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ABSTRACT: Graphene is a distinct two-dimensional (2D) material that provides a
wide range of opportunities for membrane applications owing to its ultimate thinness,
flexibility, chemical stability, and mechanical strength. In particular, chemically
functionalized graphene oxide (GO) sheets containing amine and carboxylic acid
groups facilitate solution-based processing and the formation of various internal
structures depending on their properties such as the lateral dimension, defect density,
and number of stacked layers. In this study, we designed and fabricated a multilayered
GO membrane via the layer-by-layer assembly of two oppositely charged GO
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nanosheets and investigated the effects of the (1) lateral dimension of the GO

nanosheet and (2) membrane thickness of the 2D nanochannels of the GO membrane on the ion permeation behavior. The
correlations between the structural parameters of the GO membranes and ion diffusion kinetics were evaluated using the Nielsen
model. The functional groups were selectively ionized by exposure to pH-adjusted water, which creates positive or negative net
charges, resulting in an ion-selective permeability. The unique properties of the GO nanosheets play important roles in determining
the trade-off between the membrane permeability and selectivity, leading to new applications of GO nanosheets as functional

membranes.
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1. INTRODUCTION

The design of microporous membranes is essential for
industrial applications such as water purification and
desalination, sensing, and energy conversion.' ™ Microporous
membranes have an open and random structure consisting of
highly interconnected pores, similar to that of a conventional
filter in terms of the structure and function. However, these
pores are extremely small (1 to 100 nm in diameter) compared
with those of conventional filters, leading to an exceptional
separation capability at the molecular level based on size
exclusion, chemical interactions, and diffusion kinetics.”*
With the development of two-dimensional (2D) materials,
the assembly of these 2D materials offers extraordinary
physicochemical properties’™® that are being exploited in a
growing range of applications in electronics, photonics, energy
conversion and storage, and biomedical technologies. In
particular, the use of 2D building blocks such as graphene
and graphene oxide (GO),”™"* zeolite,"* and metal—organic
framework nanosheets'>'® in membrane design allows the
formation of an ultrathin separating layer that can selectively
filtrate the molecules or ions. Among them, GO nanosheets
have received great attention due to their excellent molecular
sieving capabilities and fast permeation kinetics.'”~>' Espe-
cially, owing to their excellent thermal and mechanical
properties with a high aspect ratio, the stacking of GO
nanosheets provides the well-defined carbon nanochannels for
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water purification that allow the flow of a water fluid while
rejecting the contaminants. Moreover, the presence of
abundant oxygen-containing groups on GO nanosheets can
facilitate surface modification of membranes with desired
functional groups. In a pioneering work, Geim and co-workers
demonstrated that submicrometer-thick GO membranes allow
the unimpeded permeation of water, while other small
molecules cannot penetrate the closely spaced graphene
sheets.'” Another advantage of 2D GO nanosheets is their
structural tunability with respect to the membrane thickness,
pore size, and pore distribution, which results in a well-defined
permeation behavior with an outstanding molecular selectivity.
Similarly, Park and co-workers achieved selective gas diffusion
in few-layered graphene-coated polymer membranes by
controlling the number of graphene layers, which affects the
gas flow channels and pores.”” Thus, 2D graphene sheets are
considered to be a suitable building block for microporous
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Scheme 1. Schematic of Multilayered GO Membranes Designed for Controllable Ion Permeation Based on the Variation of the

Sheet Size and Membrane Thickness
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Figure 1. (a) SEM images of the three types of GO sheets and (b) histograms of their size distributions. Depending on the average lateral
dimension, GO sheets with varying dimensions were defined as LGO, MGO, and SGO. The histograms were obtained by counting more than 200
sheets for each sample. (c) Representative AFM images of the three different GO sheets and (d) corresponding height profiles.

membrane applications because of their inherent transport
behavior at the molecular scale.

