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Graphene oxides (GO) of highly polydisperse size distribution were prepared by the Brodie method and
their dispersion stability was characterized. Exfoliation and fractionation led to well-defined particle
populations in the Nano, classical Colloidal (submicron) and Micrometer size ranges, as revealed by
atomic force microscopy and light scattering measurements. Time-resolved dynamic light scattering
experiments revealed that aggregation processes are fully impeded in the intermediate pH regime of 3
—13 in the absence of electrolytes. While the resistance against salt-induced aggregation increases with
the pH due to the progressive ionization of the surface functional groups of GO sheets, their dispersions
are inherently unstable at supramillimolar concentrations of strong acids and submolar concentrations of
bases, in line with the DLVO theory. However, the aggregation behavior quantified by the critical
coagulation concentrations (CCCs) shows surprisingly substantial platelet size dependence. The CCC of
Nano Brodie-GO reaches 360 mm at pH = 12, which is one of the highest values ever reported for GO
aqueous dispersions. These results provide useful quantitative information to design processable GO
dispersions of pH- and size-tunable stability for future applications.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Much effort has been recently applied to design and fabricate
multifunctional graphene-based materials both as bulk solids and
as ultrathin films [1—5]. The most sensible and popular strategies
for obtaining tailored graphene or graphene-like nanostructures by
large scale production rely on liquid-phase exfoliation (individual
separation of elementary graphene layers) of graphite to graphene
oxide. This process involves the oxidation of bulk graphite to
graphite oxide (the multilayered assembly containing coherent
domains of equally spaced graphene oxide layers) and the exfoli-
ation of graphite oxide to graphene oxide (denoted henceforth as
GO) in a proper solvent or solution [6—9]. Exfoliated GO sheets form
stable aqueous dispersions largely owing to the electrostatic
repulsion among the deprotonated functional groups, such as car-
boxylates [10].

Aggregation of these two-dimensional sheets may then be

* Corresponding author.
** Corresponding author. MTA-SZTE Lendiilet Biocolloids Research Group, Uni-
versity of Szeged, H-6720, Szeged, Hungary.
E-mail addresses: sztamas@chem.u-szeged.hu (T. Szabo), szistvan@chem.u-
szeged.hu (L. Szilagyi).

https://doi.org/10.1016/j.carbon.2020.01.022

either a desired or an unwanted process depending on the specific
application considered [11,12]. Restacking of the layered filler is
particularly attractive for interstratified [13] and intercalated
composites [14,15] or for porous/pillared carbons [16—19], while it
should be avoided for exfoliated nanocomposites, where homoge-
neous dispersion and high contact surface area with the host ma-
trix is demanded [20—23]. The prevention of aggregation is also of
especial importance for the deposition of mono and multilayered
graphene films, because their nanoscale architecture must be
tailored on the size level of individual sheets in order to exploit
their unique properties [24—27].

Accordingly, the key step towards the production of processable
aqueous dispersions of GO is the understanding and delicate con-
trol of their colloidal stability. It has been a common knowledge for
long time that both (multilayered) graphite oxide and (single
layered) graphene oxide dispersions coagulate under highly acidic
conditions due to the loss of surface charge [28,29]. However, the
classical theory of dispersion stability developed by Derjaguin,
Landau, Verwey and Overbeek (DLVO) [30,31] predicts that even
highly charged colloidal GO particles should aggregate at high ionic
concentrations provided by bases and simple salts due to extensive
charge screening, which reduces the thickness of the diffuse elec-
tric double layer at the particle surfaces so much that the attractive
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van der Waals force will be the dominating interparticle interac-
tion. This behavior was qualitatively confirmed first for NaCl solu-
tion on the basis of visual observation [32]. Follow-up studies based
on centrifugation or gravitational settling tests enabled for more
precise characterization of the kinetic stability by estimation of the
critical coagulation concentration (CCC) of GO dispersions in the
presence of other monovalent salts [33—37].

Although visual observation on the sedimentation may give a
practically useful semi-quantitative picture on the storage stability
of particle dispersions, this can be very misleading concerning the
true colloidal stability. This is because (1) the aggregation state
strongly depends on the time window investigated, (2) larger pri-
mary particles may settle even in the absence of aggregation and
(3) both single and aggregated particles forming a coherent struc-
ture may exhibit hindered settling due to multiparticle hydrody-
namic interactions and thus, remain dispersed for extended time
periods [38].

In their inspiring papers, Chowdhury et al. [39,40] gave a better
approximation of the CCC of GO dispersions by time-resolved
dynamic light scattering (DLS). In these studies, the resistance
against NaCl-induced aggregation was systematically investi-
gated, however, the CCC values changed for GO particles of
different sizes (Table 1). Subsequently, Wu et al. [41] published
another set of CCC, which were substantially larger. Yang et al. [42]
reported very similar CCC data for GO platelets dispersed in NaCl
and KCl electrolyte solutions. However, significantly different CCC
values have been recently published by Wang et al. [43] for GO
particles in the above salt solutions. These strongly inconsistent
data reflect that a wide range of experimental parameters such as
pH [44], the degree of oxidation [45] and exfoliation along with
the size of particles [46] may affect the aggregation behavior of GO
in electrolyte solutions.

