be related to the surface pK, which represents the surface acid
dissociation constant. So far, there are very few studies on the
surface charge groups present on the nanoporous monolayer
graphene as the conventional experimental techniques,
including titration or FTIR techniques, are not suitable for
single-layer graphene. Most studies to date have concerned
graphene oxide (GO), reduced graphene oxide (rGO) or are
purely based on MD simulations.16−18 Konkena et al. have
shown that GO sheets contain acidic groups with a pK of 4.3
and groups with pK values of 6.6 and 9.0 by conducting zeta
potential measurements, pH titration, and infrared spectros-
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copy.16 Shih et al. have investigated the surface activity with
varying pH through MD simulations.17 Their result shows that,
at low pH, the carboxyl groups become less hydrophilic and
form aggregates. Orth et al. determined the pK of graphene-
like materials via titration and the obtained pK values match
with carboxylic acid groups, less acidic carboxylic groups, and
alcohol groups.18

It is well known for pristine graphene to be highly
hydrophobic due to the absence of functional groups, making
processing in water difficult. Therefore, graphene is typically
functionalized using covalently bound groups (e.g., graphene
oxide) or non-covalently bound groups (e.g., surfactants) to
enable dispersion stability in water.19−21 Bepete et al. were able
to produce stable dispersion of single-layer graphene in water
without functionalization via electrostatic stabilization.22 Here,
the surface charging mechanism was proposed to originate
from hydroxide ion adsorption. Charge reversal was observed
around pH 4, which is typical for inert hydrophobic surfaces in
an aqueous environment, caused by competitive adsorption of
hydroxide and hydronium ions.23 Rollings et al. have shown
that for a 3 nm pore in graphene fabricated by an electrical
pulse method, the K+/Cl− selectivity shows a sharp decrease
from pH 6 to pH 4 and is negligible at pH 2.3 They have
attributed this effect to protonation of a surface charge group
(e.g., carboxyl) present at the graphene edge, leading to an
effective reduction in the charge density of their pores.
Here, we present the measurement of membrane potential

induced by salt (KCl) concentration gradients across
perforated graphene membranes at different pH values.
These measurements provide direct insight on the surface
charge state of the graphene membrane. We have corroborated
our experimental results with streaming current measurements
at a fixed salt concentration and varying pH. The extracted zeta
potentials show a similar influence of pH compared to the
membrane potential. From the zeta potential data, a surface pK
value was fitted for our graphene surface.24−26 In addition, we
performed numerical simulations to evaluate the effect of
diffusion resistance of the PET support on the observed
membrane potential. We show that, for a plausible range of
surface potentials of a graphene nanopore, this diffusion
resistance can be a major contributor to the deviation of ideal
vs measured potential. Our simulations also demonstrate that
diffusion within the PET pore cannot explain the observed
charge inversion in graphene at different pH values.

2. THEORY
Two frequently used charge regulation models for surfaces in
contact with electrolyte solutions are the 1-pK and 2-pK
models.26 The major difference between these models is the
considered changes in the protonation states of a representa-
tive functional group. As implied by the name, the 1-pK model
considers one protonation step, with the charge varying
between −1/2e and +1/2e. The 2-pK model accordingly
accounts for two protonation steps, with the charge varying
between −1e, 0, and +1e. Hence, at the cost of one additional
fitting parameter, the 2-pK model, at least in theory, allows for
a more accurate representation of the experimental data.
However, it was shown by Piasecki and Rudzinski26 that even,
under consideration of various experimental methods, both
models can work equally well, although resulting in somewhat
different physical parameters. Therefore, the physical correct-
ness of the model and the resulting parameters should be taken
with care. In light of the limited characterization methods

conducted in this work, it is reasonable to limit the number of
fitting parameters to ensure a unique solution. Thus, the 1-pK
model is used in combination with the basic Stern model
(BSM), which describes the electric double layer forming at
the graphene/electrolyte interface. Neglecting other ion
adsorption, this results in the following set of equations:26
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Here, SOH refers to an amphoteric surface hydroxyl group,
which can associate and dissociate a proton. [SOH(1/2)−] and
[SOH2

(1/2)+] are the number of negative and positive functional
groups on the surface (m−2), where SOH2

(1/2)+ refers to the
surface site formed by the protonation reaction. 1KH

int is the
equilibrium constant of protonation, which is determined by
the point of zero charge (PZC), aH is the proton activity in the
bulk solution (mol/dm3), Φ0 and Φd are the electrical
potentials at the surface and outer Helmholtz plane, σ0 and
σd are the charge densities (C/m

2) at the surface and inside the
diffusive boundary layer. The two fitting parameters are the
Helmholtz capacity C1 and the total density of functional
groups Ns. All other physical constants have their typical
denotation with εr being 78 (relative permittivity of water at 25
°C), ε0 the vacuum permittivity, and I the ionic strength of the
solution (m−3). Assuming ζ ≈ Φd, the system of equations is
iteratively solved and fitted to the experimental zeta potential
data via a least-square approach using a gradient-free search
algorithm.