Graphene-based membranes are commonly fabricated using
hierarchical bottom-up approaches such as vacuum-assisted
filtration,”* > the Langmuir—Blodgett technique,””** and
layer-by-layer (LbL) assembly,”” ™" which integrates the 2D
graphene into a layered architecture through nanoscale
interfacial engineering. However, graphene-based membranes
prepared by filtration and the Langmuir—Blodgett technique
often lack interaction between the graphene layers due to the
hydrophilicity of the GO nanosheets, which makes them to be
easily peeled off from the surface or disintegrate when facing
common environmental changes. Moreover, there are limi-
tations in controlling the internal structure of the membrane
such as the pore size, composition, and thickness. On the other
hand, the LbL assembly allows the fine-tuning of the film
thickness, composition, and desired properties depending on
the choice of the layering materials and deposition
conditions.*””® The LbL assembly can be driven by various
molecular interactions between each component, including
electrostatic interaction, hydrogen bonding, charge transfer

13

117

interactions, and covalent bonding, which provide a stable
interlayer attraction between each graphene sheet.”’ ™’

The presence of abundant oxygen functional groups on the
GO surface not only facilitates the dispersion in polar solvents
but also provides handles for surface modification of the
membranes and charge-based separation, similar to conven-
tional weak polyelectrolytes.””™** In our previous work, we
investigated the pH-responsive behavior of GO membranes by
varying the charge density of GO nanosheets during LbL
growth; the membranes exhibited a selective permeation in
response to the external pH.*> However, because the
permeation performance in relation to the structural geometry
of the GO membrane has not been fully discussed thus far, in
this study, we aim to investigate the permeation behavior and
diffusion kinetics through 2D nanochannels within the GO
membrane depending on the size of the GO blocks (L) and
membrane thickness (I) (Scheme 1). In particular, the size-
variable GO nanosheets can provide the differences in the
defect density, aspect ratio, and charge density (i.e., density of
ionizable functional groups). Therefore, it is anticipated that
the size of GO blocks will affect the key membrane properties
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Figure 2. (a) Schematic of amine functionalization of chemically exfoliated GO sheets. (b) XPS profiles of the GO~ and GO* sheets, (c) FT-IR
spectra of the LGO sheets, and (d) zeta potentials of functionalized GO sheets with different lateral dimensions at various pH values.

such as the surface porosity, diffusion kinetics, permeation flux,
and selectivity of molecules or ions.

Multilayered GO membranes were fabricated using the LbL
assembly by exploiting oppositely charged functionalized GO
blocks. We systematically investigated the ion transport
behavior using electrochemical analyses with charged redox
molecules. In addition, the pH-induced ionic permselectivity of
the GO membranes was explored by taking advantage of
ionizable side groups of the functionalized GO blocks such as
carboxyl acid and amine groups. The functionalized GO
membrane possesses an excess positive or negative net charge
depending on the external pH, resulting in an ion
permselectivity depending on the charge density. We anticipate
that this study will open possibilities for new applications of
GO sheets in various membranes.

2. RESULTS AND DISCUSSION

2.1. Characterization of Size-Controlled GO Sheets.
The physicochemical properties of the assembled GO
membranes are largely determined by the characteristics of
the constituent GO blocks.***® For example, a large-sized GO
sheet is likely to form a mechanically stable and robust
membrane structure due to the high density of the
interconnected graphene sheets based on van der Waals
interactions. On the other hand, a small-sized GO sheet has
abundant charged functional groups on the surface, which
facilitate strong electrostatic interactions. Therefore, the
structural diversity of GOs derived from their chemical
compositions, lateral dimensions, and lattice defects is a
critical factor in determining the membrane performance of
multilayered GO membranes.

Several approaches can be used to obtain high-quality
graphene sheets with uniform size distributions such as pH-
assisted selective sedimentation,”” density gradient ultra-
centrifus%ation,@’49 and the tuning of the chemical oxidation
degree.”®>” However, these approaches have limitations in
terms of the mass production and the size homogeneity. In this
study, we adopted a unique method to adjust the fracture
densities of the graphene structures by applying mechanical
stimuli such as high shear force and ultrasonic treatments
(Figure 1). Based on a mechanical force induced by shear
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stress, large-sized graphene sheets with few defects form due to
the mild exfoliation process, while ultrasonic processing causes
significant disruptions in the weak chemical bonds, resulting in
extremely small and highly defective GO nanosheets.

As shown in the scanning electron microscopy (SEM)
images, graphene sheets with three different sizes were
synthesized using different exfoliation processes. The sizes
are uniformly distributed, and the lateral dimensions range
from several micrometers to several nanometers (Figure 1b).
Depending on the average lateral dimension, we classified the
graphene sheets as large-sized GO (LGO, average dimension
of 392 + 184 um?), medium-sized GO (MGO, average
dimension of 2.4 + 0.9 um?), and small-sized GO (SGO,
average dimension of 0.3 + 0.1 um?®). The representative
atomic force microscopy (AFM) images indicate that the
obtained GO sheets were successfully exfoliated into a single-
layer GO sheet with a thickness of ~1 nm (Figure 1c,d).

