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Abstract Graphene sheets can be effectively dispersed by a
novel ionic liquid-based polyether, poly(1-glycidyl-3-meth-
ylimidazolium chloride) (PGMIC), in aqueous solution. The
reduction of graphene oxide to graphene is confirmed by
UV–Vis and Raman spectrum in aqueous solution of
PGMIC. TEM image showed that the stable and uniform
dispersion of graphene sheets were obtained. Both the TGA
and AFM analysis indicated that the graphene sheet was
covered by PGMIC. FTIR spectra demonstrated that n–π,
cation–π interactions and electrostatic repulsions played
important roles in the dispersion of graphene sheets.
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Introduction

Graphene has received great interest due to their unique me-
chanical, thermal, electrical properties, and the potential of a
variety of promising applications [1–6]. Although graphene
has many remarkable properties, the major barrier for the
utilizations of graphene sheets is the lack of an efficient
approach to obtain abundant graphene sheets [7]. Different
methods have been suggested to prepare graphene sheets
including mechanical exfoliation, chemical vapor deposition,

and epitaxial growth [8–10]. However, those methods are
inadequate for the large-scale production because of the inef-
ficiency. The chemical method is more reasonable to exfoliate
graphene in solution to obtain single or few layered graphene
sheets, because various wet processes such as spin-coating,
spraying, and drop-casting are easily applicable by using
solubilized carbon nanomaterials.

Graphene oxide (GO) is easily dispersed by water or
polar organic solvents because GO contains many hydro-
philic oxygen-containing groups (carboxyl, hydroxyl).
However, the conductivity of the single layer of carbon
lattice is lower [11]. After chemical reduction or de-
oxygenation of GO to prepare graphene, the conductivity
could be improved to a greater degree. Herein, many works
of graphene were based on the chemical reduction of GO
[12–15]. In recent years, great efforts have been made to
obtain stable aqueous dispersion of graphene sheets by the
covalent and noncovalent chemistry [16–19]. While cova-
lent chemistry may leave some sp3 carbons in graphene
structure because of the covalent linkage, resulting the de-
creased electrical properties of graphene. The noncovalent
chemistry is a better method for graphene dispersion. This
method was usually carried out using hydrazine as a reduc-
tant [20] and polymer as a dispersant. Those polymers can
be divided into two types, nonionic polymers and ionic
polymers, which have different dispersion mechanisms.
For the nonionic polymer, the major dispersion mechanism
is attributed to hydrophobic interaction. The polyether is a
typical nonionic polymer, which is widely used in graphene
dispersion. Yoon et al. [21] demonstrated that the hydropho-
bic interaction between graphene and the nonionic polymer
of poly(N-vinyl-2-pyrrolidone) is responsible for this solu-
bilization of chemically reduced graphene in solution. Zu et
al. [22] reported the formation of the stable aqueous
copolymer-coated graphene solution is due to the noncova-
lent interaction between the hydrophobic PPO segments of

H. Gao : S. Zhang : F. Lu :H. Jia : L. Zheng (*)
Key Laboratory of Colloid and Interface Chemistry,
Ministry of Education, Shandong University,
Jinan 250100, China
e-mail: lqzheng@sdu.edu.cn

H. Gao
Chemical Synthesis and Pollution Control Key Laboratory
of Sichuan Province, China West Normal University,
Nanchong 637000, China

Colloid Polym Sci (2012) 290:1785–1791
DOI 10.1007/s00396-012-2720-0



the triblock copolymers (PEO-b-PPO-b-PEO) and the
hydrophobic graphene surface, whereas the hydrophilic
PEO chains extend into water. While the major reason
of graphene dispersions by ionic polymers belongs to
cation–π and/or π–π interactions and electrostatic repul-
sion, Jo et al. [23] reported that the stable aqueous
suspension of reduced graphene oxide could be obtained
by using a conducting polymer of poly(3,4-ethylene
dioxythiophene)/poly(styrene sulfonate) (PEDOT/PSS).
This approach involves the cooperative interactions of
strong π–π interactions between two-dimensional gra-
phene sheets and a rigid backbone of PEDOT and the
intermolecular electrostatic repulsions between negative-
ly charged PSS bound on the graphene sheets. Kim et
al. [24] successfully obtained a stable dispersion of
graphene sheets in an aqueous solution of poly(1-vi-
nyl-3-ethylimidazolium) salts. The dispersion mecha-
nisms could be classified into two aspects. On one
hand, parts of imidazolium cations in the polymer chain
function to bind the GO sheets. On the other hand, the
cation–π and/or π–π interactions between cation groups and
graphene play an important role. The stable suspension of
graphene was prepared by ionic compounds, which can en-
hance chemical stability and electrical conductivity for ad-
vanced optoelectronic applications [25]. Up to now, the effect
of ionic polyether, especially ionic liquid-based polyether, on
the dispersion of graphene sheets remains unknown.

