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raphene is a two-dimensional allo-
trope of carbon with a unique com-
bination of electrical conductivity,
mechanical strength, and high surface area.'?
These remarkable properties make it a pro-
mising additive for a wide range of applica-
tions, many of which require scalable pro-
duction of single- to few-layer graphene.
Liquid phase exfoliation methods have been
used broadly to produce colloidal suspen-
sions of graphene due to their scalability
and versatility for a wide range of applications,
including polymer composites,>* conductive
thin films,>® aerogels,”® solar cells’~"" and
inkjet printing.">~" This method involves the
exfoliation of graphene from a graphite
source and dispersion in a solvent. However,
this process is problematic because graphene
layers tend to aggregate and restack due to
strong intersheet van der Waals forces in
order to minimize surface free energy."'® To
overcome this problem, the graphene surface
must be altered (either covalently through
functionalization or noncovalently through
stabilization), as discussed below, or dis-
persed in graphene-specific solvents.'”
The most common liquid phase exfolia-
tion technique involves the oxidation of
graphite followed by exfoliation in water to
yield single-layer graphene oxide (GO), which
is marked by epoxide, —OH, and —COOH
groups.'®'® GO is electrically insulating, so
chemical and thermal methods are frequently
used to reduce GO; however, the structure
and electrical properties of reduced GO (RGO)
are never fully restored to those of pristine
graphene.®?*?" Furthermore, Rourke et al. re-
cently reported that GO on its own is not
soluble in water; instead, it is stabilized by
anomalous oxidative debris?? Even so, the
issue of GO solubility remains in question,
given the conflicting literature on this point.?®
With these difficulties in mind, it is desir-
able to exfoliate and disperse pristine,
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mers. The mechanism of stabilization by pyrene derivatives is investigated by studying the effects
of various parameters on dispersed graphene concentration and stability; these parameters
include stabilizer concentration, initial graphite concentration, solution pH, and type and number
of functional groups and counterions. The effectiveness of the pyrene derivatives is pH-tunable,
as measured by zeta potential, and is also a function of the number of functional groups, the
electronegativity of the functional group, the counterion, the relative polarity between stabilizer
and solvent, and the distance from the functional group to the basal plane. Even if the dispersion
is destabilized by extreme pH or lyophilization, the graphene does not aggregate because the
stabilizer remains adsorbed on the surface. These dispersions also show promise for applications
in graphene/polymer nanocomposites (examined in this paper), organic solar cells, conductive
films, and inkjet-printed electronic devices.
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concentrations of polymers and surfactants are re-
quired; this results in excess stabilizer in the dispersion.
In such dispersions, the low ratio of graphene to
stabilizer concentration may hinder the use of the
dispersion in composites, films, and electronic devices.
The excess stabilizer may adversely affect the enhance-
ment in mechanical and electrical properties of the
graphene-loaded final product.

Such disadvantages necessitate the search for a new
type of stabilizer that can efficiently stabilize a large
amount of graphene at low concentrations. Polycyclic
aromatic hydrocarbons (PAHs) show promise in this
regard due to their 7—m stacking interactions with
graphene.®? Pyrene is a prominent example of PAHs,
and functionalized pyrene derivatives have been re-
ported by various groups to stabilize carbon nanotube
and graphene dispersions.3® Adsorption of these com-
pounds onto the graphene surface occurs through
m— interactions between the planar surfaces of sta-
bilizer and graphene and reduces the surface free
energy of the dispersion. In these interactions both
aromatic planar surfaces share the electrons of
mr-orbitals in a noncovalent bond.

For instance, An et al. prepared aqueous graphene
dispersions using pyrenecarboxylic acid as stabilizer
for sensor and ultracapacitor applications.>* Similarly,
Zhang et al. exfoliated single layers of graphene into an
aqueous dispersion using pyrenetetrasulfonic acid so-
dium salt and aminomethylpyrene to fabricate trans-
parent conductive films.>> However, neither graphene
yield nor dispersion effectiveness and stability were
examined, and aggregates likely remained in these
dispersions and final products. In other attempts to
stabilize graphene through 7—z stacking, Xu et al., Su
et al., and Jang et al. used pyrenebutyrate and pyrene-
sulfonic acid sodium salt to stabilize graphene in water
for use in electrochemical, solar cell, and composite
applications.>* 38 However, in their studies, RGO was
initially prepared from GO and then stabilized in water.
In summary, the prior literature lacks a comprehensive
study of the parameters that control the effectiveness of
pyrene derivatives in stabilizing graphene in solution.

