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ABSTRACT: Graphene oxide (GO) has recently emerged
as a promising 2D nanomaterial to make high-performance
membranes for important applications. However, the
aqueous-phase separation capability of a layer-stacked GO
membrane can be signiﬁcantly limited by its natural
tendency to swell, that is, absorb water into the GO
channel and form an enlarged interlayer spacing (dspacing). In this study, the d-spacing of a GO membrane
in an aqueous environment was experimentally characterized using an integrated quartz crystal microbalance with
dissipation and ellipsometry. This method can accurately
quantify a d-spacing in liquid and well beyond the typical
measurement limit of ∼2 nm. Molecular simulations were conducted to fundamentally understand the structure and
mobility of water in the GO channel, and a theoretical model was developed to predict the d-spacing. It was found that, as a
dry GO membrane was soaked in water, it initially maintained a d-spacing of 0.76 nm, and water molecules in the GO
channel formed a semiordered network with a density 30% higher than that of bulk water but 20% lower than that of the
rhombus-shaped water network formed in a graphene channel. The corresponding mobility of water in the GO channel was
much lower than in the graphene channel, where water exhibited almost the same mobility as in the bulk. As the GO
membrane remained in water, its d-spacing increased and reached 6 to 7 nm at equilibrium. In comparison, the d-spacing
of a GO membrane in NaCl and Na2SO4 solutions decreased as the ionic strength increased and was ∼2 nm at 100 mM.
KEYWORDS: graphene oxide, membrane, interlayer spacing, swelling, water transport
along with ultrafast water transport7,8 and high mechanical
strength.9,10 Analogous to the cylindrical pores in traditional
polymeric membranes, the space between any two neighboring
GO nanosheets within a GO membrane forms a nanosized
channel that allows water to pass through while rejecting
unwanted species. Like the pore size for traditional membranes,
the interlayer spacing (commonly termed as d-spacing), which
is deﬁned as the center-to-center distance between two adjacent
carbon planes (Figure 1), plays a key role in determining the
separation properties of a GO membrane.11−14 Therefore, in
order to achieve the full potential of a GO membrane for highperformance aqueous-phase separation, its nanostructure, in
particular the d-spacing, must be accurately characterized.

A

s one of the most interesting derivatives of graphene,
the two-dimensional (2D) atom-thick graphene oxide
(GO)1 has recently drawn much attention for its
capability of forming layer-stacked membranes that hold great
promise for many important applications such as water
treatment,2 desalination,3 batteries,4,5 and energy storage.6
The presence of abundant oxygenated functional groups on
GO makes the material very hydrophilic and thus endows it
with a high tendency to absorb water and swell in humid or
aqueous environments, greatly deteriorating its targeted
performance. Accurate characterization and a fundamental
understanding of GO swelling are expected to provide key
information for the optimal synthesis of GO membranes with
enhanced performance. However, such information is lacking in
the literature.
Taking the aqueous-phase separation as an example, the GO
membrane has exhibited an extraordinary separation capability
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Figure 1. Schematic illustration of d-spacings of graphene, dry GO, and GO soaked in water.

Figure 2. Method for accurately characterizing the d-spacing of a GO membrane in aqueous solution. Integration of QCM-D and ellipsometry
(A). Preparation of a GO-coated gold sensor (B). AFM characterization of the thickness of a GO ﬁlm coated on a gold sensor and direct SEM
observation of bare and GO-coated sensor surfaces, respectively (C).

The d-spacing of a GO membrane in a wet condition can be
signiﬁcantly larger than that in a dry condition. As illustrated in
Figure 1, the d-spacing of a pure graphene channel is 0.34 nm,
and the d-spacing of a dry layer-stacked GO ﬁlm is 0.8 ± 0.1
nm, measured by X-ray diﬀraction (XRD).15−17 The latter value
is close to twice the sum of the carbon−oxygen hydrogen bond
length (∼0.22 nm) and van der Waals radius of oxygen (0.17
nm),18,19 totaling 0.78 nm. This dry conﬁguration, if kept
unchanged, would create a free spacing of ∼0.44 nm between
two carbon planes, ignoring the protruding oxygenated groups.
Such free spacing is ideal for admitting only water molecules
(∼0.25 nm) and rejecting most hydrated ions (e.g., Na+ with a
hydrated diameter of 0.5 nm),20 thereby achieving high water
productivity and ion selectivity. However, the actual aqueousphase separation performance of a GO membrane is far below
this ideal performance.21 A main reason is the swelling of the
GO membrane in a wet condition (the highly hydrophilic GO
nanosheets attract water molecules into the interlayer space of
the GO membrane,22,23 thereby hydrating the GO nanosheets
and increasing the d-spacing), which signiﬁcantly impairs the
separation eﬃciency. On the other hand, the swelling of GO, a
property not possessed by other 2D materials such as graphene,
can be advantageously used to precisely control the d-spacing of
a GO membrane on a sub-nanometer scale. As an example, an
approach for making GO membranes with tunable ionic sieving
capability was developed to adjust the size of the GO channel
by controlling the relative humidity condition and then ﬁx the
d-spacing using epoxy glue.24
Recently, the eﬀects of GO membrane swelling in an
aqueous environment on membrane performance have been
reported, and characterization of such swelling has been
attempted. For example, the observation of decreased rejection
as a GO membrane encountered a cationic solution hinted at
the membrane swelling by cations.25 The overall degree of
swelling was assessed by examining the diﬀerence between the

