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ABSTRACT: Colloidal stability of graphene oxide (GO) is
studied in aqueous and organic media accompanied by an
improved aggregation model based on Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory for ultrathin colloidal flakes. It is found
that both magnitude and scaling laws for the van der Waals forces
are affected significantly by the two-dimensional (2D) nature of
GO. Experimental critical coagulation concentrations (CCC) of
GO in monovalent salt solutions concur with DLVO theory
prediction. The surface charge density of GO is largely affected by
pH. However, theoretical calculations and experimental observa-
tions show that the colloidal stability of the 2D colloids is less sensitive to the changes in the surface charge density compared to
the classical picture of 3D colloids. The DLVO theory also quantitatively predicts the colloidal stability of reduced GO (rGO).
The origin of lower stability of rGO compared to GO is rooted in the higher van der Waals forces among rGO sheets, and
particularly, in the removal of negatively charged groups, and possibly formation of some cationic groups during reduction. GO
also exfoliates in the polar organic solvents and results in stable dispersions. However, addition of nonpolar solvents perturbs the
colloidal stability at a critical volume fraction. Analyzing the aggregation of GO in mixtures of different nonpolar solvents and N-
methyl-2-pyrrolidone proposed that the solvents with dielectric constants of less than 24 are not able to host stable colloids of
GO. However, dispersions of GO in very polar solvents shows unexpected stability at high concentration (>1 M) of salts and
acids. The origin of this stability is most probably solvation forces. A crucial parameter affecting the ability of polar solvents to
impart high stability to GO is their molecular size: the bigger they are, the higher the chance for stabilization.

■ INTRODUCTION

Graphene oxide (GO) has been the center of attention during
the past few years because it can be used as a precursor of
graphene in a wide range of applications.1−4 As an excellent
candidate for solution processing of graphene-based materials,
the colloidal stability of GO is crucial for controlling the
performance and quality of final products. Increasing the ionic
strength or decreasing the pH of aqueous dispersions of GO
results in the coagulation of GO particles.1,5−7 These
observations have been reported since the first synthesis of
graphite oxide by Sir Benjamin Collins Brodie,8 where he stated
in 1859 “[graphite oxide] is insoluble in water containing acids or
salts...”. It is now accepted that the origin of this stability is the
electrostatic repulsion due to the overlapping of the electrical
double layer around the GO sheets.5−7,9 Colloidal properties of
GO and graphene has been studied recently due to the practical
importance of the stability of the graphenic dispersion.6,7,10

However, what is missing in these studies is whether or not the
2D nature of GO (and graphene) affects the colloidal
properties.6,7 Looking at GO (and graphene) particles as 2D
colloids may help us answer why dispersions of 2D particles
(e.g., graphene) are more stable than their 3D counterparts
(e.g., graphite).10,11

Due to the insulating nature of GO, chemical reduction of
GO to an electrically conductive state has attracted great

attention.1,2,4,5 Since the seminal papers by Ruoff and his
colleges12 on the chemical reduction of GO, the stabilization of
reduced GO (rGO) has been a crucial issue in the synthesis of
chemically derived graphene.13 Surfactant-free strategies are
more attractive because they yield pure and more conductive
products.13 Most of the works on production of stable rGO
dispersion are often based on the introduction of novel
chemical pathways with little said on the origin of the
stabilization.13 The answer to the question of how chemical
reduction of GO sheets makes them aggregate, may facilitate
the developing of a general protocol for synthesis of stable rGO
dispersions.5

In the realm of colloids and interface science, classical DLVO
theory has been able to capture the colloidal properties of wide
ranges of charged particles in polar media even for low
dimensional colloids.9,14,15 The essence of this theory is that the
interaction energy among the colloids is the sum of the van der
Waals (vdW) and electrostatic (EL) interactions.9,15 Among
the identical particles the vdW and EL interactions are always
attractive and repulsive, respectively. Therefore, to make stable
colloidal dispersions, the EL interactions must overcome the
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vdW ones. However, the atomically thin nature of graphene
families necessitates deriving appropriate force laws for 2D
objects.
The aim of this paper is to provide a clear picture of factors

controlling the stability of GO and rGO in polar media with a
goal of developing a guideline to synthesize stable GO-based
colloidal dispersions and possibly other 2D particles. In the first
part of the paper, interactions between GO sheets are modeled.
We look at the colloidal particles as ultrathin sheets covered
with charged groups. As the required constants for calculation
of the vdW forces among GO and rGO are not tabulated in the
literature and data based on the surface energy measurements
have been questioned recently,16 we employed simplified
Lifshitz theory to calculate the vdW forces.14 By implementing
the charging properties of GO in the DLVO theory, the
aggregation of GO in polar solvents, especially water, is
examined. In order to justify our recent observation of the
unexpected high colloidal stability of GO in organic solvents,17

we also include solvation forces in our model. In the second
part, we experimentally examine the surface charge and
colloidal properties of GO and rGO in aqueous media and
compare them to the model. In the end, we provide a general
guideline for preparation of stable GO-based colloids based on
this research.

