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ABSTRACT
A novel hybrid material prepared from graphene and poly (3,4-ethyldioxythiophene) (PEDOT) shows excellent

transparency, electrical conductivity, and good flexibility, together with high thermal stability and is easily
processed in both water and organic solvents. Conductivities of the order of 0.2 S/cm and light transmittance
of greater than 80% in the 400-1800 nm wavelength range were observed for films with thickness of tens of nm.
Practical applications in a variety of optoelectronic devices are thus expected for this transparent and flexible

conducting graphene-based hybrid material.
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In recent years, transparent and flexible conducting
materials have pervaded modern technologies,
providing a critical component of touch screens,
video displays, and plastic solar cells [1-3].
Traditionally, Sn-doped In,O; (ITO) deposited on
flexible substrates has been used to meet the demand
for such materials. However, ITO is relatively brittle,
so that cracks appear after repeated bending or
strain, and furthermore it is not resistant to acid and
indium compounds are generally rather toxic. In
addition, ITO is becoming increasingly expensive
due to the limited availability of the element indium.
In respond to these technical problems, an extensive
search is being carried out for alternative materials
which are environmentally friendly and stable, with
high conductivity and good transparency as well as
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the ability to be processed in solution.

Organic conducting polymers have received
increasing attention as possible transparent and
conductive materials because of their efficacious
optical [4] and electronic [5] properties, and potential
applications in flexible electronic devices [6, 7]. Poly
(3,4-ethyldioxythiophene) (PEDOT) represents one
such conjugated polymer that can be used as the
active material in flexible organic electronics due to
its remarkably high conductivity, transparency, and
environmental stability [8], but its insolubility appears
to be a major drawback in terms of processing for
incorporation in devices. This solubility problem can
be overcome by using a water-soluble polyelectrolyte
poly (styrenesulfonic acid) (PSS), as a charge-
balancing dopant in hybrids such as PSS/PEDOT




344

Nano Res (2009) 2: 343-348

[8]. Obviously, water is not a particularly good
processing solvent for organic optoelectronic devices.
Furthermore, PEDOT /PSS often suffers from low
conductivity. As such, much research has been
devoted to find a simple organic solution-based route
to fabricate highly transparent electrically conductive
thin films.

Considering the conductivity dependence of the
doped PEDOT on its counteranions, one method to
enhance its conductivity is to exploit new charge-
balancing dopants [9]. Graphene, a new class of
two-dimensional sp’ carbon nanostructure, holds
great promise for potential applications in many
technological fields such as nanoelectronics [10, 11].
Thus, it is to be expected that novel hybrid materials
with high conductivity, transparency, and flexibility
will result if graphene-based materials are used in an
appropriate form as the doping material for PEDOT.

Herein, we report a novel hybrid material
(graphene-PEDOT) with good organic solution-
processablity, excellent optical transparency,
conductivity, and flexibility. The structure and
synthesis of the graphene-PEDOT hybrid are
represented schematically in Schemes 1 and 2. Briefly,
the monomer 3,4-ethyldioxythiophene (EDOT) was
polymerized in situ [12] in a solution of sulfonated
graphene to give graphene-PEDOT.

Scheme 1 Schematic representation of part of the structure of
graphene-PEDOT

Sulfonated-graphene
+EDOT
+Fe, (80,),

in situ
Graphene—PEDOT
polymerization

Scheme 2 Synthesis of graphene—PEDOT. Reagents and conditions:
Sulfonated graphene (10 mg), anhydrous Fe, (SO,) ; (10 mg, 0.025
mmol), EDOT (100 mg, 0.70 mmol), H,O (10 mL), 50 °C, 48 h