Herein, we contribute to the recent efforts to quantify the
colloidal stability of aqueous GO dispersions. In particular, we aim
at (1) exploring the size dependence ranging from the nanoscale to
the micron scale and (2) clarification of the effect of pH and (3) the
ionic strength on the aggregation kinetics in light of the previously
published contradictory results. Additionally, the oxidation method
is also expected to influence the stability via the demonstrated
difference in the surface chemistry and physicochemical properties
such as exfoliation behavior or osmotic versus crystalline swelling
[47,48]. Since the existing knowledge was accumulated solely for
GO prepared by the Hummers’ method, a special aspect of the
present research lies in the choice of a unique GO sample obtained
by Brodie’s protocol [49].

Table 1

2. Experimental
2.1. Chemicals

All the chemicals were purchased from Sigma Aldrich and
applied without further purification. Ultrapure water (Millipore)
was used throughout the experiments and it was filtered with a
syringe filter of 100 nm pore size (Millex) to avoid the presence of
dust contaminants.

2.2. Preparation of size fractionated GO dispersions

The raw GO sample used in this study is identical with the one
obtained after double oxidation by the Brodie method described in
an earlier publication [49]. The chemical composition of this sam-
ple is described by the C;0¢9Hg 35 empirical chemical formula, not
including water of hydration of ca. 10 wt% at 50% relative humidity.
The C/O ratio of 2.22 indicates that this sample is well oxidized, in
line with the XPS-based findings (e.g. the lack of aromaticity rep-
resented by the absence of the 284 eV peak of the C1s envelope).

For the exfoliation, GO (1 g) was mixed with water (10 mL) and
the obtained slurry was wet-ground in an agate ball mill for 7 h and
then quantitatively transferred to a 1L volumetric flask, which was
then filled with water leading to a dispersion of 1 g L~! solid con-
tent. Thereafter, 40 mL of this sample was exfoliated by setting the
pH to 9, while maintaining a background salt level of 10 mm by
adding appropriate amounts of 1 m KOH and KClI solutions followed
by sonication for 5 min and overnight stirring. The GO particles
were then partitioned into three different size fractions by centri-
fugation of their dispersions in 15 mL polycarbonate tubes by an
Avanti J-30I high performance centrifuge equipped with JS-13.1
swinging-bucket rotor (Beckman Coulter). The first fraction con-
taining the smallest particles (denoted as Nano GO) was obtained
by centrifugation at 6800 rpm for 10 min followed by passing the
supernatant through a syringe filter containing a cellulose acetate
membrane of 800 nm nominal pore size to remove traces of large
platelets and other particulate contaminants. The second fraction
(denoted as Colloid GO) was collected after centrifugation at
8000 rpm for 20 min without filtration. Finally, the third dispersion
(denoted as Micron graphite oxide) was obtained by differential
centrifugation. This involved the following steps: (1) centrifugation
of the exfoliated stock at 2720 rpm for 10 min to remove the largest
particles; (2) centrifugation of the separated supernatant at
6800 rpm and (3) redispersion of the wet sediment in 10 mm KCI.
The steps (2) and (3) were then repeated twice more in order to
ensure that the smallest particles trapped in the sediment after step
(2) were removed.

Preparation method, size and CCC values (determined in monovalent salt solutions) of GO particles.

Authors (year) Synthesis method

Initial equivalent diameter [nm]*

CCC [mm] (conditions specified)”

Chowdhury et al. (2013) [39] Hummers-Offeman 300
Wau et al. (2013) [41] Hummers-Offeman 520
Chowdhury et al. (2015) [40] Hummers-Offeman 500
Yang et al. (2016) [42] Hummers-Offeman 300
Jiang et al. (2016) [45] Hummers-Offeman 320
Tang et al. (2017) [46] Hummers-Offeman 150
Wang et al. (2018) [43] Hummers-Offeman 330
Present work Brodie 150—

44 (NaCl, pH 5.5)
24-482 (NaCl), pH-dependent
200 (NaCl, pH 5.2)
36 (NaCl, pH 7.0)
28 (KCl, pH 7.0)
69 (NaCl, pH 6.0 + 0.3)
110 (NaCl, pH 6.5)
188 (NaCl, pH 6.0)
68 (KCl, pH 6.0)
1500 50-360 (KCl), pH and size-dependent

2 DLS hydrodynamic diameter equivalent with a sphere drawn around the GO platelets.

b Determined in time-resolved DLS experiments.
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2.3. AFM measurements

Images were recorded directly in GO dispersions with a Cypher
AFM (Asylum Research) in the amplitude modulation mode. Bio-
lever mini cantilevers with silicon nitride tips (BL-AC40TS,
Olympus) were used. These tips had a nominal tip radius below
9 nm and resonance frequencies around 30 kHz in water. The spring
constants were in the range of 0.12—0.15 N m~! as measured upon
thermal fluctuations in air. Images were acquired at a scan rate of
0.2—0.5 Hz, free oscillation amplitude of about 23 nm and a set
point corresponding to about 70% of the free oscillation amplitude.
Two different types of positively charged surfaces were used as
substrates to provide adequate attachment of the negatively
charged GO platelets from the liquid phase to the substrate. The
Colloid and the Micron graphite oxide fractions were cast on a
freshly cleaved mica surface coated with  poly(-
diallyldimethylammonium chloride) (M,, = 100—200 kDa). Since
the sizes of the smallest features found for the Nano GO fraction
were comparable to that of the polyelectrolyte patches, in this case,
an aminofunctionalized mica surface was used as described else-
where [50].