In the present paper, we establish a detailed study of
the application of pyrene derivatives as stabilizers for
pristine graphene. Using various pyrene derivatives
and varying the solution parameters, we evaluated
the impact of stabilizer concentration, functional
groups, counterions, and pH on dispersion quality,
and we were able to prepare dispersions with excep-
tionally high graphene/stabilizer yields. We demon-
strate that their molecular structure affects the
formation and strength of w—s interactions, which
determines the dispersed graphene yield.

RESULTS AND DISCUSSION

Dispersed Graphene Yield. We primarily demonstrate
that a range of pyrene derivatives are able to effectively

PARVIZ ET AL.

O
o QD

Pyrene 1-Aminopyrene 1-Aminomethyl
(Py-NH,) pyrene
(Py-M-NH,)

; () > B
OH
2% QQQ o [0

1-Pyrenecarboxylic i aci
Y o Y 1-Pyrenebutyric acid 1-Pyrenebutanol
aci (PBA) PB)
(PCA)
9 SOz Na* SO3° Na*

$-OH Na*
O ° oss ‘ o
(L) e S
Na*

SO; Na*

1-Pyrenesulfonic  1-Pyrenesulfonic acid sodium 1,3,6,8-
acid hydrate salt Pyrenetetrasulfonic
(Py-SAH) (Py-SASS) tetra acid tetra
sodium salt hydrate
(Py-(S03)a)

Figure 1. Chemical structure of the pyrene derivatives used
in this study with their names and corresponding acronyms
as used in the text.

stabilize graphene in water. The molecular structure of
all investigated stabilizers is shown in Figure 1. These
small molecules combine various functional groups
with pyrene as the aromatic basal plane. To confirm
the presence of single- to few-layer stabilized graphene
in the dispersions, the Py-SASS-stabilized graphene
samples were characterized using HRTEM; counting
the number of folds at the edge of a graphene sheet
in HRTEM images is a commonly used technique for
characterizing the number of layers2?394° A HRTEM
image of a Py-SASS-stabilized graphene sheet is shown
in Figure 2. The edge count of the graphene sheets
reveals that the Py-SASS-stabilized graphene is 2—4
layers thick, as commonly observed in sonicated and
centrifuged samples. These observations confirm our
claim that we have successfully stabilized few-layer
graphene. Additional TEM images along with lateral size
of the Py-SASS-stabilized graphene sheets are shown in
the Supporting Information (Figure S1).

The post-centrifugation graphene concentration in
the dispersion is the main indicator of stabilizer effec-
tiveness. To investigate the mechanism of stabilization,
the post-centrifugation graphene concentrations are
compared in Figure 3 and Figure S2 for pyrene deriva-
tives with different initial stabilizer concentrations. The
graphene concentration was calculated from the ab-
sorbance spectra. Pyrene, P-NH,, and PB were insoluble
in water, whereas other structures were dissolved in
water either by heating or by pH changes. A similar
trend is observed for all pyrene derivatives, where the
final concentration of graphene initially increases with
the addition of stabilizer and then decreases or remains
constant. Py-SAH and Py-M-NH2 became partially in-
soluble in water above their saturation concentration.
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Figure 2. TEM images of stabilized graphene layers in a Py-SASS/graphene dispersion. (a) The lateral size of graphene sheets
is about 2—2.5 um, and (b) the edges of the sheets indicate that the dispersion contains single- to few-layer graphene

as expected.
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Figure 3. Final concentration of graphene for different
pyrene derivatives. Initial concentration of expanded graph-
ite in all samples is 20 mg/mL. Error bars are included in
Figure S2 in the Supporting Information.

In this situation, excess stabilizer precipitates and
cannot interact with graphene sheets. Therefore, in
these samples the graphene concentration remained
constant beyond the stabilizer solubility limit. How-
ever, in the case of Py-SASS, Py-(SOs),4, PBA, and PCA,
the graphene concentration goes through a maximum
as the stabilizer concentration is increased.