■ THEORETICAL BASIS
The stability of the colloidal particles is simply a matter of
balance between attractive and repulsive forces.9,15 Thus, what
is required to predict the aggregation behavior of the colloidal
particles, including GO and rGO, is to develop appropriate
force laws for the so-called attractive and repulsive forces.
vdW forces are responsible for aggregation of colloids based

on the DLVO theory.14 The vdW interaction energy between
two atoms scales with distance as follows:

ϑ = − C
dvdW 6 (1)

where d is the interatomic distance, and C is the vdW
interaction (or dispersion) coefficient. C is a complex function
of polarizability of the system, and it is usually computationally
arduous to derive.18 Under the assumption of perfect additivity
for the vdW interactions, one can estimate the vdW potential
energy among the macroscopic bodies of 1 and 2, where atoms
are distributed according to a function, ρ, of position using the
Hamaker approach as shown:19

∫ ∫ ρ ρ= ϑW d( ) dv dvvdW
v1 v2 1 2 1 2 (2)

In general, solving eq 2 results in a potential law that scales the
separation distance of two interacting bodies as 1/dm, where 1 <
m < 6 depending on the geometry of the interacting bodies.14,19

For two parallel atomically thin layers, eq 2 becomes10

π ρ
= −W

A C

d2vdW
2D
2

4 (3)

where ρ2D is the surface density of atoms, and A is the area of
the layers. The parameter ρ2D

2 C can be estimated from the
surface energy of the materials.10,14 However, the data on the
surface energy and contact angle measurement of GO and
graphene are scattered and often erroneous. For instance, in the
simple case of the water contact angle on GO, the reported
values vary between 30 and 68°.20−22 The findings of Li et al.16

questioned the previous measurements of wetting properties of
graphenic films even more. Therefore, another approach based
on Lifshitz theory for dispersion forces is pursued to estimate
the vdW forces for GO and rGO.
The Hamaker constant between two semi-infinite media (1)

and media (2) slabs interacting across a medium (3) can be
estimated as follows:14,23
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where n is the refractive index in visible regime, h is the Planck
constant, and νe is the main absorption frequency in the UV
region. The zero-frequency term is neglected in eq 4, as this
term cannot exceed 0.75 kBT (≈3.1 × 10−21 J, T is absolute
temperature, and kB is the Boltzmann constant), which is much
smaller than the dispersion part. As a result, Hamaker constant
can be estimated by having refractive indices of GO and rGO.
The average n of GO and rGO in visible regime are around

1.85 and 2.38, respectively.24 Based on these data, and
considering14

ν ν= +n3/( 2)e I
2

(5)

where νI is the absorption frequency of a Bohr atom (3.3 × 1015

s−1) and n is the refractive index of interacting bodies, one can
find H for GO and rGO across a vacuum as 136, 230 × 10−21 J,
respectively. The H for graphite (n = 2.6−3.0) is thus between
260 and 310 × 10−21 J, which is close to the value tabulated in
literature (238 × 10−21 J).25 To examine the accuracy of above
calculation, one can also find the dispersion coefficient (C) and
compare it with more rigorous methods, assuming that14

π ρ=H C2
3D
2

(6)

where ρ3D is the volumetric atomic density. Considering the
density of graphite is 2.27 g·cm−3, the C of graphite is 22−25.3
au (210−242 × 10−80 J·m6), which is within an impressive
agreement with the value calculated based on a system of
coupled quantum harmonic oscillators (28 au)18 and the
experimental one (24 au).26 To the best of our knowledge,
there is no data available for Hamaker constants of GO and
rGO in the literature. Feriancikova and Xu reported a Hamaker
constant of GO-water-quartz around 6.3 × 10−21 J based on
surface energy measurements.21 One should consider the fact
that their estimation is for a GO−water−quartz system and
should not be employed for a GO−water−GO system (the
mistake that has been made in recent literature on GO
aggregation studies).7,27,28 The H for GO and rGO across the
different liquids is also calculated and presented in Table 1.
It must be noted that eq 3 is derived for two atomically thin

sheets, but the values obtained above are valid for two semi-
infinite slabs. Using eq 3 for GO would result to an
unrealistically high attraction energy, as the surface density of
atoms in GO cannot be derived accurately. In fact, GO (and

Table 1. Hamaker Constant of GO and rGO Across
Different Medias (×1021 J)

vacuum water DMF NMP DMSO

GO 136 49 32 26 25
rGO 230 135 111 102 100
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rGO) contains oxygenated functional groups out of plan of the
graphenic backbone, making them not real 2D materials.
Therefore, we model the vdW interactions between graphenic
sheets using the potential law for two thin slabs as follows:14,23

π
= − · +

+ +
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where t1 and t2 are the thicknesses of interacting slabs. The
accuracy of this potential law was verified by comparing the
vdW interaction of two graphene sheets (which is a perfect 2D
material) using both eq 3 and eq 7 (Figure S1; Supporting
Information (SI)). Both approaches result in approximately the
same interaction energy, despite the fact that they are derived
independently. As a result, the vdW interactions can be
estimated using eq 7 for even atomically thin slabs.
The electrostatic double layer (EL) interactions between two

identical interfaces is modeled using linearized Poisson−
Boltzmann approximation for two planar surfaces as follows:29

σ
εε κ

κ= −W d
2

exp( )EL

2

0 (8)

where σ is the surface charge density, ε0 is the permittivity of
vacuum, ε is the dielectric constant of solvent, and κ is the
inverse of the Debye length, which is given by29

κ
εε

=− k T
N e I2

1 0 B

A
2

(9)

where kB is the Boltzmann constant, T is the absolute
temperature, NA is the Avogadro number, e is the elementary
charge, and I is the ionic strength of solution. The ionic
strength equals the salt concentration for solutions of
monovalent salts. The electric surface potential (ψ) is
calculated using the Grahame equation:14

σ
εε κ ψ=

⎛
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⎞
⎠⎟

k T
e

e
k T

2
sinh0 B

B (10)