3. EXPERIMENTAL PROCEDURE
For our study, we have used single-layer graphene supported
on a PET substrate. These membranes were irradiated with 5
× 108 ions/cm2 using 129Xe23+ ions having a specific energy of
0.71 MeV/u. This irradiation creates pores in the nanometer
range in the graphene. After etching, the PET pores are around
20−40 times larger than the graphene pores. The PET pore
can have an influence on the resulting ion transport, as will be
discussed later as well as in the Supporting Information. For
further details of the fabrication process, please look at our
previously published papers.2,14

3.1. Membrane Potential with Varying pH. The
membrane is placed between two reservoirs containing
electrolyte solutions of different concentrations. The high
and low KCl concentration solutions are circulated in each
compartment and through a 25 °C temperature bath. The high
and low electrolyte concentration compartments are kept at a
ratio of 5:1. Calomel reference electrodes are used to measure
the potential across the membrane using a potentiostat
(Autolab PGSTAT302N). The pH is adjusted using HCl
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and NaOH solutions. The pH and conductivity of the
solutions are measured before and after the membrane
potential measurements to make sure that these two remain
constant throughout the measurement.
3.2. Estimating Zeta Potential vs pH. Streaming current

measurements are carried out by a SurPASS electrokinetic
analyzer (Anton Paar).27,28 The setup contained an adaptable
gap cell with two sample holders where two graphene
membranes are placed facing each other. The flow of
electrolyte solution is adjusted over the cell by two syringe
pumps. In order to measure the streaming current with varying
pH, HCl and NaOH solutions are added to the KCl solution in
an automatic fashion by the device software. The zeta potential
of the surface was estimated from the streaming current vs
pressure data based on eq 7:29

ζ η
ε ε

=
Δ

J
p

L
A

d
d r0 (7)

where
Δ

J
p

d
d

is the slope of streaming current vs differential

pressure, η is electrolyte viscosity, L is the length of the
streaming channel, and A is the cross-sectional area.

4. RESULTS AND DISCUSSION
Figure 1 shows the variation of the normalized membrane
potential (ΔΨ/ΔΨNernst) with pH at different electrolyte

concentrations (at a fixed ratio of 5). The Nernst potential
refers to the theoretical potential one would obtain for a
perfectly selective membrane exposed to an ion concentration
ratio of 5 to 1. We stress that the actual concentration ratio
that will be located across the graphene pore can be affected by
an ion concentration gradient inside the PET support pore.
Such a gradient in the PET pore will reduce the gradient across
the graphene pore and hence reduce the measured potential.
This effect and the possible non-perfect selectivity of the
graphene can cause the observed scaled membrane potential
below unity. A further analysis of the pore geometry and its
potential influence on the membrane potential is provided in
our current study. Additional HCl and NaOH concentrations
in both reservoirs are taken into account to calculate the
Nernst potential (ΔΨNernst) as these can affect the ion

concentration ratio between reservoirs. As the concentrations
of protons and hydroxide are equal for both reservoirs, there is
no bulk concentration gradient for these ions but there can be
a local one in the PET pore. The formula to calculate ΔΨNernst
is given in the Supporting Information as well as their values
for different concentrations and pH values.
Figure 1 shows that the scaled membrane potential is almost

