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ABSTRACT A practical route to the production of solution phase transferable graphene sheets using ionic

liquid polymers (PIL) as a transferring medium is developed. Chemically converted graphene sheets decorated with

PIL were found to be stable against the chemical reduction and well dispersed in the aqueous phase without any

agglomeration. Upon the anion exchange of the PIL on graphene sheets, these PIL-modified graphene sheets in

aqueous phase are readily transferred into the organic phase by changing their properties from hydrophilic to

hydrophobic.
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graphene oxide - ionic liquid polymers - phase

raphene represents a new class of

two-dimensional carbon nano-

structure, which is a single layer of
carbon atoms in a hexagonal lattice, that
could potentially be utilized in electronic
devices such as field-effect transistors, ultra-
sensitive sensors, and electromechanical
resonators.' ~* Although remarkable prop-
erties such as high values of mechanical
strength (fracture strength, 125 GPa),” ther-
mal conductivity (~5000 W m~' K~1),° mo-
bility of charge carriers (200 000 cm? V™!
s~"),” and specific surface area (calculated
value, 2630 m? g~")® have been reported for
graphene sheets, the technological devel-
opment of graphene sheets is hampered
because of the lack of an efficient approach
for producing processable graphene sheets
in large quantities.® Graphene sheets have
been prepared using various methods in-
cluding mechanical cleavage of graphite,?
epitaxial growth using chemical vapor
deposition,'® and thermal fusion of polycy-
clic aromatic hydrocarbons."' However, the
low productivity of these methods makes
them unsuitable for large-scale use.'? Thus,
the most promising route for the bulk pro-
duction of these sheets is the exfoliation of
graphite in the liquid phase to form single-
or few-layered graphene sheets. The most

1612 A“t%\&) VOL.4 = NO.3 = KIM ET AL.

common technique has been the oxidation
and subsequent exfoliation of graphite to
make graphene oxide.'? This solution-
based route involves the chemical oxida-
tion of graphite to hydrophilic graphite ox-
ide, which can be readily exfoliated as indi-
vidual graphene oxide (GO) sheets in water
utilizing the electrostatic repulsion of the
negatively charged oxygen groups on the
graphene surface. Graphene oxide, which is
electrically insulating, can be restored to
conducting graphene by removing the oxy-
gen containing groups on the basal plane
and edges using reducing agents such as
hydroquinone, NaBH,, and hydrazine. How-
ever, the graphene sheets obtained
through the chemical conversion method
tend to form irreversible agglomerates
through van der Waals interaction, making
further processing difficult.® Thereby, the
prevention of aggregation is of particular
importance for most of proposed applica-
tions of graphene sheets to be realized.
Considerable efforts have been devoted
to dispersing graphene sheets in water us-
ing pH-controlled reduction of the GO dis-
persion'* or stabilizing reduced GO sheets
with polymeric or surfactant dispersants
such as poly(sodium 4-styrenesulfonate),'®
pyrene butyrate,'® and ssDNA."” Further at-
tempts to produce isolated graphene
sheets in organic solvents have also been
made using particular solvents such as N,N-
dimethylformamide, N-methyl-pyrrolidone,
and tetrahydrofuran.'®'® More recently,
ionic liquids (ILs) have been proposed as
an effective medium for the exfoliation of
graphene sheets directly from graphite
anode.?®?" Even though all of these routes
have successfully provided graphene
nanosheets in water or certain organic sol-
vents, the production of a stable dispersion

www.acsnano.org



of graphene in a wide range of dispers- o= L .

ing medium still remains challenging for ~ ~. -y > B ;g!i
- Reduction R i g

the fabrication of graphene-based de- _— s _*tLINTz X

vices. The successful dispersion of A L &> +TBAB e -

graphene sheets would enable the use h @ 2 C% \\

of low-cost solution processing tech- Srhonalo &

niques such as drop-casting, spraying, - (‘é;‘g, %€ Polytionic liquid) ‘aquI:Llféggfs i (ozkiﬁggsﬁn :

and dip- or spin-coating to fabricate

graphene-based materials and further

broaden their application in organic elec- "
tronics utilizing graphene sheets as the i

