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ABSTRACT: Highly dispersible graphene oxide (GO) sheets
of uniform submicrometer size were successfully fabricated
from pristine graphite using a simple mechanochemical
process. The GO flake morphology was transformed into a
spherical form, and the density was decreased slightly via the
ball-milling process. Ball-milled GO can be used as an
electrorheological (ER) material because of its small particle
size, low conductivity, and outstanding dispersibility in silicone
oil. We found that the 2-h ball-milled GO-based ER fluid had
the best ER performance (shear stress of 78.5 Pa and 630% ER
efficiency), which was double that of the nonmilled GO-based ER fluid. The response time to form a fibrillar structure along the
applied electric field direction and the recovery time to the starting level decreased with increasing ball-milling time. Additionally,
the retarded settling velocity of isolated GO sheets and the electrostatic repulsion between oxygen functional groups on the GO
sheets combined to improve the antisedimentation property. The ability to control the size of graphene sheets is a great
opportunity to advance graphene commercialization in a high-quality, scalable production setting.
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■ INTRODUCTION

An electrorheological (ER) fluid is a smart and intelligent
material that can change its ER properties under changing
applied electric field strengths. ER fluids have attracted a great
deal of interest because of several attributes, such as their
simple mechanics, rapid response times, reversibility, and low
power consumption.1−4 For these reasons, ER smart materials
have been widely utilized in electromechanical devices
including engine mounts, ER valves, human muscle stimulators,
and vibration dampers.5−7 ER fluids are typically composed of
polarizable particles dispersed in insulating oils such as silicone
oils to avoid electrical short-circuiting.8−10

Graphene is a flat monolayer of carbon atoms tightly packed
into a two-dimensional (2D) honeycomb lattice. It is regarded
as a good ER material candidate because of its high surface area,
unique nanostructure, and good mechanical strength.11−14 The
low electrical conductivity of graphene oxide (GO) synthesized
by chemical exfoliation of graphite, without any post-treatment,
makes GO of particular interest for ER applications.
Furthermore, GO has hydroxyl, carboxyl, and epoxide oxygen
functional groups on the basal planes and edges. These
functional groups provide good dispersion stability to the GO
in aqueous and organic solvents.15−19

Diverse synthetic strategies have been developed to fabricate
GO-based ER materials. These materials include GO/TiO2
nanocomposites, GO/polyaniline (PANI) nanocomposites, and
GO-coated core−shell structured polystyrene micro-
spheres.20−25 However, all of these materials suffer from

requiring complicated procedures and having low colloidal
stabilities and a tendency to sediment, which limits their
practical or industrial applications.26 Additionally, most
previous GO-based ER research has used GO having an
irregular morphology and micrometer-sized particles. Despite
recent advances in ER materials using GO-based nano-
composites, it is still challenging to develop easy and efficient
methods to obtain GO sheets having excellent dispersibility in
an insulating medium. This property is essential for the
development of enhanced GO-based ER fluids.
Herein, we report a novel synthesis of highly dispersible GO

sheets using a mechanochemical method. To the best of our
knowledge, this is the first experimental evidence for improved
dispersibility of GO sheets in silicone oil. The improved
dispersibility obtained by combining ball milling and chemical
exfoliation processes is derived from a narrow particle size
distribution and a high degree of oxidation.27−32 The size of the
GO sheets was easily controlled by adjusting the ball-milling
time. The ball-milling process transformed the morphology of
the GO sheets into a spherical form. The effect of the GO size
and morphology on the ER activity was investigated as a
function of the shear rate, GO volume fraction, and electric
field strength. The particle size distribution and sedimentation
stability of synthesized GO-based ER fluids were also studied.
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■ EXPERIMENTAL SECTION
Materials. Graphite (flake, <20 μm) was purchased from Sigma-