weights of the GO membrane in dry and water-saturated
conditions, respectively. 26−28 Due to the diﬃculty in
completely removing water from the GO membrane surface,
the weight of water contained in the GO membrane cannot be
accurately measured, and thus membrane swelling was only
roughly estimated. In addition, scanning force spectroscopy was
used to quantify the change (up to 15%) in the thickness of a
GO ﬁlm with diﬀerent levels of relative humidity in air.29 XRD
was also used to directly measure the d-spacing (up to ∼1.3
nm) of wet GO samples.30,31 However, measuring d-spacing up
to several nanometers in an aqueous environment presents a
practical technical challenge for XRD measurement. For
example, XRD was previously employed to show that the GO
membrane swelled more in a diluted aqueous solution than in a
concentrated solution;32 however, the d-spacing of the GO
membrane in solutions more diluted than 0.5 M NaHCO3 was
not reported. This is because severe swelling likely disrupts the
alignment of stacked GO layers, and thus the XRD peaks for a
GO membrane with a large d-spacing would be lost. Lack of
suitable methods for accurately quantifying the d-spacing of a
GO membrane in aqueous solution has not only impeded the
fundamental understanding of water and solute transport
through GO membrane but also adversely aﬀected the synthesis
of GO membranes with precisely controlled d-spacing for target
contaminant removal.
To address the above issue, we herein present an
experimental method to characterize the d-spacing and the
associated swelling of a GO membrane immersed in aqueous
solutions. This method integrates two characterization toolsa
quartz crystal microbalance with dissipation (QCM-D) and
ellipsometryto simultaneously monitor the changes in the
mass and thickness of a layer-stacked GO thin ﬁlm. As a result,
the density and d-spacing of a GO membrane that swells in
aqueous solution can be accurately quantiﬁed. Molecular
dynamics (MD) simulations were carried out to numerically
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Figure 3. Characterization of GO membrane swelling in DI water. GO membrane mass (measured by QCM-D) and thickness (measured by
ellipsometer) as a function of soaking time (A). Density of a GO membrane calculated by eq 1 using the mass and thickness measurements
(B). d-spacing of a wet GO membrane calculated by eq 3 (C).

an average value of ∼11 nm (Figure 2C), consistent with the
thickness measured by ellipsometry. Also, both AFM and SEM
images show a fairly homogeneous GO coating on the sensor
surface (Figure 2C).
Knowing that the graphite structure (sp2 hybridization) is
typically associated with a d-spacing (dgraphite) of 0.34 nm, the
average d-spacing of the dry GO membrane can be calculated as

investigate the water network structure near a GO surface to
help understand the critical GO−water interactions that
possibly aﬀect the d-spacing and water transport. Both
deionized (DI) water and representative solutions were used
to comprehensively investigate the swelling of a GO membrane
in an aqueous environment. Besides, the theoretical d-spacing
was derived and compared to the experimental results. Finally,
the implications of GO swelling for the synthesis and
nanostructure optimization of high-performance GO membranes for aqueous separation are discussed.

ddry ‐ GO =

RESULTS AND DISCUSSION
Characterization of GO Membranes by Integrated
QCM-D and Ellipsometry. QCM-D can sensitively measure
the mass of a thin ﬁlm by monitoring the changes in the
frequency and dissipation of an acoustic resonator, while
ellipsometry is an optical technique that measures the thickness
of a thin ﬁlm by monitoring the change in the polarization of
light upon reﬂection. By integrating QCM-D and ellipsometry
(Figure 2A, with a detailed description of the integrated analysis
in the SI and Figures S1 and S2), we were able to
simultaneously measure the mass and thickness of a GO
membrane in an aqueous environment and then quantitatively
derive its density and d-spacing. To this end, a gold sensor was
uniformly coated with a GO ﬁlm by ﬁrst drying the sensor on
and then peeling it oﬀ from a freshly prepared wet GO ﬁlm
(Figure 2B).
The GO membrane was ﬁrst characterized in dry air to
establish a baseline for the subsequent swelling study. In
general, based on the surface mass M measured by QCM-D and
thickness δ obtained from ellipsometry, the density of a GO
membrane is determined as
ρGO = M/δ

ρgraphite ⎛
M w,O ⎞
⎟⎟dgraphite
a⎜⎜1 + R
ρdry ‐ GO ⎝
M w,C ⎠

(2)

