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ABSTRACT

We have investigated the effects of the preparation conditions of polythiophene/graphene complexes

on their dispersion in organic solvents, and on the in-solution morphology of the multilayered graphene.

Among four different regioregular polythiophene derivatives synthesized, poly(3-hexylthiophene)

(P3HT) with a low molecular weight (Mn 6000) was the most effective derivative for exfoliating

graphite and for dispersing the multilayered graphene in toluene. Spectroscopic analysis revealed that

P3HT interacted strongly with graphene to form a P3HT/graphene complex. We investigated the in

situ morphology of multilayered graphene in organic solvents, using a flow particle image analyzer

(FP1A) and revealed that the presence of polythiophenes produced larger P3HT/graphene complexes

than that prepared in N-methylpyrrolidone (NMP). Microscopy analysis demonstrated that graphite

flakes and multilayered graphene shrunk in the absence of P3HT when drying in organic solvents. The
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presence of P3HT immobilized the extended morphology of the multilayered graphene by forming the
complex. This prevented shrinkage of the multilayered graphene when drying in toluene. Transmission
electron, atomic force and field-emission scanning electron microscopy observations revealed that the
P3HT/graphene complex consisted of relatively flat and ultrathin multilayered graphene of
approximately <10 nm in thickness. The polythiophene/graphene complexes had high electrical
conductivity, which depended on the kinds of polythiophenes. These findings further our
understanding of the morphology of multilayered graphene, and will promote the development of

uncurled multilayered graphene.

1. Introduction

Graphene has attracted broad attention and is a promising nanomaterial, because of its useful
properties including high electrical conductivity, high mechanical toughness, high gas-barrier
performance, and optical properties [1-3]. Industrial applications of graphene are anticipated in areas
including electronics, automotives, packaging, and medical engineering. In particular, the application
of graphene in electronics has been widely studied. Geim et al first reported the preparation of graphene
in 2004 [1]. There have since been many reported methods for preparing graphene and graphene
nanosheets, including mechanical exfoliation [1], chemical vapor deposition (CVD) [4, 5], heat
decomposition [6], and chemical syntheses [7, 8]. Many of these methods are costly, ineffective, and
poorly scalable. The ‘liquid-phase exfoliation’ of graphite is one of the most inexpensive and scalable
approaches [9-14]. However, the strong hydrophobic interactions and van der Waals forces between
graphene sheets induces graphene to aggregate in solvents. This results in loss of the functional
properties of graphene and makes it difficult to manipulate graphene in industrial situations. Liquid-
phase exfoliation can be divided into covalent and non-covalent approaches. The covalent
functionalization of graphene (e.g. graphene oxide, acidified graphene, and reduced graphene oxide)

involves structural defects, and the resulting materials often exhibit a loss of properties [7, 15]. Thus,



recent studies have favored non-covalent approaches. Various substances (e.g. solvents,
supramolecules, surfactants, polymers, ionic liquids, proteins, and nanotubes) have been proposed for
use in the direct production of pristine graphene from graphite using non-covalent intermolecular
interactions [11, 14, 16-25]. Many of these dispersants cover graphene surfaces with nonconductive
molecules and decrease the electrical conductivity of graphene [24, 26].

Another challenge to be addressed is ensuring a satisfactory morphology of graphene in a solution
phase. Since graphene is a two-dimensional ultrathin material, its morphology in solution is likely to
affect its functional properties in applications [27]. For instance, the wrinkling, curling and folding of
graphene alter its effective surface area, and affect its conductivity and reactivity. Zhang et al. reported
that wrinkles in graphene promoted corrosion of a Cu surface [28]. Several papers have reported the
wrinkling and curling of graphene nanosheets [27-34]. To the best of our knowledge, there are no
reports on the in-solution morphology of graphene produced in a solution phase.

Polythiophenes (PTs) are m-conjugated polymers which show electrical conductivity,
photoluminescence and good processability [35]. PTs can potentially exhibit n-r interactions with
carbon nanomaterials such as carbon nanotubes, graphene and graphene oxides [36-41]. To overcome
the loss of electrical conductivity of dispersant/graphene complexes, n-conjugated polymers can be
used as conductive dispersants for graphene [39-43]. This can eliminate the process of dispersant
decomposition, so highly conductive patterns can be obtained. We previously reported the exfoliation
of pristine graphite in toluene using well-defined P3HT as a conductive dispersant. The resulting
pristine multilayered graphene were prepared without loss of electrical conductivity, and showed high
gas-barrier properties [44]. The molecular structure of the PT may affect the liquid-phase exfoliation
of graphite flakes and the dispersion of multilayered graphene in solvents. This is supported by reports
that the structures and molecular weights of PTs play a critical role in the dispersion of single-walled
carbon nanotubes in toluene [45].

