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ABSTRACT: The colloidal stability of functionalized graphene
sheets (FGSs) in aqueous sodium dodecyl sulfate (SDS)
solutions of different concentrations was studied by optical
microscopy and ultraviolet−visible light absorption after first
dispersing the FGSs ultrasonically. In up to ∼10 μM SDS
solutions, FGSs reaggregated within a few minutes, forming
ramified structures in the absence of SDS and increasingly
compact structures as the amount of SDS increased. Above ∼10
μM, the rate of reaggregation decreased with increasing SDS
concentration; above ∼40 μM, the suspensions were colloidally
stable for over a year. The concentration of ∼40 μM SDS lies 2
orders of magnitude below the critical surface aggregation
concentration of ∼1.8 mM SDS on FGSs but above the
concentration (∼18 μM) at which SDS begins to form a monolayer on FGSs. Neither surface micelle nor dense monolayer
coverage is therefore required to obtain stable aqueous FGS dispersions. We support our experimental results by calculating the
van der Waals and electrostatic interaction energies between FGSs as a function of SDS concentration and show that the
experimentally observed transition from an unstable to a stable dispersion correlates with a transition from negative to positive
interaction energies between FGSs in the aggregated state. Furthermore, our calculations support experimental evidence that
aggregates tend to develop a compact structure over time.

■ INTRODUCTION

Functionalized graphene sheets (FGSs) can be produced in
large quantities by simultaneous thermal exfoliation and
reduction of graphite oxide (GO)1,2 or by chemical reduction
of graphene oxide3 and have been used in a wide variety of
applications due to their extraordinary physical properties: In
lithium ion batteries, for example, the inclusion of electrically
conducting FGSs in metal oxide electrodes increases power
density.4−7 In polymer composites, the presence of FGSs leads
to higher modulus,8−10 elongation at failure,8,10 and
strength8−10 while improving the thermal stability8,11 and
providing electrical conductivity as well.9,10,12 When added to
liquid fuels, FGSs may lower ignition temperatures and
enhance combustion rates.13,14 The benefit of FGSs in these
applications stems from interactions of the metal oxide,
polymer matrix, or fuel molecules with graphene and, in
particular, with the lattice defects (topological defects and
vacancies)1,15 and oxygen-containing functional groups1,15

found on FGSs. As such, to take full advantage of the
properties of FGSs, their accessible surface area needs to be
maximized.
The theoretical specific surface area of graphene is 2630

m2/g. However, in dry FGS powders obtained from the thermal
reduction of GO, the restacking of the sheets decreases the

surface area to 500−700 m2/g, as determined by nitrogen
adsorption.2 Loosely aggregated FGSs can be separated from
one another with sufficient energy input, for example via
ultrasonication in a solvent,1,2 and can be dispersed into mostly
individual sheets, leading to an accessible surface area of up to
1850 m2/g in suspension.2 However, FGSs reaggregate due to
attractive van der Waals forces once the energy input from
ultrasonication ceases, unless reaggregation is prevented either
by reducing the van der Waals forces through refractive index
matching16 or by introducing repulsive steric, electrostatic, or
electrosteric forces. FGSs that are dispersed in polar aprotic
solvents such as N-methyl-2-pyrrolidone or dimethylformamide
typically form suspensions that are stable over a time scale of
months,17,18 likely due to refractive index matching between
FGSs and the solvent.16 Nevertheless, aqueous FGS suspen-
sions are necessary for many practical applications, such as
graphene−metal oxide nanocomposites for battery electro-
des,4,6 graphene−polymer composites,8,9 and high surface area
tapes.19 This generates a demand for aqueous FGS suspensions
that are stable over the time scales of the respective processes.
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Due to the large mismatch in the refractive indices of water20

and FGSs,21 the introduction of repulsive electrostatic or steric
interactions is necessary to obtain stable dispersions.
FGSs exhibit a high number density of oxygen-containing