The change of zeta potential with stabilizer con-
centration for Py-SASS-stabilized samples is given in
Figure S3. Zeta potential shows the net charge on the
surface of stabilized graphene sheets and represents
the degree of dissociation in functional groups of
stabilizer. For the Py-SASS-stabilized samples, the zeta
potential absolute value decreases with an increase in
the concentration of stabilizer. This verifies that the
degree of dissociation in the functional group of
Py-SASS decreases as the stabilizer concentration in-
creases. At lower stabilizer concentration, the degree
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of dissociation in functional group of the stabilizer
molecule is higher and adsorption on the gra-
phene surface occurs easily. However, fewer stabilizer
molecules are available for adsorption on the gra-
phene surface. An increase in stabilizer concentration
provides a higher number of stabilizer molecules,
which in turn increases the driving force for stabilizer
adsorption on the graphene surface. On the other
hand, the degree of dissociation decreases slightly
at medium stabilizer concentration. Hence, the net
charge on the surface of graphene sheets is slightly
lower, but still, it is sufficient to induce strong repulsive
forces between graphene sheets. In this condition,
more graphene sheets can be stabilized through ad-
sorption of a higher number of stabilizer molecules on
graphene sheets. At high stabilizer concentrations, the
degree of dissociation in functional groups drops
considerably, which alters the dispersion and electro-
static forces in the solution. Although a higher number
of stabilizer molecules is available for adsorption, the
affinity of the pyrene derivatives for adsorption onto
the graphene surface is less. Also, the adsorbed
molecules cannot induce strong repulsive forces be-
tween graphene sheets and prevent further aggregation
of graphene layers*' It is less likely that these pyrene
derivatives form large structures in the solution or parti-
cipate in self 7—s stacking at higher concentrations,*?
since the presence of functional groups at short distances
from the pyrene basal plane sterically hinders such an
arrangement of the molecules.

The most prominent achievement with the pyrene
derivatives is the high graphene to stabilizer ratio in
the final dispersion, which significantly exceeds other
graphene stabilizers such as polymers and surfactants.
(Note that higher ratios of graphene to surfactants
have been reported; however, lower centrifugation
duration and rate in these studies affect dispersion
quality.?®) A comparison of this ratio for Py-SASS, PVP,
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TABLE 1. Comparison of the Effectiveness of Surfactants, Polymers, and Pyrene Derivatives As Stabilizers for Graphene

Stabilizer Conc. of Initial Final
stabilizer Conc. graphene
(mg/mL) EG conc.
(mg/mL) (mg/mL)
SDBS 6 50 0.22 £0.03
PVP 10 580 1+01
Py-SASS &} 50 1+0.06

and SDBS is given in Table 1. The data for PVP and
SDBS show the optimal graphene to stabilizer ratio as
obtained from our previous studies under the same
experimental conditions (Supporting Information).?843
A given graphene dispersion quality can be achieved at
far lower mass content of pyrene derivatives than poly-
mers or common surfactants. Therefore, the use of
pyrene derivatives as stabilizers improves the dispersion
quality for applications in nanocomposites, films, and
electronic devices by reducing the amount of undesir-
able stabilizer molecules present in the product.

The effectiveness of pyrene derivatives for gra-
phene stabilization varied based on the functional
group attached to the pyrene. To evaluate the effect
of these groups, pyrene derivatives with the same
number of sulfonyl, carboxyl, and amine groups were
used in the experiments. The results in Figure 3 in-
dicate that Py-SASS is the most effective stabilizer; at its
optimum initial concentration, it yields 0.8 mg/mL
graphene dispersion. Depending on the sonicator
efficiency, the graphene concentration could increase
up to 1 mg/mL, which is the highest concentration ever
reported for pristine graphene stabilized by pyrene
derivatives or surfactants. Higher concentrations re-
ported in the literature were achieved over a long
sonication time (24 h) and at lower centrifugation rate
(500—1500 rpm) and duration (90 min).** At lower
stabilizer concentrations, Py-SASS and Py-SAH with
one sulfonyl group yielded the highest concentration
of stabilized graphene, while PCA and PBA with car-
boxyl groups led to lower concentration of graphene.
Py-M-NH, with an amine group was less effective than
other pyrene derivatives. These trends may be ex-
plained as follows. The adsorption of pyrene derivative
onto the graphene surface occurs through 7—x
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interactions. The variation of electron density on
the pyrene and graphene surface leads to electron
donation/acceptance from one surface to the other.
Variations in electron density on the aromatic planes
may be induced by temporary polarization of the pyrene
basal plane, which results in s-electron sharing between
graphene and pyrene. Polarization of pyrene occurs in
the presence of polar functional groups, which can
change the electrons' position in their vicinity. The
affinity of graphene layers to share electrons with
pyrene depends on the electronegativity of the func-
tional groups. With three atoms of oxygen and a sulfur
atom, the sulfonyl group in Py-SASS and Py-SAH has
the highest electronegativity relative to the other
groups. As a strong electron-withdrawing group, it
decreases the electron density on the pyrene basal
plane and increases its affinity for accepting electrons
from the sp>-hybridized carbon lattice of graphene.
Therefore, a higher number of single- to few-layer
graphene sheets that were exfoliated by sonication
can be stabilized through the adsorption of Py-SASS
and Py-SAH. The carboxyl group in PCA and PBA has
lower electronegativity due to the presence of a carbon
atom instead of a sulfur atom and one less oxygen
atom. The lesser electron-withdrawing strength in this
group decreases the tendency of graphene to share
electrons with pyrene. The amine group has the least
electronegativity compared to sulfonyl and carboxyl
groups. Thus, it is expected that Py-M-NH, will form
weaker t—z bonds with graphene sheets (Table S1).
A comparison between Py-SASS- and Py-(SOs)4-
assisted dispersions is represented in Figure 4. Unex-
pectedly, an increase in the number of functional
groups with high electronegativity yielded a lower
graphene concentration in the Py-(SOs)s-assisted
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Figure 4. Final concentration of graphene depends on the
number of functional groups. (a) Py-SASS-assisted disper-
sion with final graphene concentration of 0.11 mg/mL and
(b) Py-(SOs)4-assisted dispersion with final graphene con-
centration of 0.04 mg/mL. In both samples the concentra-
tion of stabilizer is 1 mg/mL.