where R is the oxygen-to-carbon (O/C) ratio, which is
calculated to be 0.77 based on the atomic ratios measured
from the X-ray photoelectron spectroscopy (XPS) spectrum
(Figure S3). Mw,O and Mw,C are the molecular weights of
oxygen (16) and carbon (12), respectively. The overall percent
defect-free area of GO nanosheets, a, depends on the speciﬁc
degree of oxidation, and its accurate value may be obtained
using high-resolution transmission electron microscopy (TEM)
while taking into account the potential interference from
contaminants.34 On the basis of the experimental d-spacing of
0.76 nm from our XRD characterization of an oven-dried GO
membrane, the value of a is back-calculated by eq 2 to be 88%.
To study the swelling of a GO membrane in pure water, we
continuously monitored for several days the changes in the
mass and thickness of the membrane soaked in DI water. As
shown in Figure 3A, there was a prompt initial increase in
membrane mass from 2.0 to 4.2 μg/cm2 in less than 5 min after
the GO membrane was soaked in water, most likely because
water was quickly absorbed onto the surface and ﬁlled the free
spaces in the GO membrane due to the high hydrophilicity of
GO nanosheets. In contrast, the membrane thickness did not
increase abruptly at the beginning, indicating that it took longer
for the intercalated water layers to push the neighboring GO
nanosheets away from each other to enlarge the d-spacing and
cause swelling. As more water gradually entered into the spaces
between GO layers, the membrane thickness steadily increased
from a dry thickness δdry‑GO of 11.2 nm to a wet thickness
δwet‑GO of ∼70 nm after 3 days and eventually reached a ﬁnal
value at a much lower speed. As a result of such
unsynchronized initial increases in mass and thickness, the
corresponding density of the GO membrane (Figure 3B)
sharply reached a peak value of 3.75 g/cm3 and then quickly fell
to a value slightly lower than that of a dry GO membrane
within just 1 day of soaking. After that, the density gradually
decreased and stabilized at ∼1.0 g/cm3, practically the same as

(1)

The surface mass and thickness of the dry GO membrane were
measured to be 2.0 μg/cm2 and 11.2 nm, respectively. Thus,
the density of the dry GO membrane, ρdry‑GO, is calculated to be
1.79 g/cm3, much lower than the graphite density (ρgraphite) of
2.26 g/cm3,33 mainly due to the enlarged d-spacing by the
extrusion of oxygenated functional groups from the carbon
plane. Note that in order to accurately measure the thickness of
the relatively thin GO ﬁlm, we also separately prepared thicker
GO ﬁlms and used a multisample analysis method (described in
the SI) to eliminate the possible error caused by the periodic
phase shift. In addition, we characterized the thickness of the
coated GO ﬁlm by atomic force microscopy (AFM) and found
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30 min air-drying process the XRD peaks quickly shifted to the
right as the d-spacing decreased from 1.04 nm to 0.78 nm,
indicating a relatively fast water evaporation rate as the wet GO
membrane was air-dried. Therefore, it is recommended that
XRD be carefully used to quantify the d-spacing of a wet GO
membrane because, without proper sealing of wet samples to
prevent water evaporation, considerable errors could be
introduced in the d-spacing measurement.
Understanding of Water Structure and Transport in a
GO Channel. In order to explain the initial sharp increase in
the density of a GO membrane immediately after it was soaked
in water (Figure 3B), MD simulations were conducted to
fundamentally examine the water structure inside a GO channel
at this stage. Based on the XPS results (Figure 4B), a GO
model was constructed with an O/C ratio of 0.23 and a
composition of hydroxyl (60%) and epoxy (40%) groups that
were randomly distributed on the carbon plane. Note that the
carboxyl and carbonyl groups, which mainly reside at the edges
of GO, were ignored in the MD simulations in order to focus
on GO surface−surface interactions, but their masses were
added back to correct the density using eq S3 after simulation.
Such a strategy has been commonly adopted in similar
studies.35,36 As seen in Figure 5A, the calculated densities of
a wet GO membrane based on experimental data and MD
simulations, respectively, agree on the general trends that a high
density was associated with a small d-spacing when the sample
was ﬁrst soaked in water and that the density decreased with
increasing d-spacing during the prolonged soaking. Therefore, it
is qualitatively conﬁrmed that, by absorbing water into its
structure without expanding the d-spacing (as demonstrated in
Figure 3A by an immediate increase in the membrane mass but
not thickness), a wet GO membrane was actually denser than
both a dry GO membrane (1.79 g/cm3) and bulk water (1 g/
cm3) at the initial stage of soaking. The continuing swelling
gradually decreased the membrane density, which eventually
reached a value equal to that of bulk water. However, the
highest density of 2.3 g/cm3 from the simulation is much lower
than 3.75 g/cm3, which was repeatedly measured with ±13%
accuracy in the experiment, indicating the likely existence of
other contributing factors. It is believed, as discussed in the SI
and illustrated in Figure S5, that the water loosely associated
with the rough surface of the GO membrane led to
experimental overestimation of the mass and density of a wet
GO membrane, especially in the initial soaking stage when the
d-spacing was relatively small and thus the surface roughness
eﬀect was more pronounced. As an example, after the surface
roughness eﬀect was deducted using eq S5, the experimental
density decreased from 3.75 g/cm3 to 2.3 g/cm3, perfectly
matching the simulated density.
The MD simulations indicated that a d-spacing of 0.8 nm
corresponds to the minimum space that allows a continuous
water layer to form between two GO sheets, since a smaller dspacing would lead to discrete water patches. It was further
revealed that, with a d-spacing of 0.8 nm, the density of the
formed water layer was 1.3 g/cm3 (Figure 5B), 30% higher than
the bulk water density of 1 g/cm3. Besides, it was found that,
with a larger d-spacing, the density of water near the GO plane
also increased but quickly decreased to the bulk water density
at a perpendicular distance of ∼1 nm away from the center of
the GO plane (Figure S6). Since no external pressure was
applied in the present study, the increase in water density near
the GO plane was not due to the squeezing by two adjacent
GO planes. The almost symmetric proﬁle of water density near

that of pure water, when the electrostatic repulsion force slowly
became dominant and pushed adjacent GO nanosheets apart to
ﬁnally reach an equilibrium position.
Recognizing that the total number of GO layers remains the
same before and after membrane swelling, the average dspacing of a wet GO membrane is calculated as
d wet ‐ GO = ddry ‐ GO