Aldrich. Other reagents including KMnO4, HCl, H2SO4, H2O2, and
ethanol were obtained from the Aldrich Chemical Co. All regents were
used as received. Distilled water was used in all of the experiments.
Silicone oil (Aldrich, poly(methylphenylsiloxane), viscosity = 100 cSt)
was used as a dispersing medium for electrorheological (ER) fluid
applications.
Fabrication of Ball-Milled Graphite. Pristine graphite (5.0 g)

was placed in a wet planetary ball-mill capsule along with three sizes of
balls (diameters: 1, 2, and 5 mm). The grinding bowls and balls were
made from zirconium oxide. The capsule was then fixed in the
planetary ball mill and agitated at 550 rpm. The milled product was
collected by sieving.
Synthesis of Size-Controlled GO Sheets. Size-controlled GO

was synthesized from ball-milled graphite using a modified Hummers
method. Typically, ball-milled graphite (1.0 g) was added to 70 mL of
H2SO4 in an ice bath, followed by the addition of KMnO4 (3.0 g) and
NaNO3 (0.5 g). After stirring for 4 h, 70 mL of distilled water was
slowly added, and the suspension was kept in the ice bath for 30 min.
Subsequently, H2O2 solution was added until the color turned a
brilliant brown, which indicated complete oxidation. The ball-milled
graphite oxide slurry was exfoliated to generate size-controlled GO
nanosheets by sonicating for 3 h in an ultrasonic cleaner (42 kHz, 100
W, Bransonic 3510, Branson Ultrasonics Corp., Danbury, CT, USA).
Finally, the mixture was separated by centrifugation, washed repeatedly

with 5% HCl and distilled water, and dried in a vacuum oven at 40 °C
for 24 h.

Investigation of Electrorheological Properties. All of the dried
size-controlled GO samples were dispersed in silicone oil [poly-
(methylphenylsiloxane), viscosity = 100 cSt] for ER evaluation. No
additives were added to the ER fluids. ER properties were measured
with a rheometer (AR2000 Advanced Rheometer, TA Instruments)
with a concentric conical cylinder geometry (cup radius: 15 mm), a
temperature controller, and a high-voltage generator (Trek 677B). The
gap distance was 1.00 mm. After loading a sample in the rheometer,
direct current (DC) voltage was applied to the plate. The volume
fraction of the ER material in the silicone oil was controlled at 0.5−3.0
vol %, and the shear rate was varied from 0.5−500 s−1. All
measurements were performed at room temperature. The yield stress
value of prepared ER fluids is typically obtained from the flow curve of
a controlled shear rate (CSR) mode experiment. The stress value of
the transition point at which the shear viscosity abruptly decreased was
taken as the dynamic yield stress.

Characterization. TEM images were obtained with a JEOL 6700F
instrument. XPS spectra were recorded using a Kratos Model AXIS-
HS system. The topography was determined by atomic force
microscopy (AFM) using a Digital Instrument Nanoscope IIIA from
Veeco Instruments Inc.; silicon tips were used in tapping mode at a
resonance frequency of 320 kHz. Optical micrographs were taken with
a Leica DM2500P microscope. The conductivity was measured for GO
spin-coated from solution onto a silicon wafer (1000 rpm, 40 s). The
thickness of the ball-milled GO flakes was determined by AFM
analysis, and the electrical resistance was measured with a Keithley

Figure 1. (a) Schematic illustration of the production of size-controlled graphite via ball milling using three balls (diameters: 1, 2, and 5 mm). (b−e)
Representative AFM images of size-controlled GO as a function of ball-milling time. The GO solution was deposited on a silicon wafer for AFM
analysis.
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2400 SourceMeter at 25 °C using the four-point probe method. The
density of the ball-milled GO was measured using a pycnometer (25
mL). The density (ρp) was calculated by the equation

ρ =
−

− − −
×

W P
W P W W

D
( )

( ) ( )p
0

2 1 0

where P is the pycnometer mass andW0,W1, andW2 are the masses of
the particles, the particles and liquid, and the liquid in the bottle,
respectively. The density (D) of water used as the liquid was taken as
1 g cm−3.

■ RESULTS AND DISCUSSION
A schematic diagram of the preparation of size-controlled
graphite via the ball-milling process is shown in Figure 1a.
Natural flaked graphite (ca. 20 μm) is composed of layered
graphene nanosheets; the carbon atoms are linked by covalent
bonds. However, those carbon atoms positioned in adjacent
planes are bound by much weaker van der Waals forces.33−35