dispersion. Moreover, the graphene was not stabilized
by Py-(S0Os)4 at concentrations higher than 1T mg/mL of
stabilizer. In Py-(SOs),, the symmetric arrangement of
functional groups around the basal plane may reduce
the probability of temporary polarization. Also, the
presence of four functional groups on the basal plane
increases the steric hindrance during the adsorption of
more Py-(SOs), molecules on the surface of graphene,
which may decrease the surface coverage. Addition-
ally, the dissociation of four sulfonyl groups around the
pyrene at low concentrations of stabilizer may cause an
accumulation of electrons on the pyrene and reduce its
affinity to withdraw electrons from the graphene
layers. This decreases the s-electron sharing and the
ability of Py-(SO3), to stabilize graphene in water. At
higher concentrations of Py-(SOs),, the concentration
of the sulfonyl group rapidly grows since the stabilizer is
tetrafunctional. As a result, the dissociation of sulfonyl
groups in water becomes less favorable and changes the
dispersion and electrostatic forces. In this situation, the
minimization of surface free energy may not go through
the adsorption path. Instead, complete aggregation oc-
curs, and Py-(SO3), molecules stay in the aqueous solution.

The distance of the functional groups from the
pyrene basal plane is also an important factor. A
comparison between PCA- and PBA-assisted disper-
sion shows how the distance from the pyrene basal
plane may affect the final graphene concentration. As
the concentration of PCA and PBA increased in the
dispersion, PBA was more effective than PCA. As con-
centration is increased, repulsion forces between ne-
gative surface charges increase. In such cases, a longer
distance from the basal plane reduces the density of
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Figure 5. Effect of initial concentration of expanded graph-
ite on final concentration of graphene. Error bars are given
in Figure S4.

electrons on the pyrene plane and eases the formation
of m—m bonds. This suggests that if the distance of four
sulfonyl groups from the pyrene basal plane increases
to an optimum value, then the electron density on the
pyrene may be optimized in such a way that Py-(SO3),
can stabilize graphene at higher concentrations.

Prior studies have demonstrated that 7—z interac-
tions are governed by a combination of dispersion and
electrostatic forces in proximity of the graphene/
stabilizer.*~* A comparison between Py-SASS and
Py-SAH dispersions reveals the effect of electrostatic
forces on graphene stabilization since the only differ-
ence between these two pyrene derivatives is their
counterions. At low concentrations of Py-SASS, the
final concentration of graphene was higher than any
other sample. This may be attributed to the ionic
strength and size of the sodium ion in Py-SASS, which
is greater than the ionic strength and size of the
hydrogen ion in Py-SAH. The polar functional groups
of pyrene derivatives dissociate in the aqueous solu-
tion, leaving a layer of counterions on the sides of the
graphene sheets. On the basis of DLVO theory, the
neutralization of ions occurs at a distance from the
surface.*® Therefore, a protective layer of counterions
with total negative surface charge forms on the
graphene layers. This layer acts as a shield thatimposes
strong electrostatic repulsion forces between ions with
the same size and prevents the aggregation of gra-
phene layers. Larger counterions with higher ionic
strength cause larger repulsive forces between coun-
terion shields and increase graphene stability.