. . —_—
active layers. PIL(Er-Gin HO ‘—. HO «——
Herein, we mtrodu.ce a procedure ! pC —— PILINTI}GIn PC*—;
that allows the reversible phase transfer b "
of graphene sheets between water and Scheme 1. Schematic illustration of the synthetic process for the PIL-modified graphene
organic solvents. In this procedure, we sheets (PIL-G). Chemical reduction of the graphene oxide (GO) dispersion with hydrazine in

P T _ the presence of water-soluble PIL(Br) produced a stable aqueous suspension of the PIL(Br)-G.
used ionic liquid polymers (or polymer Anion exchange of PIL leads to the phase transfer of PIL-modified graphene sheets be-

ized ionic liquid, PIL) to stabilize the iso-  tween aqueous and organic solvent media (propylene carbonate).

lated graphene sheets and provide a

functionality for transferring graphene sheets between
the aqueous and organic phases. This work was an ex-
tension of previous demonstrations for imidazolium-
based PIL that showed a tunable solubilizing character-
istic with respect to the types of anions coupled with
imidazolium polycations and thus can be utilized as the
phase transferring vehicles for nanomaterials, which
has been recognized in w-conjugated polymers®*23
and single-walled carbon nanotubes.* Specifically,
poly(1-vinyl-3-ethylimidazolium) salts were synthesized
and exploited as functional materials that were capable
of forming a complex with graphene sheets and switch-
ing surface properties of the graphene sheets from a
hydrophilic to a hydrophobic phase. The graphene
sheets were reversibly transferred between aqueous
and organic solutions through a simple anion exchange
treatment of PILs.

RESULTS AND DISCUSSION

The production of phase transferable graphene
sheets was achieved through the sequential chemical
reactions in Scheme 1 (see Methods section). In the first
step, an aqueous suspension of GO was prepared by
the exfoliation of graphite through chemical oxidation.
The yellowish color of GO suspension is characteristic of
highly oxidized and fully suspended GO sheets.

In the second step, GO sheets suspended in water
were modified with a hydrophilic ionic liquid polymer
which consists of an imidazolium polycation and a bro-
mide anion, that is, PIL(Br). A black and homogeneous
suspension of PIL(Br)-modified graphene sheets,
PIL(Br)-G, was then obtained in water by chemical re-
duction with hydrazine monohydrate. This aqueous
PIL(Br)-G suspension was stable for more than 6
months, while the reduced GO without PIL(Br) precipi-
tated out from solution within 10 min in the control ex-
periment. This observation indicates that PIL plays an
important role in stabilizing graphene sheets in aque-
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ous solution without aggregation during the reduction
process. It should be also noted that the polymeric form
of ionic liquid (M, of PIL =~ 170 000) is important to ef-
fectively stabilize the graphene sheets, since the use of
ionic liquid monomer led to significant aggregation of
graphene sheets during the chemical reduction.