In the current study, we investigated the effects of the preparation conditions of PT/graphene
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complexes on the dispersion of graphene and on the morphology of PT/graphene complexes.
Spectroscopy analysis revealed that among the four different PTs that were investigated, P3HT
exfoliated graphite flakes and produced stable graphene dispersions in toluene most effectively.
Microscopy observations confirmed the production of ultrathin P3HT/graphene complexes, and
indicated that P3HT immobilized the extended morphology of multilayered graphene both in solution

and in dry conditions.

2. Materials and methods
2.1. Materials.

Graphite flakes were provided by Sekisui Chemical Co., Ltd. (Tokyo, Japan). Other chemicals were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Water used was deionized (Milli-
Q, >15 MQ cm™) using a Milli-Q Advantage A100 system equipped with an Elix UV 3 system
(Millipore, Molsheim, France).

2.2. Preparation of polythiophenes derivatives (PTs).

PTs were synthesized using a slight modification of our previously reported procedure [46-49].
P3HT, P3HOT, P30T, and P3SiT (Fig. 1a and Table S1) were synthesized by C-H functionalization
polycondensation using a nickel catalyst.

2.3. Preparation of graphene dispersions.

“with pre-US”: Typically, toluene (10 g) containing graphite flakes (1 mg) was ultrasonicated using
an Ultrasonic Cleaner VS-D100, 31 kHz (AsOne Corp., Osaka, Japan) at 25 °C for 1 h, after which it
was mixed with toluene (3 g) containing PT (1 mg). The resulting mixture was ultrasonicated at 25 °C
for 1 or 3 h, followed by a 10-fold dilution with toluene and a further 1 h of ultrasonication. Graphite
flakes in toluene, multilayered graphene in N-methylpyrrolidone (NMP), and PT/graphene dispersions
were prepared by this procedure. The concentrations of PT and graphite flakes were 6.6 pug/ml unless

otherwise stated.



“w/o pre-US”: Graphite flakes (1 mg) were added to toluene (13 g) containing PT (1 mg). The
resulting mixture was ultrasonicated at 25 °C for 2 or 4 h, followed by a 10-fold dilution with toluene
and a further 1 h of ultrasonication.

2.4. Washing procedure to remove excess PT.

A PT/graphene dispersion (5.0 ml) containing 6.6 pg/ml of graphene were centrifuged at 10000 x g
for 10 min to precipitate the PT/graphene complex. The supernatant (4.0 ml) was carefully removed,
and fresh toluene (4.0 ml) was added. The dispersion was then ultrasonicated for 5 min. This procedure
was repeated three times.

2.5. Characterization.

UV-Vis absorption spectra of dispersions (200-900 nm) were recorded using a V-770 double-beam
spectrophotometer (JASCO, Hachioji, Japan). The PTs used in the present study do not absorb around
660 nm, so absorbance measurements at 660 nm allowed us to evaluate the concentration of graphene
dispersed in the toluene. Fluorescence spectra were recorded using a FP-8200 fluorescence
spectrophotometer (JASCO, Germany).

The number, equivalent circle diameter, and roundness of graphene sheets in the graphene
dispersions were measured using a flow particle image analyzer (FPIA) (FPIA-3000S, Malvern
Instruments, Malvern, Worcestershire, UK). Toluene and NMP were used as eluents for samples in
toluene and in NMP, respectively. Samples (3.0 ml) containing PT/graphene complexes (6.6 pug/ml of
graphene) were used for FPIA measurements.

TEM images were obtained using a JEOL 2100F transmission electron microscope operated at 200
kV (JEOL, Akishima, Japan). A droplet of PT/graphene dispersion was placed on a copper grid covered
with elastic carbon film manufactured by Okenshoji Co., Ltd. (Tokyo, Japan), and then dried under
vacuum at ambient temperature.

