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A B S T R A C T

Graphene oxide (GO) is a promising two-dimensional (2D) nanomaterial that could improve the performance of
membranes due to its unique mechanical stability and chemical tunability. Moreover, GO nanosheets may act as
2D polyelectrolytes in solution because the abundant surface functional groups confer them high dispersity.
Unlike conventional polyelectrolyte systems, the assembly behavior of this 2D polyelectrolyte and its resulting
characteristics in multilayered membranes have not been thoroughly investigated. Herein, we employed a layer-
by-layer (LbL) assembly technique to assemble GO multilayered membranes with highly controlled thickness,
roughness, and charge density depending on the assembly pH conditions. Compared to conventional GO
membranes prepared by vacuum filtration, the LbL assembled GO multilayered membranes presented different
internal structure, wettability, and ion-permeability. The unique properties of the 2D polyelectrolytes obtained
in this study may broaden their potential in the field of materials science and membrane applications.

1. Introduction

Polyelectrolytes, polymeric materials with ionizable groups, are one
of the most important macromolecules in materials and polymer sci-
ence [1]. The combination of the physics of ionized systems and the
chemistry of polymeric chains results in unique characteristics of great
interest. The ionization of polyelectrolytes, for example, is highly sen-
sitive to environmental conditions, including solvent polarity, pH, ionic
strength and temperature, inducing a stimuli-responsive behavior in
these molecules [2,3]. These characteristics are relevant from a scien-
tific and technological perspective, particularly when considering the
adsorption or interaction of polyelectrolytes with other molecules and
surfaces. During the past decades, there has been significant progress in
the application of polyelectrolytes for the design of functional materials
and advanced surface modification [4–8].

Graphene, a single-layered two-dimensional (2D) carbon lattice, is a
promising carbon nanomaterial with remarkable electrical, chemical,
and mechanical properties [9]. As an alternative for pristine graphene,
chemically exfoliated graphene oxide (GO) nanosheets are solution

processable, providing interesting opportunities to develop advanced
materials [10,11]. With its unique atomically thin 2D structure, GO can
readily form layer-stacked films that can be used in membranes and
coating applications [12–17]. Owing to the presence of rich functional
groups in its surface, such as carboxylic acid and hydroxyl, GO na-
nosheets can be readily dispersed in polar solvents and behave as 2D
polyelectrolytes. Despite the vast number of reports showing the su-
perior properties of GO nanosheets, particularly in the field of energy
materials, it is still necessary to explore its capability as a 2D poly-
electrolyte, particularly for its membrane applications.

Layer-by-layer (LbL) assembly is a versatile thin film fabrication
technique that offers unique and attractive opportunities to prepare
nanostructured materials on various surfaces. Among the different in-
termolecular interactions used for LbL assembly, electrostatic interac-
tion is the most fundamental means to assemble oppositely charged
polyelectrolytes. This results in the formation of polyelectrolyte mul-
tilayers with various formats, including planar surface coating, colloid
particles, and complex membranes with a controlled composition of
nanoscale precision [18–20]. In combination with the unique features
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of polyelectrolytes, the properties of membranes are often governed by
the assembly and post-assembly conditions, which affect the thickness,
internal structure, mechanical strength, and permeability [21].

The development of graphene-based nanomaterials via LbL as-
sembly not only introduces a new addition to the existing library of LbL
materials but may also help to overcome some limitations in the phy-
sical and chemical properties of conventional polyelectrolytes [22–24].
Moreover, the application of GO assemblies in coatings and membranes
requires a fundamental study that compares the GO assembly with
conventional polyelectrolyte multilayers. The unique 2D architecture of
a GO assembly, which possesses several defects and grain boundaries
for the penetration of ions within densely packed interlayers, should be
useful as a filtration membrane. Accordingly, Geim et al. and other
research groups have proved the precise control of the permeation of
water, gas, and dissolved ions through GO-based membranes [25,26].
However, these investigations have been limited to vacuum-assisted
filtration of a single GO component for the preparation of the mem-
brane [27–29].

In this work, we evaluate the properties of a GO-based membrane
focusing on its swelling behavior under various conditions. Unlike
previous reports, we employed a dual GO component system, i.e., po-
sitively charged amine-functionalized graphene oxide (GO+) and ne-
gatively charged graphene oxide (GO-), for the assembly of a GO
membrane via the LbL method. These unique 2D polyelectrolytes were
assembled under various pH conditions, allowing for the fine control of
important parameters, including thickness, morphology, charge den-
sity, and internal structure. This, in turn, dictates the molecular per-
meability through the GO nanomembrane. The properties of the 2D
polyelectrolytes obtained in this study will likely improve the pre-
paration of GO assemblies toward coatings and membranes applica-
tions.