In the present work, a stable aqueous graphene sheet
solution was investigated in the presence of poly(1-glycidyl-
3-methylimidazolium chloride) (PGMIC). The introduction of
imidazolium moieties into the PGMIC brings about electro-
static repulsions and cation–π interactions between imidazo-
lium moieties and π-structure of graphene. And the
hydrophobic chain could bind to the surface of graphene,
while some of hydrophilic chain immerses in water. Our
research may open up a new application prospect of ionic
liquid-based polyether.

Experimental section

Materials

GO was purchased from XF Nano, Inc., China and used as
received. Poly(epichlorihydrin) (Mn03000) were pre-
pared and purified according to the literature [26]. 1-
methylimidazole was purchased from Acros Organics. Ace-
tone, sodium hydroxide, and methanol are analytical-grade
reagents, obtained from Sinopharm Chemical Reagent Beijing
Co., Ltd. Hydrazine monohydrate (98 %) was purchased from
Aladdin Chemical Reagent Co., Ltd. All chemicals were used
without further purification. Distilled water was used through-
out the experiments.

Synthesis of poly(1-glycidyl-3-methylimidazolium
chloride) [27]

A mixture of poly(epichlorihydrin) (9.25 g) and 1-
methylimidazole (12.32 g) in distilled water (6.0 ml) was
stirred for 10 h under reflux. After evaporation of the sol-
vent, the residue was washed three times with 20 ml of
acetone/methanol (5:1). Then, the sample was dried at 50 °
C in vacuum oven for 2 days.

Dispersion of graphene sheets

GO (5 mg) was uniformly dispersed in 20 ml water by ultra-
sound for 10 min (100 Wand 40 kHz, KQ-250DB, Analytical
Instrument Inc., China). Then, the pH values of the suspen-
sions were adjusted to 12.0±0.2 with 1 mol/L NaOH solution.
PGMIC (200mg) and hydrazinemonohydrate were added into
the suspensions and the temperature was maintained at 80 °C
for 8 h. The GO in water is a bright brown-colored solution,
while the solution obtains a dark color after the progress of
reduction. Then, the solutions were sonicated for 10 min and
the suspensions of graphene sheets were centrifuged for
10 min (4,000 rpm, LG10-2.4A, Beijing Lab Centrifuge Co.,
Ltd., China), and then the dark-gray supernatant was carefully
decanted. The solution of PGMIC-G did not show any visible
precipitation for more than 1 month.

Characterization

The optical absorbance of the graphene suspensions was
measured by UV–Vis spectroscopy (Hitachi U-4100, Japan).
The wavelength range from 200 to 600 nm was used to
examine the absorbance of the aqueous solution of graphene
sheets and each sample was diluted ten times by distilled water
before measurements. Transmission electron microscopy
(TEM) observations were performed on a JEM-1011 (Japan)
with an accelerating voltage of 100 kV. The samples were
prepared by dipping a copper TEM grid into the graphene
dispersions (the sample was diluted 30 times) and dried at
room temperature. Fourier transform spectra were obtained
from a VERTEX-70 FTIR spectrometer (Bruker Optics, Ger-
many) using KBr pellet in the range of 4,000 to 400 cm−1. The
Fourier transform infrared (FTIR) measurements were carried
out at 25.0±0.1 °C. Thermogravimetric analyses (TGA) were
carried out using a TA SDTQ 600 (TA Co, American) to
investigate the thermal properties of samples. Studies were
conducted under inert atmosphere of nitrogen using 5–10-mg
samples at a heating rate of 10 °C/min in the range of room
temperature to 600 °C. Raman analysis was done on a Raman
spectrometer of Jobin-Yvon HR800 and AFM images were
obtained from atomic force microscope of Nanoscope III A
(USA). The microanalyses of C, H, and N were performed
with Elementar Vario EI III.
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Results and discussion

Dispersion of graphene in aqueous solution

Figure 1 demonstrates photographs of the aqueous solutions
of GO, graphene, and PGMIC–graphene (PGMIC-G). The
yellow–brown-colored solution of graphene oxide was
obtained after ultrasound, which changed to black after
treatment with the hydrazine hydrate, indicating that GO
had been reduced to graphene. Figure 1b shows the gra-
phene sheets in aqueous solution in the absence of ionic
liquid-based polyether. It is worthy to note that the graphene
sheets settled down within a few hours. The reason is that
the self-association between graphene sheets happens dur-
ing the reduction process. However, after PGMIC was

added into the aqueous solution, a black macroscopic ho-
mogenous dispersion was obtained in Fig. 1c. The PGMIC-
G solution was very stable at room temperature without any
precipitation even after high-speed centrifugation and the
homogeneous solution could keep stable for more than
1 month. The results indicate that the agglomeration of the
sheets is stopped when the graphene sheets surface is cov-
ered with PGMIC. The process of graphene dispersion in
aqueous solution of PGMIC is shown in Scheme 1.