In the above approximation, it is assumed that GO is opaque to
the electric filed. In fact, it is considered as a thin slab with
uniform surface charges, and the electrostatic interactions are
independent of the thickness.6 As the source of the negative
charged groups in GO and rGO is from deprotonation of
oxygenated groups, the pH of the environment significantly
affects the colloidal stability.6,27 This can be seen in the model
above by assuming different surface charge density at different
pH. We therefore used data of acid−base titration from
Konkena and Vasudevan to derive σ versus pH.30 The surface
area of GO is assumed to be 1800 m2/g in order to convert the
charge density into surface charge density. The data fit
numerically to derive σ at different pH (Figure 1). We found
a good agreement between the titration data and our mobility
measurements (Figure 1c,d). The same protocol is followed for
rGO too.
Now the DLVO interactions between two graphenic sheets

can be written as

= +W W WDLVO vdW EL (11)

When the energy barrier for the sheets to stick together
becomes close to zero, fast aggregation happens.29 The salt
concentration reaches the critical coagulation concentration
(CCC) when the following conditions are satisfied:

= ∂
∂

=W
d

W0; 0DLVO DLVO (12)

We applied these conditions to the equations above by
inserting proper constants and physical parameters. One can
then obtain the CCC for the different pH.
We have recently reported unprecedented stability of GO in

polar aprotic solvents at high acid and salt concentrations.17 It
is suspected that this stability is originated from the solvation
forces induced by structuring of solvent molecules confined
between two approaching graphenic sheets. These forces are
usually assumed to be oscillatory due to the ordering of the
solvent molecules close to the surface.14 However, one can
model these forces by simple exponential as follows:14

λ
= − · −⎜ ⎟⎛

⎝
⎞
⎠W A

d
exps s

(13)

where As is the magnitude of the forces, and λ is the
characteristic decay length of solvation forces and correlates
with size of solvent molecules. The sizes of solvents are
approximated by

λ
ρ

=
·

⎛
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N

w

A

1/3

(14)

where ρ and Mw are density and molecular weight of solvents,
respectively. We estimate As from the work of Shih et al.31 They
simulated potential of mean force between pristine graphene
and different solvents (NMP, DMSO, DMF, and water) which
actually form an oscillatory energy potential. The height of the
energy barrier (referred to β1 in the work of Shih et al.31) is
equated to As in our model, which about 0.13 J·m−2 for NMP,
DMSO, and DMF and 0.2 J·m−2 for water, assuming surface
area of graphene is 2600 m2/gr.31 However, it should be noted
that, to the best of our knowledge, there is no theoretical

Figure 1. (a) Zeta potential of GO and rGO at fixed total ionic
strength but different pH. (b) Potential profile of GO at ionic strength
of 15 mM and pH = 10.4, obtained from eq 15. (c,d) Surface charge
density of GO and rGO at different pH calculated from zeta potential
measurement and titration data from Konkena et al.30
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framework to estimate the magnitude of solvation forces based
on the macroscopic properties.

■ MATERIALS AND METHODS
Preparation of GO Dispersion. Graphite flakes with an

average size of 300 μm (Asbury Graphite Mills, US) were
oxidized with the modified Hummers method based on
previous work.17 GO particles were dispersed in water or
other organic solvents then sonicated for an hour using
ultrasonic bath. Dispersions of GO in the polar protic solvents
were prepared by solvent exchange method.17 The final
dispersions were centrifuged at 6000 rpm for an hour to
remove large and/or nonexfoliated flakes. The concentration of
GO in the stock dispersions was determined by drying certain
volume of the dispersion and weighting the residue. The stock
dispersions with concentration range of 1−2 mg/mL were used
for further experiments. AFM (DualScope DS 95−200, DME,
Denmark) analysis showed GO sheets are monolayered with
average lateral dimension of 320 ± 24 nm (Figure S3).
Preparation of rGO Dispersion. GO dispersion in NMP

(∼1 mg/mL) were refluxed for 2 h in order to reduce GO
solvothermally.32 The rGO particles were filtered through a
Teflon membrane (0.45 μm pore size) and washed with 1.0 N
NaOH (aq) and then Milli-Q water. The rGO particles
dispersed in water (pH ∼ 10) and sonicated for an hour and
then centrifuged at 6000 rpm for 10 min to remove exfoliated/
aggregated particles. The resulting dispersion was used as stock
solution for further studies. X-ray photoelectronic spectroscopy
(Gammadata-scienta ESCA 200, USA) analyses showed C/O
ratio in GO reduced from 2.4 to about 5 after solvothermal
reduction.
Determination of Critical Coagulation Concentration.

The protocol that has been used by Guo et al. was followed.33

First the pH of the stock solutions was adjusted to the desired
value using an aqueous solution of 0.1 M NaOH or 0.1 HCl.
Then an appropriate amount of stock solution was added to
electrolyte solutions with known ionic strength and pH in order
to have 0.02 mg/mL of GO or rGO in final dispersion. The
ionic strength of the solutions was adjusted using NaCl
solution. At the end, the dispersions were left undisturbed
overnight. Then they were centrifuged at 3000 rpm for 1 min,
and the supernatant of dispersion was taken for the absorbance
measurements. The absorbance at 230 nm (for GO) or 270 nm
(for rGO) was normalized to the absorbance of GO or rGO at
the same pH and no added salt. The ratios of the absorbances
were considered as normalized concentrations, as the Beer−
Lambert law is valid in the concentration range that
measurements were performed. The normalized concentrations
were plotted against the ionic strength, and the CCC of GO at
respective pH is ascribed to the ionic strength at which the
normalized concentration is half.33 Determination of CCC
should, however, be performed within a concentration range
and time scale that slow aggregation is happening.
Determination of Critical Volume Fraction of Organic

Solvents for Coagulation. The protocol described above was
used except for sample preparation. Stock dispersions of GO in
NMP were added to the mixture of NMP and nonpolar
solvents (1-BtOH, THF, DCM, MeAc, Xylene) with known
volume fraction. The final concentration of GO was set at 0.02
mg/mL. The normalized concentration of GO was obtained
using the protocol above and plotted versus the volume fraction
of organic solvents. The absorbances at 300 nm were
considered for calculation of normalized concentration. The

critical volume fractions were ascribed to the volume fraction at
which the normalized concentration is half.