2.2. Synthesis of Amine-Functionalized GO Sheets.
The multilayered GO membranes were fabricated by using the
successive adsorption of oppositely charged GO building
blocks based on electrostatic attraction. The chemically
exfoliated GO sheets display a stable colloidal dispersity in
aqueous media due to the presence of many oxygen-containing
functional groups that were introduced during the chemical
oxidation process.” In particular, the carboxylic acid group
imparts intrinsically strong negative charges (GO—COO7;
GO hereafter) to the graphene sheets over a wide range of pH
conditions. The presence of oxygen functional groups
facilitates chemical functionalization. Subsequently, positively
charged graphene sheets (GO—NH;*; GO* hereafter) were
prepared by introducing amine groups based on the N-ethyl-
N'-(3-dimethylaminopropyl)carbodiimide methiodide (EDC)-
mediated coupling reaction between the carboxylic acids and
excess ethylenediamine as demonstrated in our previous report
(Figure Za).54

To demonstrate the successful functionalization, X-ray
photoemission spectroscopy (XPS) and Fourier transform
infrared (FT-IR) spectroscopy were used. The XPS profiles
confirm the presence of amine-bearing groups in the
functionalized GO™ sheets; a distinctly evolving nitrogen
peak (~7.6 atom %) is detected, which is absent in pristine
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Figure 3. (a) [lustration of the GO membrane fabrication by LbL assembly based on electrostatic interactions between the GO~ and GO* sheets.

(b) In situ ellipsometric thickness changes of 10-BL LGO films in

dry and wet environments before and after thermal cross-linking. (c)

Ellipsometric thickness profiles of the assembled GO membranes as a function of the number of BLs. (d) Representative AFM images of the three
types of multilayered graphene membranes. Each film was assembled on a silicon wafer, and the morphology and surface roughness were

characterized using the 10-BL samples.

GO~ sheets (Figure 2b). In addition, the C/O atomic ratio
increases from 1.8 (GO™) to 3.7 (GO") upon functionaliza-
tion, while the oxygen level slightly increases with decreasing
GO sheet dimension (Table S1). This indicates that the
oxidation level of the GO sheets is significantly affected by the
structural difference induced by the number of defects within
the GO sheets. The high-resolution C Is spectra indicate the
presence of sp*/sp®> C, C—0, and C=0 peaks in the pristine
GO~ sheets; an additional C—N peak can be observed after
amine functionalization (Figure S1 and Table S2). The FT-IR
spectrum of GO~ shows abundant hydroxyl, carboxyl, and
epoxide groups as indicated by characteristic peaks of the C—H
stretching vibration at 3100 and 3000 cm™!, C=O0 stretching
vibration at 1735 cm™!, C=C stretching vibration at 1620
cm™!, O—H vibration at 1406 cm™', and C—O stretching
vibration at 1100 cm™ (Figure 2c). In the GO* sheet, new
vibration bands emerge at ~1639 and 1483 cm™’, correspond-
ing to the C=O stretching and N—H bending vibrations of
the primary amide, whereas the bands of the carboxylic group
at 1735 and 1225 cm™" are not observed in the GO~ spectrum
after amine functionalization. These results indicate the
covalent attachment of ethylenediamine to the GO surface
through the formation of an amide bond. The surface zeta
potential of the functionalized GO suspension reveals the
surface charge characteristics of each GO sheet, clearly
demonstrating the charge reversal from negative (from —70
to —20 mV) to positive surface charges (from +40 to +60 mV;
Figure 2d). Furthermore, we observed a change in the degree
of ionization of each GO sheet when the pH was adjusted from
3 to 11, which is due to the presence of carboxyl and amine
groups; this is similar to the pH-tailored behavior of typical
weak polyelectrolytes. Interestingly, the smaller-sized SGO
possessed a higher zeta potential than the other GO sheets
with larger lateral dimensions, which indirectly indicates the
difference in the density of the reactive functional groups
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depending on the sheet dimensions. Thus, the adjustment of
the GO dimension can alter the degree of ionization of the GO
suspension and consequently lead to differences in the
thickness and morphology of the resulting LbL-assembled
GO membranes.

2.3. Fabrication of the GO Membrane via LbL
Assembly. By using oppositely charged GO suspensions,
the multilayered GO thin membranes were fabricated on a
silicon wafer or indium—tin oxide (ITO) electrode through
LbL assembly. The layer composition of the resulting GO films
is significantly influenced by the pH value of each GO solution
because of the different charge densities, which depend on the
degree of protonation. Thus, we fixed the pH of both GO
suspensions at 3.0 during the LbL growth to reduce the effect
of the pH on the structure of the GO multilayer membranes.