UV–Vis and Raman spectrum

The UV–Vis spectra of GO, graphene, PGMIC, and
PGMIC-G in aqueous solution are shown in Fig. 2. The
spectrum of GO dispersion exhibits two characteristic fea-
tures: a maximum at 231 nm, corresponding to π → π*
transitions of aromatic C–C bonds, and a shoulder around
300 nm, assigned to n→ π* transitions of C═O bonds [28].
When GO was reduced to graphene with hydrazine, the
maximum of aromatic C–C bonds shifts to 267 nm and the
absorption peak of carbonyl bond disappears due to in-
creased conjugation. The absorption peak of PGMIC-G is
broader than that of graphene or PGMIC, implying PGMIC
is strongly attached to the graphene sheets surface [29].

The crystal structure of graphene is important for material
performance. The crystal structure of graphite is damaged
during the process of converting graphite to GO; while the
ordered crystal structure and some defects are repaired via
chemical reduction of GO [30]. The structure of GO, gra-
phene, and PGMIC-G were investigated by Raman
spectrum.

The Raman analysis of GO, graphene, and PGMIC-G is
shown in Fig. 3. The G band is usually assigned to the
E2g phonon of C sp2 atoms, while the D band is a

Fig. 1 Photographs of GO (a), graphene (b) and PGMIC-G (c) aque-
ous solution

Scheme 1 Schematic illustration of process for dispersing graphene sheets in aqueous solution of PGMIC. a Graphene, b PGMIC-G, c PGMIC
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breathing k-point phonon of A1g symmetry [31]. The
characteristic absorption peak of GO in the Raman spec-
trum are the G band at 1,605 cm−1 and the D band at
1,352 cm−1 [14]. Due to the extensive oxidation, the
intensity of the D band at 1,352 cm−1 was stronger than
G band [32]. The G band is narrowed and shifted to
1,584 cm−1 in (b), implying that GO has been reduced to
graphene. The intensity ratio of D and G band (ID/IG) of
GO is about 1.15, while the ID/IG of graphene increased
to 1.36. This change of ID/IG suggests a decrease in the
average size of the sp2 domains [33]. The ID/IG of
PGMIC-G was measured as 1.24, which is lower than
that of graphene, indicating that PGMIC-G has decreased
density of defects compared with graphene without
PGMIC [34]. These results demonstrate that GO is well
chemically reduced to graphene and the PGMIC-G has a

more ordered structure. However, the Raman spectra are
not significantly different between graphene and PGMIC-
G, suggesting that PGMIC molecules are noncovalently
physisorbed onto graphene sheets.

TEM and AFM measurements

TEM was used to investigate the level of the dispersion of
graphene sheets in aqueous solution. As can be seen in
Fig. 4, PGMIC-G is present as thin sheets with some folded
area with diameters of a few micrometers, which is larger
than most of the graphene sheets. This result demonstrates
that graphene sheets could be well dispersed in aqueous
solution by the aid of PGMIC. The selected area electron
diffraction pattern was marked by the circles, which were
composed of many diffraction spots. These spots make
regular hexagons with different rotational angles, indicating
a random overlay of individual graphene sheets coated with
PGMIC [35]. These results indicate the uniform dispersions
of graphene sheets could be obtained in aqueous solution.

In order to measure the dispersion degree of the graphene
sheets in aqueous solution of PGMIC, AFM imaging of the
dispersions (the sample was diluted 30 times) deposited
onto silicon substrate was measured. The AFM analysis is
shown in Fig. 5. The AFM image presented the lateral
dimensions ranging from 0.1 to 1.5 μm and the irregularly
shaped sheets of uniform thickness in Fig. 5a and b. The
different lateral dimensions could be caused by ultrasound,
which destroyed the structure of graphene sheet to a certain
degree. The PGMIC-G sheets are individually dispersed
with a thickness of about 5 nm. However, the GO sheet
exfoliated in water is about 1 nm and the theoretical thick-
ness of a single-layer graphene sheet is only about 0.91 nm

Fig. 2 UV–Vis absorption spectra of the aqueous solution of GO (a),
PGMIC-G (b), graphene(c) and PGMIC (d)

Fig. 3 Raman spectra of PGMIC-G (a), GO (c) and graphene (b)
Fig. 4 TEM image of PGMIC-G. The inset in panels is the selected
area electron diffraction SAED
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[18, 36]. The thickness of PGMIC-G sheet is much greater
than that of graphene and GO. It could be assigned to
PGMIC molecules, which covered on the graphene sheets
[37]. The increased thickness of PGMIC-G sheet implies
that strong interactions exist between PGMIC and graphene.