In the next step, a phase transfer process was car-
ried out to obtain PIL-modified graphene sheets in or-
ganic solvents. Interestingly, an aqueous suspension of
PIL(Br)-G was readily transferred into an organic phase
by exchanging the counteranion of PIL onto the
graphene sheets. When an equivalent mole of lithium
bis(trifluoromethylsulfonyl) amide (Li*NTf,”) was added
into the aqueous suspension of PIL(Br)-G, black precipi-
tates were formed in water by an immediate substitu-
tion of the hydrophilic anions (Br~) with hydrophobic
anions (NTf,~ or CF3SO,—N-SO,CF3) in the PIL. The re-
sulting hydrophobic PIL(NTf,)-modified graphene
sheets, PIL(NTf,)-G, were isolated and readily redis-
persed in a wide range of polar aprotic solvents such
as propylene carbonate (PC), dimethylformamide
(DMF), acetonitrile (AN), tetrahydrofuran (THF),
N-methyl-pyrollidone (NMP), and nitromethane (NM).
These organic solvent suspensions of PIL(NTf,)-G also
remain dispersed for over 6 months. Furthermore,
PIL(NTf,)-G suspended in the organic solvents was re-
versibly transferred from the organic phase to the
aqueous phase in a similar manner through the addi-
tion of appropriate salts containing hydrophilic anions
such as tetrabutylammonium bromide (TBAB) or tet-
rabutylphosphonium bromide (TBPB). Therefore, the re-
versible phase transfer of graphene sheets between
aqueous and organic phase has been accomplished by
the simple anion exchange treatment of PILs.

The PIL-G sheets suspended in either aqueous or or-
ganic solutions were deposited onto a variety of sub-
strates and were characterized by a number of physi-
cal methods that clearly demonstrated the production
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Figure 1. TEM images of the chemically converted graphene sheets (a) in the presence of and (b) in the absence of PIL; (c) tapping mode
AFM image of the PIL-G processed from organic suspension. Height profiles across the PIL-G sheets indicating the thickness of
~1.9 nm.

of single- or few-layered graphene sheets. The level of
exfoliation of the dispersed graphene samples was
characterized using transmission electron microscopy A
(TEM) as shown in Figure 1 a,b. The TEM image of PIL-G
revealed the presence of thin graphene layers with oc-
casional folding while large objects with a thickness of
more than a few layers were rarely observed. In con-
trast, the reduced GO without PIL was composed of
thick plates with a multilayered structure near the
edges because of the agglomeration that occurred dur-
ing the reduction.

The specimens for the atomic force microscopy
(AFM) were prepared by drop-casting the PIL-G suspen- -
sion (1.5 mg mL™") onto a silicon wafer substrate. Fig- L L1 =
. . . 200 250 300 350 400 450 500 550 600
ure 1c shows a typical AFM image collected in the tap- Wavelength (nm)
ping mode displaying the morphology and thickness of
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the PIL-G sheet. The AFM image showed that PIL-G B |¢°
sheets of different lateral dimensions are stacked with
each other, and the corresponding line-scan indicated
that the average thickness of PIL-G was 1.9 nm. Ourre- o | a0 ;
sult showed that the thickness of PIL-G is much larger é c-0
than the reported value (~1 nm) of GO monolayer fab- £ |PiL(Br-G
ricated from the water suspension.”'? This result could g
be attributed to the adsorbed PILs of large molecular di- ®
mension on both surfaces of the single graphene F
PIL(NTR)-G
sheets.
The formation of stable PIL-G suspension allows the t |
reaction to be monitored by UV—vis spectroscopy, and . . . . b
the results are shown in Figure 2a. The GO suspension 4000 3500 3000 2500 2000 1500 1000 500
-1
displayed an absorption maximum at 230 nm, while Wavelength (cm )
the reduced GO and PIL(Br)-G suspension in water Figure 2. (a) UV—vis spectra and (b) FT-IR spectra of GO, reduced
showed a bathochromic shift of the absorption peak GO (r-GO), an aqueous suspension of PIL(Br)-G, and an organic
ducti | ith an i . phase suspension of PIL(NTf,)-G. In FT-IR spectra, the band ap-
to 270 nm upon reduction, along with an increase in pearances that are marked as arrows correspond to the NTf, an-
the background absorbance. This result suggests that ion of the PIL.
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Figure 3. (A) Carbon 1s XPS profile of GO (left) and PIL(Br)-G (right); (B) comparison of XPS profile between hydrophilic PIL(Br)-G (up-

per) and hydrophobic PIL(NTf,)-G (lower).

the restoration of w-conjugated network within the
graphene sheets occurred upon chemical reduction,'*
and the presence of PIL(Br) does not change the degree
of reduction, which is supported by the conductivity
value of PIL(Br)-G sheets (~36 S/cm).