The design of the internal morphology of the assembled GO
membranes is based on two factors: (1) the lateral size of the
GO building block and (2) the membrane thickness based on
the number of LbL assembly. Before the assembly, the
substrate was treated with (3-aminopropyl)triethoxysilane
(APTES) solution to render the positively charged surface.”
After the APTES treatment, the positively charged substrate
was dipped into a negatively charged GO~ solution (0.50 mg/
mL, pH 3.0) for 10 min, leading to the adsorption of one
monolayer and reversal of the surface charge. Subsequently,
the substrate was rinsed with distilled water at the same pH to
remove loosely adsorbed GO~ sheets. The GO™-coated
substrate was dipped in a positively charged GO solution
(0.50 mg/mL, pH 3.0) for 10 min followed by a rinsing step.
Finally, we obtained a one-bilayer (BL) (GO~/GO"), film.
These procedures were repeated to achieve the desired number
of BLs. The notation of each GO membrane prepared is
presented as “(xGO™/xGO"),” based on the size of GO blocks
(x = LGO, MGO, and SGO) and the number of BLs (n;
Figure 3a). To enhance the mechanical integrity and diminish

119 https://dx.doi.org/10.1021/acsami.9b20398
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Figure 4. (a) Schematic representation of the ion transport through multilayered GO membranes with differently sized GO building blocks. The
green arrow indicates the expected diffusion length (I') of the redox ions in the GO multilayer membranes. (b) Comparison of the voltammetric
responses of the LGO, MGO, and SGO membranes (10 BL) in the absence and presence of anionic and cationic redox probes, Fe(CN)*~ and
Ru(NH,)*, respectively. (c) Relative anion and cation permeability of the LGO and SGO membranes depending on the number of BLs (0 to 20
BL). The permeability was calculated based on the ITO electrode (for 0 BL) using the Nielsen model, which reflects the ion transport capacity
corresponding to the lateral dimensions of the GO sheets and membrane thickness. Three-electrode configurations were employed at a scan rate of
20 mV/s in aqueous 0.50 M Na,SO, electrolyte solutions containing 5.0 mM Fe(CN)¢*>~ or Ru(NH;)¢*" as the electroactive species.

the swelling of the membranes when they are exposed to
aqueous media, the as-assembled GO multilayer membranes
were subjected to a thermal treatment in a vacuum oven at 150
°C for 12 h. The results of the in situ ellipsometry demonstrate
that the as-assembled GO films swell up to 120% when they
are dipped in water in a dry state, while the swelling could be
considerably suppressed to less than 15% after thermal cross-
linking (Figure 3b and Figure S2). Based on these
observations, it can be concluded that the thermal cross-
linking of the GO multilayer membranes improves their
mechanical stabilities while maintaining the interconnected
nanochannels between the graphene interlayers, which are
necessary for effective water molecule permeation through the
membrane.

Figure 3c shows the uniform growth of the resulting GO
multilayers; the film thickness gradually increases from 9.1 to
97.8 nm as the number of BL increases from 2 to 20 BL. The
average BL thickness of the LGO, MGO, and SGO films are
4.5, 4.8, and 5.2 nm, respectively. Additionally, the
representative cross-sectional transmission electron micros-
copy (TEM) image exhibits a uniform growth of the
multilayered GO nanostructure that is highly oriented parallel
to the substrate (Figure S3).

We also observed that the dimensions of the GO sheet affect
the surface morphology of the resulting GO multilayer
membrane. From the AFM results of the 10-BL GO films
[ie, (LGO7/LGO%);,, (MGO™/MGO")y, and (SGO7/
SGO*);, membranes], the surface roughness (Rq) gradually
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increases from 12.4 (LGO) to 14.9 (MGO) to 16.1 nm (SGO)
(Figure 3d). Accordingly, the LGO sheet has a defect-free,
highly uniform, and well-organized structure, while the SGO
sheet forms a relatively coarse surface structure composed of
many small domains. Based on these results, the morphological
design of the internal nanostructure can be varied, clearly
demonstrating the benefit of our approach in fabricating highly
tunable GO-based membranes by selecting their constituents.