Zeta Potential Measurements. The zeta potential of the
particles in aqueous dispersions was measured using a Zeta-Plus
(Brookhaven Instruments Corporation, USA) at room temper-
ature. The mobility of GO or rGO sheets at different pH and
ionic strength was measured and converted to zeta potential
using the Smoluchowski equation (Figure 1a). The surface
charge densities were then calculated using the Grahame
equation (eq 10). However, one needs to convert zeta potential
to surface potential. To do so, we assumed the slipping plane
located at 7 Å from the surface (Figure 1b). This is equal to
Stern layer thickness (dStern) for sodium cations, recently
measured by Brown et al.34 To this end, the surface potentials
were derived using the following equation:29

ψ κ ξ=
⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦
⎥⎥

k T
e

d
e
k T

4
arctanh exp( ) tanh

40
B

Stern
B (15)

where ψ0 and ξ are the surface potential and zeta potential,
respectively.

■ RESULTS AND DISCUSSION
General Feature of GO and rGO Aggregation. Figure

2a,c illustrates aqueous dispersions of GO and rGO at different

ionic strengths at fixed pH of 2.06, 4.4 (not studied for rGO),
and 10.7. GO particles start to aggregate at ionic strengths
higher than 20, 50, and 100 mM for pH of 2.06, 4.4, and 10.7,
respectively (Figure 2b). On the other hand, at a fixed ionic
strength, there is a critical pH where fast aggregation of GO
particles starts. For example, at the ionic strength of 50 mM,
GO dispersions are stable at pH = 10.7 and 4.4 but start to
aggregate at pH = 2.06. The same trend was also observed for
the rGO dispersions. However, at the matching pH, rGO sheets
aggregate at much lower ionic strength compared to GO. At
basic solutions, GO sheets are even stable in the presence of
100 mM NaCl, whereas rGO is partially stable even at 50 mM
NaCl. The origin of the lower stability of rGO will be discussed
later.

Figure 2. (a,c) Images of aqueous dispersions of GO (0.02 mg/mL)
and rGO (0.01 mg/mL) at different pHs and ionic strengths, which
were taken a day after preparation. (b,d) Normalized concentration of
GO and rGO against ionic strength of dispersions at different pH.
CCC is ascribed to the ionic strength at which the normalized
concentration is half (dashed line).
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The DLVO theory predicts these manners, i.e., instability in
low pH or high ionic strength, for oxygenated colloidal particles
such as GO and rGO. In the case of increasing the ionic
strength, the electrical double layer shrinks due to the
condensation of the counterions (Na+). Consequently, at
CCC, the vdW forces can overcome the repulsive DL forces,
and the aggregation happens. Figure 3a shows the DLVO

interactions between two GO sheets at pH = 4.5 but different
NaCl concentrations, which supports the assumption above for
the aggregation. On the other hand, when the ionic strength of
the solutions is fixed, decreasing pH results in the protonation
of the oxygenated groups of GO (or rGO), which significantly
decreases the σ and strength of EL repulsion (Figure 3b).
Therefore, at low enough pH (which depends on background
ionic strength) again vdW overcomes the repulsive forces
leading to the aggregation of the particles.
The aggregation of the particles was tracked by measuring

the concentration of GO (or rGO) after adding salt, normalized
against the initial concentration (see Methods for more details).
A rapid decrease in the concentration is a sign of the start of
fast aggregation regime. In line with our expectations, both GO
and rGO are less prone to aggregate in the basic media as CCC
increases with increasing pH (Figure 2b,d). At pH 4.4, CCC of
GO is around 60 mM, which matches with the findings of
Chowdhury et al.7 and Zhao et al.35 Increasing pH to 10.7
results in more than 2 times increase in CCC of GO. However,

at pH = 10.7, CCC of rGO is more than 3 times lower than GO
ones. This clearly shows significant impact of reduction of GO
on the colloidal properties (see the next part for more details).
An interesting observation is the stability of both GO and

rGO at pH = 2.06 (CCCGO = 23 mM, CCCrGO = 14 mM). If
the surface charges are just originated from the oxygenated
groups (pKa = 3−9),30 at such a low pH, the particles must be
uncharged. For the case of rGO, it is even more puzzling as the
pKa of oxygenated groups in rGO is around 8, and it is very
unlikely that some extra charged groups form during
reduction.30 A possible explanation could be the presence of
sulfate groups in GO.36 The sulfur content in GO can vary in
the range of 2 to 0.4% even after extensive purification, which
roughly equals 15−5 mC/m2, which agrees with the surface
charge density of GO obtained in this work at pH = 2.06 (5.2
mC/m2).36 Covalently bonded sulfate groups are hard to
remove during reduction.36 Therefore, they are perhaps
responsible for the stability of rGO at low pHs.