Figure 5 depicts the effect of initial concentration of
expanded graphite on the concentration of graphene
in the final dispersion. For all pyrene derivatives
investigated, an increase in initial concentration of
expanded graphite led to an increase in final con-
centration of graphene. The presence of more ex-
panded graphite in the solution provides more adsorp-
tion sites of pyrene derivatives. However, a large
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Figure 6. Raman spectra for parent expanded graphite and
Py-SASS-stabilized sample. The graphene sample was pre-
pared using 3 mg/mL Py-SASS and 50 mg/mL expanded
graphite. The downward shift in 2D band shows the few-layer
nature of stabilized graphene. The shoulder seen in the 2D band
is due to the presence of Py-SASS on the graphene surface.

amount of expanded graphite may prevent efficient
sonication and exfoliation. Moreover, the rate of in-
crease in graphene yield depends on the choice of
stabilizer and its initial concentration. For Py-SASS at its
optimum initial concentration (3 mg/mL), the rate of
increase was significantly higher than in other samples.
This suggests that this particular stabilizer effectively
absorbs graphene as it becomes available.

Raman spectroscopy was used to evaluate the
degree of exfoliation. Figure 6 shows Raman spectra
for parent expanded graphite and Py-SASS-stabilized
graphene. Both Raman spectra displayed three domi-
nant peaks at about 1330, 1580, and 2680 cm™',
corresponding to the D, G, and 2D band. The G band
is representative of sp™hybridized carbon bonds in both
graphene and graphite, whereas the D band is represen-
tative of either edges or defects in the lattice. This effect is
quite weak in graphite. As the graphene flake size de-
creases during exfoliation, the number of graphene edges
exposed per flake increases, which explains the increase in
D band intensity in our samples.'”*° The 2D band can be
used to determine the graphene layer thickness.*® The
graphene sample shows a downward shift to a lower
wavelength, which confirms the few-layer nature of the
Py-SASS-stabilized graphene in the dispersion.

TGA was performed to study the thermal stability of
the Py-SASS-stabilized graphene, as shown in Figure 7.
For TGA analysis the Py-SASS-stabilized dispersion was
freeze-dried and washed with the same volume of
ethanol to remove the excess stabilizer. The rinsing
time was restricted to 2—3 min in order to minimize the
possibility of desorption of Py-SASS molecules form the
graphene surface. The graphene yielded a 5% mass
loss before the furnace temperature reached 500 °C,
which is attributed to the evaporation of adsorbed
water and residual oxygen-containing groups. The
thermal decomposition of Py-SASS occurs at approxi-
mately 600 °C, leaving approximately 27% of the mass,
which corresponds to the graphene. Thus, the surface
coverage of the Py-SASS on the graphene sheets was
calculated to be ~3.12 x 107 mol/cm?. Although the
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Figure 7. Thermogravimetric analysis of Py-SASS and
freeze-dried Py-SASS/graphene powder.

40 « Py-(s03)4 (6.5)
upySAH  (2)
APySASS  (7)
20 | PEA (1L5)

© PRMANHZ (35)

o PCA (11)

Zeta Potential (mV)

pH of dispersion

Figure 8. Zeta potential measurements at different pH
values of the dispersions. The original pH of each dispersion
before any changes is given in parentheses.

sample consisted of single- to few-layer graphene, the
calculations were based on a theoretical specific sur-
face area of 2630 m?/g for single-layer graphene in
order to give an approximation of the expected surface
coverage. This surface coverage is an order of magni-
tude higher than the previously reported surface cov-
erage of polymers on the graphene sheets.>°
Dispersion Stability. All centrifuged dispersions ap-
peared stable for several months, except the Py-SAH-
assisted dispersion, which showed signs of aggrega-
tion after 2 months. However, to quantify the stability
of the dispersions, zeta potential measurements were
done; we also investigated the effect of pH on stability.
Figure 8 represents the value of the zeta potential for
all dispersions at different pH values as well as the
original pH of the dispersion. Sulfonyl-containing sam-
ples had higher zeta potentials compared to other
samples. They were stable over a wide pH range and
became unstable solely in extremely acidic or basic
media. The Py-SASS- and Py-(SOs)-assisted samples
were the most stable dispersions at the original pH of
the solution, displaying zeta potentials stronger than
430 mV, which is a common stability benchmark. Py-
SASS-assisted dispersion actually increases its surface
charge as the pH becomes mildly acidic (3.5). However,
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Figure 9. Stability of PCA-stabilized sample against pH
changes: (a) The original dispersion at pH = 11, (b) the
destabilized dispersion after addition of acid at pH = 3, and
(c) the recovered dispersion after increasing the pH to 10.5
by addition of base. (Note that the concentration is lowered
simply by dilution effects of the acid and base.)