2. Materials and methods

2.1. Fabrication of graphene oxide (GO−) nanosheet

All chemicals were of analytical grade and used as received. All
aqueous solutions were prepared using ultra-pure de-ionized (DI) water
from a Milli-Q system. The reagents graphite, P2O5, K2S2O8, KMnO4,
HCl, H2O2, H2SO4, KOH, 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide (EDC), ethylenediamine and poly (ethylene imine) (PEI) were
purchased from Sigma Aldrich. Graphene oxide (GO−) was prepared
from graphite powder according to the modified Hummer methods
[30,31]. The detailed synthetic process is described in the Supporting
Information.

2.2. Synthesis of amine-functionalized graphene oxide (GO+)

A positively charged GO solution, GO+, was synthesized as the
counterpart of the negatively charged GO for the LbL assembly. The
amine-functionalized GO+ was prepared by attaching ethylene diamine
to the carboxylic acid groups of GO– via an EDC coupling reaction. The
carboxylic acids in GO were replaced with amine groups, providing a
positive surface charge under a wide pH range. Specifically, 1.25 g of
EDC was slowly added to 100mL of a carboxylated GO- solution
(0.50 mg/mL) under vigorous stirring. Then, 10mL of ethylene diamine
was added, and the mixture was allowed to react overnight at room
temperature under constant agitation. The resulting solution was dia-
lyzed in DI water until the pH of dialysis fluid was neutral [32].

2.3. Fabrication of the GO multilayered membrane

GO LbL films were prepared using an automated spin-assisted dip-
ping machine (NanoStrata Inc., USA) on either a silicon wafer or quartz
glass substrate. Aqueous solutions of GO− and GO+ were prepared
(0.50 mg/mL) and used at different pH conditions. The pH was adjusted

using appropriate volumes of 1.0M HCl or NaOH. Prior to use, the si-
licon and quartz substrates were carefully cleaned with a piranha so-
lution (7:3 v/v mixture of 98% H2SO4 and 32% H2O2) at 120 °C for 1 h,
then thoroughly rinsed with pure water and dried with a gentle ni-
trogen stream. Finally, the substrates were subjected to a 10-min
plasma treatment to induce a negative surface charge. Therefore, the
first step in the LbL assembly was the adsorption of GO+ on the sub-
strate. Each step consisted of a 10-min dipping followed by three times
washing in pH-adjusted DI water for 1min each. The process was then
repeated until reaching the desired number of bilayers in the (GO+/GO-

)n multilayered membrane.

2.4. Characterization of GO nanomembranes

ζ-potential was measured using a Zetasizer (Malvern Instruments
Ltd.). FT-IR (Varian, 670-IR) spectroscopy was used to determine the
chemical structure of the GO sheets. The UV–vis absorbance spectra of
the GO multilayer film on quartz were recorded using a Cary 5000
UV–vis spectroscopy (Varian). The thickness of both the dry and wet
(GO+/GO−)n multilayers was characterized via ellipsometry (J. A.
Woollam Co., Alpha-SE) from 380 to 900 nm with a B-spline film
modeling. The surface morphology of the prepared GO sheets and the
surface roughness of the GO multilayer films were analyzed using
atomic force microscopy (AFM, Veeco Instruments Inc., DI-3100) and
field-emission scanning electron microscopy (FE-SEM, Hitachi, S-4800).
The average thickness AFM profile was calculated from over 10 dif-
ferent spots. The assembly ratio between GO+ and GO- was evaluated
using a quartz crystal microbalance (QCM, Stanford Research Systems,
QCM200). The analysis of the streaming ζ-potential of the (GO+/GO−)n
multilayers was performed with a Zetasizer instrument using 1.0M
NaCl and a flat surface cell. The cross-section image of the GO multi-
layers was measured by advanced transmission electron microscopy
(advanced TEM, Titan G2) after a focused-ion-beam sampling (FIB,
Quanta 3D).