2.4. lon Transport Behavior Based on Electro-
chemical Analysis. To study the ion transport in the
assembled GO membrane, we utilized electrochemical analysis
and the anionic and cationic redox molecules of Fe(CN)>~
and Ru(NH;)¢*, respectively.’® Typically, the redox ions
quickly access the surfaces of the electrodes, which have small
resistances. The redox peak intensity of the voltammetric
response is closely related to the transport capabilities of the
redox ions through the electrodes. Thus, we fabricated the GO
membranes on ITO substrates via LbL assembly and calculated
the relative ion permeabilities of the GO membranes using the
redox peak current (i,) of the bare ITO electrode (without GO
membrane).””*

First, we determined the effect of the size of the graphene
block on the ion transport behavior. The number of BLs of the
assembled GO membrane was fixed to 10 BL (thickness of
~60 nm). Based on the abovementioned structural analysis, we
anticipated that the numbers of ion transport channels and
flow resistances in the GO membranes vary depending on the
sizes of the GO blocks (from LGO to MGO and to SGO)

https://dx.doi.org/10.1021/acsami.9b20398
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(Figure 4a). A simple permeability model for a regular
arrangement of two-dimensional platelets was proposed by
Nielsen for the case in which the molecules pass through the
layered structure in the perpendicular direction.””®" All GO
blocks within a multilayered GO membrane prepared in this
study are presumed to be rectangular in shape and oriented
perpendicular to the direction of ion diffusion. Therefore, the
ion diffusion path length in these 2D-layered structures can be
maximized, which significantly decreases the ion flux through
the layered membranes. The diffusion length (I') can be
estimated using egs 1 and 2°'

I'=1+ (N)% (1)

I

W= oW

()

where | is the membrane thickness, L is the width of the
graphene sheet, N is the number of stacked graphene layers, D’
(~1.2 nm for hydrated GO sheets) is the interlayer spacing
between the graphene sheets,”> and W is the thickness of the
GO sheet (~1 nm). The diffusion path length of the
multilayered GO membrane is significantly influenced by the
size of the GO blocks. The diffusional path of a large LGO
block with an average lateral dimension of 5 ym? is 1800 times
longer than the membrane thickness. On the other hand, the
diffusion path of a small SGO block with a size of 0.2 um? is
only 40 times longer than the membrane thickness.

As shown in Figure 4b, in the absence of a redox probe, the
GO membranes do not exhibit any redox reaction without the
appearance of distinct redox peaks. On the other hand, the
redox activity based on the presence of anionic and cationic
probes on the bare ITO electrode is almost reversible,
indicated by a significantly large peak current (i,) of 0.38
mA/cm” and a small peak separation (AE,) of 65 mV (Figure
S4). However, when a multilayered GO membrane is present
on the surface of the ITO electrode, the voltammetric response
sharply decreases and the peak separation (AE,) becomes
large (150 mV). The relative peak current density of
Fe(CN)4*~ (considering bare ITO as 100%) decreases to 28,
16, and 10% in the SGO, MGO, and LGO membranes,
respectively. In the case of Ru(NH,)*", a similar decrease can
be observed, but the difference is not as large as it is observed
in the anionic redox probe. We postulate that the assembled
GO membrane has a strong negative net charge at a neutral
electrolyte pH because the ionized carboxylic acid groups on
the edges of the GO sheets are more dominant than the amine
groups among the entire functional groups of the GO
multilayers. Overall, the GO membrane serves as a barrier
against ion diffusion, which impedes the fast penetration of
redox molecules to the surface of the ITO electrode.

We further explored the effects of the sheet size and
membrane thickness on the redox ion permeability of the
membrane depending on the increase in the number of BLs.
The Nielsen model, which assumes an almost perfect
arrangement of clay particles, has been widely accepted and
fits the experimental observations well in several cases,
especially with respect to small volume fractions (¢ < 0.1).
The correlations between the structural parameters of the GO
multilayer membranes, such as the sheet size and thickness and
ion diffusion kinetics can be estimated using the Nielsen model
expressed in eqs 3 and 4777
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where D is the diffusion coefficient of the redox molecules; 7,
@, and P are the tortuosity, internal volume fraction, and
relative permeability of the GO membranes (vs. the bare ITO
electrode), respectively; D, and I, are the references for bare
ITO electrodes; and a (= L/W) is the aspect ratio of the GO
sheets used (5000 and 200 for LGO and SGO, respectively).
The relative diffusion coefficient of each GO multilayer can be
obtained from the voltammetric response by using the
Randles—Sevcik equation expressed in eq 5%

1/2

FvD

i = 0.4463nFAc(” v )
P RT

=2.69 x 10°*/2AD"2Cy'/?