functional groups.1,15 As a result, electrostatic stabilization in
water can be achieved by increasing the suspension pH above
the pKa of acidic groups such as carboxyls or phenolic
hydroxyls,1,15,22,23 which results in deprotonation and leaves a
negative charge on the sheets.23,24 In cases where pH
adjustment is not feasible or where there is an insufficient
number density of functional groups on the graphene, the
preparation of aqueous FGS suspensions typically involves the
use of surfactant solutions, as adsorbed surfactant molecules
can provide steric or (for ionic surfactants) electrostatic
repulsion between the individual FGSs. With this goal in
mind, we recently examined the adsorption behavior of the
ionic surfactant sodium dodecyl sulfate (SDS) on FGSs using
conductometric titration, a technique which is unique in its
ability to sample a broad range of surfactant concentrations
with high resolution.25 Our findings were consistent with a
four-stage adsorption model, shown schematically in Figure 1:
(i) the adsorption of isolated surfactant monomers with their
alkyl chains oriented parallel to the surface, (ii) the subsequent
formation of a surfactant monolayer (alkyl chains still oriented
parallel to the surface), (iii) the formation of hemi-cylindrical
surface micelles prior to micelle formation in the bulk solution,
and (iv) the formation of micelles in bulk solution. We
determined the SDS concentration at which a dense monolayer
forms on FGSs, the SDS concentration at the onset of surface
micelle formation on FGSs, known as the critical surface
aggregation concentration (csac), and the onset of micelle
formation in the bulk solution, known as the critical micelle
concentration (cmc).
The stability of FGSs dispersed in aqueous surfactant

solutions is influenced by the amount, charge, and morphology
of the adsorbed surfactant, but so far the relation between
surfactant adsorption and colloidal stability has not been
systematically explored for FGSs. Such studies have been
carried out for graphitic particles dispersed in aqueous
surfactant solutions; it has been demonstrated that concen-
trations greater than the csac are required to achieve aqueous
suspensions that are stable on the time scale of about a day.26,27

Furthermore, while there are a number of studies on surfactant-
assisted dispersions of graphene in water,28−32 the current
literature does not link dispersion stability to the adsorption
behavior of surfactants on graphene.
In this contribution, we build upon our recent conducto-

metric titration study of SDS/FGS aqueous dispersions25 by

relating the SDS adsorption behavior directly to the colloidal
stability of FGSs in water. Specifically, we examine the
aggregate morphology, settling behavior, and reaggregation
rate of FGSs with optical microscopy and ultraviolet−visible
(UV−vis) absorbance measurements. By calculating the
interaction energy between FGSs as a function of SDS
concentration, we also demonstrate how SDS adsorption
influences the reaggregation behavior and dispersion stability
of FGSs. Contrary to previous studies with graphitic carbon
particles, we find that SDS concentrations 2 orders of
magnitude lower than the csac are sufficient to achieve colloidal
stability.

■ METHODS

Production of FGSs. Graphite oxide (GO) was prepared
according to the Staudenmaier method,33 as detailed elsewhere,
using graphite powder sized at ∼45 μm (grade 230, Asbury
Carbons).1,2 The GO was placed at the bottom of a fused silica
tube (Technical Glass Products) and dried overnight under flowing
nitrogen. The tube was evacuated and purged with ultrahigh-purity
argon (Air Products) three times. The tube was evacuated once more
and, while GO was still under vacuum, thermal reduction and
exfoliation of GO were simultaneously carried out by placing the tube
in a three-zone tube furnace (Lindberg/Blue M, SPX Thermal Product
Solutions), set to a temperature of 1100 °C, for 60 s. The as-produced
FGS powder had a surface area of ∼690 m2/g, as determined from
nitrogen adsorption (Gemini V, Micrometrics Instruments Corpo-
ration) by the Brunauer, Emmett, and Teller (BET) method.34 The
molar carbon-to-oxygen ratio (C/O) of the FGSs was ∼18, measured
by energy dispersive X-ray spectroscopy (INCA x-act, Oxford
Instruments, attached to a Vega 1 scanning electron microscope,
Tescan USA).

Dispersion of FGSs in Aqueous SDS Solutions. SDS solutions
were prepared by dissolving SDS (≥ 99% purity, used as-received,
Sigma Aldrich) in deionized (DI) water (Picopure 2 UV Plus system,
Hydro Service and Supplies, Inc.) at concentrations ranging from 0 to
10 mM. This range includes the concentration at which SDS forms an
adsorbed monolayer at full surface coverage on FGSs (∼18 μM),25 the
csac for SDS on FGSs (∼1.8 mM),25 and the cmc of SDS in water
(∼8.1 mM).35−37 To 50 mL of each SDS solution, we added 5 mg of
FGSs and performed ultrasonication at ∼300 W (VCX 750 ultrasonic
processor unit, Sonics & Materials, Inc.) for 1 h while cooling the
mixture in an ice bath. One sample was prepared at each SDS
concentration.