2.5. Swelling and electrochemical experiments

The dynamic response of the film thickness to different pH solutions
was evaluated via ellipsometry in a custom-made liquid cell. The
swelling experiment consists on comparing the in-situ thickness of the
(GO+/GO−)n multilayers before and after exposure to pH-adjusted
water. The AFM morphology of GO multilayers was measured in an in-
situ fluid exchange cell. The electrochemical characterization was per-
formed using a standard three-electrode cell configuration (Biologic
Science Instruments, VSP). The cyclic voltammogram (CV) of ionic
redox probes for the ion-permeation analysis was also based on a
standard three-electrode system cell. The working electrode was the
(GO+/GO−)10 multilayer assembled on a fluorine doped tin oxide
(FTO) substrate, which was coated with the cationic primer poly
(ethyleneimine) (PEI) to promote the adhesion of the GO layers. A sa-
turated calomel electrode (SCE) and Pt mesh were selected as reference
and counter electrodes, respectively. Potassium ferricyanide and hex-
aamineruthenium (III) chloride were the anionic and cationic redox
probes, at an ionic concentration of 1mM in a 0.5M potassium chloride
electrolytic solution. The potential sweep rate in CV was 50mV/s.

3. Results and discussion

After the synthesis of the GO nanosheets (GO−) and its subsequent
functionalization with ethylenediamine to afford the positively charged
GO (GO+), the dimension and morphology were characterized by
atomic force microscopy (AFM). The AFM images show the successful
exfoliation of monolayered GO sheets with a lateral size from a few
hundreds of nanometers to few micrometers (Fig. S1). The average
thickness of the GO sheets was 0.93 ± 0.11 nm for GO− and
1.46 ± 0.19 nm for GO+, demonstrating the monolayered profile. The
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increased thickness in GO+ sheets indicates the successful functionali-
zation using amine groups on the GO− sheets. The monolayer nature of
each nanosheet suggests a suitable profile for LbL assembly.

The electrostatic LbL assembly is based on the consecutive adsorp-
tion of oppositely charged polyelectrolytes. Thus, the distribution of
surface charges on these 2D polyelectrolytes is an essential prerequisite
to integrate both GO nanosheets in the LbL assembly. We thus ex-
amined the ζ-potential of each nanosheet under different pH conditions.
The results revealed that the nanosheets had a pH-responsive charge
distribution depending on the protonation/deprotonation state of the
carboxylic acids and amine groups (Fig. S1). Particularly, three dif-
ferent pH sets were selected for the GO+ and GO– suspensions (pH 3/3,
7/7, and 10.5/10.5) to demonstrate how the (GO+/GO–)n multilayer
assembly was affected by the charge distribution between components.
Moreover, these pH-controlled assemblies of (GO+/GO–)n multilayered
membrane exhibit different swelling behavior.

In the LbL assembly process, several non-covalent interactions (e.g.,
electrostatic, hydrogen bonding and π-π stacking) induce the multilayer
growth. Compared to simple polyelectrolytes assembly, it is worth
noting that π-π stacking affects the multilayer assembly in these GO-
based 2D polyelectrolytes. The key mechanism for the multilayer film
growth is the electrostatic interaction, which leads to surface charge
compensation of the adsorbed polyelectrolyte after each deposition step
(Fig. 1) [33,34]. Therefore, the electrostatic interaction and the in-
trinsic charge balance between oppositely charged layers are the
driving force of the conventional LbL assembly [35]. This intrinsic
charge compensation is directly related to the ionization degree, which,
in turn, controls the degree of adsorption in each cycle. The ionization
degree of GO− was also investigated via the relative area calculation of
functional groups from the FT-IR spectra (Fig. S2). It is also important
to mention that some extrinsic charge compensation occurs by the
counterions introduced from the medium [36,37].

After confirming the feasibility of the electrostatic interaction be-
tween the charged GO suspensions, the sequential assembly of (GO+/
GO−)n multilayers was investigated by UV–vis spectroscopy. As Fig. 2a
shows, the absorbance of the GO multilayers gradually increased with
the number of bilayers, indicating a continuous and uniform LbL as-
sembly of the GO suspensions. The thickness variation induced by the
pH conditions of GO suspension was simultaneously investigated. The
ellipsometric study of the (GO+/GO−)n multilayers revealed remark-
able differences in the average bilayer thickness depending on the pH:
3.67 nm (pH 3/3), 2.25 nm (pH 7/7), and 3.78 nm (pH 10.5/10.5)
(Fig. 2b).