constant in the pH 5−10 range for low KCl concentration
range (0.6, 1.25, and 6 mM at the low concentration side). It
shows a steep decrease in the pH range 5 to 3 and around pH
3 it reverses its sign. The scaled membrane potential at a high
concentration (200 mM) is close to zero. The lowering of the
membrane potential for a lower pH indicates a reduction in
membrane selectivity toward cations. Here, a membrane
potential of 0 means non-selective ion passage. This can be
explained as arising due to the reduction of surface charge at
the membrane pores. At the higher pH range (5−10) potential
surface charge groups are more dissociated or more hydroxide
is adsorbed. At this point, the surface charge density remains
constant with increasing pH. With a decrease in pH, the
surface charge reduces via protonation as the hydroxide
concentration is negligible. This neutralizes the effective
surface charge and ultimately introduces a positive surface
charge, indicated by the sign change of the membrane
potential. The variation of surface charge with pH will be
discussed in detail later on. At a high KCl concentration, the
surface charge of the graphene surface is more screened by the
counterions. At this point, the potential generated is partly due
to the difference in diffusivities of cations and anions inside the
membrane. For KCl, this so-called diffusion potential is close
to zero. For this reason, the potential at a higher concentration
is close to zero and is independent of pH.
Figure 2 shows the variation of the membrane potential with

KCl concentration for different pH values (pH 3, pH 4, and

pH 7). For the three pH values, the potential displays a plateau
for low KCl concentrations (0.6−8 mM). At a high
concentration, this value is close to zero. This trend in
membrane potential resembles the sigmoid curve observed for
dense ion exchange membranes. For pH 7 and pH 4, a positive
Donnan plateau is observed, showing a cation selective
behavior. In the case of pH 4, this plateau is quite low,
indicating a low surface charge compared to pH 7. For pH 3,
the Donnan plateau is negative, which is indicative of anion

Figure 1. Scaled membrane potential with Nernst potential with
varied pH at different KCl electrolyte concentrations at the constant
ratio of 5. The concentrations in the legend are concentrations of the
low concentration side of the reservoirs.

Figure 2. Scaled membrane potential with Nernst potential vs low
concentration at pH 3, pH 4, and pH 7.
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selectivity. The membrane potential at high KCl concen-
trations is close to zero for all three pH values. In this
concentration range, we expect the diffusion potential to
dominate. The membrane potential vs concentration data is
fitted with a modified version of Teorell−Meyer−Sievers
(TMS) model as described in our previous paper.14,30−33 The
best-fit value for fixed ion concentration (C̅R), the ideality
factor (α), and the diffusivity ratio for anion to cation ( ̅

̅
−

+

u
u
) are

given in Table 1. Recall that the lower membrane potential

compared to the ideal value can be a result from the
concentration gradient present inside the PET support pore
as well as from graphene membrane non-idealities like defects,
large pores or insufficiently high surface potentials. In our
previous study, the α factor, which was introduced to the TMS
model to take care of various non-idealities, was an empirical
one.14 Here, we associate a clearer physical meaning to it. We
demonstrate that a substantial contribution to this deviation
from the Nernst potential can be plausibly attributed to the
effect of the PET pores. With a higher C̅R, the membrane is
expected to have higher rejection of co-ions. At pH 7, the C̅R
value is around 78 mM, which is high in value compared to
that at pH 3. At pH 3, the surface charge changes its sign. For
pH 4, the membrane potential is close to zero and the Donnan
plateau is very low compared to the Nernst potential. This
indicates a transition region between the Donnan and diffusion
plateaus that is difficult to locate, resulting in a C̅R value with a
large error (the 95% confidence interval passes through zero).
This implies that C̅R is equivalent to zero in our model, which
is consistent with pH 4 being close to the isoelectric point of
our graphene pores. It is important to mention that, for our
system, C̅R is not a physical parameter but instead a fitting
parameter, which provides an indication on the surface charge
in our system. It is also interesting to see that the α values are
larger for pH 3 and pH 7, at which the graphene membrane is
presumably charged. This nicely correlates to the fact that the
diffusion resistance of charged nanopores is larger compared to
uncharged nanopores, and therefore the fraction of potential
drop occurring across the pores is also larger. The general
results are highly consistent with our streaming current data,
which will be presented in the following section.
To support the variation of surface charge with pH,

streaming current measurements have been carried out. As
mentioned in Section 2, the zeta potential is calculated from
the streaming current value by the Helmholtz−Smoluchowski
equation. Figure 3 shows the variation of the zeta potential
with varying pH (11 to 3) at a 15 mM KCl concentration. At
higher pH values (11 to 7), the zeta potential values remain
negative at an almost constant value. With a decrease in pH (7
to 3), the zeta potential becomes less negative and, at low pH
values, becomes positive. These results are consistent with the
membrane potential experiments and can be explained by
proton dissociation processes.