δwet ‐ GO
δdry ‐ GO

(3)

As shown in Figure 3C, the d-spacing of a wet GO membrane
in pure water increased steadily and reached 6.2 nm after 6 days
of soaking, about 8 times the initial d-spacing of 0.76 nm for a
dry GO membrane.
Such a large d-spacing is very diﬃcult, if possible at all, to
probe by XRD, the most commonly used tool to characterize
the d-spacing of 2D materials. As demonstrated in Figure 4A,

Figure 4. Characterization of the structural and chemical properties
of GO. XRD spectra of a GO membrane in oven-dried, wetted, and
air-dried conditions (A) and XPS spectra of the composition of
carbon peaks (B).

XRD failed to measure the d-spacing of a GO membrane after
30 min of wetting in DI water. The rising Fourier transform
infrared (FTIR) peaks at 1640 and 3500 cm−1 during the
wetting process (Figure S4) conﬁrmed the quick absorption of
water by the GO membrane within 30 min of soaking. By
drying the wet GO membrane in air for only 5 min, an XRD
peak started to form. It is interesting to observe that during the
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Figure 5. MD simulation results for membranes soaked in pure water. Densities of wet GO with diﬀerent d-spacings (A). Density proﬁle of
water between GO sheets with a d-spacing of 0.8 nm (B). Radial distribution functions of water in bulk, a graphene channel, and a GO
channel, respectively (C). Side and top views of 1250 water molecules that formed a well-aligned rhombus-shaped crystal layer in a graphene
channel with a d-spacing of 0.75 nm (D), a typical hexagonal structure of ice crystals in bulk water (E), and a less aligned rhombus-shaped
crystal layer in a GO channel with a d-spacing of 0.8 nm (F). Alignment of water molecules along the armchair and zigzag directions of the
graphene carbon lattice (G). Mean square displacements of water molecules in bulk, the graphene channel, and a GO channel, respectively
(H).

both surfaces of a GO plane indicates that the water network
near the GO plane was diﬀerent from that in the bulk.
To understand the eﬀect of the GO plane on the water
network, MD simulations were used to study the structures of
bulk water and the water layer formed near a graphene sheet,

respectively, as a comparison. The radial distribution functions
(RDFs) for water in bulk, the graphene channel, and the GO
channel are compared in Figure 5C. It is observed that water
between GO sheets and water between graphene sheets have
similar RDF peaks (4.3 vs 4.4) and are higher than that of bulk
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Figure 6. Understanding the eﬀects of various interaction forces on the d-spacing of a GO membrane in ionic solutions. GO membrane
swelling, in terms of changes in equilibrium thickness and d-spacing, in various solutions of diﬀerent ionic strengths (A). Experimental and
theoretical d-spacings as well as Debye length of a GO membrane at equilibrium in NaCl solutions of diﬀerent ionic strengths (B). Schematic
illustration of repulsive and attractive forces between GO sheets (C). Distribution of electric potential ϕ and osmotic pressure π between two
GO sheets in NaCl solutions of 1 mM (D), 10 mM (E), and 100 mM (F). van der Waals (VW) and Coulombic attractions (negative value) and
electrostatic/osmotic repulsion (positive value) between two GO sheets with diﬀerent d-spacings in a 1 to 100 mM NaCl solution (G).

water (3.7) for the ﬁrst hydration layer, indicating more densely
packed water molecules in both GO and graphene channels
than in the bulk. Note that only the graphene-sandwiched water
demonstrated a crystal feature, because the repeating small
RDF peaks at longer distances can be generated only by a
lattice with ﬁxed distances between water molecules. In
addition, there are no apparent RDF peaks at longer distances
for GO-sandwiched or bulk water, indicating a macroscopically
amorphous water network.
The water structures formed in the bulk and in graphene and
GO channels were compared in Figure 5D−F. Shown in Figure
5D are the side and top views of a water layer formed between
two graphene sheets with a d-spacing of 0.75 nm, the minimum
space allowing the formation of a continuous water layer. It is
seen that water molecules formed a well-aligned rhombus (and
even a perfect square)-shaped crystal layer with a thickness of
only ∼0.2 nm and a density of 1.62 g/cm3. In Figure 5E, when
the same number (1250) of water molecules as that between
graphene sheets reached an equilibrium in bulk water with an
identical top-view area, the thickness of water molecules was
0.38 nm, almost twice that of the water layer formed between
graphene sheets, indicating a much looser network and also
verifying a lower density of bulk water.
The unique rhombus-shaped crystal structure formed
between graphene sheets is very diﬀerent from the typical
hexagonal structure of ice crystals formed in bulk water.
Recently, a similar square-shaped ice structure formed in a
graphene liquid cell was reported37 and attributed to the
squeezing eﬀect of a very high lateral pressure applied to the
two graphene sheets. Although the experimentally observed