During film growth, the main mechanism is the charge compensa-
tion that occurs after each deposition step. In this study, the growth
ratio between components (i.e., GO– and GO+) is clearly dependent on
the pH (Fig. 3a). The deposition ratio between GO+ and GO– in the 4 BL
(i.e., eight layers) assembly was 34:66 (pH 3/3), 44:56 (pH 7/7) and
78:22 (pH 10.5/10.5). This growth behavior corresponds to the weakly

distributed charges in the GO+ nanosheets against the GO− nanosheets,
which are in a highly deprotonated and ionized state in alkaline con-
ditions. It has been reported that GO− nanosheets have several pKa

values as they possess diverse functionalities, including sp2-conjugated
carboxylic acids, free carboxylic acids, and phenol groups [38]. Unlike
GO−, the functionality in GO+ nanosheets is mainly the primary amine,
which results in the rapid transition of charge density depending on the
pH. Assuming the fully protonated GO+ at pH 3, the ionization degree
of GO− is estimated as 3%. Conversely, when GO− is fully ionized at
pH 10.5, the ionization degree of GO+ is merely 1%. The FT-IR spectra
of the GO– suspension further supported the variation in charge density
at different pH conditions (Fig. S2). To compensate the charge balance
between GO− and GO+ during the LbL assembly, more GO− than GO+

is required at pH 3/3, and the opposite occurs at pH 10.5/10.5.
Additionally, the streaming ζ-potential method was used to de-

termine the surface charge density of the thin film membrane during
the deposition of the GO layers (Fig. 3b). The LbL assembly at pH 3 was
selected to highlight the inversion of surface ζ-potential during the
layer deposition in agreement with the assemblies of the LbL systems.
Interestingly, a non-symmetric charge reversal was observed in the
deposition process from positive to negative GO layer, confirming the
non-perfect direct charge compensation. Thereby, as previously hy-
pothesized, the growth regime of the graphene film in acidic pH does
not follow a perfect intrinsic charge compensation but other diffusional
and dynamic compensation mechanisms may occur under this condi-
tion. Moreover, the surface charge changes were evaluated with respect
to the pH for the LbL film assembled in acidic pH 3/3 conditions. The
thin film potential oscillation showed the effect of the ionization of the
overall film charges, demonstrating the pH-sensitive properties of the
GO thin film membrane, as observed for common polyelectrolyte
multilayers.

The growth mechanism of the (GO+/GO−)10 multilayers were
further analyzed with various microscopy techniques, including AFM,
scanning electron microscopy (SEM) and cross-sectional transmission
electron microscopy (TEM). As previously discussed, the pH of the GO
solution influences the intrinsic properties, especially the charge den-
sity of GO nanosheets and the growth mode of (GO+/GO−)10 multi-
layered membrane (Fig. 4). Compared to the film obtained under
neutral conditions, the surface morphology of the (GO+/GO−)10 mul-
tilayer films roughens in the samples assembled in both acidic and basic
conditions (Fig. 4a–c).

The cross-sectional TEM allowed to obtain the thickness profiles of
the (GO+/GO−)10 multilayered membranes assembled at different pH
(Fig. 4d–f). The d-spacing of each GO membrane measured from the
inversed fast Fourier transformed (IFFT) histogram of the TEM corre-
sponded to ca. 4.9 Å (pH 3/3), 4.0 Å (pH 7/7), and 5.3 Å (pH 10.5/
10.5). It is worth noting that these d-spacing distances are much smaller
than that of vacuum filtered GO membranes (9.0 Å), but still larger than
that of graphite (3.4 Å) [39]. This intermediate d-spacing value implies

Fig. 1. Schematic illustration of layer-by-layer (LbL) assembly process of graphene oxide nanomembrane.
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that the GO nanosheets are tightly holding each other based on the
GO+ and GO– electrostatic interaction, while still maintaining proper
interlayer spaces for the mass transport pathway. Such characteristics
are crucial for membrane applications, particularly for gas transport
through the membrane.

According to the thickness growth and roughness profiles, the film
assembled in alkaline pH was the thickest and roughest, confirming the
hypothesis of a random layer conformation of 2D GO polyelectrolytes.
A moderate growth of multilayers in neutral pH 7/7 suggests that each
GO+ and GO− nanosheet displays a homogenous charge distribution,
which leads to strong binding between the charged, yet planar GO
layers. Due to this strong binding between 2D GO-based polyelec-
trolytes, a dense and thin film is formed with a relatively small amount
of each GO nanosheet. Meanwhile, the acidic pH 3/3 condition yields a
large amount of adsorbed GO pairs with a thick film growth, originating
from the charge compensation between weakly charged GO− na-
nosheets and highly protonated GO+ nanosheets.