the Py-SAH sample was not stable at its original, acidic
pH. A slight change from the harsh acidic medium
to a pH value of 3.8 increased the zeta potential
significantly, and at a pH range of 6—8.5, this sample
became stable; this explains our earlier observation of
aggregation on a long time scale at the original pH.
Also, changes in the average particle size of these
dispersions are an indicator of graphene sheet aggre-
gation at specific pH values (Table S2). The PCA-, PBA-,
and Py-M-NH;-assisted samples were visibly stable for
several months, although measurements showed that
they had zeta potentials lower than 30 mV at their
original pH. Carboxyl groups are efficiently dissociated
only in basic media; so, the PCA- and PBA-assisted
dispersions were destabilized by a slight decrease in pH.
The Py-M-NH,-assisted dispersion was the only sample
with a positive surface charge, and its zeta potential value
did not change upon pH decrease. However, it immedi-
ately destabilized at higher pH values due to a reduction
in amine group dissociation in basic conditions.
Furthermore, it was possible to restabilize graphene in
the dispersion by addition of NaOH to recover the original
pH of the dispersion in PCA- and PBA-assisted disper-
sions. Figure 9 shows the destabilization and recovery of
the PCA-assisted dispersion. This observation proves that
pH changes do not affect the adsorption of stabilizer on
the graphene layer; instead, pH changes simply increase/
decrease the dissociation degree of functional groups
and hydrogen bonding between functional groups and
the solvent. This in turn impacts the electrostatic forces
on the graphene surface and results in further stabiliza-
tion/destabilization of adsorbed PCA and PBA molecules
on the graphene surface. Thus, the destabilization of PCA-
and PBA-assisted dispersions after decreasing the pH is a
reversible flocculation process rather than desorption of
stabilizer molecules from the graphene surface, which
leads to an irreversible agglomeration of the particles.
Dispersion stability was also tested by redispersion
of the samples after lyophilization. After centrifugation,
the dispersions were freeze-dried to yield a dark gray
powder, which was then redispersed in the same amount
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Figure 10. Apparent stability of the dispersions at high
temperatures. At temperatures above those in this graph,
the samples visibly aggregated. Error bars are given in the
Supporting Information (Figure S5).

of water. In the case of sulfonyl functional groups in Py-
SASS- and Py-SAH-assisted dispersions, the freeze-dried
powder was easily redispersible without any need for
sonication. In all other samples, partial sedimentation of
graphene was observed after centrifugation.

The visible stability of dispersions against increases in
temperature is depicted in Figure 10. The Py-SASS-as-
sisted dispersions were stable up to 100 °C. Dispersions
containing sulfonyl groups were stable up to higher tem-
peratures than stabilizers with other functional groups.
This might be attributed to their stronger interactions
with the graphene surface. Stability at higher tempera-
tures makes these dispersions promising for applications
in nanocomposites and electronic devices.

Solvent Effects. In addition to water, other organic
solvents, i.e.,, ethanol, methanol, and acetone, were
also investigated in this study. However, graphene
sheets were stabilized only in aqueous solution, and
any attempt to disperse graphene in other solvents led
to immediate sedimentation of graphite after sonica-
tion. This may be attributed to the difference between
the polarity and surface free energy of water and those
of other solvents used in this study. The driving force
for stabilizer adsorption occurs if the difference in
polarity between the stabilizer and the solvent is
sufficiently large. This effect is much stronger in water
than other solvents; in water, the pyrene basal plane
minimizes its free energy by adsorbing to the graphene
surface. Ethanol, methanol, and acetone have lower
polarity and surface energies and do not induce adsorp-
tion of the pyrene basal plane. Without sufficient stabilizer
adsorption, the graphene simply aggregates.

The concentration of graphene after addition of
ethanol to the Py-SASS-assisted dispersion and centri-
fugation is represented in Figure 11. The pH of the
dispersion gradually changed from 6.6 in the original
dispersion to 7.2 in the presence of a 90 vol % of
ethanol. The graphene concentration decreased con-
siderably by addition of ethanol after 1 h centrifuga-
tion. The presence of ethanol in the dispersion changes
the polarity of the solution and also the difference
between the polarity of Py-SASS and solvent. This leads
to desorption of some Py-SASS molecules from the
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Figure 11. Final concentration of graphene as a function of
vol % of ethanol and centrifugation time. Ethanol was
added to an aqueous dispersion of graphene to prepare
dispersions containing 10 to 90 vol % ethanol.