These weak interplanar forces enable the energy provided by
ball-milling to provide submicrometer-sized flakes whose size
can be easily controlled by the ball-milling time. Three ball sizes
(diameters: 1, 2, and 5 mm) were used (Supporting
Information Figure S1). Under our experimental conditions,
size-controlled GO sheets were obtained from ball-milled
graphite by a chemical exfoliation process according to a
modified Hummers method.36−38 Figure 1b−e shows AFM
images of size-controlled GO flakes as a function of the ball-
milling time. The GO sheet before ball-milling consisted of a
few micrometer-sized monolayers (<1.5 nm), bilayers (2−3
nm), and multilayers (>3 nm). Ball-milling reduced the GO
particles to submicrometer sizes and concurrently transformed
the particle morphology from flake to spherical, with a slight
increase in thickness. The transmission electron microscopy
(TEM) images shown in Supporting Information Figure S2
reveal that an aqueous dispersion of ball-milled GO had a
narrower particle size distribution (ca. 400−700 nm) than
nonmilled GO flakes (ca. 0.6−5 μm).
X-ray photoelectron spectroscopy (XPS) was used to further

understand the effect of ball-milling (Figure 2). The GO C 1s
signal has three components, which correspond to the CC/
C−C in aromatic rings (284.5 eV), C−O (286.6 eV), and C
O (288.5 eV) functional groups.39 The C−O component
comes from the epoxy and hydroxyl groups, and the CO
peak originates from the carboxyl and carbonyl groups. The
IC−O/IC−C ratio increased from 0.45 to 1.31 after 3 h of ball-
milling. This increase was attributed to an increase in the
surface area with decreasing GO size. Oxygen functional groups
were introduced into the graphene basal and edge planes via
the chemical exfoliation process. Active sites on the ball-milled
GO surface could bind more oxygen functional groups because
of the greatly increased surface area. The electrical
conductivities of the synthesized ball-milled GO sheets were
measured using a four-probe method. All of the conductivities
were less than 1.0 × 10−6 S cm−1, which is sufficient for a direct
ER application, without requiring any post-treatment. The
smaller size and high numbers of oxygen functional groups on
the ball-milled graphene sheets resulted in enhanced dispersi-
bility in silicone oil, eliminating the need for a solvent exchange
process.
Figure 3a shows the shear stress and shear viscosity flow

curves as a function of the shear rate for synthesized GO-based
ER fluids at a volume fraction of 3 vol % under 1 kV mm−1 of
electric field strength. Under an applied electric field, all of the

prepared ER fluids displayed a shear stress plateau region over a
broad range of shear rates, typical of Bingham plastic
behavior.40,41 These results indicate that the interface of the
synthesized GO began to polarize; electrostatic interactions
between the GO sheets could occur through such interfacial
polarization. The hydrostatic force generated by the shear flow
opposed these interactions. Beyond the critical shear rate (rćrit),
the shear stress increased gradually with increasing shear rate,
corresponding to typical Newtonian fluid behavior.42,43

Notably, all of the ball-milled GO-based ER fluids displayed
similar flow curves in the high shear rate region, behavior that
was ascribed to shear deformation. The chainlike structure of
the ER fluids began to degrade under the high shear forces in
the high shear rate region; whereas, the structural stability was
maintained at low shear rates. The GO-based ER fluids
containing GO ball-milled for 2 h had the best ER performance.
This result was attributed to the size and morphology of the
graphene sheets. In terms of the graphene-based ER fluid
behavior, a flake-like morphology enhances performance
relative to a spherical form because of the higher shear stress
applied per unit sheet area. Smaller particles can also improve
the performance because of stronger dipole polarization in the
chainlike structure. The permittivity (ε′) was obtained as a
function of the GO size (Supporting Information Figure S3).
The permittivity was always greater at lower frequencies than at
higher frequencies, and the addition of GO significantly
improved the permittivity of the pristine silicone oil-based ER
fluid. The values slightly increased with decreasing GO particle
size. Ball-milling reduced the particle size and concurrently
increased the number of polar groups. This facilitated the
transportation of charges via rearrangement and thereby
improved the permittivity of the ball-milled GO-based ER
fluids. The ER characteristics reached a maximum at 2 h of ball-
milling time (shear stress of 78.5 Pa at a shear rate of 1 s−1);
this ER efficiency was double that of the nonmilled GO-based
ER fluid. The shear viscosities of the synthesized GO-based ER
fluids were also measured. Apparent shear thinning behavior
was clearly observed in the low shear rate region according to