On the Stability of rGO Dispersions. GO turns black
during reduction, which is a clear sign of changing its optical
properties, including an enhanced refractive index24 (Figure
2a,c). The Hamaker constant of GO sheets in water increases
about 3 times after reduction (Table 1). Reduction of GO also
decreases the surface charge density even up to 10 times
compared to GO. As WEL ≈ σ2, this means more than 100
times decrease in the magnitude of the electrostatic forces (eq
8, Figure 1c,d). This already elucidates the origin of instability
of GO during the reduction: the attractive forces between the
graphenic sheets strengthen, whereas the repulsive ones
decrease significantly (Figure 3c). Enhanced vdW interactions
in rGO are possibly stemmed from the restoring of the
conjugated structure of graphene.
The explanation above is against the picture that is usually

proposed for the instability of rGO, where it is wrongly
attributed to the phenomena of “rGO becoming more
hydrophobic” or “less water-soluble” and “π−π stacking” of
rGO sheets.12,13 These terms are usually ambiguous and
confusing. For instance, using the term π−π stacking does not
describe the underlying forces involved in aggregation.37 It is
accepted that the vdW forces have considerable contribution in
the stacking of the large aromatic molecules, and in the case of
the stacking of graphene to graphite is almost the sole driving
force.18,38 Apart from the physical origin of the instability of
rGO, it is more interesting to provide a guideline for the
preparation of stable rGO colloids based on these findings.
Experimentally, it is challenging to design and control

aggregation of rGO as the reducing agents and reaction
byproducts usually act as ionic species in media, which not only
change the total ionic strength of environment but also can
interact and neutralize rGO.12,13 For example, in a seminal
paper by Stankovich et al.12 on the synthesis of rGO, the
reducing agent (hydrazine, N2H4·H2O) concentration was
more than 300 mM, which not only changes the background
ionic strength of solution, but also the chemical binding of
hydrazine to GO decreases the surface charge density of the
final product. A noticeable amount of nitrogen is found in
hydrazine -reduced GO, which act as cationic sites especially at
low pH.12,39 Finding slightly positive zeta potential at very low
pH is another sign of the presence of cationic groups in
hydrazine-reduced GO, which hampers the colloidal stability of
it.5,30

The above analysis is telling us that the main factor leading to
the aggregation of rGO is the significant decrease in the

Figure 3. DLVO interaction energy between (a) two GO sheets at
fixed pH but different ionic strength and (b) at fixed ionic strength of
100 mM but different pH. (c) DLVO interaction energy between two
GO sheets and two rGO sheets at ionic strength of 60 mM and pH =
10.6. Surface charge density at different pH obtained from Figure 1c,d.
The insets in panel b are GO dispersions (0.02 mg/mL) at 100 mM
NaCl at pH = 10.7 and 4.4.
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number of charged groups upon reduction and probably the
formation of some cationic groups too. Therefore, any chemical
method that preserves negatively charged groups (e.g., carboxyl
and sulfate) but meanwhile removes the oxygen groups is
potentially able to use the surfactant-free method to synthesize
stable rGO dispersions. Basic reducing agents, such as
hydrazine, have high potential to interact with carboxyl groups
(the main source of charges in rGO) and neutralize them.5,13

Therefore, acidic or neutral reducing agents have higher
potential for making surfactant-free dispersions. In general,
one should avoid adding extra ionic species to the reducing
media. Moreover, higher pH (one or two units higher than pKa
of rGO, which is about 8) is always welcomed to ensure full
ionization of oxygenated groups. This indeed matches very well
with successful chemical recipe for making stable rGO
dispersions in the literature where acidic reducing agents such
as ascorbic acid,40 polyphenols (including many natural
antioxidants such as Luteolin, Apigenin),41 Formamidinesul-
finic acid,42 amino acids,43 sugars such as glucose, fructose, and
sucrose44 were used.
DLVO Prediction for Aggregation. One can calculate the

CCC of GO (or rGO) dispersions by solving eqs 7−12. To do
so, two main parameters are required to insert in those set of
equations, which are surface charge density (σ) and thickness of
the nanosheets (t). We will discuss the effect of t later; but let
us consider the d-spacing of GO as the effective thickness
(around 6.7 Å obtained from the X-ray diffraction pattern).17

The other parameter, i.e., σ, is pH dependent. At fixed pH of
4.4, σ for GO is 12.6 mC/m2, derived from the electrophoresis
mobility measurements. (Figure 1c) Based on these values, the
calculated CCC is 79 mM. This agrees with experimental CCC
of GO at the pH of 4.4, i.e., 60.5 mM. Quantitative accurate
prediction of aggregation behavior of GO using DLVO theory
is rare in previous works.6,7,10,27,28,35 For instance, Chowdhury
et al.7 overestimated CCC about 3-fold.
Calculation of CCC can be extended for different pH if the

dependency of σ on pH is known. As mentioned in the
Theoretical Basis section, we employed the titration data and
interpolated them to have σ as a function of pH30 (Figure 1c,d).
CCC versus pH can be calculated by solving eqs 7−12
numerically. However, during these analyses, a set of interesting
scaling laws were derived. In the case of GO, one obtains:

σ∼CCCGO
0.874

(16)

A similar power law was obtained for rGO but with different
exponent (0.838). The origin and the impact of such scaling
behavior will be discussed later. One can directly calculate CCC
versus pH by applying the fitting data of σ as a function of pH
into the above scaling law.
Now, let us consider another parameter, i.e., thickness of

nanosheets. Increasing the thickness of the sheets enhances
vdW forces, and, as a result, stronger electrostatic forces are
required for stabilization. We calculated the CCC of GO at a
fixed σ for different thicknesses within the range of 4 to 30 Å
(the possible range for GO sheets). The following scaling law is
obtained:

∼ −tCCCGO
0.66

(17)

CCC of GO is thus affected by the level of exfoliation; for
instance, the CCC of trilayered GO is predicted to be almost
half that of monolayered GO. The scaling power for rGO and
graphene decreases to about −0.75 (CCCrGO ∼ t−0.75), meaning

that their colloidal stability is more sensitive to exfoliation level.
The reported thickness for monolayered GO varies from a
lower limit of 6 Å to even more than 12 Å.1,4,5,12 Moreover, the
thickness of GO also depends on oxidization level.45