One of the main objectives of this study is to understand the be-
havior of GO multilayered membranes toward swelling in water and its
selective ion exchange process. GO is essentially covered with hydro-
philic functional groups that results in its high water-permeability. It is
widely accepted that the presence of 2D pores between the stacked GO
layers allows for the diffusion of interlayer water molecules and ions

[40–43]. Such process is observed when in contact with an aqueous
environment and it induces the expansion in the interlayer followed by
an increment in the film thickness [44].

After the characterization of the as-assembled GO multilayers, the
surface morphology of the swollen GO multilayer was further explored
using environmental AFM (Fig. 5). In general, the surface of the GO
membrane roughened after immersion in water. It is worth noting that
the film assembled in pH 10.5/10.5 displayed a significant variation in
the root-mean-square roughness (Rrms), from 101 to 145 nm, which
agrees with the previous observations. Moreover, it is interesting to
observe that water swelling finished as soon as the film wets, and re-
mained stable, without losing its integrity, for over 1 h (Fig. S3). This
remarkably contrasts the previous report of Zheng et al., who observed
the gradual swelling behavior of a GO membrane that was prepared via
vacuum filtration and evaporation at 60 °C, after immersion into water
over a 100 h [43]. This instant swelling behavior while retaining the
integrity may be useful for several applications that require mass
transport through the membrane in aqueous media, highlighting the
importance of the LbL assembly technique.

This phenomenon was also quantitatively evaluated by the in-situ
water uptake measurement using a quartz crystal microbalance with
the dissipation (QCM-D) technique (Fig. 6a). Supporting the mor-
phology changes detected under environmental AFM, the water uptake

Fig. 2. (a) Representative UV–vis spectra for (GO+/GO–)n multilayers assembled at pH 3/3. The inset shows the peak absorbance at 220 nm as a function of the
number of bilayers (BL, n). (b) Ellipsometric thickness profiles of the assembled (GO+/GO−)n multilayers with the number of bilayers. The indicated pH values
represent the conditions of each solution (GO+ and GO−).

Fig. 3. (a) Growth curve of the (GO+/GO−)n multilayers measured with QCM under different pH conditions. Deposition of alternate GO layers is indicated with
different colors (GO+: gray, GO–: white). (b) The surface charge variation of the (GO+/GO−)n multilayered membrane assembled at pH 3/3, along with the dipping
in pH-adjusted solutions (pH 3, 7, and 10.5). Note that (i) the z-axis is in reverse order for clarity and (ii) the layer numbers are alternating single layers of GO+ and
GO− (layer zero denotes the bare SiO2 substrate). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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into membrane was observed in a short period (less than 30 s) in all the
GO multilayered membranes. For example, the mass gain per area after
the water uptake was 2.67 (pH 3/3), 1.78 (pH 7/7), and 3.28 μg/cm2

(pH 10.5/10.5). Only a 7.44 ng/cm2 increase was achieved for the
water uptake in the blank QCM cell (without GO films assembled on the
same substrate). This suggests that the assembled GO membrane is very
hydrophilic and quickly attracts water molecules into the pores of the
GO multilayer, while maintaining the stability of the membrane.

The swelling behavior was further explored by using acidic and
alkaline media. The variation of the swollen thickness of the GO films in
different pH conditions is presented in Fig. 6b for both the assembled
film and exposed conditions. The film assembled in neutral conditions
(pH 7/7) has the lowest swelling degree of all the pH conditions, which
is in good agreement with the smooth compact structure confirmed by
the previous analyses. At this pH, the charge density is similar for both
building blocks (i.e., similar ratio of protonated amine and deproto-
nated carboxylic acids on GO+ and GO–, respectively), generating a
strong electrostatic interaction between the 2D electrolytes [45]. Thus,
the overall swelling degree when immersing in different pH environ-
ment is smaller due to interlayer bindings. For the assembly in alkaline
conditions (pH 10.5/10.5), the swelling thickness was the highest (in-
creased to 274%) when immersed in pH 3. The acidic media induces an
instant protonation of amine groups on GO+, which significantly repel
each other in the pH 10.5/10.5 multilayer due to its high GO+ com-
position (ca. 78% from the QCM experiment). A similar swelling

tendency was observed in the in-situ QCM experiment under identical
conditions (Fig. S4). The swelling reversibility of pH 3/3 assembled
(GO+/GO−)10 multilayer was evaluated under exposing to different pH
conditions (pH 3, pH 7, and pH 10.5), which all showed a highly re-
versible behavior under repeated wet-and-dry cycles (Fig. S5).