Perfect graphene does not exist naturally, but
bulk and aqueous/organic solution-processable
functionalized graphene materials can now be
prepared easily [13-19]. However, the presence
of foreign stabilizers is undesirable for most
applications [20]. New strategies to produce
relatively clean graphene sheets in bulk quantity
while keeping them individually separated are
required. Furthermore, an appropriate doping group
for PEDOT needs to be incorporated in graphene.
Based on these considerations, we have developed a
two-step method for the preparation of a sulfonated
graphene material, which shows good solubility in
both water and organic solvents (12 mg/mL). Using
a modified procedure reported by Samulski [21],
we first prepared a lightly sulfonated graphene, but
with an improved water solubility (2 mg/mL). This
was further functionalized with arylsulfonic acid
in fuming H,SO, to obtain our sulfonated graphene
with additional sulfonate groups [22]. (See Electronic
Supplementary Material (ESM) for details of the
synthesis of sulfonated graphene and graphene-
PEDOT.) Atomic force microscopy (AFM) (Fig. S-1
in the ESM) confirms that this further functionalized
graphene material can be easily dissolved, almost
entirely as individual graphene sheets, in water. AFM
was also used to probe graphene-PEDOT dispersion
in solvents, film morphology, and thickness (Fig. S-2
in the ESM).

In the Fourier transform in frared (FTIR) spectra
of highly sulfonated graphene (Fig. 1), the peaks at
1187, 1123, and 1037 cm ™ (two vs o and one Vs phenyl
bands) confirm the presence of the sulfonic acid
group [21]. The successful formation of the PEDOT
in graphene-PEDOT is evidenced by the presence
of the peaks at 1522 and 1316 cm ' (C=C and C
—C stretching vibrations of the thiophene ring),
1199 and 1087 cm™' (C-O—-C bond stretching), and
982, 839, and 689 cm ' (C-S bond in the thiophene
ring) [23]. Furthermore, a peak at 1513 cm '
corresponding to the C=C stretching vibration
of the quinoidal structure originating from the
thiophene ring was clearly observed, indicating
that the PEDOT is doped by sulfonated graphene
as in the case of PSS-PEDOT [24].

The prevention of aggregation is of particular
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Figure 1 FTIR spectra of graphene oxide, sulfonated graphene and graphene-PEDOT. The band at 1513
cm™' in the spectrum of graphene-PEDOT, arising from the C=C stretching vibration of the quinoidal
structure originating from the thiophene ring, indicates the successful formation of the doped PEDOT

importance for processability and applications of
graphene because most of its attractive properties
are only associated with individual graphene sheets.
Solution-phase UV-Vis-NIR spectroscopy (Fig. 2)
can be used to determine the solubility of graphene
-PEDOT [25]. The absorptions (at 267 nm) for the
graphene moiety [15] in the hybrid were plotted
against concentration (Fig. 2 inset) and a good linear
relationship was obtained with an R value of 0.9996.
Assuming the applicability of Beer’s law, from the
slope of the linear least-squares fit we estimated
the effective extinction coefficient of the graphene
~PEDOT to be 0.014 L-mg '-cm ™ at this position.
The absorbance of solutions of graphene-PEDOT
at other wavelengths was also consistent with the
Beer’s law. Similar results were obtained for the UV
~Vis-NIR spectra of graphene-PEDOT in DMF (Fig.
S-3 in the ESM). These results demonstrate that
graphene-PEDOT has good solubility in both water
and DMF.
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Figure 2 Concentration dependence of UV absorption of graphene-
PEDOT in H,0 (concentrations are 4.9, 14.0, 22.2, 29.8, 36.7, 43.1,
49.1, 54.5, 80.2, 87.3, 94.5 mg/L, from a to k, respectively). Shown in
the inset is a plot of optical density at maximal absorption position (267
nm) for the graphene moiety versus concentration. The straight line in
the plot in the inset is a linear least-squares fit to the data, indicating the
hybrid graphene-PEDOT was dissolved homogeneously in the solvent
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Next, we investigated the transparency of the
graphene-PEDOT films with various thicknesses
on a quartz substrate (Fig. 3 (a)). The thickness
of the graphene-PEDOT film on quartz and its
transparency could be tuned by varying the solution
concentration. More importantly, the graphene—
PEDOT films are essentially highly transparent over
the whole 200-2000 nm wavelength range. Graphene-
PEDOT films with thickness of 33, 58, 76, and 103
nm have transmittances of 96%, 76%, 51%, and 36%,
respectively, at a wavelength of 550 nm.