After sonication, an aliquot of each sample was diluted 1:9 with an
SDS solution of the same concentration as present in the sample, and
its transmittance was measured at 400 nm with UV−vis spectroscopy
(Evolution 300 spectrometer, Thermo Scientific) to determine the
concentration of FGSs in suspension.38 We neglect scattering effects
and assume that the optical properties of FGSs in suspension are
independent of sheet size as well as aggregate size and morphology. As

Figure 1. Schematic representation of the four stages of SDS adsorption onto functionalized graphene: (i) adsorption of isolated surfactant
monomers, (ii) adsorption of a surfactant monolayer, (iii) formation of hemi-cylindrical surface micelles, and (iv) formation of micelles in bulk
solution. Also indicated are the critical surface aggregation concentration (csac) and the critical micelle concentration (cmc). The functionalized
graphene schematic shows oxygen functionalities (red), 5−8−5 and 5−7−7−5 topological defects (yellow), and lattice vacancies (pink).
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dispersions of pristine graphene display a linear relationship between
concentration and absorbance according to the Beer−Lambert law,38

herein we report sample absorbance, which we assume to be
proportional to FGS concentration. The state of FGS aggregation in
each sample was determined with optical microscopy imaging
(Axioplan 2, Carl Zeiss Microscopy) using a water immersion
objective (C-Apochromat 63×/1.2 W Korr, Carl Zeiss Microscopy).
To accomplish this, a poly(dimethylsiloxane) (PDMS) spacer ring
with an inner diameter of ∼7 mm and thickness of ∼1 mm was placed
on a microscope slide. The chamber was filled with ∼50 μL of
undiluted suspension sample and enclosed with a cover glass.
The suspensions were then centrifuged for 1 h at 3000 rpm (IEC

Centra GP8R with 218 A rotor) to accelerate any potential
sedimentation, and optical images and UV−vis absorbance measure-
ments were taken again. The samples were left undisturbed for 4 days,
after which centrifugation and subsequent absorbance measurements
were repeated. After 1 year, the samples were centrifuged once more,
and their absorbances were measured. All samples were maintained at
room temperature for the duration of the experiment.

■ RESULTS AND DISCUSSION

Dispersions of FGSs in Aqueous SDS Solutions. Figure
2 shows optical microscopy images of FGS suspensions
prepared in aqueous SDS solutions at various SDS concen-
trations [SDS], both a few minutes after sonication (Figure 2a)
and after the samples are first centrifuged (Figure 2b). In the
absence of SDS, i.e., in DI water, shortly after sonication the
FGSs are aggregated in the form of ramified structures that are
a few tens of micrometers in size (Figure 2a). Similar FGS
structures are observed at [SDS] = 5 μM; however, in this case,
the aggregates appear to be less ramified. At [SDS] = 10 μM
SDS, the FGSs are aggregated in structures ∼10 μm in size that
appear significantly more compact than those at lower [SDS];
additionally, particles ∼1 μm in size and smaller are observed.
In all the samples with [SDS] > 10 μM, aggregated FGSs are
absent; instead, particles that are ∼1 μm and smaller are
imaged. In addition to the structures described above, dark
structures that are a few micrometers in size are observed in all
the samples (see Supporting Information [SI], Figure S1). In
contrast to the aggregates observed in DI water and in low
[SDS] solutions (≤ 10 μM), these dark structures appear rather
dense, as indicated by their strong optical absorbance (i.e., dark
color in the optical images).
After the first centrifugation, the ramified aggregates already

observed in DI water prior to centrifugation are still present in

suspension (Figure 2b). In the 5 μM SDS sample, the less-
ramified (i.e., denser) aggregates have settled out; instead, only
ramified aggregates that appear similar to those observed in DI
water (presumably present before centrifugation) are observed
in suspension. In the 10 μM SDS sample, the more-compact
aggregates appear to have settled out, and in the samples with
[SDS] ≥ 10 μM, the particles that are ∼1 μm and smaller
remain in suspension. Additionally, the dark structures with
diameters of several μm that were observed in all the samples
(Figure S1) are absent after centrifugation; these were likely
dense FGS aggregates that could not be dispersed during the
initial sonication. From the optical images of the suspensions
shown in Figure 2a, we thus distinguish five types of FGS
structures based on their morphologies: (i) highly ramified
aggregates, (ii) less-ramified aggregates, (iii) large (> 10 μm)
compact aggregates, (iv) dispersed single- or few-layer FGSs,
and (v) hard aggregates a few μm in size. It is evident that,
except for the hard aggregates, the morphology of the FGS
structures is determined by [SDS] and thus by the extent of
SDS adsorption on FGSs.
Optical images, however, only provide qualitative informa-