©)

where iy n, A, D, C, and v are the peak current, number of
transferred electrons (n = 1, in this study), electrode area
(ecm?), diffusion coefficient (cm?/s), concentration of the
redox probe (mol/cm?), and scan rate (V/s), respectively.
Based on the voltammetric response with the increase in the
scan rate from 20 to 200 mV/s, the diffusion coefficient (D,)
of the redox probe was calculated to be 3.91 and 3.52 for
Fe(CN)s*~ and Ru(NH,)¢*, respectively. These values
gradually decrease as the number of BL increases as
summarized in Figure S5 and Table S3. Using the calculated
diffusion coefficient (D/D,) of each GO membrane, we
evaluated the correlations between the relative anionic or
cationic permeability and the different GO blocks and
membrane thickness as represented in Figure 4c.

Because the permeability is inversely proportional to the
membrane thickness due to the prolonged transport pathway
with increased permeation resistance, the electrochemical
activity of the redox molecules containing anions and cations
steadily decreases when the number of BLs increases from 2 to
20 BL and almost disappears at 20 BL. This observation
suggests that the redox molecules cannot penetrate through
thick GO membranes with 20 BL (approximately 100 nm
thick) (Figure S6). In terms of sizes of the GO blocks, it is
believed that a compact and dense structure of the (LGO~/
LGO");, membrane derived from large LGO sheets sponta-
neously lowers the permeation efficiency and diffusion kinetics
of the redox molecules. Therefore, the suppression of the ionic
permeability of the LGO membranes increases with the
increasing number of BLs compared with that of SGO
membranes. These results support the fact that the sizes of
the building blocks play critical roles in controlling the
densities of the 2D nanochannels that are used for ion
transport in multilayered architectures.

Furthermore, it should be noted that each redox species has
a different sensitivity, that is, the anionic probe does not easily
penetrate the GO membrane, while the cationic probe is highly
permeable regardless of the lateral size of the GO block. In our
previous studies, we assembled multilayered GO membranes
with two different outermost layers, for example, 10-BL (GO*
outermost layer) and 10.5-BL (GO~ outermost layer)
membranes. Interestingly, the different surface charges of the
outermost layers did not lead to noticeable differences in the
electrochemical behaviors of redox probes. Thus, we assume
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that the overall net charge of the GO multilayers, which
depends on the assembly conditions and external pH, is a more
important factor in controlling the ion-selective transport
behavior than the outermost surface charge.

2.5. pH-Triggered Molecular Filtration Performance.
Stimuli-responsive materials have great potential as a
membrane because they allow the fine-tuning of the separation
performance in response to environmental changes such as pH,
temperature, and light and offer a significant advantage over
conventional membranes. In fact, polymeric membranes with
pH-responsive functional groups exhibit improved separation
performances and selective chemical sensing based on the
control of the net charges of the membrane.”””*® Owing to the
presence of pH-reactive functional groups of GO sheets, such
as carboxylic acid and amine groups, the pH-dependent
behavior will be translated into the GO membrane assembled
from GO sheets. For example, the GO membrane is highly
positively charged in acidic electrolytes because of the
protonation of amine groups, whereas it is negatively charged
in alkaline electrolytes because of the deprotonation of
carboxylic acid groups. Because of this protonation/deproto-
nation equilibrium, the charge properties of the GO
membranes can be controlled by external pH conditions.

First, the pH-induced permeation characteristics of GO
membranes were examined using the charged redox probes in
an acidic or alkaline environment (Figure Sa). The changes in
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Figure S. (a) Cyclic voltammograms of the multilayered GO
membranes in aqueous 0.50 M Na,SO, electrolyte solutions
containing 5.0 mM Fe(CN)*~ or Ru(NH;)¢** buffered at pH 3.0
and 11.0 and unbuffered at pH 7.0. (b) Histograms showing the
changes of the voltammetric response arising from the influence of pH
and sheet size on the molecular transport of charged redox probes. (c)
Schematic representation of the ionic transport processes taking place
in the multilayered GO membrane under different pH conditions.