AFM images were obtained in tapping mode using a Nanonavi E-sweep microscope (Hitachi, Tokyo,

Japan) with cantilevers at 17.0 N/m. A droplet of PT/graphene dispersion was placed on a p-Type



silicon wafer (Electronics and Materials Co., Ltd, Ashiya, Japan), and then dried under vacuum at
ambient temperature.

Fluorescence microscopy images were obtained using an IX-71 inverted optical microscope
(Olympus, Tokyo, Japan) with a fluorescence filter (WIB, excitation wavelength: 460—-495 nm). The
shrinkage of graphene during drying was observed using a VHX-6500 digital optical microscope
(Keyence Corporation, Osaka, Japan). Drying was carried out by heating a glass slide containing a
droplet of sample using a dryer.

Field-emission scanning electron microscope (FE-SEM) observations were carried out using a field-
emission scanning electron microscope (JSM-7500F, JEOL, Tokyo, Japan) operating at an accelerating
voltage of 7 kV. After silicon wafers were baked at 800 °C for 3 h in air, PT/graphene complex solutions
were dropped on the wafers and dried under vacuum, followed by FE-SEM observations.

PT/graphene composites for the electric resistance measurements were prepared by suction
filtration. A dry PT/graphene complex was re-dispersed in toluene by 20 min ultrasonication to give a
graphene concentration of 0.33 gm/ml. The graphene concentration was determined based on the
results of elemental analysis (Table S2). A PT/graphene dispersion was filtrated through filter paper
that were 8 mm in diameter and 4 um of pore size (Kiriyama Grass Co., Ltd.). PT/graphene on the
filter paper was dried at 100 °C for 20 min and then vacuum-dried for 1 h to ensure complete solvent
evaporation. Electrical resistance measurements were carried out using a four-point-probe ohmmeter
(Mitsubishi Chemical Analytec Co., Ltd. LorestaAX MCP-T370, TFP-prove) for PT/graphene
composites on filter paper. The data were collected at 4 different positions for each PT/graphene
composite and averaged. Error bars represent standard deviations.

XRD patterns were recorded with a RINT2000 X-ray diffractometer (Rigaku, Akishima, Japan).

Thermogravimetric analysis was performed in an air atmosphere with a heating rate of 10 °C/min
at Pt crucibles, using a Thermal analysis apparatus (Rigaku, Thermoplus EVO 2 TG8121, Japan).

X-ray photoelectron spectroscopy (XPS) spectra were recorded using a PHI X-tool X-ray photon



spectroscopic instrument (ULVAC, Chigasaki, Japan).

3. Results and discussion
3.1. Liquid-phase exfoliation of graphite flakes using polythiophenes.

Regioregular PTs were synthesized according to our previous reports (Fig. 1a) [46-49], and were
used for preparing PT/graphene dispersions. To study the effect of the side chain structure of PT, four
different kinds of PTs with controlled molecular weights were synthesized, which had n-hexyl,
hexyl(oxymethyl), n-octyl and siloxane moieties as side chains. Two types of P3HTs with different
molecular weights (Mn) (6000 and 20000), which were termed P3HT6000 and P3HT20000, were also
synthesized. Table S1 summarizes the molecular weights and regioregularities of the PTs. Graphite
flakes were typically ultrasonicated at 25 °C for 1 h in toluene, and were then mixed with toluene
solutions containing the PTs. They were then ultrasonicated at 25 °C for 2 or 4 h. Fig. 1b shows digital
photos of graphite flakes in toluene and PT/graphene dispersions in toluene. Naked-eye observation
suggested that graphene was not dispersed in toluene in the absence of a PT. The presence of the PT
appeared to promote the dispersion of graphene in toluene. The various colors of the solutions were

derived from the individual PTs (Fig. S1).
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Fig. 1. (a) Chemical structures of polythiophenes (PTs) with different side chains. (b) Digital photos
of graphite flakes in toluene and of PT/graphene dispersions in toluene. (c) Absorption spectra of
graphite flakes in toluene and of PT/graphene dispersions in toluene. The concentrations of graphite
flakes and PTs were 6.6 pg/ml. Graphite flakes were ultrasonicated for 1 h and were then added to

solutions of the PTs, and the resulting suspensions ultrasonicated for 4 h.