Figure 2. Deconvoluted XPS spectra in the C 1s region of size-
controlled GO as a function of ball-milling time. Powdered samples
were used for the XPS analysis. The fitted peaks correspond to the C−
C, C−O, and CO functional groups.
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the Bingham model. Ball-milled GO sheets with outstanding
dispersibility had a relatively high off-field viscosity compared
with nonmilled GO sheets. The value of the 3-h ball-milled
GO-based ER fluid was ca. 0.623 Pa s, which is 2.6 times that of
the nonmilled GO-based ER fluid (Table 1).
An applied electric field (1 kV mm−1) was alternately turned

on and off to evaluate the real-time responses of the
synthesized GO-based ER fluids (Figure 3b). The shear stress
values of all of the prepared ER fluids immediately increased
once the electric field was applied. In contrast, the values
rapidly decreased back to their original levels when the electric
field was turned off. This indicates that the stress response of
the prepared GO-based ER fluids was reversible and
reproducible. Additionally, all of the GO-based ER fluid
samples displayed low current leakage. The electric density
was less than 10 μA cm−2 at an electric field strength of 1 kV

mm−1. However, the synthesized GO-based ER fluids had
variable response times (tres) and recovery times (trec) (defined
as the time required for the response or recovery to reach 90%
of its final or initial value). The response and recovery times
tended to decrease with increasing ball-milling time because the
size of the GO sheets affected the viscous drag forces (Table 1).
Smaller GO particle sizes could potentially form chainlike
structures rapidly and with higher mobility. The synthesized
GO-based ER fluids also displayed significantly different ER
activities in terms of their ER efficiencies (defined as (τE − τo)/
τo × 100, where τE and τo are the shear stresses with and
without an applied electric field strength, respectively). At a
shear rate of 1 s−1, 2-h ball-milled GO had a much higher ER
efficiency (630%) than nonmilled GO sheets (305%).
The influence of the GO volume fraction (vol %) on the

dynamic yield stress was evaluated for an in-depth insight into
the ER activity of the synthesized GO-based ER fluids. Figure
3c shows that the yield stress increased dramatically with the
GO volume fraction. Notably, the yield stress of 2-h ball-milled
GO-based ER fluid at 3 vol % was 5.3 times higher than that of
the same ER material at 1 vol %. Improved interplanar
interactions of the GO sheets caused a greater resistance to
deformation in shear flow at the higher volume fraction.
Additionally, the maximum yield stress of the GO-based ER
fluids increased with decreasing diameter of the GO sheets.
Electrostatic interactions were sufficient to counteract the
hydrodynamic interaction in shear flow stemming from the
high surface area of the ball-milled GO. The relationship
between the yield stress (τy) and the electric field strength is
plotted on a log−log scale in Figure 3c (inset). As with most
ER fluids, the yield stresses of all of the synthesized GO-based
ER fluids were directly proportional to the square of the applied
electric field strength, as indicated by the slope of 2.0, in
agreement with the polarization model of the ER mecha-
nism.44,45

A microstructural transition of 2-h ball-milled GO-based ER
fluid was observed by optical microscopy under an applied
electric field (Figure 4). An ER device with a gap distance of
1.00 mm was designed to investigate the GO-based ER fluid
behavior in an electric field (Supporting Information Figure
S4). Once the electric field was applied, the randomly dispersed
GO sheets began to form a fibrillar structure in the direction of
the applied electric field. It took only a few milliseconds to form
the chainlike structure. It is known that the electrostatic
interactions between ER materials are enhanced by increasing
the electric field strength. The aligned fibrous structure, formed
by electrostatic interactions between the GO sheets, rapidly
reforms its structure under a shear force and has better
resistance to shear flow. Dynamic light scattering (DLS) was
used to investigate the particle size distribution of 2-h ball-
milled GO in silicone oil (Figure 5a). The average diameter of
the 2-h ball-milled GO particles was 3.43 μm. The inset to

Figure 3. (a) Shear stress (open symbols) and shear viscosity (closed
symbols) of size-controlled GO-based ER fluids (3 vol % in silicone oil
under a 1 kV mm−1 electric field). (b) Effect of switching the applied
electric field on the shear stress of sized-controlled GO-based ER fluids
(at a shear rate of 1 s−1). (c) Dynamic yield stress as a function of the
volume fraction for 0- and 2-h ball-milled GO-based ER fluids under a
1 kV mm−1 electric field (inset: dynamic yield stress vs electric field
strength).