2.4. Zeta potential measurements and assessment of size
distribution by DLS

Both zeta potential and hydrodynamic diameter measurements
were performed with a ZetaNano ZS (Malvern Instruments) device
equipped with a He/Ne laser operating at 633 nm as a light source
and an avalanche photodiode as a detector. The instrument applies
an electric field strength of 4 kV m~! in the electrophoretic mode.
Size measurements were carried out at a scattering angle of 173°.
Hydrodynamic diameters were calculated by using a second-order
cumulant fit over the correlation function [51], which was accu-
mulated in 10 runs, each collected for 25 s. The intensity and
number weighted size distribution data were obtained from the
instrumental algorithm and they were consistent from run to run.
For the electrophoretic measurements, portions of GO dispersions
(0.12 mL) were mixed with water and KCl stock solution to obtain
the desired ionic strength. The pH of these dispersions was then
adjusted to 9.0 + 0.3 with KOH solution. The total sample volume
was 2 mL. The measurements were performed in plastic capillary
cells (Malvern Instruments) that were first rinsed extensively with
water. The samples were equilibrated for 1 min at 25 °C in the in-
strument before the measurements were taken. The zeta potentials
were calculated from the electrophoretic mobilities with the
Helmholtz-Smoluchowski equation [52].

2.5. Aggregation kinetics by time-resolved DLS

The time-resolved coagulation kinetic measurements were
carried out with a CGS-8F multi-angle goniometer (ALV) equipped
with a 532 nm solid-state Verdi V2 laser (at 60° scattering angle).
The measurements were carried out in borosilicate glass cuvettes
(Kimble Chase) cleaned with a hot piranha solution and rinsed
extensively with water followed by drying in dust-free environ-
ment. The aggregation experiment was initiated by injecting 0.1 mL
of the GO dispersion into the cuvette containing appropriate vol-
umes of water, KCl and KOH or HCI stock solutions (to set the
desired ionic strength and pH) and rapid mixing with a vortex
stirrer. The total volume was 2 mL and the particle concentration of
GO was constant within one experimental series and adequately
low to keep the aggregation in its early stages. The latter is
demonstrated by the slight increase in the hydrodynamic di-
ameters within the time window of measurements, while the
average size did not increase for stable samples (Supporting

Fig. S1). For the Micron graphite oxide suspension, the apparent
hydrodynamic diameters were only very slowly increasing in
20 mM KCI solution (ca. 10% increase in 200 min; Supporting
Fig. S2), which reflects that sedimentation effects were negligible
even for the largest particles. pH values were measured with an
“Unitrode” combined glass electrode (Metrohm) by calibration of
two buffers in the pH = 2—12 pH range. The pH of solutions outside
this range were also calculated using the concentration of the
added acid or base, and the discrepancies between these two values
were always below 0.1 pH unit.

2.6. SLS measurements

Angle-dependent light scattering experiments were performed
for stable dispersions of Nano and Colloid GO and Micron graphite
oxide with the CGS-8F multi-angle goniometer. The average scat-
tering intensities of the dispersions of particle concentrations in the
same range as for the time-resolved DLS study were measured in
quartz cells in the scattering angle range of 30-160° with 2° step
sizes for 30 s in each step. Relative scattering intensities were
calculated as the ratio of the intensity of scattered radiation
observed at a certain scattering angle and the intensity of the
incident radiation corrected with the scattering volume and the
background scattering. The latter was measured in the same cells
filled with the dispersion medium under identical conditions.

2.7. X-ray diffraction

X-ray diffraction measurements were performed on a Philips
PW 1830 diffractometer operating with Cu anode (40 kV voltage,
30 mA cathodic current). CuKf radiation was absorbed by a Ni filter.
Samples were prepared by mixing Micron graphite oxide suspen-
sions with KCl solutions, allowing the particles to settle, trans-
ferring the wet sediment onto the Cu sample holder and covering
them by an X-ray transparent plastic foil.