crystal structure by TEM37 was questioned by some
researchers,38 the reported simulation results37 agree well
with our ﬁndings as shown in Figure 5D. However, unlike the
graphene liquid cell applied with a high pressure,37 our
simulation box was under atmospheric pressure only. As a
result, the rhombus-shaped water crystal structure and the
higher density observed in our simulated graphene channel
were not caused by an external pressure. Hence, we hypothesize
that the alignment of water molecules was mainly induced by
the van der Waals forces between water molecules and
graphene sheets. This hypothesis is supported by a high
correlation between the water structure and the carbon lattice;
as observed in Figure 5G, water alignment followed the
armchair and zigzag directions of the carbon lattice, and the
side of rhombus is equal to √3 times the length of a carbon−
carbon bond.
Figure 5F shows that the water molecules between GO
sheets with a d-spacing of 0.8 nm still tended to form rhombusshaped units, similar to the structure between graphene sheets.
However, the alignment of these rhombuses was obviously
disturbed by the extruding oxygenated groups on GO, leading
to a density of 1.3 g/cm3 for the water network formed near the
GO plane (Figure 5B), 20% lower than 1.62 g/cm3 in the
graphene channel. Nevertheless, the water molecules between
GO sheets were still much denser and more patterned than in
the bulk environment.
The oxygenated functional groups on GO not only disrupt
the alignment of water molecules but also signiﬁcantly aﬀect the
mobility of water molecules in the GO channel. Water mobility
was studied in terms of mean square displacement of water
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It is reasonable to attribute the repulsive forces between two
GO sheets mainly to the short-distance hydrophilic repulsion
(i.e., hydration force) and long-distance electrostatic repulsion,
as schematically illustrated in Figure 6C. The hydration force
was strong within the ﬁrst hydration layer, which had a
thickness of 0.27 nm based on simulation and was much
smaller than the measured d-spacing of more than 2 nm (Figure
6B). With such a d-spacing, simulation results showed that the
shell of hydrated ions was not perturbed in the GO channel.
Therefore, the dominant repulsive force was the electrostatic
repulsion, which can be derived by analyzing the potential
distribution in the electrolyte solution between two charged
GO sheets. Derivation of relevant equations is provided in the
SI. Since the potential between two GO sheets does not decay
to zero, their charges are not fully neutralized by the
intermediate counterions in between. Thus, a repulsive force
should still exist at the middle plate (between the two GO
sheets) and is equivalent to the osmotic pressure generated by
ions at the same location tending to pull water from the bulk
and push the two GO planes away from each other. Therefore,
the repulsive pressure can be estimated by the osmotic pressure
diﬀerence π between the solution at the middle plate and the
bulk solution. Derivation of relevant equations can be found in
the SI.
To reach an equilibrium d-spacing, an attractive force
between the two negative GO sheets is needed to overcome
the electrostatic/osmotic repulsive force. Since the clear
separation distance, Ds, between two GO sheets in the present
study is in general beyond the eﬀective range of van der Waals
attraction, the dominant attractive force for each GO sheet
must be the Coulombic attraction between the negatively
charged GO and the intermediate counterions in the solution
(Figure 6C). Note that the Coulombic attraction is determined
by the electric ﬁeld and charge density, both of which are
aﬀected by the overlapping potential of the two GO sheets and
thus cannot be directly calculated without knowing Ds ﬁrst. To
circumvent this diﬃculty, it is assumed that the potential
between two GO sheets is equal to the sum of the potential
generated by each individual sheet. As a result, the solution to
the original problem is simpliﬁed by doubling the attractive
force generated by one sheet (with a detailed calculation in the
SI), as schematically illustrated in Figure 6D.
The attractive electrostatic pressure and the repulsive
osmotic pressure are expected to cancel out each other at
equilibrium, where the two GO sheets are no longer pulled
toward or pushed away from each other. Therefore, the
separation distance Ds can be obtained by equating the
repulsive osmotic pressure π (eq S9) to the Coulombic
attractive pressure P (eq S10). Recall that d-spacing is deﬁned
as the center-to-center distance between two adjacent GO
sheets. Thus, it consists of the thickness of a whole GO sheet
(0.76 nm in a dry state), the ﬁrst hydration layer on each GO
surface (0.27 nm), and the clear separation distance Ds between
the two charged GO surfaces. Therefore, given the Ds of two
hydrated GO sheets, the theoretical d-spacing can be calculated
as