Finally, to understand the ion-permeability and selectivity through
GO multilayered membranes, the electrochemical behavior of (GO−/
GO+)10 was studied by cyclic voltammetry (CV) in the presence of
anionic and cationic redox probes [46]. It should be noted that the
samples for electrochemical test were assembled on FTO substrate with
a PEI primer layer, which reversed the assembly sequence of GO
components from (GO+/GO−)n to (GO−/GO+)n. The ion pathway in
the membrane can be controlled by the assembly conditions of the GO
multilayers. Compared to the bare FTO electrode, the anionic probe
K3Fe(CN)6 exhibited a decrease in the redox current when using mul-
tilayered GO films, suggesting a decreased anion permeability (Fig. 7a).
The redox peak was the lowest in the pH 3/3 assembled GO multilayer,
supporting the assumption that a GO– dominant film would inhibit the
penetration of anionic species. The electrochemical measurements were
performed over 25 cycles per each sample to provide a reliability and
stability of GO nanomembranes (Fig. S6).

Interestingly, the cationic probe Ru(NH3)63+ showed an increased
redox current when using GO multilayers regardless of the pH assembly
conditions (Fig. 7b). This unexpected behavior suggests that the global
charge of the multilayered GO membrane is inherently more negatively

Fig. 4. Thickness and morphology variation in the (GO+/GO−)10 multilayer membranes assembled under different pH conditions. (a-c) Surface morphologies
observed via AFM and SEM. (d-f) representative cross-sectional TEM images of the (GO+/GO−)10 multilayered membranes with the corresponding IFFT histogram of
the selected area (white dashed box).
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charged, even after the successful assembly with the GO+ counterpart.
This is also in good agreement with the streaming ζ-potential results.
The retention degree of anionic species through the GO multilayered
membrane was completely hindered at pH 3/3, 67.4% at pH 7/7, and
53.8% at pH 10.5/10.5. Overall, this implies that the anionic permea-
tion through the GO membrane depends on the pH assembly conditions
(i.e., ratio between GO+/GO–), resulting in a tunable ion-permeability.
The GO-based multilayered membrane allows for cationic permeation
regardless of the pH conditions, while the anionic permeation depends
on the assembly conditions [47]. For evaluation of the effect of the
surface charges, we assembled (GO−/GO+)n nanomembranes of two
different outermost layers, for example, 10 BL (GO+ outermost layer)
and 10.5 BL (GO− outermost layer) assembled at the identical pH 7/7
condition. Interestingly, the surface charge of the outermost layer did
not show noticeable differences in its respective electrochemical be-
havior (Fig. S7). We postulate that the net charge of the multilayer

membrane is more critical in controlling the ion-permselective behavior
than the outermost surface charge. This unique ion-permselective be-
havior of multilayered GO nanomembrane could be utilized in the ca-
tion exchange membranes.

4. Conclusion

We successfully obtained a GO-based multilayered membrane via
LbL assembly of GO+ and GO− nanosheets. Depending on the pH as-
sembly conditions, GO membranes with tunable thickness, roughness,
charge density, and internal structures were prepared. The assembly
mechanism corresponds to the charge compensation process between
each GO nanosheets. The assembled GO nanomembranes were sub-
jected to different post-assembly conditions, revealing through the
membrane swelling and ion-permselective behaviors, unlike conven-
tional GO membranes prepared by vacuum-assisted filtration. Our

Fig. 5. Representative 3D AFM images of the (GO+/GO−)10 multilayered membranes assembled on a silicon wafer, (top) before and (bottom) after swelling in DI
water. Rrms represent the average root-mean-square roughness. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 6. (a) QCM-D based in-situ water uptake inside the (GO+/GO−)10 multilayered membrane assembled in different pH conditions. The gray dotted line denotes the
bare cell under the identical conditions as a control. (b) Ellipsometry data of water uptake inside the (GO+/GO−)10 multilayered membrane with pH-adjusted water.
The QCM results were extracted after 400 s of saturation. The thickness was measured in seven different spots for each sample.

E. Ahn, et al. Journal of Membrane Science 585 (2019) 191–198

196



discoveries on the 2D polyelectrolyte properties will provide useful
guidelines to understand the physicochemical properties of graphene
oxide membranes. The interesting and unique properties of the 2D
polyelectrolytes evaluated in this study may be useful for a wide range
of applications in materials science and membrane applications.
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