Table 1. Electrorheological Activity of Size-Controlled GO-
Based Fluids

ball-milling timea (h) 0 1 2 3

off-field viscosity (Pa s) 0.244 0.512 0.588 0.623
response time (s) 16.4 7.6 4.9 5.5
recovery time (s) 7.1 5.0 3.8 4.4
ER efficiency (%) 305 510 630 450

aThe size-controlled GO was dispersed at 3 vol % in silicone oil at a
shear rate of 1 s−1.
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Figure 5a shows the outstanding dispersibility in silicone oil.
The 0-h ball-milled GO-based ER fluid had a broad particle size
distribution, with an average diameter of 80.45 μm (Supporting
Information Figure S5). These findings demonstrated that the
ball-milled GO had much better dispersibility in silicone oil
than 0-h ball-milled GO because of its smaller size and higher
oxygen functional group content.
Notably, ball-milled GO dispersed at 3 vol % in silicone oil

had a better sedimentation ratio than the equivalent nonmilled
GO dispersion (Figure 5b). Increasing the ball-milling time
greatly decreased sedimentation; no sediment was evident after
90 days. This superb dispersion stability relates to the
sedimentation velocity, which is a significant factor in particle
precipitation. Stokes’ law is commonly used to calculate the rate
of sedimentation; it indicates that the motion of a particle in a
viscous liquid reaches an equilibrium condition having a
uniform velocity or sedimentation rate. Stokes’ law is expressed
as follows:

ρ ρ η= −V d G( )/18g
2

p l

where Vg is the sedimentation velocity, d is the particle
diameter, ρp is the particle density, ρl is the liquid density, η is
the viscosity of the liquid, and G is the gravitational
acceleration. Synthesized GO densities were measured using a
pycnometer; the densities slightly decreased with increasing
ball-milling time (Table 2). Changes in pressure or temperature
can affect densities. In our experiment, ball-milled GO was
obtained by chemical exfoliation of ball-milled graphite, which
involved mechanical impact and heat generation. This process
caused the GO flake morphology to transform into a spherical
shape and increased the particle thickness and volume. This
morphological transformation via the mechanochemical process
played a key role in reducing the GO density. A Stokes’ settling
equation was used to estimate the sedimentation velocities
(Vg), which were 2.590 × 10−8, 2.702 × 10−9, and 2.351 ×
10−10 m s−1 for the 1-, 2-, and 3-h ball-milled GO, respectively
(Table 2). The Vg of 2-h ball-milled GO sheets was ca. 77 times
slower than that of nonmilled GO sheets. The low settling
velocity of isolated GO sheets and the electrostatic repulsions
between oxygen functional groups on the GO sheets are
expected to have a combined effect on the antisedimentation
property.

■ CONCLUSION

A simple and effective mechanochemical approach was used to
control the size of GO sheets. GO nanosheets having
outstanding dispersibility were prepared in silicone oil. The
superior dispersibility was derived from the small average
particle size, narrow particle size distribution, and the high
degree of oxidation of the nanosheets. Ball-milling transformed
the GO flake morphology into a spherical form and lowered the
density slightly. The GO-based ER fluid made with GO ball-
milled for 2 h had the best ER performance (shear stress of 78.5
Pa at a shear rate of 1 s−1), which was double that of the
nonmilled GO-based ER fluid and had fast response and
recovery times under applied electric fields. The ability to
control the size of a graphene sheet is an important advance
toward graphene commercialization using a high-quality,
scalable production process.

Figure 4. (a−d) Optical microscopy images of 2-h ball-milled GO
dispersed at 3 vol % in silicone oil under a 1 kV mm−1 electric field.
The gap between the two electrodes was fixed at 0.5 mm. The
randomly dispersed ball-milled GO aligned with the electric field
direction within a few milliseconds.

Figure 5. (a) DLS analysis of 2-h ball-milled GO dispersed at 3 vol %
in silicone oil (inset: extrusion of 2-h ball-milled GO-based ER fluid
from a needle). (b) Sedimentation properties of size-controlled GO-
based ER fluids (3 vol % in silicone oil) (inset: definition of the
sedimentation ratio).
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