molecules. As shown in Figure 5H, the mobility of water
molecules in the graphene channel was almost the same as that
in bulk water, indicating that water did not experience any
resistance from the graphene sheet during its transport, an
observation consistent with the large slip length and theoretical
high water transport rate in graphene channels.39−44 In
comparison, the mobility of water molecules in the GO
channel was much lower than in the graphene channel,
indicating considerable resistance to water transport in the GO
channel due to the existence of oxygenated functional groups.45
Experimental and Theoretical Study of GO Membrane
Swelling in Ionic Solutions. The swelling of the GO
membrane in representative ionic solutions, including monovalent ions (NaCl), divalent cations (CaCl2, MgCl2), and
anions (Na2SO4), was studied. The level of swelling was
represented by the thickness and d-spacing of a GO membrane
after the swelling had reached an equilibrium in each solution.
As the ionic strengths of NaCl and Na2SO4 increased from 1
mM to 100 mM, the equilibrium thickness and d-spacing of the
GO membrane decreased signiﬁcantly (Figure 6A), as did its
mass (Figure S7). At the same time, however, the equilibrium
density of the GO membrane increased only slightly, by less
than 10% (Figure S8).
The above phenomena can be explained using the theory of
electrostatic double layer compression by two negatively
charged plates (e.g., GO sheets in the present study). First,
the Debye length, λD, a measure of the thickness of the diﬀusive
ionic double layer that covers a charged surface in aqueous
solution, was calculated using eq S6 as a function of ionic
strength and plotted in Figure 6B. Since the corresponding
electrostatic double layers were mainly composed of counterions (Na+) in both NaCl and Na2SO4 solutions, neither the
Debye length nor d-spacing was aﬀected by diﬀerent anions
(Cl− and SO42−). The overall trend that the Debye length
decreases with increasing ionic strength is consistent with that
of GO swelling, as shown in Figure 6B. Note that the d-spacing
of a GO channel at an ionic strength of 100 mM was ∼2.1 nm,
almost twice the Debye length of 1 nm at the same ionic
strength, suggesting the two adjacent GO sheets were separated
by the electrostatic double layers on the two charged GO
surfaces. However, in a highly diluted solution of 1 mM NaCl,
the experimental d-spacing of 7.1 nm was much smaller than
twice the corresponding Debye length of 9.6 nm, indicating a
signiﬁcant overlap of the electrostatic double layers between the
two adjacent GO sheets.
In order to mechanistically elucidate the swelling of a GO
membrane in aqueous solution, the theoretical d-spacing
between two GO sheets was also derived in the present
study. For this purpose, it is necessary to completely
understand the governing interaction forces between 2D
nanomaterials, a key piece of information lacking in the
literature. Traditionally, the interactions between two charged
particles are described by the balancing eﬀects of van der Waals
attraction and electrostatic repulsion, well known as the
Derijaguin, Landau, Verwey, Overbeek (DLVO) theory,
which has been widely applied to study colloidal stability.46
However, the standard DLVO theory neglects other interaction
forces such as Coulombic attraction through intermediate
counterions47,48 and hydrophilic repulsion introduced by the
hydration potential of a hydrophilic surface.49 In the present
study, a parallel-plate model was used to quantitatively describe
the repulsive and attractive forces existing between two
adjacent GO sheets.

d ‐spacing = Ds + (0.76 nm + 0.27 nm × 2)

(4)

The theoretical d-spacings between two GO sheets in, for
example, 5, 50, and 100 mM NaCl solutions are thus calculated
to be 5.6, 2.6, and 2.2 nm, respectively, which agree very well
with the experimental d-spacings of 5.7, 2.8, and 2.1 nm,
respectively (Figure 6B). Such agreement not only demon6446
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Besides, it has been shown that the oxygenated functional
groups on GO signiﬁcantly aﬀect the structure and transport of
water molecules in the GO channel. Therefore, in order to
achieve a high-ﬂux GO membrane, it is critical to control both
the number and distribution of oxygenate functional groups on
GO. However, complete reduction of GO tends to decrease the
d-spacing and hence make the membrane almost as
impermeable as a pure graphene membrane. Therefore, novel
reduction approaches are needed to optimize the presence of
oxygenated functional groups remaining on GO, forming a
precisely controlled d-spacing for water transport and solute
removal.

strates the accuracy of the established theoretical model for
calculating the spacing between 2D nanomaterials but also
conﬁrms the capability of the integrated QCM-D/ellipsometry
method for experimentally quantifying the d-spacing of a
membrane made of such 2D nanomaterials. Note that, for a
highly diluted solution (e.g., 1 mM NaCl), the theoretical dspacing may diﬀer noticeably from the experimental value,
possibly due to the experimental errors stemming from, for
example, (i) the extremely slow swelling kinetics that took place
in low-concentration NaCl solutions, compared to the fast
swelling kinetics at higher ionic strength (Figure S9), and (ii)
various factors (e.g., gravity) that overwhelmed the small
interaction forces in diluted solutions.
The potential and osmotic pressure proﬁles associated with
NaCl solutions of diﬀerent ionic strengths are plotted in Figure
6D−F. The magnitudes of the electric potential between two
GO sheets are very similar for a wide range of ionic strengths
between 1 and 100 mM NaCl. However, the osmotic repulsive
pressure π at the middle plate between two GO sheets increases
signiﬁcantly from 0.5 to 61 atm as the ionic strength increases
from 1 to 100 mM. The electrostatic/osmotic repulsion,
Coulombic attraction, and van der Waals attraction (calculated
by eq S11) are compared in Figure 6G, with repulsion
considered positive and attraction considered negative. It is
observed that, within the studied range of d-spacing, the van der
Waals attraction is negligible and the interaction force is
dominated by the long-distance electrostatic/osmotic repulsion
and Coulombic attraction between GO sheets and intermediate
counterions.
The behavior of GO swelling in CaCl2 and MgCl2 solutions
is very diﬀerent from that in NaCl and Na2SO4 solutions. As
shown in Figure 6A, the GO membrane at equilibrium had a
constant d-spacing of 6 nm in CaCl2 and 7 nm in MgCl2
solution as the ionic strength increased from 1 mM to 100 mM.
This is most likely because the charge screening eﬀect of Ca2+
and Mg2+ ions is much weaker than that of Na+ (counterion);50,51 thus the GO exhibited almost the same level of
swelling as in DI water. In addition, Ca2+ and Mg2+ ions likely
formed a complex with the carboxylate functional groups on
GO and exhibited cation−π interactions with the graphene
surface,52−57 thus helping maintain a large d-spacing, regardless
of ionic strength. Note that the diﬀerent coordination
complexes formed by Ca2+ and Mg2+ ions may be responsible
for the diﬀerence in the d-spacings (6 vs 7 nm) of GO
membranes soaked in the two types of solutions.
Implications for GO Membrane Synthesis. Results from
the present study have signiﬁcant implications for the synthesis
of future high-performance GO membranes. It has been
revealed that the d-spacing of a GO membrane can be
dramatically increased when soaked in aqueous solution,
considerably impacting the membrane selectivity and integrity.
To resolve this problem, GO membranes can be synthesized in
nonaqueous solution in order to minimize the initial membrane
swelling and achieve a target d-spacing at the fabrication phase.
In addition, strategies should be sought to control the d-spacing
(i.e., counteract GO swelling) and stabilize the GO membrane
via appropriate cross-linking and synthesis conditions. In
particular, because the GO membrane in dry conditions has a
typical d-spacing of ∼0.8 nm, a potential approach to making a
desalination GO membrane, which requires a d-spacing of ∼0.8
nm, is to cross-link the stacked GO sheets with rigid (as
opposed to ﬂexible) spacers using, for example, chemical vapor
instead of water as a solvent during membrane synthesis.