tion about the state of dispersion in each sample, and thus, we
turn to UV−vis absorbance for a quantitative analysis of the
dispersion behavior. Figure 3 shows sample absorbances shortly
after dispersion by sonication (blue curve) and after each
centrifugation of the samples 1 h, 4 days, and 1 year later.
Shortly after sonication, the absorbances of the suspensions are
approximately equal (0.63 ± 0.02), confirming that approx-
imately equal amounts of FGSs have been suspended in each
sample, independent of [SDS]. Following centrifugation 1 h, 4
days, and 1 year after sonication, the absorbance in almost all
the samples is decreased. The largest decrease is observed for
[SDS] ≤ 20 μM, with a notable minimum at 10 μM that forms
during the first centrifugation and deepens as a result of the
second centrifugation. After centrifugation one year later, the
absorbance of the DI water sample is 0.34; as [SDS] increases,
the sample absorbance decreases to 0.04 at 5 μM and remains
uniformly low up to 20 μM SDS, indicating that the majority of
the FGSs have settled. In contrast, at [SDS] ≥ 40 μM, the
absorbances decrease to a lesser degree. Even after a year, the
average absorbance is 0.56 ± 0.07 following centrifugation,
indicating that at these concentrations ∼87% of the initial FGSs
remain in suspension. Given the otherwise consistent trends in

Figure 2. Representative optical microscope images of FGSs dispersed at a concentration of 0.1 mg/mL in aqueous SDS solutions (a) after
sonication and (b) after the first centrifugation (1 h later); [SDS] in each sample (from left to right): 0 μM (DI water), 5 μM, 10 μM, 20 μM, 100
μM, and 10 mM; the scale bar is the same for all images.

Langmuir Article

dx.doi.org/10.1021/la4035326 | Langmuir XXXX, XXX, XXX−XXXC



the data after 1 h and 4 days, the increases in absorbance at 40
μM and 10 mM after a year may be due to a disturbance of the
samples or an evaporative loss of water in the intervening time.
Consistent with the optical images in Figure 2, the significant
decreases in absorbance for [SDS] ≤ 20 μM indicate the
formation of FGS aggregates that settle out during
centrifugation while the relatively high absorbances at [SDS]
≥ 40 μM suggest that in this regime FGS aggregation hardly
occurs and nearly stable dispersions are obtained.
Our results show a clear relation between the settling

behaviors of the different FGS structures, as measured by
changes in optical absorbance, and their morphologies, as
observed in the optical images. We conclude that the difference
in settling behavior between ramified and compact aggregates is
a result of their effective buoyant densities:39−41 Due to their
highly ramified structure, the aggregates observed in DI water
have a low buoyant density and therefore do not readily
sediment during centrifugation. On the other hand, the
compact aggregates observed at 10 μM SDS have a higher
buoyant density and thus sediment more easily during
centrifugation. Accordingly, the decreases in absorbance
observed for [SDS] ≤ 10 μM after centrifugation 1 h and 4
days following sonication reflect this transition from ramified to
compact aggregate formation. Furthermore, at these low SDS
concentrations, the large decreases in absorbance observed after
a year are indicative of the rearrangement of ramified aggregates
into more compact structures with time, which causes them to
sediment more readily during centrifugation. Similarly, the
persistent decrease in absorbance at 20 μM SDS over the
course of the experiment is indicative of compact aggregate
formation. In contrast, for [SDS] ≥ 40 μM, most of the FGSs
are present in the form of submicrometer particles, likely
representing single sheets,1,2 and thus remain dispersed during
and after centrifugation.

These observations strongly suggest that above an [SDS] of
around 10−20 μM, SDS adsorption onto the FGSs provides
sufficient electrostatic repulsion between the sheets to impart
colloidal stability. In support of this, in the following subsection
we present a theoretical model for the interaction energy
between two FGSs and demonstrate that the experimentally
observed transition from aggregated to colloidally stable states
closely correlates with an energetic transition from a net
attractive to a net repulsive regime. Additionally, in the
following subsection, we demonstrate that the changes in FGS
aggregate morphology correlate with changes in the sheet−
sheet overlap area (dashed black curve in Figure 3, discussed
below).