Based on the scaling laws above, we calculated CCC of GO
for different pH and for different thickness of GO (lower limit
of 5 Å and upper limit of 10 Å) (see S.I.). The result is
illustrated in Figure 4. Moreover, the experimental data from

this work and other references are included.7,27,35,46,47 One can
realize that the DLVO theory captures well the trend of GO
aggregation even quantitatively. An interesting feature of this
analysis is that GO aggregation is very sensitive to pH,
especially when passing from slightly acidic to slightly basic. For
instance, CCCpH=5 is almost 3 times lower than CCCpH=8. This
finding can have an significant impact on GO storage as GO
self-generates proton during interaction with water.48 There-
fore, slightly basic dispersion of GO can become slightly acidic
over time and becomes much more sensitive to ionic impurities.
One can also find the pH-dependency of CCC of rGO in the

same fashion. The data from the work of Konkena et al.30 (they
used hydrazine reduced GO) and mobility measurements were
used. The σ of solvothermally reduced GO in the whole pH
range is more negatively charged than that of hydrazine-
reduced GO (Figure 1d). Figure 4 shows the CCC of rGO at
different pH. The CCC drops significantly as pH decreases
from 9 to 6, which is not surprising because most of the charges
on rGO originated from the remaining carboxyl groups after
the reduction with pKa around 8.30 Based on this calculation,
the CCC of the rGO is about 6 times lower than the GO at pH
= 7. This implies that the colloidal stability of rGO is much
more sensitive to ionic species compared to GO.
The DLVO theory has extensively been employed to predict

the colloidal properties of carbon nanomaterials such as
CNTs,31,49 fullerenes50 and graphenes.7,27,28,46,47,49 For in-
stance Shih et al.49 calculated the interactions between
surfactant coated SWNTs and graphene with an improved
DLVO theory for nanotubes and ultrathin sheets. Although in

Figure 4. Dependence of CCC on pH: the experimental CCC of GO
and rGO, measured in this work and other works (for monovalent
salts) at different pHs, are illustrated by different symbols. Solid and
dotted lines are calculated CCC based on DLVO theory, using scaling
laws derived in this work and titration data (Figure 1c). Calculation
were done for three different thickness of GO: 6.5 Å (solid line), 5 Å
(upper limit), and 10 Å (lower limit). Calculations for rGO were done
using both titration data (blue lines) and surface potential measure-
ments (orange lines) (Figure 1d). Different thickness for rGO were
also considered: 4 Å (solid lines), 3.4 Å (upper limit), and 5.5 Å
(lower limit).
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many of these studies, behavior of carbonic colloids can be
captured even quantitatively, the issue of impact of
dimensionality of colloids on aggregation behavior is rarely
discussed. In the case of aggregation of GO and rGO, most of
studies are limited to measurement of aggregation or deposition
of GO or rGO in aquatic environments, and when it comes to
modeling the colloidal properties, these particles are assumed
to be spherical.7,21,27,28,46 Apart from this erroneous assumption
and assigning very low Hamaker constants to GO, the effect of
pH on the aggregation behavior of GO and rGO has not been
argued extensively.7,27 In the next part, the missing part of the
effect of the dimensionality of colloids on the aggregation
behavior is presented.
Aggregation of 2D Objects. What makes GO (and other

2D colloids) distinct from the classical spherical colloids within
DLVO theory framework, is the shape and scaling of vdW
forces (and EL forces in a sense that Derjaguin approximation
is not required).14 How the dimensionality of colloids affects
their aggregation behavior? As mentioned in the theoretical
part, solving eq 2 results in energy potential scaling laws of d−m

where power-law exponent (m) depends on dimensionality. For
instance for two individual atoms m is 6, for two parallel 2D
sheets reduces to 4 and for two surfaces finally reaches to 2.14

Now, let us consider:

= −W
d

constant
mvdW (19)

Considering eqs 8 and 11, and then solving eq 12, we obtain

σ∼ +CCC m4/ 1 (20)

Also, the separation distance at the energy barrier (dmax) is

κ= · −d mmax
1

(21)

For the perfect 2D object, i.e., m = 4, CCC scales σ by a power
of 0.8, whereas for the 3D objects CCC scales σ by a power of
1.33.51 However, we calculated a scaling power of 0.874 for
GO. The same analysis for the case of rGO and graphene gives
a scaling power of 0.838. Therefore, m for GO and graphene is
3.58 and 3.77. The origin of deviation from perfect 2D is
hidden in the shape of the function that is used for vdW
modeling (Figure S2). Surprisingly, this finding matches well
with the recent calculation of Ambrosetti et al.,52 where they
found m between 3.5 and 3.75 for graphene (see SI).
Is it then possible to track the flatness of GO particles in their

aggregation behavior? To answer that, we calculate σ and CCC
of GO and rGO at different pH and plot normalized CCC
versus σ (normalized to values at pH = 2.06 for both GO and
rGO) (Figure 5). The data lie between two extreme cases of 2D
and 3D ones, but closer to the 2D state. Fitting the data gives a
scaling power of m = 3.25. Therefore, the 2D nature of GO can
be tracked in the aggregation behavior of colloids. This implies
the 2D colloids are less sensitive to the changes in charges on
the surface. These findings put question on the true
dimensionality of GO and probably other 2D colloids in
solution. Considering finite thickness for GO (or rGO) in the
calculation of the vdW interactions results in dimensionality
lower that perfect 2D. However, experimental dimensionality
(m = 3.25) is even lower than the theoretical expectation. Other
factors such as rapid orientation, flexibility, crumpling, and
wrinkling of the GO sheets might be the origin of deviation
from perfect 2D behavior.53−55 More experimental and
theoretical works on obtaining dimensionality of 2D objects

is expected to shed light on the old issue of true dimensionality
of ultrathin membranes.53,54