To evaluate the effects of the PTs on graphene dispersion, we characterized PT/graphene
dispersions by ultraviolet-visible (UV-Vis) absorption spectroscopy. Fig. 1¢ shows absorption spectra
of the PT/graphene dispersions. The concentrations of the PTs and graphite flakes were 6.6 pg/ml for
all cases. Graphene exhibited broad absorption at wavelengths higher than 300 nm (Fig. 1c, black line)

[50-52]. The PTs exhibited strong absorption at around 450 nm (Fig. S1). Fig. 1c reveals that



P3HT6000 was the most effective for dispersing graphene among the PTs tested, which agreed with
our previous reports [44]. P3HT with a low molecular weight (Mn 6000) was considered to be
effectively inserted between the graphene sheets to exfoliate graphite and multipoint interactions
between P3HT and graphene stabilized the dispersion of graphene in solution. Bulky and flexible side-
chains of the PTs (e.g. those of P3HOT and P3SiT) would distort the PT backbone due to steric
hindrance. This backbone distortion would inhibit the adsorption of the PTs on graphene, and result in
a lower dispersibility of graphene. These results and the results reported by Meng et al. [53] indicated
that m—m interaction between a m-conjugated backbone of a PT and the graphene played an important
role in the formation of the P3HT/graphene complex.

The high absorbances at 450 nm in the spectra in Fig. 1c were derived from the PTs in the
PT/graphene complexes. Increasing the concentration of graphite flakes caused the relative absorbance
at 450 nm (Ass0—Asso) to decrease, while the absorption above 600 nm increased (Fig. S2a and b).
These results suggested that the intrinsic absorbance of P3HT6000 at around 450 nm was affected by
the interaction between P3HT and graphene, indicating a change in the electronic state of the n-
conjugated system of P3HT. This was probably due to charge transfer or energy transfer from P3HT

to the graphene, and/or n—m= interaction between P3HT and the graphene [53].
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Fig. 2. (a) Fluorescence spectra of a P3HT6000/graphene dispersion before and after washing. (b)
Quenching of P3HT6000 fluorescence induced by graphene. Fluorescence measurements were carried
out at 25 °C. Excitation wavelength was 440 nm. The P3HT and graphene concentrations were 1 pg/ml

and 4.33 pg/ml, respectively.

In a previous study, we prepared a P3HT/graphene complex which contained free P3HT (i.e. P3HT
not adsorbed to graphene) [44]. To characterize this P3HT/graphene complex, we removed excess
P3HT6000 from the P3HT6000/graphene complex by washing with excess toluene. Fig. 2a shows
fluorescence spectra of the P3HT6000/graphene complex in toluene. As the washing process was
repeated, the fluorescence of the P3HT6000/graphene complex decreased, indicating the removal of
free P3HT6000. Elemental analysis of the washed P3HT6000/graphene complex indicated 3.6 wt.%
of sulfur (Table S2), and thus that the P3HT6000 weight ratio in the complex was 0.19. Despite the
significant decrease in fluorescence after washing, the P3HT6000/graphene complex still exhibited

weak fluorescence. Fig. 2b shows fluorescence spectra of a P3HT6000 solution and the washed
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P3HT6000/graphene dispersion, in which the P3HT concentrations were set at 1 pg/ml. The
fluorescence intensity of the washed P3HT/graphene dispersion was 1/34 of that of the P3HT6000
solution. This indicated that graphene quenched the fluorescence of P3HT.

After washing the P3HT6000/graphene complex three times, the UV-Vis absorption spectrum of
the complex in solution was measured. Fig. S3 shows that there was no obvious absorption around
450 nm, and that a broad weak absorption was observed at around 600 nm, which would have resulted
from the formation of the P3HT/graphene complex. These fluorescence and absorption results
revealed that P3HT directly interacted with the multilayered graphene and suggested the m-nt
interaction between P3HT and the graphene. This would contribute to the exfoliation of the graphite

flakes and also to the stability of the multilayered graphene dispersion in toluene.

0.5

0.4 A

0.3 1

Abs at660 nm (-)

No P3HT P3HT/graphene P3HT &raphene

\ w/o pre-US | with pre-US

Previous work

Fig. 3. Effect of preparation procedure for the P3HT/graphene dispersion on the absorbance at 660 nm.
“w/o pre-US” indicates the procedure in which graphite flakes were added to the P3HT solution,
followed by ultrasonication for 30 min. “with pre-US” indicates the procedure in which graphite flakes
were ultrasonicated for 15 min, then added to the PT solution, followed by ultrasonication for another

15 min. The final concentrations of graphite flakes and P3HT were 0.33 mg/ml. The dispersions were
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centrifuged at 1000xg for 20 min to remove unexfoliated particles and thick graphite flakes. The

absorbance of the supernatant was then measured at 660 nm by UV-Vis absorption spectroscopy.