the voltammetric response of GO membranes reflect the
difference in the specific probe diffusion because of the net
charges of the membranes. At pH 3, there was no selectivity for
specific charges, and the peak intensity was nearly constant for
both anions and cations, indicating the absence of the
electrostatic interaction between the GO membrane and
charged ions. On the contrary, as the pH increased to 11,
the peak intensity of Ru(NH;)4*" was almost unchanged, while

the redox peak of Fe(CN)4*~ rapidly diminished (Figure 5b).
This observation reveals that the fully protonated pores within
the membrane behave as an open gate enabling the free
diffusion of anionic and cationic species through the GO
membrane. When pH is changed from 3 to 11, the population
of ionized carboxylic acid groups increased, thus giving origin
to a charged permselective pore. Because the sizes of both
redox probes are almost identical [6.0 A for Fe(CN)¢*~ and 6.2
A for Ru(NH;)**], the difference in the selective permeation
is only influenced by the net charge of the multilayer
membrane but not by the pore sizes. We postulate that the
presence of abundant oxygen-containing functional groups on
GO multilayers leads to an overall negatively charged surface.
These negative charges, however, is charge-balanced with
ionized amine groups under acidic conditions, resulting in the
permeation of both cations and anions (Figure Sc). It is also
observed in the pH-induced swelling test of the GO
membrane. Owing to the ionizable carboxylate groups, the
thickness of the GO membrane increased significantly when
exposed to alkaline conditions (Al/l, & 25%) compared to
acidic conditions (Al/ly ~ 12%).

We further investigated the permselectivity of GO
membranes using a colored feed solution containing organic
dyes of different charges, including cationic dyes (i.e.,
methylene blue (MB) and rhodamine B (RB)), neutral dyes
(i.e.,, Nile red (NR) and p-nitroaniline (NA)), and anionic dyes
(i.e., Congo red (CR) and Evans blue (EB)) (Figure 6 and
Figure S7). Permeation experiments were performed with a
two-cell system separated by the GO membrane. Because it
was challenging to obtain a free-standing GO membrane, 10-
BL GO membranes were fabricated onto a commercial
poly(vinylidene fluoride) (PVDF; 0.4S pm pore size)
membrane as a porous support (Figure S8). The feed solution
(0.10 mg/mL) was in contact with the GO multilayers, and the
permeance and dye rejection capacity were monitored using
UV—vis spectroscopy (Table S4). In principle, when the feed
solution is filtered through the GO membrane driven by the
applied pressure, the ionic functional groups on GO sheets will
interact electrostatically with the charged ions to separate
them.

The rejection capacity of dyes was strongly affected by
solution pH. In acidic conditions, the intensity of absorption
spectra of different charged dye molecules sharply decreased
with a rejection rate of up to 90% as observed in Figure 6a. In
contrast, in alkaline conditions, the characteristic absorption
intensity of these dyes was also significantly decreased, and we
could clearly observe the selectivity for specific charges with
distinct dye rejection capacity, consistent with the results from
electrochemical voltammetric analysis (Figure 6b). Due to the
strong electrostatic repulsion between the negatively charged
pores and dye molecules, it will interfere with the diffusion
behavior of anionic dye molecules entering the pore channels
of the GO membrane. As for neutral dye molecules, the
electrostatic interaction between the dye and GO membrane is
very weak. Hence, the rejection efficiency is mainly attributed
to the molecular-size sieving effect. Indeed, the rejection
capacity for the neutral dye is almost constant regardless of pH
conditions (Figure 6c). These findings indicate that both
molecular sieving (sieving effect) and electrostatic repulsion
(charge effect) by ionized functional groups on GO sheets
dominate the separation process. This unique unipolar sieving
effect of multilayered GO membranes could be utilized in the
development of charge-based separation processes.
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PVDF membrane under different pH conditions.

3. CONCLUSIONS

We demonstrate the assembly of multilayered GO membranes
based on the LbL approach, which allows the precise control of
many critical membrane parameters, including the thickness,
morphology, charge density, and internal structures, which are
hard to control with other conventional techniques. We clearly
observed that the ion transport through the unique 2D
nanochannels can be fine-tuned by controlling two engineering
factors, that is, the lateral size of the GO building block and
membrane thickness. In addition, we confirmed that the GO
membranes have different charge densities due to the presence
of ionizable side groups such as amine and carboxylic acid
groups. These functional groups are selectively ionized
depending on the pH of the solution. Therefore, the GO
membranes exhibit an anion-selective behavior.