Using the 1-pK BSM model, the zeta potential of the
membrane surface can be used to estimate the membrane
surface charge density. The estimated surface charge density is
also plotted in Figure 3. In eq 3, the surface potential and
surface charge are related nonlinearly. Since the absolute value
of zeta potential is less than 25 mV, the nonlinearity is
relatively weak and therefore both the zeta potential and
surface charge have been plotted in two linear scales on the
two sides of Figure 3. This result has a good correlation with
the fitted C̅R. C̅R, multiplied with the sign of the surface charge
(−ve in our case) and the Faraday constant, is converted to the
charge in C/cm3 as shown in Table 2. The table shows that the

−FC̅R values exhibit a similar trend with pH compared to the
surface charge density. The ratio of the surface charge density
from streaming current measurements and the volumetric
charge density from the TMS fit could theoretically represent a
lengthscale characteristic of the thickness of the charged zone.
At pH 7, where measured values are most significant, this
corresponds to a thickness of about 1 nm. It is important to
note that the streaming current measurement takes the average
over the whole graphene surface and therefore does not
account for local charge heterogeneities. This means that the
streaming potential measurement largely measures graphene vs
a graphene nanopore as the density of pores is approximately 5
μm−2. This implies that the surface charge in the streaming
current measurement is controlled by the non-porous
graphene rather than the nanopores. The transport of ions,
however, is determined by the local surface charges at the
nanopores with a diameter of 1−10 nm.14

Independent of the mechanism of charge regulation, it is
assumed that the trend in estimated zeta potential gives a
reasonable indication of the trend in local zeta potential at the
pores relevant for ion transport through the pore. Disregarding
additional ion adsorption, the zeta potential as a function of
pH can be described quite well by the model as shown in
Figure 3. The resulting fitting parameters for a pK value of 4.2

Table 1. Best-Fit Parameters of the Modified TMS Model
for the Three pH Values and Their 95% Confidence
Intervals

pH C̅R (mM) α u̅−/u̅+

3 −14 ± 4 0.46 ± 0.04 1.07 ± 0.03
4 71 ± 89 0.20 ± 0.04 1.00 ± 0.1
7 78 ± 28 0.70 ± 0.04 0.96 ± 0.1

Figure 3. Zeta potential (from streaming potential measurements)
fitted with the 1-pK model. The surface charge density derived from
the zeta potential is plotted in the right axis.

Table 2. Surface Charge Density (from Streaming Potential
Measurements) and Volume Charge Density (from TMS
Fitting) at Varied pH

pH
surface charge density from streaming

current (mC/m2)
volume charge density
(−FC̅R) (C/cm

3)

3 3.88 1.32
4 0.67 −6.82
7 −6.94 −7.48
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are a Helmholtz capacity C1 of 14.4 μF/cm2 and a surface site
density Ns of 0.0914 nm

−2. The specific integral capacitance of
the electric double layer (CEDL = σ0/Ψ0) was calculated using
the model and was around 9.6 μF/cm2 within the considered
pH range,34 which is in the order of magnitude previously
observed for graphene35 (2.5 μF/cm2) and reduced graphene
oxide36 (6.5 μF/cm2). Hydroxide adsorption was proposed by
Bepete et al.22 for single-layer graphene sheets dispersed in
water, which resulted in a similar zeta potential and point of
zero charge as observed in this work. Charge reversal to
positive surface charge could be caused by adsorption of
protons. For graphene oxide, it is known that carboxylic acid
groups are located at the edges.1,37,38 This was also observed
for reduced graphene oxide. If the nanopores are oxidized
during the fabrication process, carboxylic acid groups could
likely form. The determined pK value for these groups present
in reduced graphene oxide is around 8.16 Carboxylic acid as the
sole charge regulation mechanism, however, would not explain
the positive zeta potential observed below pH 4.
The presence of the PET support can affect the local

concentration near the graphene pore. The support pore
volume can in the worst case be considered to be unmixed, so
a diffusion-based ion concentration gradient can appear in the
PET pore. The challenge of maintaining a concentration
difference during stationary membrane potential measure-
ments with composite/asymmetric membranes has been
recognized before. Yaroshchuk et al. have experimentally
addressed this by the concentration-step technique, consider-
ing the transient response of membrane potential.39,40 As it is
difficult to experimentally access this region in our case, we
have analyzed the ion concentration and potential distributions
via numerical simulations. For this, we assume a well-mixed
bulk as upper and lower boundary conditions (with fixed
reservoir concentrations), while the ion concentration and
potential distribution are solved via the Poisson and Nernst−
Planck equations, with an order of magnitude estimate for the
Stern layer thickness (∼0.5 nm for KCl).41,42 This allows for
estimating the potential difference and concentration distribu-
tion expected across such a system. A schematic of the
geometry considered is shown in the Supporting Information.
In this model, the graphene layer is assumed to be infinitely
thin and the model is solved in cylindrical coordinates with a
symmetry plane at r = 0. By assigning the graphene a surface
potential, the overall membrane potential between the
perfectly mixed reservoirs can be assessed along with the
impact of including the unmixed PET support.
The PET pore is unmixed in order to assess the impact of