We then investigated the preparation procedure of the PT/graphene dispersion. In our previous study,
graphite flakes were added to toluene solutions containing PTs which were then ultrasonicated, which
is referred to as “w/o pre-US”. In the current study, graphite flakes were first ultrasonicated in toluene
(i.e. ultrasonication pretreatment), after which they were added to PT solutions, followed by
ultrasonication again, which is referred to as “with pre-US”. Fig. 3 shows that “with pre-US” was more
effective for dispersing graphene than our previous procedure, “w/o pre-US”. The concentration of
graphene obtained was 22 pg/ml, which was 1.5 times that obtained in our previous study. In the case
of “w/o pre-US”, graphite flakes would be partly wrapped by P3HT, and some multilayered graphene
would be interconnected with P3HT prior to exfoliation by ultrasonication. This presumably stabilized
the graphite and nanosheet-stacked structure and inhibited exfoliation. The “with pre-US” procedure
would produce pre-exfoliated multilayered graphene prior to P3HT addition, which would aid the
insertion of P3HT between nanosheets. This would improve the dispersibility of exfoliated graphene
with P3HT in toluene. These results implied that ultrasonication in toluene without any additives
swelled the graphite flakes to some extent, and that the presence of a dispersant (i.e. PTs) stabilized

the exfoliated state of graphene nanosheets in solution.
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Fig. 4. FPIA analysis of PT/graphene dispersions. (a-1) Number and (a-2) equivalent circle diameter
of multilayered graphene in NMP and PT/graphene complexes. PT/graphene dispersions were
prepared by the “with pre-US” procedure. The concentrations of graphite flakes and PTs were both 6.6
pg/ml. The amount of sample solution was 3.0 ml. (b-1) Number and (b-2) equivalent circle diameter
of multilayered graphene in PT/graphene complexes prepared by the “w/o pre-US” and “with pre-US”
procedures. The sum of the ultrasonication times was 3 h. The concentrations of graphite flakes and

PTs were both 6.6 pg/ml. The amount of sample solution was 3.0 ml.

3.2. Microscopy observations of washed PT/graphene complex.

The in-solution morphology of a two-dimensional layered material is of great importance for its
functional properties in the liquid phase [34]. We evaluated the in-solution morphologies of the
PT/graphene complexes in organic solvents by analyzing microscopy images in solution flow. A flow
particle image analyzer (FP1A) can provide numerous microscopy images of microparticles in solution
flow and statistical information on their size and shape in solution (Fig. S4a and b) [54]. NMP is
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reportedly a good solvent for dispersing graphene [16, 20], so we used NMP as a control solvent in
the FPIA measurements. The vertical axes of Fig. 4a-1 and a-2 represent the number of flakes
(particles) and the average equivalent-circle diameter, respectively. Fig. 4a-1 shows that a relatively
large number of multilayered graphene were dispersed in NMP simply by ultrasonication, and that
ultrasonication for a longer duration (5 h) increased this number by 20%. Ultrasonication for 3 h in
the presence of PTs also produced multilayered graphene, but less than that produced in NMP. There
were negligible differences in the number of multilayered graphene produced in the presence of the
different PTs during 3 h of ultrasonication. Ultrasonication for 5 h increased the number of
multilayered graphene in the presence of all PTs. Ultrasonication for 5 h with P3HT6000 produced as
many multilayered graphene as that in NMP. Among the PTs tested, P3HT6000 produced the largest
number of multilayered graphene. This was consistent with the spectroscopy results in Fig. 1c. Fig.
4a-2 shows the average diameters of the multilayered graphene. Ultrasonication in NMP for 3 h
produced small multilayered graphene (average diameter of less than 3.7 um), while ultrasonication
in the presence of PTs for 3 h produced multilayered graphene larger than 5 um. These results indicated
that the multilayered graphene shrunk or were somehow folded in NMP, while those containing P3HT
were more expanded or unfolded in toluene. Ultrasonication for a longer duration (5 h) did not affect
the diameter of the multilayered graphene.