Modeling of the Aggregation Process. To understand
the changes in FGS aggregate morphology and colloidal
stability, we turn to concepts from the diffusion-limited cluster
aggregation (DLCA)42−44 and reaction-limited cluster aggre-
gation (RLCA)45 models. Although these models were
developed for hard spherical colloidal particles, the underlying
concept that changing the interaction energy between
aggregating particles (by altering pH, salt concentration, or
the amount of adsorbed surfactant/polymer) can profoundly
affect aggregate morphology is applicable to the aggregation of
flexible,46 planar FGSs as well. For our considerations, we
assume that FGS-FGS interaction is dominated by van der
Waals attraction and by electrostatic repulsion from the
adsorption of SDS, though hydrogen bonds may also form
due to the presence of oxygen-containing functional groups.
The van der Waals attraction is always present between FGSs,
and its magnitude scales with sheet−sheet separation distance
and overlap area.2 Upon addition of SDS, the adsorption of
anionic (i.e., electrically charged) dodecyl sulfate (DS−)
molecules onto FGSs gives rise to electrostatic repulsion
between the sheets, altering their net interaction energy. The
magnitude of the repulsion depends on the amount of DS−

adsorbed, the separation distance between FGSs, and the
degree of sheet−sheet overlap. As the degree of overlap is an
important factor to consider for platelike colloidal particles, in
the following, we calculate the area-normalized interaction
energy between two FGSs as a function of [SDS] and
separation distance to explain the observed aggregation
behavior.
We approximate FGSs as infinite parallel sheets with identical

thicknesses d and calculate the interaction energy per unit area
ϕinter between two FGSs as a function of separation distance h
from the sum of the electrostatic energy ϕelec and the van der
Waals energy ϕvdW:

47
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Here, kB is the Boltzmann constant, T is the temperature, nb is
the ion number density, κ−1 is the Debye length, ψs is the FGS
surface potential, which can be calculated from the surface
charge using the Poisson−Boltzmann equation (see SI),47 and
A is the Hamaker constant. We assume that solvation effects
and hydrophobic interactions are negligible. A has been
reported to lie in the range of 3 × 10−20 J for the graphite−

Figure 3. UV−vis absorbance of FGSs dispersed at a concentration of
0.1 mg/mL in SDS solutions with various SDS concentrations, [SDS],
a few minutes after sonication (blue triangles) as well as after the first
centrifugation (1 h later, red diamonds), and after centrifugation 4
days (green circles) and 1 year (orange squares) later; matching lines
are drawn to guide the eye. All samples were diluted 1:9 prior to
absorbance measurements. Also shown is the calculated critical overlap
area for FGS aggregation Sb (dashed black line; see text for details).
Indicated along the upper axis are the following: [SDS] at which SDS
monolayer adsorption begins on FGSs (Cmono), the csac for SDS on
FGSs (Ccsac), the cmc for SDS in water (Ccmc), and Ccrit (see text for
description).
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water−graphite system,48 and we use this value as an
approximation for FGS−water−FGS. Though the value of A
decreases with h for separations of < 2 nm,48 for our purposes
we assume that A remains constant. On the basis of previous
thickness measurements by atomic force microscopy (AFM),1,2

we take d to be 1 nm. ψs depends on the surface charge density,
which we take to be solely due to DS− adsorbed on FGSs and
estimate from conductometric titrations of aqueous FGS
suspensions,25 assuming that FGSs in suspension have a
surface area of 1850 m2/g as reported by McAllister et al.2 Since
the material used herein came from a different batch than the
FGSs used by McAllister et al.,2 the effective surface areas may
differ; however, this does not significantly affect the outcome
(see SI for details on ψs). Additionally, to account for the steric
barrier from an adsorbed SDS monolayer,49 we assume a hard
boundary at h = 1.5 nm, which is about twice the width of a
hydrocarbon chain as estimated from its van der Waals radius.50

In the following, we consider both the interaction energies and
kinetics associated with transitions between the dispersed (h→
∞) and aggregated (h = 1.5 nm) states for the [SDS] range in
which FGS aggregation is observed. Our calculations are based
only on energetics and do not include entropic effects, although
we recognize that a model based on free energy minimization
would be more accurate.47,51