Fourier transform infrared (FT-IR) spectroscopy in
Figure 2b gives the characteristic absorption of func-
tional groups and organic molecules on the graphene
sheets. The FT-IR spectra of GO sheets showed (=0
(1725 cm™"), aromatic C=C (1621 cm™ "), carboxy C—0O
(1382 cm™"), epoxide/ether C—0 (1231 cm™"), and
alkoxy/alkoxide C—O stretches (1027 cm™"). In compari-
son to the IR spectrum of GO, those for PIL(Br)-G
showed a decrease in (0 and C—O stretch intensi-
ties, confirming deoxygenation of the graphene sheets
after chemical reduction. Upon anion exchange of PILs,
the appearance of new bands corresponding to the
NTf, anion (1341, 1193, 1133, 1046 cm ™) was observed,
indicating a successful anion exchange and formation
of the corresponding hydrophobic PIL(NTf,)-G.

To monitor the composition of PIL-modified
graphene sheets, we employed X-ray photoelectron
spectroscopy (XPS). In Figure 3a, the C 1s XPS spectrum
of GO clearly indicates a considerable degree of oxida-
tion with four different components which can be de-
convoluted into sp?-hybridized C—C in aromatic ring
(284.6 eV), C—0 (286.8 eV), (=0 (288.0 eV), and C(O)OH
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(289.1 eV). The atomic percentage (atom %) for differ-
ent carbon functional groups is calculated with respect
to the total area of the C 1s peak. Our observation indi-
cates that the majority of oxygen groups consists of
C—0 bonds (36 atom %) which come from epoxide/
ether and hydroxyl groups in the basal plane, while
C=0 (10 atom %, carbonyl) and C(O)OH (3 atom %, car-
boxylic) are present primarily at the edges of GO sheets
in lesser amount. In comparison to the C 1s spectrum
of GO sheets, that of the PIL-G sample clearly exhibited
an increase in the C—C component and corresponding
decrease in C—0 (8 atom %) and C==-0 (3 atom %) com-
ponents, indicating the restoration of large domains of
m-conjugated structure. Additionally, new component
at 285.6 eV corresponding to carbon bound to nitrogen
(C—N) was observed because of the functionalization
of graphene sheets with N-atom containing PIL mol-
ecules, which is also observed in the N 1s XPS spectrum
in Figure 3b (left). On the basis of the above results,
we could conclude that the oxygen functional groups
are partially removed by the chemical reduction and
the reduced GO sheets are modified by PIL(Br), result-
ing in the formation of PIL(Br)-G sheets that are electri-
cally conductive but also water-dispersible. After the
phase transferring of PIL-G sheets through anion ex-
change process, a change in the N 1s XPS spectrum was
observed with two distinctive peaks for the energeti-
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cally well-separated imidazolium cation and the hydro-
phobic anion (NTf,7) at 401.8 and 399.1 eV, respectively.
The S 2p at 169.5 eV and F 1s at 687.9 eV also supports
the presence of NTf,™ anions, confirming the successful
anion exchange of the PIL and the formation of
PIL(NTf,)-G.