surface of the graphene sheets. At a lower concentra-
tion of Py-SASS molecules on the surface, the repulsive
forces between graphene layers are weak, and aggre-
gation ensues. When the amount of ethanol in the
dispersion exceeded 60 vol %, the polarity of disper-
sion changed in such a way that most of the Py-SASS
molecules desorbed from the graphene layers during
the first hour of centrifugation, and complete aggrega-
tion of graphene sheets occurred. Further centrifuga-
tion for another 1 h led to complete aggregation of
graphene sheets in samples containing 50 and 60 vol %
ethanol. This observation verifies that desorption of
Py-SASS molecules from the surface of graphene sheets is
a transition between two equilibrium states, which is a
time-dependent process. The graphene concentration in
samples containing 10—40 vol % did not change with
overnight centrifugation, indicating that the contribution
of up to 40 vol % of ethanol in the dispersion medium
allows the adsorption of a limited number of Py-SASS
molecules, which is required for graphene stabilization.
Polymer Nanocomposites. Prior applications of pyrene
derivative-stabilized graphene have focused on chem-
ical sensors>* We investigated the applicability of
these dispersions in polymer composites for the first
time. The preparation procedure and results are ex-
plained in the Supporting Information. Electrically
conductive graphene/epoxy composites were pre-
pared using the Py-SASS-stabilized graphene (Figure S6).
SEM images of these composite are represented in
Figure S7. The compatibility of Py-SASS- and Py-SAH-
stabilized dispersions with an epoxy matrix resulted in
a successful preparation of a conductive graphene/
epoxy composite. In contrast, graphene dispersed by
SDBS (a common conventional surfactant) was not

MATERIALS AND METHODS

Materials. Expanded graphite was provided by Asbury Car-
bons (CAS# 7782-42-5, grade 3805). The stabilizers, pyrene,
1-aminopyrene (Py-NH,), 1-pyrenemethylamine hydrochloride
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compatible with the epoxy matrix. The presence of
large amounts of SDBS, which might not be compatible
with epoxy, can cause a phase separation during the
preparation. These results showed the advantage of
stackers over surfactants when used as stabilizer in
graphene dispersions. Dispersed graphene sheets in
the epoxy matrix are shown in Figure S8. Also, the
electrical conductivity and mechanical properties
(Table S3) of this sample were comparable with the pre-
vious results obtained by our group for PVP-stabilized
graphene/epoxy composite.?®*"

CONCLUSION

We used various pyrene derivatives to stabilize high
concentrations of graphene sheets in aqueous disper-
sions, which were stable for several months. Among all
our pyrene derivatives, Py-SASS was the most effective
one, yielding graphene final concentrations as high as
0.8—1 mg/mL. The most notable achievement with
pyrene derivatives was the graphene to stabilizer yield
obtained in the dispersions, which significantly ex-
ceeds this value in polymer- and surfactant-stabilized
samples. We found that a sufficient difference between
the polarity of the solvent and the stabilizer is required
for adsorption onto the graphene surface. We also
investigated the role of functional groups of pyrene
derivatives in the stabilization process and that the
functional groups with higher electronegativity are
more efficient in driving the adsorption of stabilizers
onto the graphene layers. At the same time, the
number of functional groups, their arrangement
around the pyrene basal plane, and their distances
from the pyrene molecule should be optimized to give
the highest number of adsorbed molecules and stabi-
lized graphene. Zeta potential measurements showed
that pyrene derivatives with sulfonyl groups produce
the most stable dispersion over a wide range of pH.
However, pyrene derivatives with carboxyl and amine
groups were stable at specific pH values, and a slight
change from the original pH caused destabilization in
their dispersions. Finally, we prepared graphene/epoxy
composites using this dispersion and compared them
with PVP-stabilized graphene/epoxy composites. Simi-
lar mechanical and electrical properties were obtained
for both types of samples, while significantly less
stabilizer was used in the present case. By knowing
the effect of each parameter in the stabilization of
graphene, we may design ideal graphene stabilizers by
manipulating the molecular structures in order to
obtain graphene dispersions with high quality.

(Py-M-NH,), 1-pyrenecarboxylic acid (PCA), 1-pyrenebutyric
acid (PBA), 1-pyrenebutanol, 1-pyrenesulfonic acid hydrate
(Py-SAH), 1-pyrenesulfonic acid sodium salt (Py-SASS), and
1,3,6,8- pyrenetetrasulfonic acid tetra sodium salt (Py-(SOs),),
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were purchased from Sigma-Aldrich. Polyvinylpyrrolidone (PVP)
with M,, ~10000 was purchased from Sigma-Aldrich. Sodium
dodecylbenzenesulfonate (SDBS) was purchased from MP Bio-
medicals. All the chemicals were used as received.