the ion transport in the support on the resulting membrane
potential. For this, we kept the surface potential of the PET
pore to a zero value. The graphene pore contains a fixed
surface potential. The cases with a substrate (PET pore) and
without were considered in order to simulate the resulting
membrane potential vs concentration. The difference between
these values was used to determine the potential impact of the
PET support on the deviation from ideality (α) but also
possible shifts in the curves. In these simulations, only KCl was
considered for simplicity to start as the goal was to illustrate
the possible impact of the support on the resulting membrane
potential. The simulations were carried out using the finite
element method in the software package COMSOL Multi-
physics 5.5.
The graphene pore radius (or pore size distribution) is

estimated between 1 and 10 nm. The surface potentials are

limited to a range of −150 to 150 mV approximately based on
the typical range of zeta potential being between −100 and 100
mV.43 We found that, when considering effective pore radii
(meaning it includes the Stern layer) larger than 2.5 nm,
extremely high surface potentials were required in order to
obtain simulation values close to the experimentally observed
membrane potential values in the Donnan-dominated regime
(low absolute concentrations). Even with including activity
coefficient effects, such high surface potentials also led to
substantial offset in the high concentration (diffusion) regime.
As the graphene pore size increases, the impact of the PET
pore radius on the observed deviation from ideal behavior also
increases.
Figure 4 shows an example case with a graphene surface

potential of −85 mV and an effective pore radius of 1.5 nm

with and without a 13 μm long PET pore. On the low
concentration reservoir side, the PET pore radius is 250 nm
and, in contact with graphene, the radius is 130 nm as per SEM
images (see the Supporting Information). The results clearly
show that a substantial portion of the deviation from ideal
Nernst selectivity can be attributed to a concentration gradient
within the PET pore. In the case of −85 mV and 1.5 nm radii
graphene pores, the PET pore effect can explain approximately
75% of the deviation from the Nernst potential attributed to
diffusion within the pore, meaning 75% of (1-α) can be
explained via diffusion through the PET pore. For 2.5 nm radii
graphene pores, a surface potential of −110 mV was needed to
capture the low concentration behavior of the system. In this
case, the PET pore can contribute up to 85% of the deviation
from the ideal Nernst potential, meaning 85% of (1-α) would
be explained via diffusion through the PET pore. For the case
without the influence of the support, surface potentials of
approximately −60 mV also yielded good agreement with
experimental observations.
The PET support is able to explain a reduction in measured

membrane potential due to its effect on the local ion
concentration distribution. The pH dependency that we report
for the graphene surface charge and ion selectivity is, however,
governed by the graphene pore characteristics.

Figure 4. Simulated -membrane potential (mV) vs concentration
(mM) with and without PET support. Graphene pore radius = 1.5
nm; graphene surface potential = −85 mV.
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5. CONCLUSIONS
In summary, we have observed the variation of the potential of
graphene with pH during membrane potential measurements.
The membrane potential decreases with decreasing pH. At a
high pH, the surface charge groups remains negative, resulting
in cation selectivity of the membrane, mostly independent of
the hydroxyl concentration. With a decrease in pH, the
membrane surface charge group becomes more protonated.
This is confirmed by both the surface streaming potential
measurements as well as the membrane potential measure-
ments. At high salt concentrations, little change in membrane
potential with pH is observed because of the screening of the
surface charge groups. For low salt concentrations, the
membrane selectivity is directly influenced by the pH and
inverses near a pH of 4. The full Nernst potential, indicating
ideal selectivity, is never obtained in our measurements. From
numerical simulations, we have concluded that the main reason
for the deviation from ideal Nernst potential is due to the PET
support layer. By fitting our data with the 1-pK BSM model,
the surface pK is determined around 4, which is quite different
from the expected pK for surface carboxylic acid groups. Both
measurements (membrane potential and streaming potential)
indicate the same trends regarding surface charge regulation by
bulk pH.
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