3. Results
3.1. Size and shape features of the fractionated GO particles

The stock dispersions of GO used for the aggregation studies
were prepared from a dry solid powder composed of coarse grains
assembled from micron-sized graphite oxide platelet aggregates. To
reduce the size of these aggregates, the powder was wet-ground
with water in a ball mill. Upon addition of NaOH solution to the
wet-ground stock, the particles were expected to undergo base-
induced exfoliation. The as-obtained aqueous dispersion was
found to be inadequate for further light scattering studies due to its
very high polydispersity. Thus, three size fractions were isolated as
detailed in the Experimental Section. Accordingly, (1) the “Nano
GO” fraction was obtained by a combined application of centrifu-
gation and filtration, (2) the “Colloid GO” fraction was collected
upon a single centrifugation run and (3) the “Micron graphite ox-
ide” fraction was isolated by differential centrifugation. We must
note here that, despite the fact that they are both dispersed in a
submicrosopic level, we find the distinction between the ‘Nano”
fraction (diameter up to 100 nm) from the “Colloid” fraction
(diameter up to 1 pm) useful to highlight significant differences in
the average size of the particles, according to the IUPAC terminol-
ogy for colloidal particles [53].

Atomic force microscopy (AFM) images were recorded for the
fractionated GO platelets deposited on functionalized mica sheets
from their aqueous dispersions. Top panels of Fig. 1 clearly indicate
that the platelets are irregularly shaped and the degree of exfolia-
tion is the highest for Nano GO and the lowest for Micron graphite
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Fig. 1. AFM images (top) as well as number and intensity weighted size distribution histograms (bottom) of Nano GO (left), Colloid GO (middle) and Micron graphite oxide (right,
with a separate image of another, folded platelet stack in the inset) fractions at pH = 5. (A colour version of this figure can be viewed online.)

oxide. In the former case, single GO sheets of about 1 nm thickness
were obtained, as indicated by the height profiles of Supporting
Fig. S3. Only a few particles (scarcely observable white features in
the image) were found to be multilayered, but their thickness never
exceeded several nanometers. A high degree of delamination was
also maintained for the Colloid GO fraction. Although their particles
exhibited more pronounced angularity, their thickness was still
1 nm and brighter areas only indicated partial overlap of these
single sheets deposited randomly on top of each other (Supporting
Fig. S3). Finally, for the Micron graphite oxide fraction, the topo-
graphic image indicated incomplete exfoliation by visualizing
larger (100—150 nm thick), multilayered particles named as tac-
toids, which are similar to the clusters of Ca-montmorillonite in
water, in which the clay sheets are arranged parallel to each other
[54]. Despite the fact that the shape of the AFM tip can change the
topography of the deposited particles, it is somewhat surprising
that particles in this sample are not completely exfoliated, while
pristine GO samples are generally expected to disaggregate readily
to single-layer level in water or in dilute aqueous solutions [55].
It would be plausible to assign this anomalous exfoliation
behavior to the peculiar synthesis method. To our observation,
Brodie samples are typically less readily dispersible than graphite
oxides synthesized by the Hummers-Offeman method [47]. Park
et al. have also found, besides well-dispersed laminates, an abun-
dance of incompletely exfoliated Brodie-graphite oxide particles
even at pH = 8.8 by confocal microscopy [56]. While for smaller
flakes of Brodie-GO, enough driving force seems to arise to cause
complete delamination, the tactoids of the larger particle fractions
may be held together more strongly. Another likely hypothesis is
that the presence of multilayer assemblies in the Micron graphite
oxide suspension originates from differential fractionation. In this
method, which was used only for this sample, the exfoliated par-
ticles were subjected to centrifugation at high rates and subsequent

redispersion. Within the latter process the initial degree of
delamination may not have been recovered because, under the
compression of the centrifugal force, the particles got a more par-
allel and compacted arrangement in the sediment cake.

To gain more information on the distance between layers in
tactoid aggregates, we have undertaken X-ray diffraction mea-
surements on the wet sediments of Micron graphite oxide samples
equilibrated with a series of saline solutions (1,10 and 100 mM KCl).
Their diffractograms are compared to that of an air-dry GO sample
in Fig. 2. The tactoids clearly showed a great increase of the c-axis
repeat distance (basal spacings are between 1.04 and 1.06 nm) in
electrolyte solution as compared to dry GO powder
(doo1 = 0.60 nm), but there is no electrolyte concentration depen-
dence of the d-spacing. This indicates that, in the range of salt
concentrations used for aggregation measurements, the swollen
structure of the tactoid aggregates virtually remains unchanged.

The lateral extensions are spanning from several tens to several
hundreds of nanometers in the different fractions. Since clear in-
formation regarding the average size and polydispersity based on
the analysis of a statistically significant number of platelets cannot
be obtained by AFM, DLS measurements were performed to char-
acterize the size distribution in the individual fractions.