Fig. 4b-1 and b-2 respectively show the number and diameter of multilayered graphene prepared
by the “w/o pre-US” and “with pre-US” procedures. As shown in Fig. 3, the “with pre-US” procedure
produced larger numbers of multilayered graphene for all PTs tested than the “w/o pre-US” procedure.
The equivalent circle diameters were slightly smaller for “with pre-US” than for “w/o pre-US”.

Micrometer-sized multilayered graphene can be observed using an optical microscope. We
observed the P3HT6000/graphene complex in this manner. The left column of Fig. S5a shows thick
and large aggregates, indicating that graphite flakes dispersed in toluene without a PT were not

exfoliated. Multilayered graphene prepared with P3HT6000 were observed under the microscope
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before and after washing (Fig. S5b and c, respectively). Many of these multilayered graphene were 2—
10 um in diameter, which was consistent with the FP1A results. Fluorescent microscopy images (right
column in Fig. S5) showed no detectable fluorescence in graphite flakes dispersed in toluene (Fig. 4a-
1) and in washed multilayered graphene with P3HT6000 (Fig. S5c). The right column of Fig. S5b
shows the yellow-green fluorescence derived from P3HT6000. These results also suggested that
excess P3HT6000 in the toluene before washing (Fig. S5b) was sufficiently removed by the washing

procedure (Fig. S5¢).

In solution After drying

Fig. 5. Optical microscopy observations of graphite flakes and multilayered graphene in solution and

in dry conditions. (a) Graphite flakes in toluene, (b) multilayered graphene in NMP, and (c)

P3HT6000/graphene in toluene.

Graphene prepared by liquid-phase exfoliation for microscopy observations and practical

applications frequently involves some form of drying process. We monitored the change in
15



morphology of multilayered graphene during drying. Fig. 5 shows optical microscopy images of
graphite flakes and multilayered graphene in solution and after drying. Large aggregates of graphite
flakes dispersed in toluene shrunk after drying (Fig. 5a), and multilayered graphene dispersed in NMP
also shrunk after drying (Fig. 5b). Movies S1 and S2 (supplementary data) demonstrate the shrinkage
of graphite flakes (in toluene) and multilayered graphene (in NMP) during drying, respectively. The
morphology of the P3HT6000/graphene complex changed negligibly after drying, as shown in both
Fig. 5¢ and Movie S1. These results indicated that the multilayered graphene shrunk during drying,
and that P3HT6000 immobilized the extended morphology of the multilayered graphene by forming

the complex. This led to negligible shrinkage of the P3HT6000/graphene complex during drying.
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Fi;6. TEM images of graphite flakes and PT/graphene complexes. (a) Graphite flakes in toluene, (b)

multilayered graphene prepared in NMP, (¢) P3HT6000/graphene complex, (d) P3HT20000/graphene
complex, (e) P3HOT/graphene complex, (f) P3OT/graphene complex, and (g) P3SiT/graphene

complex.

Transmission electron microscopy (TEM) and atomic force microscopy (AFM) were used to
characterize the exfoliated multilayered graphene in detail. Fig. 6a and b show TEM images of graphite
flakes dispersed in toluene and multilayered graphene prepared in NMP, respectively. These both
exhibited wrinkled surfaces. Multilayered graphene prepared with P3HT6000 and P3HT20000 (Fig.

17



6¢c and d, respectively) were less wrinkled than the above graphite flakes and multilayered graphene
in NMP, probably because the adsorption of P3HT kept the multilayered graphene extended. In the
cases of P3HOT, P30T and P3SiT, the multilayered graphene were insufficiently exfoliated (Fig. 6e,

f and g, respectively), which was consistent with results from UV-Vis absorption measurements.

5 10 15 20
[um]

597 [nm]

o 5 10 15 20
[um]
|
0 347 [nm]

Fig. 7. AFM images of graphite flakes and washee PT/graphene complexes on silicon substrates with
height profiles taken along the black lines. (a) Graphite flakes in toluene, (b) multilayered graphene in
NMP, (c) P3HT6000/graphene complex, (d) P3HT20000/graphene complex, (e) P3HOT/graphene
complex, (f) P30T/graphene complex, and (g) P3SiT/graphene complex. Each lower panel represents

a height profile at a red arrow of an upper panel.

AFM images also provided information on the morphology of the multilayered graphene (Fig. 7).