Another interesting observation in the modeling of the
aggregation of the 2D colloids, is that dmax is m times larger
than κ−151 (eq 21, Figure 6). While scanning the literature of

the colloidal properties of the 2D colloids, we realized that in
the early 1960s, an unusual swelling of clays was observed by
Norrish56 and later by Walker.57 Both of them observed the
interlayer spacing of clay at low ionic strength linearly increases
by increasing the Debye length (κ−1). Another fact that catches
less attention is that in both cases, the interlayer spacing is
exactly equal to 3.66κ−1 + d0. Norrish

58 later tried to justify
quantitatively the proportionality coefficient of 3.66 based on
the DLVO theory but failed simply because of a wrong
assumption he made during his calculation. We believe this
proportionality coefficient is directly connected to the 2D
nature of clays. However, this must be checked for swelling
properties of GO and other 2D crystals.11,45,59 Unusual gelation
and swelling of rGO might originate from the unique DLVO
interactions among the rGO sheets, too.60 Therefore, further
elaboration on modeling of the swelling and stacking of the 2D
colloids based on the DLVO theory or modified versions may
provide a clear picture. It should be noted that in concentrated
dispersions, other interactions such as excluded volume
interaction may affect the behavior of GO-based dispersions,

Figure 5. Normalized CCC against normalized σ: normalization was
done against CCC and σ at pH = 2.06. Surface charge density for each
pH was derived directly from surface potential measurements (Figure
1c,d).

Figure 6. Interaction energy between two GO sheets at CCC for the
different Debye lengths (i.e., ionic strength): κ−1 fixed to a desire value
and σ at which the potential barrier is zero were used to produce
energy potential. The dashed lines are the positions of potential
barriers.
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but DLVO interaction among GO sheets still provides a basis
for more complicated models.
Solvent-Induced Stabilization. The DLVO theory is a

mean-field theory and what is especial in calculation of the first
part is just physical constants used for dispersing media, i.e.,
water. Interactions among GO sheets in any other liquid can be
calculated in the same but relevant dielectric constants, and
refractive indices should be employed in the model. In this
section, we will try to explain a basis for why GO is not stable in
nonpolar solvents using DLVO theory. An attempt is also made
to clarify the unforeseen high colloidal stability of GO in some
polar solvents at very high electrolyte concentration.17

The driving force for aggregation of GO sheets is vdW forces.
The magnitude of vdW forces is similar for most of the organic
solvents as the refractive indices of the organic solvents vary in
the shallow range (1.3−1.6). Therefore, the Hamaker constants
of GO interacting in organic solvents are within the same
magnitude (Table 1). As a result, the attractive forces are also in
the same magnitude, if not lower, of that for a GO−water−GO
system. Thus, the aggregation of GO sheets in nonpolar solvent
should originate from weakened repulsive EL forces.
In nonpolar solvents, the charging behavior of GO sheets

significantly changes. It is agreed that the ionization constant
(pKa) of the acidic groups (which are the main source of
charges on GO) shift to much higher values in organic solvents
compared to water.61 Generally, the lower ε is, the higher pKa
is. In addition, in nonpolar solvent, the Bjerrum length (the
distance where the electrostatic interaction between two
charges is equal to thermal energy) is much larger than the
one in water and, as a result, dissociation of acidic groups is
much less probable.61 These significantly reduce σ and the EL
forces. When these two effects (low σ and very high κ‑1 due to
low solubility of salts in nonpolar solvents) combine, the energy
barrier declines and aggregation is inevitable.
Indeed our observations and others showed there is limit for

polarity of “good solvents” for GO.17,62 For instance, we found
that GO does not form a stable colloid in THF (εTHF = 7.5) or
dicholorobenzene (εDCB = 10), whereas acetone (εacetone =
20.7) is a good medium.17 Another proof that there is critical
polarity for the liquids that can present electrostatic
stabilization for GO is aggregation of GO in polar solvents
upon addition of (miscible) nonpolar solvents. Figure 7a shows
the dispersions of GO in a mixture of NMP and different
nonpolar solvents (1-BtOH, THF, DCM, MeAc). At low
content of nonpolar counterpart, the dispersions are stable.
However, upon increasing the fraction of nonpolar solvents,
GO sheets start to aggregate. We tracked the normalized
concentration of GO at the different volume fractions of the
nonpolar solvents (Figure 7b) and derived the critical
aggregation volume fraction (φcrt). φcrt for different solvent
sequences as follows:

‐ > ∼ > >1 BtOH THF MeAc DCM Xylene

It is interesting that this trend follows the order of ε of the
solvents. (ε1‑BtOH = 17.8, εTHF = 7.6, εDCM = 8.93, εMeAc = 7.3,
εXylene = 2.6) Therefore, it supports the idea of the presence of a
critical ε for stabilization of GO. Calculations based on Fuoss’
theory indeed show that just liquids with ε > 13 can provide
sufficient electrostatic forces for stabilization.61,63 Now we try
to derive the critical ε for stabilization. One can estimate ε of
the solvent mixtures as follows:64

ε φ ε φ ε= · + ·ln( ) ln( ) ln( )m 1 1 2 2 (22)

where φ is the volume fraction. By inserting φcrt and relevant ε
into the above equation, it is found that εcrt = 24.3 ± 0.8. This
value is close to experimental results, where it is found that
acetone (εacetone = 20.7) is at the border of good solvents for
GO.17 These findings imply for the solvents with ε much lower
than εcrt, there is no chance to have stable “bare GO” colloids
and employing organic functionalization or polymeric dis-
persant is mandatory.1,4