The hydrodynamic diameters based on the intensity or number
weighted distributions are shown in Fig. 1 (bottom). These di-
mensions refer to the equivalent spherical diameter, which equals
to the diameter of a sphere drawn around the GO platelet, exhib-
iting the same diffusion behavior. For the Nano GO sample, the data
show monomodal size distribution with relatively low poly-
dispersity (0.18) and Z-average diameter, D, = 150 nm. 80 nm and
160 nm average diameters were determined from the number and
intensity weighting, respectively. The difference is due to the
polydispersity of the sample and to the presence of small amount of
aggregates or traces of larger sized contaminants (dust), the
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Fig. 2. X-ray diffractograms of wet sediments of Micron graphite oxide particles (offset
by 150 cps, respectively) equilibrated with saline media of different ionic strength. The
pattern of air-dry GO (intensities scaled down to fit to the magnitude of the other
patterns) is also shown. (A colour version of this figure can be viewed online.)

contribution of which is overestimated owing to the dependence of
the scattered intensity on the size of the scattering objects [57]. This
difference was more pronounced for the Colloid GO samples due to
the mixture of nanometer and colloid-sized GO platelets in the
dispersion, as supported by the respective AFM image. The exper-
imental results indicate two particle populations of mean di-
ameters of 80 nm and 680 nm (D, = 450 nm). The Micron graphite
oxide particles were of monomodal size distribution of dimensions
above 1 pm (D, = 1460 nm).

To probe the angular dependence of the hydrodynamic diam-
eter, simultaneous static and dynamic light scattering (SSDLS) were
carried out (Fig. 3a). While no significant angular dependence was
found for the Micron graphite oxide particles, the Nano and Colloid
GO fractions have higher apparent diameters at low scattering
angles. This suggests that trace amount of aggregates may be
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Fig. 3. Angle dependent apparent hydrodynamic diameters (a) measured by SSDLS
and double logarithm plots of the relative scattered light intensities as a function of the
scattering vector (b) of the size fractionated GO dispersions at pH = 5. (A colour
version of this figure can be viewed online.)

present in the latter samples and they contribute more, along with
larger particles, to the forward scattering, i.e., to the scattered in-
tensity at low angles [57]. These aggregates may also be present in
the Micron graphite oxide dispersions, but their contribution is
negligible due to the larger size of the GO platelets in this fraction.

Static light scattering (SLS) measurements presented in Fig. 3b
revealed that the dependence of the scattered intensity of the
different fractions on the scattering vector (which is proportional
to the scattering angle [51]) correlates well with the above dis-
cussed results. Accordingly, the relative intensities at the same
scattering vector increase in the Nano GO < Colloid GO < Micron
graphite oxide order due to their increasing size. The double
logarithmic plot of the scattering intensity (I(q)) versus the scat-
tering vector (q) yields the fractal dimensions (Dy) of the sus-
pended GO particles by fitting I(q) to a power-law decay in the
8 x 1073 — 3 x 1072 nm™~! scattering vector range. An excellent fit
was obtained for the Colloid GO fraction (r> = 0.9996) yielding a Dy
of 1.89 + 0.005. This fractal dimension indicates the presence of
highly exfoliated single plate-like structures [58], which appear
smooth in the size scale of several tens to ca. one hundred
nanometers. The dispersed particles in the Micron-sized graphite
oxide fraction exhibit Dy of 2.35 + 0.02. This fractal dimension can
be interpreted as a surface fractal that is informative of a crumpled
conformation of the elementary sheets in this fraction [59].
However, as suggested by Titelman et al. [60] for graphite oxide
particles in water, the larger slope of the scattering curve may also
reflect a size distribution along the z-axis (perpendicular to the
layer planes) instead of full delamination. This interpretation is
most likely, because it agrees well with the previous AFM-based
observation of platelet assemblies the thickness of which ap-
pears to scale with their lateral size. Finally, an apparent Dy (1.39)
with a relatively poor quality of fit (r> = 0.9899) was obtained for
the Nano GO fraction. This value is hardly interpreted due to the
small hydrodynamic size of the largest population of Nano GO
particles (D = 80 nm) by number, because the power-law rela-
tionship between I(q) and q holds well and should be checked only
at length scales shorter than the size of the smallest particles, i.e.
in the range of ¢ x D > 1 [59].

3.2. pH-controlled dispersion stability window of the GO platelets
(in the absence of salt)

Electrokinetic measurements revealed that all GO fractions are
negatively charged in a wide pH range (2—13) in aqueous disper-
sions. In a previous publication, we have assigned this charge to
dissociated phenolic and carboxylic surface groups and showed
that the net layer charge successively increases with the pH at
constant ionic strength [28]. To assess the influence of interfacial
protolytic processes on the dispersion stability, the rate of aggre-
gation was measured at different pH values in time-resolved DLS
experiments (Supporting Fig. S1). The most advanced concept for
the characterization of kinetic stability in aqueous electrolyte so-
lutions is to provide the dependence of the absolute aggregation
rate [61] on a variable solution condition, e.g. the pH, the ionic
strength or the concentration of a solute. However, owing to the
high polydispersity and shape irregularities of the platelets, the
exact number of particles in a unit volume of suspension is not
known. Nevertheless, a straightforward choice is the use of relative
aggregation rates expressed as the stability ratio (W). This is the
ratio of the rate constant of diffusion-controlled aggregation to the
actual rate coefficient and it can be calculated from the initial in-
crease in the hydrodynamic diameter (Dy) in an aggregating sample
as [62].
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where fast refers to the diffusion controlled aggregation. This
condition was achieved at high salt concentrations (1 m KCI in this
study).