During the chemical processing from pristine graph-
ite to GO and then to the PIL-modified graphene sheets,
graphene sheets are expected to undergo structural
changes through the rearrangement of the carbon at-
oms in the basal plane. Such structural changes were
monitored by Raman spectroscopy with a laser excita-
tion of 514.5 and 632.8 nm, as shown in Figure 4. The
studied film had been deposited on an alumina mem-
brane by vacuum filtration and rinsed with water before
drying. The Raman spectrum of the pristine graphite
with 632.8 nm laser displays a prominent G peak at
1582 cm™! corresponding to the first-order scattering
of the E;q mode, and 2D peak at 2726 cm ™" originating
from two phonon double resonance Raman process.>
In the Raman spectrum of GO, the G peak is broadened
and the D peak becomes prominent, indicating the re-
duction in size of the in-plane sp? domains possibly due
to the extensive oxidation. The Raman spectrum of the
PIL-modified graphene sheets are characterized by a
presence of D (1324 cm™"), G (1591 cm™"), and 2D (2642
cm ') peaks with an increased D/G intensity ratio com-
pared to that in GO. This result suggests a creation of
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new graphitic domains that are smaller in size but more
numerous in number.'? The intensities of 2D peaks
with respect to the D and G peak are small due to dis-
order and they have been enlarged 10 times to demon-
strate the shift between pristine graphite and PIL-
modified graphene sheets. The shift in this peak can
be used to estimate the number of layers in graphene
sheets.?>?° In the lower panels in Figure 4, the 2D bands
of pristine graphite, GO, and PIL-modified graphene
sheets are compared, in which the 2D peak positions
in PIL-G are shifted considerably to a lower wavenum-
ber by more than 50 cm ™. This result seems to indicate
a decrease in the number of layers in PIL-modified
graphene products, mainly due to the effective stabili-
zation of graphene sheets with PIL during the reduction
process. However, broad 2D peak of PIL-G with full
width at half-maximum (fwhm) of approximately 130
cm™ 1, which is comparable to the result from other re-
search groups,”® makes an exact identification of the
number of layers difficult. We suggest this feature is
dominated by edge effects as the Raman excitation
beam spot size of ~1.5 wm is larger than most of the
graphene sheets, while we cannot rule out the possibil-
ity that some of graphene sheets were reaggregated
during filtration in sample preparation. Nevertheless,
the shape and position of 2D bands appears to be char-
acteristic of thin graphitic platelets composed of less
than five layers by comparison to other literature.*

From all previous results, we have shown that
PILs promote the effective stabilization of the re-
duced GO sheets in water and/or organic solvents
by the favorable interaction with the graphene
sheets. Given the carboxyl acid groups at the edges
of GO sheets, we suggest that the interaction of im-
idazolium cations in PIL with the carboxylic acid
groups at the edges of GO sheets would be strong
via electrostatic attractions. Therefore, parts of imi-
dazolium cations in the PIL chain function to bind
and stabilize the GO sheets, while the rest of imida-
zolium cations coupled with anions renders them
dispersible in water and then in organic solvents
upon the phase transfer process. Other possible in-
teractions between PIL and graphene sheets may in-
clude the cation— and/or w— interactions, which
were reported to be the case for PIL-functionalized
carbon nanotubes.?* Although the exact mechanism
for the interaction between PIL and graphene sheets
needs to be elucidated, it is clear that the GO sheets
are functionalized with PIL and the interaction be-
tween them could be stable against chemical reduc-
tion by hydrazine. Therefore, the strong w— and
van der Waals interaction between graphene layers
are shielded by PIL, which eventually prevent the ag-
glomeration of the graphene sheets during the re-
duction process.
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CONCLUSIONS

This work demonstrated an effective approach
for the preparation of solution-processable
graphene sheets that were readily transferred be-
tween the aqueous and organic phases using PIL as
the transferring vehicle. Chemically converted
graphene sheets decorated with PIL were found to
be stable against the chemical reduction and well
dispersed in aqueous phase without any agglomera-