Dispersion mechanism

Figure 6 exhibits the TGA data of PGMIC and PGMIC-G.
PGMIC showed two mass losses, which took place at
∼200–300 °C and ∼300-400 °C. The phenomenon can be

ascribed to the respective degradation for the side-chains
and the backbone. The weight loss of PGMIC-G occurs
from ∼250 to ∼350 °C, which can be attributed to the
decomposition of the surface-bound PGMIC molecules
and the oxygen functional groups in the graphene [38].
Due to the interaction between graphene and PGMIC, the
weight loss is a slow and continuous process. And there
is no weight loss around 168 °C, indicating the GO was
completely reduced to graphene [33].

Fig. 5 AFM image of PGMIC-G (images at the bottom are the height profiles for the inserted lines)

Fig. 6 TGA of GO, graphene, and PGMIC-G
Fig. 7 FTIR spectra of graphene (a), PGMIC-G (b), PGMIC (c), GO
(d)
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To further investigate the interaction between PGMIC
and graphene, FTIR spectroscopy was used. FTIR spectra
of GO, graphene, PGMIC, and PGMIC-G are shown in
Fig. 7 and some significant changes are observed. The FTIR
spectra of water-soluble GO sheets showed C═O
(1,722 cm−1), C–O–C (1,044 cm−1), O–H (3,413 cm−1),
carboxyl C–O (1,380 cm−1), and aromatic C═C
(1,625 cm−1). When the PGMIC was added into the GO
suspension, the electrostatic attractions could be caused by
the interaction between imidazolium cations and the carbox-
ylic acid groups at the edges of GO sheets. Some parts of
imidazolium cations in the PGMIC chain bind to the GO
sheets [24], and the intermolecular electrostatic repulsions is
present between residual cationic charges in PGMIC bound
on sheets. After the GO is reduced by hydrazine under
alkaline conditions, the peak for C═O and C–O groups
gradually decreased in intensity, indicating that the majority
of the oxygen-containing groups of GO are gradually de-
oxygenated after hydrazine reduction. Due to the introduc-
tion of imidazolium groups, the intensity of the 1,480–
1,640 cm−1 region was enhanced in PGMIC-G. And the
peak around 1,076 cm−1 was also increased, which is
assigned to C–O–C groups of PGMIC. At the same time, a
new peak was present in PGMIC-G, which is attributed to
the C–Cl (742 cm−1) group, indicating that the graphene was
covered with PGMIC. The band of the C–Cl group, which is
present at 748 cm−1 in PGMIC, shifted to 742 cm−1 in
PGMIC-G; and the peak of the C–O–C group, which is
shown at 1,112 cm−1 in PGMIC, moved to 1076 cm−1 in
PGMIC-G. These changes are due to the charge transfer
from the lone pair of electrons on the C–Cl and C–O–C
groups of the PGMIC to the aromatic C═C of graphene
(n–π). The reason could be that the partial electrons escape
from the low-lying anti-bonding acceptor orbital [39, 40].
These results show that the hydrophobic chain is bound to
the surface of graphene. The region of the bands of cationic
imidazolium group (1,526–1,688 cm−1, PGMIC) was
shifted down to 1480–1640 cm−1 in PGMIC-G, indicating
that the introduction of imidazolium moieties into the poly-
ether brings about cation–π interactions between imidazo-
lium moieties and the aromatic C═C of graphene. Through
these interactions, the strong π–π and van der Waals inter-
action [41] between graphene layers are destroyed by
PGMIC and the stable suspension of graphene was obtained
in aqueous solution.

Conclusion

In summary, we have investigated the suspersion of gra-
phene sheets in the aqueous solution of ionic liquid-based
polyether. After the imidazolium moieties were introduced
into the polyether, the graphene sheets could be well

dispersed in aqueous liquid by this polymer. A more ordered
crystal structure of graphene was obtained in PGMIC solu-
tion by reducing graphene oxide. The graphene sheets are
covered by PGMIC in the uniform suspension. The cati-
on–π interactions, n–π interactions, and electrostatic repul-
sions have played important roles in the dispersion of
graphene by PGMIC. This work could provide insight into
developing various ionic liquid-based polyethers to disperse
graphene and other applications.
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