We consider two parallel FGSs in suspension that approach
one another with an area of overlap, S, and calculate the total
interaction energy between the two FGSs as a function of h
from ϕtotal = S·ϕinter. We assume that the adsorbed surfactant is
distributed homogeneously over the FGSs, and that only the
overlapping areas contribute to ϕtotal. These are very restrictive
assumptions. In reality, FGSs are flexible46 and randomly
oriented in suspension, and adsorbed SDS is not necessarily
homogeneously distributed; also, edge effects likely contribute
to ϕtotal, as Coulombic interactions decay slowly with distance.
Additionally, SDS-bare regions are expected to be present on
FGSs, effected by incomplete SDS adsorption onto sp2-
hybridized regions, by defects and functional groups of FGSs
onto which SDS does not adsorb,25,52 or by surfactant molecule
exchange between the bulk and the surface, resulting in
fluctuating coverage.53 Consequently, the calculated energies
presented in the following should not be considered as
quantitatively accurate but should instead serve as order-of-
magnitude estimates of general trends.
While two FGSs can interact with any S up to the value of

the sheet size (∼1 μm2), we first consider an overlap area S =
100 nm2 for the following calculations, as this yields ϕtotal on
the order of kBT and facilitates the discussion of concepts
pertaining to aggregation kinetics. We then discuss the
energetics of FGS aggregation and consider the role of S, and
in particular the changes in S, in the subsequent calculations.
ϕtotal is plotted as a function of h in Figure 4a for three SDS

concentrations: 0, 5, and 50 μM. In the following, we first
describe how the energy landscape changes as a function of
[SDS] and then discuss how these changes affect FGS
dispersion behavior. In all cases, the total interaction energy
at infinite separation, ϕtotal,∞, equals 0 (not shown in Figure 4);
thus, the total interaction energy at the h = 1.5 nm steric
barrier, ϕtotal,1.5, represents the change in energy from infinite
separation to an aggregated state. In DI water, i.e., when [SDS]
= 0 μM, electrostatic repulsion between FGSs is assumed to be
absent, and thus, there is no kinetic barrier for aggregation;
since ϕtotal,1.5 < 0, there is a net attraction at the steric barrier.
As [SDS] increases to 5 μM, the adsorption of SDS introduces

electrostatic repulsion between FGSs, creating a barrier for
aggregation, Eagg; the energy barrier for deaggregation Edeagg,
however, is larger as Edeagg = Eagg − ϕtotal,1.5. Increasing [SDS] to
50 μM, electrostatic repulsion from adsorbed SDS causes Eagg
to exceed Edeagg as ϕtotal,1.5 > 0; now, there is a net repulsion at
the steric barrier. To further illustrate the influence of SDS
adsorption on the energy landscape between two FGSs, in
Figure 4b we show the dependence of Eagg and Edeagg on [SDS].
We note that at a critical SDS concentration of Ccrit ≈ 11 μM,
Eagg and Edeagg are equal to one another, and ϕtotal,1.5 = 0. Thus,
Ccrit signifies a transition from a net attractive to a net repulsive
regime and, as demonstrated below, also indicates the transtion
from persistently aggregated states to stably dispersed
suspensions.
In the absence of external energy input (e.g., from

ultrasonication or shear flow), FGSs will aggregate only if the
thermal energy is strong enough for FGSs to overcome Eagg. To
determine if an aggregated state will persist, we consider
variations in the rate of aggregation versus the rate of
deaggregation, as done in previous studies of aggregation
transitions.44,54−57 The basic concept is that systems will evolve
toward a persistently aggregated state only if the rate of
aggregation, ragg ∝ exp[−Eagg/(kBT)],

54−57 exceeds the rate of

Figure 4. (a) The total interaction energy Φtotal (for 100 nm2 overlap
in units of kBT) between FGSs as a function of separation distance h at
SDS concentrations [SDS] of 0 μM (red), 5 μM (blue), and 50 μM
(black). The dashed blue line indicates the steric barrier from adsorbed
SDS at h = 1.5 nm. Indicated for the 5 μM SDS curve: the change in
energy between the dispersed (h → ∞) and aggregated (h = 1.5 nm)
states Φtotal,1.5, and the energy barriers for aggregation Eagg and
deaggregation Edeagg. (b) The dependence of Eagg and Edeagg on [SDS].
The critical SDS concentration Ccrit at which the barriers are equal is
indicated. All energies were calculated assuming an overlap area S =
100 nm2.
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deaggregation, rdeagg ∝ exp[−Edeagg/(kBT)].
54−57 Thus at 0 μM