A graphite flake dispersed in toluene and then dried on a silicon substrate was found to be 330 nm
18



thick, indicating that it was unexfoliated (Fig. 7a). Multilayered graphene prepared in NMP was found
to be >800 nm thick. The height profile in Fig. 7b was uneven. AP3HT6000/graphene complex washed
were thinner than approximately 10 nm and relatively flat (Fig. 7c), indicating multilayered graphene
with P3HT6000. These results suggested that washing to remove excess P3HT6000 did not induce
aggregation in the P3HT6000/graphene complex. The P3HT20000/graphene, P3HOT/graphene and
P3SiT/graphene complexes were 80-240 nm thick (Fig. 7d—g), indicating the incomplete exfoliation

of graphite flakes.

Sy

Fig. 8. FE-SEM images of graphite flakes and PT/graphene complexes. (a) Graphite flakes in toluene,
(b) multilayered graphene prepared in NMP, (c¢) P3HT6000/graphene complex, (d)
P3HT20000/graphene complex, (¢) P3HOT/graphene complex, (f) P30T/graphene complex, and (g)

P3SiT/graphene complex.

FE-SEM observation can provide morphological information of many specimens of PT/graphene
complexes at a time while TEM and AFM observation have limitation in the number of observable
specimen. Fig. 8 shows the FE-SEM images of graphite flakes and PT/graphene complexes. Graphite
flakes dispersed in toluene shows agglomerate more than 10 pum in diameter and with an obvious

thickness, indicating unexfoliation of graphite. Multilayered graphene prepared in NMP seemed
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aggregated and bulky in part. Many of P3HT6000/graphene and P3HT20000/graphene complexes
were flat and non-aggregated although small portions of the complexes seemed bulky.
P3HOT/graphene complexes were well-dispersed but bulky in part. Large portions of P30T/graphene
and P3SiT/graphene complexes were bulky, indicating insufficient exfoliation of graphite flakes.

These results were consistent with those of AFM observations.

3.3. Electric resistance of PT/graphene complexes

To investigate the electrical property of the PT/graphene complexes, PT/graphene composites on filter
paper were prepared by suction filtration of the graphene dispersion (Fig. S6). The sheet resistance of
all the composites ranged from 28 to 57 Qsq*. The P30T/graphene composite resulted in the lowest
resistance, meaning the highest conductivity. The sheet resistance of the P3HT6000/graphene
composite was 32.8 + 1.1 Qsqg™*, which was slightly higher than that of the P30T/graphene composite.
These resistance values were much lower than that of our previous report (1.8 + 0.5 kQsq™?) [44]. The
major difference between the present and previous studies were the removal of extra PT from
PT/graphene composites by washing with toluene, which might improve the electric conductivity of
the composites. These investigations demonstrated that graphene complexes with PTs affords can be

used as a conductive ink.
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Fig. 9. Electric resistance of PT/graphene composites prepared on filter paper.

3.4. X-ray and thermogravimetric analyses of the P3HT/graphene complex.

Graphene frequently oxidizes during the exfoliation of graphite and the dispersion of graphene in
solvents [55]. The oxidation resistances of multilayered graphene complexed with P3HT6000 were
investigated by X-ray photoelectron spectroscopy. The P3HT/graphene complex had a sufficiently
large carbon/oxygen ratio (C/O ratio = ~12, Fig. 10a) after ultrasonication for 5 h [23, 56], while the
graphite flakes had a C/O ratio of 25. This indicated that the present exfoliation and washing
procedures did not significantly oxidize the graphene, which accounted for the high electrical
conductivity of the P3HT/graphene complex.

X-ray diffraction (XRD) was used to confirm that the multilayered graphene were not stacked, and
to analyze the crystallization of P3HT6000. Fig. S7 shows XRD patterns of graphite flakes and the
washed P3HT/graphene complex after drying. Graphite usually exhibits a sharp diffraction peak at
26° 20, which is the (002) diffraction of graphite and arises from the interlayer distance between
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graphene sheets [57, 58]. The graphite flakes exhibited a weak broad diffraction at 20-30° 26 [59].
The washed P3HT6000/graphene exhibited a similar weak broad diffraction at 20-30° 26, indicating
no obvious stacking of graphene sheets. Pure P3HT6000 exhibits a diffraction peak at 5° 26, which
arises from the edge-on crystallization of P3HT [49, 60]. This diffraction peak was not observed in the
XRD pattern of the washed P3HT6000/graphene complex, indicating that no crystallization of
P3HT6000 occurred within the complex.