The 2D graphene sheets are suitable for microporous
membrane applications because of their unique transport
behavior at the molecular scale. Their high impermeability and
permselectivity are of great advantage and may lead to many
novel applications for which conventional techniques are not
suitable. Our LbL assembly approach to the fabrication of GO
membranes is valuable for the design of graphene-based
membranes with desired properties and provides guidance for
fundamental research in materials science, chemical engineer-
ing, and membrane technology. Considering the recent surge
of interest in the development of membrane technology, this
study provides valuable insights into the fundamental proper-
ties and possibilities of 2D polyelectrolyte-based multilayers in
novel functional membranes.
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4. EXPERIMENTAL SECTION

4.1. Preparation of GO Sheets with Varying Dimensions.
Graphite oxide was synthesized using a modified Hummers’ method
and then exfoliated using different exfoliation processes to yield GO
suspensions with varying dimensions.®”~"> First, dried graphite oxide
powder (S0 mg) was dispersed in 100 mL of deionized (DI) water
and exfoliated using a homogenizer for 30 min to obtain large-sized
GO (LGO) sheets. Subsequently, LGO sheets were sonicated again
for 30 min at different intensities of 100 and 300 W to obtain
medium-sized GO (MGO) and small-sized GO (SGO) sheets,
respectively.

4.2. Preparation of Amine-Functionalized GO Sheets. The
resultant GO was negatively charged over a wide range of pH
conditions. To introduce amine groups (—NH,) to the as-prepared
GO sheets, a 100 mL GO suspension (conc. of 0.50 mg/mL) was
reacted with 1.25 g of N-ethyl-N’-(3-dimethylaminopropyl)-
carbodiimide methiodide (EDC) and 10 mL of ethylenediamine for
12 h and then subjected to dialysis (MWCO 12000-14000, Spectra/
Por dialysis membrane) for three days to remove excess residual
chemicals and byproducts.**”>

4.3. Layer-by-Layer Assembly of Multilayered GO Mem-
branes. Before the assembly, silicon wafer or ITO substrates were
thoroughly cleaned to remove any organic contamination and treated
with (3-aminopropyl)triethoxysilane (APTES) solution (10% v/v in
ethanol) for 6 h to render the positively charged surface. After the
APTES treatment, the substrate was thoroughly washed with ethanol
to remove weakly bound excess residual molecules from the surface.
The positively charged substrate was dipped into a negatively charged
GO~ solution (0.50 mg/mL, pH 3.0) for 10 min, leading to the
adsorption of one monolayer and to the reversal of the surface charge.
The substrate was then rinsed three times with distilled water at the
same pH for 1 min to remove the loosely adsorbed GO™ from the
substrate. Then, the substrate was coated with a positively charged
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GO solution (0.50 mg/mL, pH 3.0) followed by a rinsing step. We
then obtained a one-bilayer (BL) (GO™/GO"), membrane. The
abovementioned procedures were repeated to achieve the desired
number of BLs. Subsequently, the as-assembled GO multilayer films
were subjected to thermal cross-linking in a vacuum oven at 150 °C
for 12 h to prevent the degradation of the film structure by swelling in
an aqueous solution.

4.4. Characterization of the Multilayered GO Membranes.
The thickness of the multilayered graphene films on the silicon
substrate was measured using ellipsometry (J. A. Woollam Co., USA,
EC-400 and M-2000V). The average thickness values were calculated
using three individual measurements. The AFM images of the
multilayered graphene films were used to determine the surface
morphology and roughness (tapping mode; Veeco, Nanoscope V).

4.5. Electrochemical Characterization. Cyclic voltammetry
measurements were performed using a VMP3 potentiostat with a
three-electrode cell. A platinum wire was used as a counter electrode
and a saturated calomel electrode (SCE) was utilized as a reference
electrode. Aqueous solutions of 0.5 M Na,SO, containing S mM of
either Fe(CN)s*~ or Ru(NH;)s* buffered at pH 3 and 11 and
unbuffered at pH 7 were prepared as electrolyte solutions. To
determine the current density, the measured current was divided by
the area of the sample that was immersed in solution.

4.6. Separation Performances of the GO Membranes. The
separation performances of the GO membranes below 0.1 MPa were
estimated using organic dyes. The initial concentration of the dye
solution was set to 0.10 mg/mL. The change of the dye concentration
before and after filtration was measured using a UV—vis spectrometer
(JASCO V-750). To investigate the effect of the pH on the separation
performance of the GO membrane, the initial pH of the feeding
solution was adjusted to 3 and 11 by adding 0.1 M HCI or NaOH
solutions, respectively.

The permeance, ] (L m™ h™' bar™'), was measured by collecting
the permeate water (V) and calculated by the following equation (eq
6)

|4

= axixr ©

where t and A are the operation time and the effective membrane area
(m?), respectively. Subsequently, the rejection of the composite
membrane with respect to the organic dye was calculated using the
following equation (eq 7)

G
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where C;and C, represent the concentration (mg/mL) of the dye in
the feed and permeate in solutions, respectively.
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