SDS, ragg ≫ rdeagg as Eagg = 0 and the sticking probability for
colliding FGSs, which can be expressed simplistically as σ = (1
+ rdeagg/ragg)

−1,55,57 is assumed to be close to 1, implying that
FGSs aggregate upon contact. Indeed, the highly ramified
aggregates observed in DI water (Figure 2a) are reminiscent of
the ramified structures that form when initially dispersed
spherical colloids aggregate in the absence of interparticle
repulsion, as described by modified versions of the DLCA
model.44,58 This suggests that even in the absence of SDS, the
FGSs were in a dispersed state during and immediately after
sonication, and that the highly ramified structures formed
through reaggregation of initially dispersed FGSs.
As [SDS] increases to 5 μM, Eagg grows relative to Edeagg,

causing σ to decrease; thus, colliding FGSs do not always
remain aggregated and can restructure toward denser states.44

The less-ramified aggregates observed at 5 μM SDS (Figure 2a)
are remeniscent of decreased branching that occurs when there
is a finite probability that thermal energy can cause primary
particles to repeatedly aggregate and deaggregate;62 this enables
aggregate restructuring via an increase in the overlap area S, as
discussed below.44,58 As [SDS] increases to Ccrit, ragg approaches
rdeagg since Eagg approaches Edeagg. The compact aggregates
observed at 10 μM (Figure 2a), i.e., at an [SDS] close to our
estimate of Ccrit, resemble the aggregation of initially dispersed
spherical colloids into compact structures under conditions in
which the two energy barriers are nearly equal.44,58

Furthermore, as σ ≈ 0.5 at Ccrit, the likelihood of aggregate
restructuring is at a maximum.
As [SDS] exceeds Ccrit, ϕtotal,1.5 becomes positive, and Eagg is

now greater than Edeagg; thus, rdeagg exceeds ragg, and σ

approaches zero. From a kinetics point of view, we therefore
take Ccrit to be the onset of the transition from persistently
aggregated states to stably dispersed suspensions. For
comparison, Ccrit is indicated on the upper axis in Figure 3
along with the value of [SDS] at which the adsorbed surfactant
monolayer reaches full coverage on FGSs (Cmono ≈ 18 μM),25

the csac for SDS on FGSs (Ccsac ≈ 1.8 mM),25 and the cmc for
SDS in water (Ccmc ≈ 8.1 mM).35−37

Turning now to the energetics of FGS aggregation, for
negative values of ϕtotal,1.5 a binding energy Eb = −ϕtotal,1.5 can
be defined. While FGSs in suspension have a Maxwell−
Boltzmann thermal energy distribution, we first consider a
constant Eb on the order of kBT to gain insight on the role of S
in FGS aggregation. For [SDS] < Ccrit, i.e., when ϕtotal,1.5 < 0
and stable aggregates are expected to form, we calculate the
critical overlap area Sb that results in Eb = kBT (Figure 3, dashed
black line). Conceptually, at a given [SDS], Sb is the minimum
overlap area that FGSs with thermal energy kBT must collide
with for aggregation to occur (i.e., Eb > kBT when S > Sb). We
note that changing Eb in this calculation simply scales Sb
proportionally, leaving the curve qualitatively unchanged. At 0
μM SDS, Sb ≈ 30 nm2 and as [SDS] increases toward Ccrit, Sb
increases to ∼500 nm2 at 10 μM then rises dramatically to
∼3800 nm2 at 10.9 μM. Based on our calculation of Sb, as
[SDS] increases and Eb decreases, a larger degree of FGS
overlap is expected, which is consistent with the increasingly
compact aggregate structures observed in Figure 2 and
corroborates the analysis of Figure 4 discussed above.
Accordingly, as settling behavior changes with aggregate
morphology,39−41 the decrease in UV−vis absorbance observed
as [SDS] increases from zero to Ccrit after the first

centrifugation (Figure 3) reflects the transition from ramified
to compact aggregate formation.
Due to the thermal energy distribution, however, random