METHOD

Preparation of Graphene Oxide and lonic Liquid Polymers (PIL). Graph-
ite oxide was synthesized from graphite flakes using the modi-
fied Hummel procedure.?*?” Briefly, flake graphite (Bay Carbon
SP-1, 5 g) was vigorously stirred in a solution of KMnO, (25 g) in
concentrated NaNOs (3.75 g) and H,SO,4 (170 mL), washed with
deionized water, and reacted with a 30 wt % aqueous solution of
H,0, to complete the oxidation. The inorganic anions and other
impurities were removed through repeated cycles of centrifuga-
tion, removal of the supernatant, and resuspension of the solid
using an HCl solution. The resulting powder was suspended in
water using ultrasonication and centrifuged at 10 000 rpm for 30
min to remove the multilayered species, which consitituted
~15% of the powder by weight. The supernatant was an aque-
ous suspension of GO with a concentration of 1.5 mg mL™" and
was stable against precipitation. To prepared the PIL, poly(1-
vinyl-3-ethylimidazolium) bromide was synthesized according
to a previously reported procedure.?>?® The PIL had a polymeric
form with a weight average molecular weight (M,,) of ~170000
which was analyzed using gel permeation chromatography
(GPQ).

Preparation of PIL-Functionalized Graphene Suspension. To prepare
the PIL-functionalized graphene dispersion, 400 mg (1.97 mmol,
repeating unit) of PIL(Br) were dissolved in water and added to
19 mL (1.5 mg mL™") of an aqueous GO suspension. This mixture
was then reduced with hydrazine monohydrate (16.5 L, 3.2
mmol) at 90 °C for 1 h under continuous stirring. After reduc-
tion, a dispersion of reduced graphene oxide was centrifuged
to yield a stable black supernatant, which was filtered through
a Teflon membrane (0.2 wm pore size) to produce an aqueous
graphene suspension consisting of PIL(Br)-G.

Phase Transfer Process. An aqueous suspension of PIL(Br)-G was
subjected to a phase transfer process with lithium bis(trifluoro-
methylsulfonyl) amide (Li*NTf, ). First, 1.2 equiv of NTf,~ with re-
spect to the repeating units of PIL cations was added to com-
plete the anion exchange reaction of PIL. Inmediately after the
addition of Li*NTf, ™ into the aqueous suspension of PIL(Br)-G,
hydrophilic Br~ was substituted with hydrophobic NTf,™, result-
ing in dark black precipitates. The resulting PIL(NTf,)-G showed a
range of solubility in polar aprotic solvents such as propylene
carbonate (PC), dimethylformamide (DMF), acetonitrile (AN),
tetrahydrofuran (THF), N-methyl-pyrollidone (NMP), and ni-
tromethane (NM). For phase transfer of graphene sheets from or-
ganic to water phase, 1.5 equiv of tetrabutylphosphonium bro-
mide (TBPB) was added to the PIL(NTf,)-G suspension, creating a
dark precipitate that was readily dispersible in water.

Characterization. The TEM images were taken with TECNAI 20
microscope by dispersing the graphene sheets in water or or-
ganic solvents, placing a few drops of the dispersion on a cop-
per grid, and evaporating them prior to observation. Samples
were prepared for the AFM measurements by depositing the cor-
responding suspension of PIL-G on the silicon wafer, drying it in
vacuo, and investigating it using a AFM XE-100 (Park System)
equipped with a tapping probe with reflex coating. The XPS
measurements were performed with ESCA 2000 system (VG
Microtech) using a monochromatized aluminum Ka anode. The
Raman spectra were obtained using a Raman spectrometer
(Jobin-Yvon, LabRam HR) equipped with an Ar-ion laser of 514.5
nm and He—Ne laser of 632.8 nm. The UV —vis spectra were ob-
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tion. The reversible hydrophilic-to-hydrophobic
switching of graphene sheets was possible by sim-
ply exchanging the anions associated with PIL. The
method enabled the use of low-cost solution pro-
cessing techniques to apply graphene-based materi-
als in large quantities. This approach will open up
enormous opportunities that take advantage of the
unique properties of graphene for many technolog-
ical applications.

tained using a Mecasys optizen 2120 UV spectrometer at room
temperature, and FTIR spectra were recorded using a Nicolet 730
FT-IR spectrometer.
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