The pH-dependent aggregation processes were found to be
fairly similar in a wide range of pH for all the fractions (Fig. 4). The
stability ratios were close to unity at low pHs (below pH 1) indi-
cating rapid aggregation at high concentrations (above 100 mm) of
HCI but they increased exponentially in the millimolar range. A
remarkably broad pH window (3—13) was the revealed in which
the dispersions were highly stable and stability ratios approach
infinity. Interestingly, while both the Colloid and Micron fractions
reached the completely stabilized state at almost the same pH (2.85
and 2.95, respectively), the nanosized graphene oxide flakes
exhibited enhanced stability, for which the transition from slow
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Fig. 4. Stability ratios of the Nano GO (a), Colloid GO (b) and Micron graphite oxide (c)
particles as a function of the pH in the absence of added salts. The insets schematically
illustrate the size and aggregation states of the graphene oxide sheets in the disper-
sions. (A colour version of this figure can be viewed online.)

aggregation to stable state occurred already at pH = 2.35. At the
basic side of the stability window, the rate of aggregation started to
increase again (onset of slow aggregation is ca. pH = 13 for all
fractions) and became diffusion controlled around pH = 14. The
aggregation behavior of Brodie GO particles at these extreme pH
conditions agree very well at pH = 1 and reasonably well at pH = 14
with the semi quantitative DLS results of Shih et al. [63] found for
Hummers GO.

These results are in line with the DLVO theory, which states that
the overall interparticle forces are the sum of repulsive electrical
double layer and attractive van der Waals forces [30,37,64]. The
strength of the double layer repulsion decreases with lowering the
pH due to the protonation of the surface functional groups of GO
lamellae and to the subsequent loss of surface charge [28]. There-
fore, van der Waals attractions predominate in highly acidic dis-
persions leading to rapid aggregation of the GO platelets. These
functional groups progressively deprotonate upon base addition
giving rise to stronger double layer forces and hence, to more stable
dispersions. The strength of the repulsive forces is especially strong
in the intermediate pH regime, where particle aggregation was not
detected. Similar observations were reported earlier with other GO
samples [37,40,42,65].

The electrical double layer forces are also strong at high pHs,
therefore, the decrease in the stability ratios cannot be explained by
the degree of ionization of the functional groups, since they are
completely deprotonated in the pH 13—14 regime. However, the
ionic strength is between 0.1 and 1 M in this range due to the high
concentration of the Na™ and OH™ ions. Such a high level of the
ionic species leads to the screening of the surface charge and to
subsequent weakening of the double layer forces, as predicted by
the DLVO theory [31]. While several studies have already reported
on the chemical destabilization of GO in strong bases [66—68], its
colloidal destabilization has not been yet confirmed by DLS at very
high pHs. The onset of this base-induced aggregation agrees
reasonably well with early X-ray diffraction studies on GO samples
(prepared by Staudenmaier method) immersed into dilute base
solutions, which found undetectable interlayer distances in 10 mm
NaOH solution (complete delamination at pH = 12), while
restacking of particles was found in 50 mwm solution (1.24 nm basal
spacing at pH = 12.7) [6]. The practical relevance of this fact is that
in alkaline media of submolar concentrations, the colloidal desta-
bilization may proceed separately to or, at higher temperatures,
simultaneously with base-catalyzed GO deoxygenation.

3.3. pH-dependent resistance against salt-induced aggregation

To estimate the surface charge density, the zeta potentials of
Nano GO particles were measured at different ionic strengths in
alkaline solutions (Fig. 5). Highly negative mobilities were deter-
mined at low ionic strengths indicating the ionization of the surface
carboxyl and phenolic groups of the platelets. Similar zeta poten-
tials were reported for Hummers-GO samples under alkaline con-
ditions [29,37,65]. The electrophoretic mobilities increased with
the KCl concentration due to charge screening and concomitant
shrinkage of the double layer.

The experimental data were compared with the calculated ionic
strength dependence of zeta potential using the Gouy-Chapman
model, which was developed on the basis of the Poisson-
Boltzmann description of the charge distribution in the electrical
double layer as follows [31].

C:&éﬂasinh (L> (2)

ZkB Tegek

where { is the zeta potential, kg is the Boltzmann constant, T is the
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Fig. 5. Zeta potential of nanosized GO platelets as a function of the ionic strength
adjusted by KCl at pH 9. The solid line represents the expected dependence based on
the Gouy-Chapman model of the electrical double layer. (A colour version of this figure
can be viewed online.)

absolute temperature, e is the elementary charge, ¢ is the charge
density at the slip plane, ¢ is the permittivity of vacuum, ¢ is the
dielectric constant of water and « is the inverse of the Debye
screening length, which can be calculated from the ionic strength
(I) as follows [64].

_1__ [€¢€0 kBT
T\ 2N (3)

where Ny is Avogadro’s number. The fitting of charge density at the
electrokinetic slip plane yielded —13 mC m~2 and the data showed
good agreement with the measured values above 0.01 m KCI con-
centration. The large deviation between the calculated and exper-
imental zeta potentials at low salt level is due to the electrokinetic
effect described for charged particles of large Debye screening
length (i.e., at low ionic strength) moving in an electric field [69].