Thermogravimetric analysis was carried out for the washed P3HT6000/graphene complex. Fig. 10b
shows that the washed P3HT6000/graphene complex exhibited two major significant losses, which
occurred at 160-350 °C and 350-800 °C. These were attributed to pyrolysis and gasification of
P3HT6000 and the graphene, respectively. The mass percentages of P3HT and graphene were
calculated to be 48% and 52%, respectively. This result was slightly inconsistent with that from the
elemental analysis. The strong interaction of P3HT with the graphene may have affected the pyrolysis

and gasification of the P3HT and graphene.
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Fig. 10. (a) XPS spectra of graphite flakes (black) and washed P3HT6000/graphene complex (red). (b)
Thermogravimetric (red) and first derivative thermogravimetric (blue) curves of the washed

P3HT6000/graphene complex.

4. Conclusion

We have investigated the effects of the preparation conditions of polythiophene/graphene
complexes on their dispersion in organic solvents, and on the in-solution morphology of the
multilayered graphene. Among the tested PTs, P3HT with its low molecular weight most effectively
exfoliated the graphite flakes and dispersed the ultrathin multilayered graphene in toluene. This led to
a high vyield for the P3HT/graphene complex. Spectroscopy analysis revealed the strong interaction
between P3HT and the multilayered graphene. FP1A analysis provided information on the in-solution
morphology of the PT/graphene complex before drying. Microscopy observations demonstrated that
P3HT immobilized the extended morphology of the multilayered graphene during drying and that
pristine multilayered graphene not containing P3HT shrunk during drying. All the tested PTs afforded
highly conductive PT/graphene complexes. These findings further our understanding of the

morphology of graphene, and will promote the development of wrinkleless graphene nanosheets.
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Supplementary data
Preparation of uncurled and planar multilayered graphene using

polythiophene derivatives via liquid-phase exfoliation of graphite
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Table S1. Molecular weights and regioregularities of the synthesized polythiophene derivatives.

Entry Mp2 Muw/Mp2 Regioregularity %*
P3HT6000 5500 1.07 97
P3HT20000 18200 1.13 99
P30T 23100 1.29 99
P3HOT 17000 1.31 99
P3SIT 21100 1.19 99

aMn and Mw values were measured by GPC.% 2

The regioregularity was determined from NMR measurements.? 3
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Table S2. Elemental analysis of PT/graphene complexes and compositions of PTs in the dry

complexes
Sample S (%) PT (wt%)
P3HT6000/graphene 3.60 19
P3HT20000/graphene 3.97 21
P3HOT/graphene 3.75 23
P30T/graphene 4.59 28
P3SiT/graphene 2.36 21

The elemental analysis was carried out by Techno Science (Moriyama, Japan).
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Fig. S1. Absorption spectra of PT solutions in toluene. The PT concentrations were 1.0 pug/ml.
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Fig. S2. (a) Effect of graphite flake concentration on absorption spectra of P3HT6000/graphene
dispersions. (b) Effect of graphite flake concentration on the relative absorbance at 450 nm (Absaso—
Abssso). The concentration of P3HT6000 was 6.6 pg/ml. The concentrations of the graphite flakes

were 0, 1.7, 3.3, 5.0, and 6.6 pg/ml.
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Fig. S3. UV-Vis absorption spectra of graphite flakes and PT/graphene dispersions in toluene.

PT/graphene complexes were washed prior to measurement to remove excess PT.
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Fig. S4. (a) Representative particle images of the P3HT6000/graphene complex in toluene, as
obtained by FPIA. (b) Scatter plots of graphite flakes in toluene and P3HT6000/graphene dispersion

in toluene. The color strength indicates the particle frequency, with darker colors indicating more

particles.
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Fig. S5. Optical microscopy images of (a) graphite flakes in toluene, (b) P3HT6000/graphene
dispersion before washing, and (c) P3HT6000/graphene dispersion after washing. The left column
shows bright-field microscopy images and the right column shows fluorescence microscopy images.

The observations were carried out under wet conditions. Scale bars represent 20 pm.
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Fig. S6. Photos of PT/graphene composites prepared on filter paper. Scale bars represent 2.0 nm.
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Fig. S7. XRD patterns of graphite flakes and the washed P3HT6000/graphene complex.
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Supplementary Movie S1 to S3
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