CONCLUSIONS
The integrated QCM-D/ellipsometry method has demonstrated its capability of accurately measuring the d-spacing of any
size within a layer-stacked GO membrane especially when fully
soaked in aqueous solutions, while the existing methods (e.g.,
XRD) can measure a d-spacing of only up to ∼2 nm for a
sample typically in dried/semidried conditions. It has been
discovered that, when a GO membrane is soaked in pure water,
its d-spacing dramatically increases from an initial value of ∼0.8
nm and eventually reaches an equilibrium with a size of as large
as 6 to 7 nm. The presence of NaCl and Na2SO4 in an aqueous
environment introduces a charge screening eﬀect that
compresses the electrostatic double layer, thus dramatically
decreasing the d-spacing as the ionic strength increases (e.g., ∼2
nm at 100 mM). In addition, theoretical analysis based on a
complete interaction force model has indicated that the
equilibrium separation distance between GO sheets is governed
by the balance between the osmotic repulsion (in the middle
plate) and the Coulombic attraction (between GO and
intermediate counterions), while the van der Waals attraction
typically considered by the DLVO theory is negligible due to its
short-distance nature. It has also been found that the
equilibrium d-spacing of a GO membrane in CaCl2 and
MgCl2 solutions, irrespective of ionic strength, remains almost
the same during the test, suggesting that Ca2+ and Mg2+
generate a much weaker charge screening eﬀect. Furthermore,
MD simulations have revealed that the oxygenated functional
groups on GO prevent water molecules from forming a
perfectly aligned rhombus-shaped crystal structure, which is
typically created within a pure graphene channel. Instead, a
semiordered water network, with a density of 30% higher than
that of bulk water but 20% lower than that in the graphene
channel, is formed in the GO channel. In addition, the presence
of oxygenated groups on GO has been found to be responsible
for much less mobility of water molecules in the GO channel
than in the graphene channel, where water mobility is almost
the same as that in bulk water. These ﬁndings suggest that an
optimal strategy for GO membrane synthesis is to cross-link
dry GO sheets with rigid spacers to maintain the ideal d-spacing
of ∼0.8 nm, followed by GO reduction to create graphene
channels for fast water transport.
METHODS
Chemicals. All chemicals were used as received from SigmaAldrich (St. Louis, MO, USA) unless noted otherwise. The chemicals
used in the present study included HCl, H2O2, H2SO4, MgCl2, CaCl2,
NaCl, NaNO3, NaOH, Na2SO4, NH3OH, and graphite.
Integrated QCM-D/Ellipsometry Measurement. QCM-D (E-1,
Q-sense, Sweden) was engineered to be placed on the sample stage of
an ellipsometer (FS-1 Multi-wavelength, Film Sense, Lincoln, NE,
6447