Preparation of Graphene Dispersions. Pyrene derivatives with
various functional groups were used as stabilizers. In a typical
preparation, a specific amount of stabilizer was added to 20 mL
of deionized water (DI) and stirred at 80 °C to obtain a clear
solution of stabilizer in water. When PCA and PBA were used as
stabilizer, the pH of the solution was increased to 10 by addition
of ammonium hydroxide in order to dissolve them in DI water.
Expanded graphite (EG) was added to this solution and tip
sonicated for 1 h using a Misonix sonicator (XL 2000) at an
output wattage of 7W at room temperature. During the sonica-
tion the temperature was kept at room temperature using anice
bath in order to maintain the efficiency of exfoliation. The
dispersion was then centrifuged (Centrific Centrifuge 225,
Fischer Scientific) at 5000 rpm for 4 h to remove larger aggre-
gates, and the supernatant was collected. This stable dispersion
was used for further characterizations and composite produc-
tion. The initial concentration of stabilizer was different for each
stabilizer and varied from 0.5 to 7 mg/mL in this study. The ratio
of the initial concentration of EG to initial concentration of
stabilizer was 10, 20, and 30 in order to study the effect of
concentration of EG on dispersion. The exact amount of pyrene
derivatives and the ratio of pyrene derivatives to graphite are
given as data points in Figure 3 and Figure 5. Graphene
dispersions were prepared by the same procedure using PVP
and SDBS as stabilizers to compare the effectiveness of pyrene
derivatives against other types of stabilizers. The initial concen-
tration of SDBS and PVP was 6 and 10 mg/mL, respectively.

Characterization of Graphene Dispersion. UV—vis spectroscopy
was performed on a Shimadzu UV—vis spectrophotometer
2550 at a wavelength of 660 nm on the liquid samples to
measure the concentration of the graphene in dispersion. To
eliminate the effects of the stabilizer solution, the absorbance
was measured against the stabilizer solution. The concentration
was determined using Beer's law. Vacuum filtration was used to
calculate the extinction coefficient of stabilizer solution in
water. A regular vacuum filtration setup was utilized to measure
the concentration of graphene in the dispersion. A polytetra-
fluoroethylene filter paper with a pore size of 0.02 um was used.
The mass of the filter paper before and after filtration was mea-
sured and used to determine the concentration of graphene.
The same filtered samples were used to measure Raman spectra
on a Renishaw Raman microscope using a 633 nm He_Ne laser.

High-resolution transmission electron microscopy (HRTEM)
samples were prepared by deposition of liquid samples on
400 mesh carbon-coated copper grids (Electron Microscopy
Sciences, CF400-Cu) and air drying for 1 min. A voltage of 75 kV
was used to image the samples on a Hitachi H8100.

Thermogravimetric analysis (TGA) was carried outin a TGA i
1000 (Instrument Specialist Inc.). The temperature was raised
from 0 °C to 1000 °C at the rate of 10 °C/min.

Zeta potential measurements were conducted on a Zetatrac
analyzer from Microtrac Inc. Two laser beams at 780 nm were
irradiated to measure the electrophoretic mobility of particles
using the principles of dynamic light scattering. The Zetatrac
analyzer calculates the value of the zeta potential from electro-
phoretic mobility using the Smoluchowski equation: & = un/e,
where & is the zeta potential, « is the mobility,  is the viscosity
of the solution, and ¢ is the dielectric constant of the solvent.
Also, the variation of zeta potential against pH changes was
assessed for Py-SASS-, Py-SAH-, Py-(SO3),4-, Py-M-NH,-, PCA-, and
PBA-stabilized dispersions. For these experiments the original
pH of dispersion was changed by dropwise addition of hydro-
chloric acid (HCl) and sodium hydroxide (NaOH) to the disper-
sions in an autotitrator from Microtrac Inc. All measurements
were conducted at room temperature.

Dispersion Stability Tests. Graphene dispersions were frozen in
a freezer at —20 °C and further dried in a freeze-dryer (Vitris
benchtop freeze-dryer) overnight to yield dry powdered sam-
ples. The freeze-dried samples were redispersed in water and
sonicated for 5 min. Redispersed samples were centrifuged,
and the concentration of graphene in the supernatant was
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measured to evaluate the redispersibility of the graphene.
Visible stability of the dispersion at higher temperatures was
tested by heating and centrifugation of the dispersions. Sam-
ples were heated gradually, and after each 10 °C raise in the
temperature they were centrifuged for 30 min to check the
possibility of visible sedimentation at higher temperatures.
Above 70 °C, samples were centrifuged after each 5 °C raise
in the temperature.

Desorption of Py-SASS from the graphene surface in the
presence of ethanol was studied by adding ethanol to Py-SASS-
assisted dispersions to get dispersions with 10—90 vol % of
ethanol. All samples were centrifuged simultaneously for 1 h,
and then the concentration of graphene in the supernatant was
measured to study desorption of Py-SASS from graphene in the
presence of ethanol. Samples containing graphene in the
supernatant were centrifuged for another 1 h to test the time
dependence of the desorption process.
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