To assess the resistance of the Nano GO particles against salt-
induced aggregation, stability ratios were determined by DLS at
different ionic strengths in the pH range of 2.5—12 (Fig. 6).

In general, the platelets follow the same aggregation mecha-
nism upon KCl addition irrespectively of the pH. Accordingly, stable
dispersions were observed at low ionic strengths (as demonstrated
for pH = 9 in Supporting Fig. S1), while the aggregation became
rapid at salt levels above the CCC, which separates the slow and fast
aggregation regimes as predicted by the DLVO theory. Although the
generic trend in the salt concentration dependence of the stability
ratios is very similar, changing the pH reveals two interesting
phenomena, which deserve further discussion.

First, virtually all samples exhibit anomalous behavior in the fast
aggregation regimes. Normally, all stability ratio values are ex-
pected to be equal to 1 above the CCCs reflecting identical rates for
diffusion-limited aggregation. In contrast, a gradual decrease of the
aggregation rates beyond the break points of the stability plots is
found upon increasing the pH. We have no clear explanation why
the apparent diffusion-controlled aggregation rates increase

100
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S
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Fig. 6. Stability ratios of Nano GO particles versus the ionic strength measured at
different pH values. (A colour version of this figure can be viewed online.)

consistently with the ionic strength and decrease with the pH. The
hypothesis of changing particle conformation is most likely,
because the dimensional features of GO particles were reported to
be significantly affected by pH [29,65].

Second, strikingly different slopes are also found below the CCCs
of the stability plot for the acidic and alkaline dispersions. The
variation of two distinct properties may both contribute to this
phenomenon: (i) hydration and (ii) surface roughness of particles.
Regarding hydration, hydrophobic forces arising from the poly-
cyclic aromatic regions may become more pronounced between
the platelets at low pHs due to their limited ionization [65]. These
interactions are attractive, giving rise to destabilization of Nano GO
and to smaller slopes in the slow aggregation regimes.

Another contribution to the decrease in the slope can be
attributed to the surface roughness of GO particles. According to
Snoswell et al. [70], a shift in the gradient of the stability plot is
indicative of surface protrusions of a few nanometers, which
effectively reduce the effective interaction radii between colliding
particles. The presence of such asperities is not directly evidenced
because SLS was incapable to provide fractal dimensions for the
Nano GO particles. However, it is quite obvious that either pH-
induced conformational changes [29] or oxidative debris (oxygen-
ated amorphous carbon deposits) [66] is accountable for their
presence.

Finally, the size dependence of the colloidal stability of Nano,
Colloid and Micron-sized particles were characterized at different
ionic strengths while keeping the pH constant (Fig. 7). For all
fractions, the stability ratios follow the regular salt concentration
dependence as suggested by the DLVO theory that is, slow and fast
aggregation regimes are separated by the CCC. In contrast to Nano
GO, the larger platelets did not exhibit variable aggregation rates at
high ionic strengths; the respective stability ratio values were close
to unity indicating their diffusion controlled aggregation. However,
the most significant deviation in the aggregation behavior of the
different fractions is the size-dependent variation of the CCC, which
is discussed in the next section.
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Fig. 7. Stability plots of GO of different average diameters in KCI solutions at pH = 5. (A
colour version of this figure can be viewed online.)

4. Discussion

CCCs were determined from the stability ratio versus ionic
strength data shown in Figs. 6 and 7. In addition to these vales, Fig. 8
represents the stability map of GO involving all of the CCCs re-
ported earlier on the basis of DLS experiments for GO platelets of
different sizes.

4.1. pH dependence

For the Nano GO, the CCC increases from 60 mM to more than
300 mm upon increasing the pH from 2.5 to 12. The reason of this

dramatic stability enhancement is quite obvious: the progressive
deprotonation of the surface functional groups gives rise to higher
surface potential and to stronger electrical double layer repulsion,
which can be screened at higher ionic strengths. This effect is
dominant over other possible ones that influence the interparticle
potential energy such as the orientation of the interacting platelet-
shaped particles. Additional attractive forces discussed in the pre-
vious section are also absent in alkaline dispersions, therefore, the
CCC is determined mainly by the overall DLVO-type interparticle
forces.

The CCC values published by Wu et al. [41] for Hummers-GO
also show strong pH dependence, and fall close to those found in
this study especially in acidic dispersion media. However, while
these authors found a linear relationship between the CCCs and the
pH, our data are more consistent with the predictions by Gudarzi,
indicating CCCs that rise less steeply under basic conditions [37].
Other GO samples were studied in the relatively narrow pH range of
5—7, and were found to be destabilized by monovalent salts in the
20—200 mmMm concentration regimes [39,40,42,43]. Although the
achievable accuracy levels of the determination of critical coagu-
lation concentrations are far beyond the precision expected e.g. in
analytical chemistry, this is a surprisingly large variation of data,
spanning a full magnitude of coagulant (salt) concentration. Size
variations are hardly accountable for such large discrepancies be-
tween the dispersion stabilities because in most cases, the initial
particles diameters were around 300 nm. Clearly, other factors such
as the degree of oxidation, or details of sample purification, must be
taken into account for a reliable prediction of CCCs. In addition, the
study of Wang et al. suggests ion specific effects since significant
differences were reported in the CCC values determined for the
same GO in NaCl and KCI solutions [43]. However, the collection of
currently published CCC data does not indicate a clear-cut differ-
ence between the destabilization efficiencies of these salts.