DOI: 10.1021/acsnano.7b02999
ACS Nano 2017, 11, 6440−6450

Article

ACS Nano
USA). As shown in Figure S1, a sensor was installed in an
ellipsometry-speciﬁed chamber that has a glass lens on each side to
allow the light incident from the source to reﬂect back to the detector.
First, bare gold sensors were tested in the QCM-D chamber to obtain
a dry-state baseline in DI water and diﬀerent testing solutions (NaCl,
MgCl2, CaCl2, and Na2SO4). Testing solutions were prepared by
dissolving diﬀerent ionic species in DI water. The solution pH was
adjusted by adding a negligible amount of 0.1 mol/L HCl and 0.1
mol/L NaOH standard solutions. A testing solution was ﬂowed at a
cross-ﬂow rate of 1 mL/min through the chamber using a peristaltic
pump, which was stopped after the chamber had been ﬁlled with the
testing solution, providing a static aqueous environment to preserve
the integrity of the GO membrane by preventing it from partially
dissolving into water. The stability of the GO membrane in various
solutions is discussed in the SI and demonstrated in Figure S10. QCMD and ellipsometry data were recorded simultaneously with the sensor
in a static ambient environment. Then, the sensor was taken out of the
chamber, rinsed with DI water to remove residual ionic species, coated
with GO, and installed back into the chamber to characterize the
swelling properties by soaking the GO-coated sensor in the testing
solution. A dry GO-coated sensor was also characterized to evaluate
the coating quality. The QCM-D data were analyzed to obtain the
mass of the sample by using Q-Tools software (Q-sense, Sweden).
The ellipsometry data were analyzed by establishing an optical model.
Brieﬂy speaking, data collected for the bare gold sensor were ﬁtted to
obtain the dielectric constants (i.e., refractive index and extinction
index), and data collected for the GO-coated sensor were ﬁtted using
Cauchy’s equation to determine the thickness. More information
about data analysis is provided in the SI.
Preparation of GO-Coated QCM-D Sensor. GO was prepared
from graphite ﬂakes using a modiﬁed Hummers method with a
detailed procedure described in our previous publication.2 The
resulting GO suspension in water was diluted to 0.1 g/L with the
pH adjusted to 4. The coating procedure was similar to that described
in our earlier work58 with some modiﬁcations. As schematically
illustrated in Figure 2B, 1 mL of the 0.1 g/L GO water suspension was
ﬁltrated through a commercially available poly(ether sulfone) (PES)
membrane substrate (Sterlitech, Kent, WA, USA) under a vacuum of
0.8 atm to form a GO thin ﬁlm. A gold-coated QCM-D sensor (Biolin
Scientiﬁc, Linthicum Heights, MD, USA) was ﬁrst cleaned at 75 °C in
a solution containing 10 mL of DI water, 1 mL of 30 wt % NH4OH,
and 1 mL of H2O2 to remove any potential contaminants, followed by
DI rinsing and nitrogen gas drying. The sensor was then placed in a
UV ozone chamber (Biolin Scientiﬁc, Linthicum Heights, MD, USA)
for additional cleaning and to create hydroxyl groups on the sensor
surface. The cleaned sensor was wetted with DI water and
subsequently placed upside down on the GO-coated PES membrane,
with its top surface contacting the GO thin ﬁlm. The PES membrane
along with the sensor was dried in an oven at 60 °C for 15 min. After
the water evaporated, the GO thin ﬁlm bonded strongly to the sensor
surface. As the sensor was peeled oﬀ from the membrane substrate, the
GO thin ﬁlm was transferred onto the QCM-D sensor.
Characterization of GO Thin Film. AFM images were taken to
characterize the surface morphology and cross-sectional proﬁle of the
GO thin ﬁlm deposited on the sensor surface. SEM (Ultra-55 FESEM,
Zeiss) images were taken for the bare and GO-coated gold sensors,
respectively. The zeta potential of GO sheets and surface zeta potential
of GO thin ﬁlm were measured using a Zetasizer Nano-ZSP analyzer
(Malvern, Westborough, MA, USA). FTIR spectroscopy (IS50,
Thermo Scientiﬁc, Fremont, CA, USA) equipped with a specular
reﬂectance accessory (VeeMax III Variable Angle, Pike Technologies,
Madison, WI, USA) was used to evaluate the functional groups at
diﬀerent incident angles. XPS (PHI 5400, PerkinElmer) spectra were
also obtained to characterize the elemental composition of GO.
Molecular Simulations. MD simulations were performed using
the Gromacs MD free simulator.59 Supercells used in the simulations
consisted of ﬁve pairs of graphene or GO sheets with an area of 10 nm
× 10 nm and separated by several distances varying from 0.75 to 6.0
nm. All supercells were solvated in a 10 nm × 10 nm × 6 nm
simulation box. This system was repeated periodically to represent an

inﬁnite sheet of GO, and water molecules were inserted between the
two sheets and the remaining space. The number of epoxy and
hydroxyl groups was kept at a ratio of 3:2, and these groups were
distributed randomly over both sides of each sheet to give an O/C
ratio of 0.23. Note that while the carboxyl and carbonyl groups on the
edges were ignored in the simulations, their masses were used
afterward to correct the simulated density using eq S3. Water was
simulated using the extended simple point charge (SPC/E) water
model. The SHAKE algorithm60 was applied to the water model to
reduce the high-frequency vibrations of hydrogen bonds. The
interactions between GO sheets were modeled using the OPLS-AA
force ﬁeld, which is known to be accurate in modeling a hydrated
system.61 The interactions between water and GO were calculated by
the Lennard-Jones 6−12 potential between the oxygen and carbon
atoms using σC−O = 0.355 nm and εC−O = 0.293 kJ/mol. All
electrostatic interactions were calculated using the particle mesh Ewald
method.62 The simulations were performed under the NVT canonical
ensemble at 293 K. Temperature control was managed using the
Nose−Hoover thermostat.63 The system energy was ﬁrst minimized
using the conjugate gradient algorithm and then run at a time step of
0.5 fs.
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