For GO dispersions in polar solvents, however, aggregation is
expected by adding salt or acid to media. However, unpredicted
stabilization is observed in some organic solvents (e.g., NMP,
DMSO) when ionic strength of media increased even up to
1M.17 This is in clear contradiction to the DLVO theory.
Therefore, there must be non-DLVO forces in action between
the GO sheets which are probably solvation forces.14,31 The
magnitude of these forces is determined by interaction of
surface-solvent (As) and the size of solvent (λ) (see Theoretical
Basis). The total interactions between GO sheets are assumed
to be the sum of the vdW and the solvation forces.
Implementing the solvent properties (n, λ, and As) into the
model, we found that the energy minimum for NMP, DMSO
and DMF is around 20−40 times lower than the case for water
(Figure 8). Therefore, in the case of water, the solvation forces
are not strong enough to overcome the vdW forces, and
aggregation is expected.31 The success of the organic solvents
originates from the larger molecular size (compared to water)
and strong enough interaction with GO. In addition, due to the

Figure 7. (a) Images of dispersions of GO (0.1 mg/mL) in a mixture
of NMP and nonpolar solvents at different volume fractions of
nonpolar solvents. Images are taken a day after preparation. (b)
Normalized concentration of GO against the volume fraction of
nonpolar solvents. The φcrt is ascribed to the volume fraction at which
the normalized concentration is half (dashed line). The values for φcrt
are given for each solvent in parentheses.
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higher refractive indices (n) of these solvents compared to
water, the magnitude of the vdW interactions is around 2 times
lower compared to aqueous system, which makes solvation
stabilization even more feasible in the case of the organic
solvents (Figure 8, Table 1).
The stability of GO in organic solvents, then, should be a

function of the size of the solvents’ molecules. Therefore, even
polar protic solvents (e.g., alcohols) must be able to stabilize
GO at high salt or acid concentration if the molecular size is
large enough. To verify this, we prepared GO dispersions in
methanol (λ ∼ 4 Å) and glycerin (λ ∼ 5 Å) through the
“solvent exchange” method. GO sheets show high stability in
glycerin at high acid concentration (1 M of HCl) (even after 1
h of centrifuging at 6000 rpm), whereas clear precipitation of
GO is observed in the case of methanol (Figure 8). Despite the
initial hypothesis in our previous work,17 it is now concluded
that solvent-stabilization of GO is dominated by the molecular
size of solvents rather than their chemistry, unless high polarity
is prerequisite. Although bulkier solvents are proposed to be
more efficient for stabilization, the impact of the shape of the
solvent molecules might be minor. From a practical point of
view, this finding provides a basis for selecting suitable
dispersing medium for GO, especially if the stability of single-
layered GO matters. For instance, synthesis of metal(oxide)-
GO hybrid usually involves using metal salts as precursors in
solution.65

Other 2D Colloids. Extraordinary properties of the 2D
materials provide a motive for material science communities to
develop production methods in large scales.11 Wet processing
of the 2D materials in the form of the colloidal dispersions has
attracted a great deal of attention.1,10,11 Having stable
dispersions of the 2D colloids is crucial for production,
processing, and performance of final products. The accuracy of
the DLVO theory, to predict colloidal properties of the 2D
colloids, depends on employing proper force laws and physical
constants for these novel materials. However, our findings may
be relevant qualitatively. For instance, the analysis above tells us
that thinner 2D colloids are less prone to aggregation due to
the lower vdW interaction among them.31,66 Another factor is
the physical properties of the 2D colloids. The cases of GO and
rGO showed that the vdW forces are sensitive to the intrinsic
properties of the 2D colloids, especially the refractive index.24

Another important parameter is the source of repulsive forces
among the 2D colloids. In the case of aqueous dispersions,
electrostatic forces are usually dominating, but the source of
surface charge and the density of the charged species is system-

dependent.10,11 Besides the practical applications, study of the
surface forces among atomically thin objects may raise some
fundamental questions about intermolecular interactions at the
2D limit.

■ CONCLUSION
The dimensionality of the colloidal particles affects their
colloidal properties and aggregation behavior. The case of GO
and rGO showed that the DLVO theory can capture the
interaction among them if proper force laws apply. More
accurate Hamaker constants and vdW energy scaling laws were
calculated, which makes quantitative prediction of the
aggregation behavior of GO and rGO possible. Manner of
aggregation of GO and rGO deviated from perfect 2D situation,
which may originate from the finite thickness of them and/or
probably breakdown of pairwise additive approximation at
nanoscale.52 Peculiar swelling and ordering of 2D colloids is
predicted to arise from these nontrivial vdW interaction energy
power laws. It is also found that the surface charge densities (σ)
of GO and rGO are largely affected by pH. However, the
changes in σ have less impact on the aggregation of GO (and in
general 2D colloids) compared to spherical colloids. In
addition, unlike spherical particles where size has negligible
effect on the aggregation,67 increasing the thickness of the 2D
colloids is predicted to have profound effect on their stability.
Study of the aggregation of GO in organic solvents also

revealed that there is a threshold for polarity of dispersing
media to provide electrostatic stabilization for GO sheets.
Therefore, there is no chance for the nonpolar solvents to
accommodate stable monolayer GO sheets without adding
stabilizer. On other hand, if the size of polar solvent molecules
is big enough, solvation stabilization prevents the aggregation of
the GO sheets even after adding huge amount of ions.
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