4.2. Size dependence

Comparison of the CCCs of the Brodie-GO platelets of different
sizes reveals a striking difference between their colloidal stability,
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Fig. 8. Stability map of aqueous GO dispersions in the presence of simple monovalent salts. The CCC determined from the breakpoints of the stability plots in Fig.. 6 and 7 for Brodie-
GO in KClI solutions are shown as a function of pH and they are compared to the literature values reported by Chowdhury et al. 1 [39], Wu et al. [41], Chowdhury et al. 2 [71], Yang
et al. [42], Wang et al. [43], Tang et al. [46] and Jiang et al. [45] for Hummers-GO samples. Solid and dashed lines are guide to the eyes. (A colour version of this figure can be viewed

online.)
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which follows the Micron Graphite Oxide < Colloid Graphene
Oxide < Nano Graphene Oxide sequence and ranges from 50 mm to
230 mm in KCl solutions at pH = 5 (Fig. 8). This trend is just the
opposite of the theoretical (molecular dynamics simulation based)
prediction for the easier aggregation of small GO’s [46]. Although a
conclusive evidence for the size-tunability of the aggregation
behavior of GO is provided for the first time, several other size
dependencies have already been reported in the literature. Per-
reault et al. demonstrated an increase in the antimicrobial effi-
ciency for nanosized GO flakes [72], Liaros et al. showed differences
in the near-infrared optical power limiting between few-layer and
single-layer GO’s [73], while Gongalves et al. highlighted that the
breakdown of GO into nanoscale particles results in the modifica-
tion of the edge structure which changes the optoelectronic prop-
erties [74]. Finally, as first described by Kim et al., GO can exhibit
liquid crystalline (LC) behavior in aqueous media with typical
nematic ordering, and the shape anisotropy of platelets influences
the composition dependence of various phase transitions of their
LC state [75,76].

Regarding the greater salt tolerance of nanographene oxide, we
suggest that it is related to the combined effects of the weakening
of interplatelet van der Waals attraction and strengthening of
double layer repulsion. The strength of the attractive van der Waals
forces is known to increase with the lateral dimension of sheet-like
particles of any kind [77], but it was also demonstrated specifically
for GO platelets by Gudarzi [37]. Likewise, the CCC shifts towards
higher salt concentrations upon size decrease. In addition, the Nano
GO possesses higher edge-to-area ratios [78]. Since the density of
the ionized functional groups is expected to be higher at the edges
[49,79], the electrical double layer repulsion should be stronger for
the GO fraction of lower size and higher amount of salt is needed to
destabilize the dispersions.

It is noteworthy that such charge-induced enhancement of
dispersion stability for nanoscale GO has already been suggested by
Luo et al. [78] However, the centrifugation tests presented in their
study may simply reflect the fact that the nanosized particles are
kept dispersed more efficiently than larger ones because of their
more pronounced Brownian motion, and not necessarily because
there are any differences between their overall interparticle forces
that would lead to dissimilarity in their aggregation states.

5. Conclusions

In the present contribution, a systematic investigation of the
effect of the acidity and ionic environment on the colloidal stability
of GO platelets of different sizes was performed in aqueous dis-
persions. Nano and Colloid GO, along with Micron-sized graphite
oxide particles representing three different size ranges obtained by
Brodie method form stable colloids in a wide pH window at low
ionic strengths, while they are destabilized at low and high pHs and
high salt levels due to the lack of sufficient surface charge and
insufficient charge screening. In strongly alkaline environment
(pH > 13), chemical and colloidal destabilization may proceed
simultaneously. Light scattering measurements revealed that the
aggregation behavior of GO platelets in KCl solutions is in accor-
dance with the predictions of the DLVO theory. It is also demon-
strated herein that the size dramatically influences the aggregation
behavior, and a substantial stability enhancement can be achieved
for graphene oxide particle populations with diameters around
100 nm. The use of such graphene oxide nanoflakes has definite
biomedical implications, such as the ease of cell penetration [80],
antimicrobial activity [72] or stabilization of other nanoparticles
[81]. Another noteworthy conclusion of this study is that not only
the widely employed Hummers-Offeman method, but the over-
looked Brodie method is also capable to provide graphene oxides

with good dispersion stability in water. This information is of
especial importance regarding the formulation of processable
aqueous dispersions of GO lamellae of different types and sizes,
where a posteriori knowledge about the transition between stable
states and coagulated or flocculated systems is of basic significance
for a proper end-product design (e.g. ultrathin films and 3D printed
structures).
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