thermal fluctuations may be large enough for aggregated FGSs
to overcome Edeagg, enabling them to restructure by changing S.
We note that a decrease in S results in a smaller Edeagg and thus
a higher rdeagg; conversely, aggregates with a larger S have a
lower rdeagg and are more likely to survive. Furthermore, as
systems tend toward their lowest-energy state, at a given [SDS]
there is also an energetic driving force for aggregated FGSs to
restructure by increasing S and forming more compact
structures, as this acts to decrease ϕtotal,1.5 (i.e., increase Eb).
Indeed, the progressive decrease in absorbance that is observed
for [SDS] < Ccrit (Figure 3) is indicative of the rearrangement
of ramified aggregates into more compact structures on a time
scale of days (for [SDS] → Ccrit) through months (for [SDS]
→ 0), enabling them to sediment during subsequent
centrifugations. Although aggregate restructuring via an
increase in S is unique to sheetlike particles (as spheres only
make point contacts), it is analogous to the restructuring of
hard spherical colloids via an increase in coordination
number.46

At values of [SDS] slightly above Ccrit (but < 40 μM), the
decrease in UV−vis absorbance over time (Figure 3) implies
that persistent FGS aggregation does occur, though the rate
appears to decrease as [SDS] increases. This observation
conflicts with the positive ϕtotal,1.5 values calculated for this
[SDS] range, and the discrepancy may be due to the
approximations in our model, as discussed below. At [SDS]
≥ 40 μM, while the decrease in average absorbance following
the first centrifugation is attributed to the settling of hard
aggregates, after the second centrifugation the average
absorbance decreases slightly further. This is possibly due to
a small degree of FGS reaggregation, however it is most likely
due to the settling of hard aggregates that did not sediment
during the first centrifugation. Indeed, after a year the average
absorbance does not decrease further by an appreciable
amount, especially considering the large drop in absorbance
observed after a year for [SDS] < 40 μM, suggesting that no
further reaggregation occurred.
While it is striking that our calculated value of Ccrit lies close

to the experimentally observed minimum in the absorbance and
appears to mark the transition from the aggregated structures to
the dispersed state, we are cautious not to overinterpret this
correlation. Due to the many assumptions and approximations
that were made, our calculations of ϕinter, ϕtotal, and Sb are not
quantitatively accurate. As such, one possible explanation for
FGS aggregation above Ccrit is that our calculated value of ∼11
μM SDS for the critical concentration is too low and that the
transition from negative to positive ϕtotal,1.5 actually occurs at a
higher [SDS]. Another possible explanation could be that at
[SDS] between Ccrit and 40 μM, thermal energy may be able to
overcome the increase in energy associated with aggregation, as
the magnitudes of both ϕtotal,1.5 and Eagg are on the order of kBT.
In particular, considering that FGSs are flexible and also could
initially aggregate in more geometrically complex configurations
than considered here (e.g., edge on plane), it is plausible that
kinetically trapped aggregates may form. At [SDS] ≥ 40 μM,
though, as ϕtotal,1.5 grows increasingly positive and Eagg ≫ kBT,
aggregation is likely prevented both energetically and kineti-
cally, such that dispersed FGSs are electrostatically stabilized.
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■ CONCLUSION

We have shown that SDS concentrations ≥ 40 μM, i.e., above
the onset of monolayer adsorption on FGSs, are sufficient to
achieve colloidal stability in aqueous FGS dispersions. Using
optical microscopy and UV−vis absorbance measurements in
conjunction with a simple interaction energy model, we
demonstrated the influence of SDS adsorption on the
aggregation of platelike FGSs and found that aggregate
morphology (and thus settling behavior) depends strongly on
SDS concentration: In the absence of the surfactant, due to the
lack of electrostatic repulsion, van der Waals attraction
dominates and causes FGSs to form highly ramified aggregates.
As the SDS concentration is increased, the growing repulsion
from adsorbed SDS causes FGS aggregates to develop a more
compact structure due to an increase in sheet−sheet overlap
area. Additionally, over time, ramified FGS aggregates
restructure into more compact structures via an increase in
the overlap area. Above a critical SDS concentration, we find
that the dispersed state becomes increasingly stabilized, and the
growing kinetic barrier eventually prevents the reaggregation of
FGSs for at least a year. Finally, while the formation of stable
dispersions of FGSs in aqueous media is important for many
applications such as the processing of graphene−metal oxide
nanocomposites, graphene−polymer composites, and high
surface area tapes, we do not assume that a well-dispersed
state is always optimal. Certainly, for applications in which
control of FGS aggregate morphology is desired, the findings
presented herein are relevant.
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