Films of this hybrid with different thicknesses
show excellent conductivity, and more importantly
retain their high conductivity when even bent by
over 90°. Films were also prepared by drop-casting
aqueous/DMEF solutions of graphene-PEDOT onto
different substrates. The films are relatively uniform
and their conductivity is almost independent of the
film thickness. For example, films with a thickness
of 35 to 119 nm prepared from aqueous solution
on a quartz substrate all showed a conductivity of
~0.2 S/cm. A 40-nm-thick film prepared from DMF
solution on a quartz substrate showed a conductivity
of 0.07 S/cm, whilst a 172-nm-thick film prepared
from DMF solution on a polymethyl methacrylate
(PMMA) substrate had a conductivity of 0.108 S/cm.
More importantly, when the film on the PMMA was
bent (Fig. 3 (b)), its high conductivity was retained
fairly well. For example, after the above 172-nm-
thick PMMA film was bent inwards, its conductivity

200 400 600 800 1000 1200 1400 1600 18002000

(b)
Figure 3 (a) Optical transmittance spectra of films with different thicknesses on a quartz substrate; (b) a picture
of a graphene-PEDOT film with a thickness of ~32 nm on a transparent PMMA substrate

became 0.18 S/cm; while when the film was bent
outwards, its conductivity became 1.3x10* S/cm.
Finally, when the bending force was released and the
film became flat again, its conductivity returned to
about the same value (0.104 S/cm). Furthermore, no
observable cracks were observed on the graphene-
PEDOT film. This new flexible graphene hybrid
has significantly higher conductivity than that of a
commercial PEDOT-PSS product (Clevios™ P Al
4083, 10°-10° S/cm). The conductivity is sufficient
for many applications of transparent conducting
materials [20]. Furthermore, the conductivity can be
expected to be improved through a more complete
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Figure 4 TGA spectra of sulfonated graphene, graphene—PEDOT and
PSS—PEDOT obtained with a heating rate of 5 °C/min from room
temperature to 400 °C under N,
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reduction/annealing [26].

The thermal stability of a hybrid is critical as
far as potential applications are concerned and
the thermal stability of hybrid Graphene-PEDOT
was therefore investigated by thermogravimetric
analysis (TGA). The TGA results of graphene
~PEDOT, PSS-PEDOT (Clevios™ P AI 4083)
together with that for sulfonated graphene are
shown in Fig. 4. All three samples show a slight
mass loss above 100 °C, which can be attributed
to the loss of adsorbed solvent [18]. Graphene
~PEDOT shows excellent thermal stability
with its second onset degradation temperature
above 297 °C and only a very small mass loss
below this temperature. The total mass loss
below 325 °C was ~19%. As for PSS-PEDOT, the
second significant mass loss occurred at 278 °C,
accounted for by decomposition of PSS-PEDOT
and this decomposition temperature is 18 °C
lower than that (297 °C) of graphene-PEDOT.
There is a total mass loss of ~35% below 325 °C
for PSS-PEDOT, significantly higher than that for
graphene-PEDOT. These results demonstrate that
graphene-PEDOT has better thermal stability
than the commercial PSS-PEDOT.

In summary, a novel graphene hybrid material
showing both water and organic processability has
been prepared. Thin films of the material show
excellent transparency, electrical conductivity, and
stability. Significantly, this material is robust and
flexible, while retaining high electrical conductivity
after deformation. These outstanding properties,
combined with the ease of its preparation and
solution processing capability, give this graphene—
PEDOT material great potential for application in
various devices where a combination of conductivity,
transparency and flexibility are demanded.
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