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Introduction. Graphene, which consists of atom-thick
sheets of carbon organized in a honeycomb structure, has
attracted a great deal of attention in recent years because of
its unique electrical, optical, catalytic, and mechanical pro-
perties.! > Many methods, such as mechanical exfoliation,®
chemical vapor deg)osition (CVD),” and reduction of gra-
phene oxide (GO),* ?? have been reported for the prepara-
tion of high-quality graphene. Nevertheless, it is desirable to
explore other low-cost and environmentally friendly meth-
ods for the reduction of GO in bulk quantities. The reagents
commonly used for the reduction of GO are hydrazine,
dimethylhydrazine, hydroquinone, and NaBH,, which are
either toxic or hazardous. Furthermore, the reduced GO has
a tendency to agglomerate irreversibly, or even to restack
into graphite through van der Waals interactions, in the
absence a polymer dispersant or surfactant.”>” 2> Accord-
ingly, effective and mild means for the reduction of GO, as
well as for the modification of reduced graphene oxide
(RGO), to improve their stability and dispersity (and thus
processability) are desirable.

The adhesive proteins of mussels, which contain high
concentrations of catechol and amine functional groups,
exhibit excellent affinity for most organic and inorganic
surfaces, such as metal, metal oxide, and polymer surfaces.”®
Dopamine, commonly known as a hormone and neurotrans-
mitter, is a unique molecule mimicking the adhesive proteins.
At a weak alkaline pH, dopamine will undergo self-polym-
erization to produce an adherent polydopamine (PDA)
coating on a wide range of substrates, with the accompanied
oxidation of catechol groups to the quinone form.?’~?° The
oxidized quinone form of catechol can undergo reactions
with various functional groups, including thiol, amine, and
quinone itself, via Michael addition®® or Schiff base reac-
tion®! to form covalently grafted functional layers.?’-3>~3*
Moreover, as a good reducing agent, dopamine has recently
been used to prepare polymer nanocomposites via direct
redox reaction with HAuCl, and H,PtCl, (the oxidants).>>
The fascinating (reduction, self-polymerization, and ad-
hesion) properties of dopamine allow one to use it simulta-
neous as a reducing agent for GO and as a capping agent to
stabilize and decorate the resulting reduced GO (RGO)
surface for further functionalization. For example, the Mi-
chael addition (or Michael addition/Schiff base reaction)
between the PDA-capped RGO and thiol-terminated (or
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amino-terminated) poly(ethylene glycol) (PEG) can give rise
to functionalized RGO (Scheme 1).

Results and Discussion. The GO nanosheets were produced
from natural graphite flakes by the modified Hummer’s
method.*”* PDA-capped RGO was prepared via the simul-
taneous reduction of GO by dopamine hydrochloride and
self-polymerization of the latter (Experimental Section). The
morphology of GO and PDA-capped RGO nanosheets is
revealed by transmission electron microscope (TEM) images
of parts a and b of Figure 1, respectively. Since PDA has a
tendency to form free PDA particles at high dopamine
concentration or temperature,®> the PDA-capped RGO
was filtered, washed, and dialyzed against distilled water.
Arising from these treatments and high affinity of the
PDA aromatic rings for graphene, no free PDA particles
were observed in the TEM images of PDA-capped RGO
nanosheets. The reduction process of GO by dopamine in
Tris-Cl was monitored by UV —vis absorption spectroscopy.
In Figure 2, the absorbance peaks at 230 and 300 nm,
characteristic of GO, have shifted to 268 nm, and the inten-
sity of the absorption tail in the visible region (> 300 nm) has
increased with the reduction time while the PDA-capped
RGO remains uniformly dispersed in Tris-Cl. Thus, the GO
nanosheets have been reduced and the aromatic structure
within the GO nanosheets restored upon dopamine reduc-
tion.”* The structures of GO before and after reduction
were also characterized by X-ray diffraction (XRD). As
shown in Figure SI (Supporting Information), the sharp
diffraction peak in GO (d-spacing 8.29 A at 260 = 10.7°) has
decreased dramatically after reduction, and a new broad
diffraction peak (d-spacing 3.81 A at 260 = 23.4°) has appeared
in the PDA-capped RGO.”***! This diffraction peak of PDA-
capped RGO is closer to the typical diffraction peak of
graphite (d-spacing 3.35 A at 20 = 26.6°),'® indicating the
successful reduction of GO. Furthermore, the sheet resistance
of PDA-capped RGO (~10° ohm/sq) is about 2 orders
magnitude lower than that g~10‘0 ohm/sq) of GO, consistent
with the reduction of latter.”

The X-ray photoelectron spectroscopy (XPS) C Is core-
level spectrum of GO nanosheets (Figure 3a) can be curved
into five peak components with binding energies (BEs) at
about 283.8, 284.6, 286.4, 287.9, and 288.8 eV, attributable
to the sp”-hybridized carbon, sp>-hybridized carbon, C—0,
C=0, and O—C=O0 species, respectively.'®?*4>% The XPS
C 1s core-level spectrum of the PDA-capped RGO nano-
sheets (Figure 3b) can be curve-fitted into five peak compo-
nents with BEs at about 284.6, 285.5, 286.4, 287.8, and
288.9 eV, attributable to the C—C, C—N, C—0, C=0, and
O—C=0 species, respectively.*> The appearance of the C—N
peak component at the BE of 285.5 ¢V in the C 1s core-level
spectrum and an N 1s core-level spectrum at the BE of ~400 eV
(inset of Figure 3b) is consistent with the presence of a surface-
capped PDA layer. The C 1s core-level spectral line shape of
PDA-capped RGO is similar to that of pure PDA obtained
from self-polymerization of dopamine on a metal substrate
(Figure S2, Supporting Information) and is consistent with
the structure of PDA™ having a theoretical C—C:C—N:C—0O
ratio of 4:2:2, suggesting that the RGO surface is dominated
by the PDA adlayer. Figure S3 (Supporting Information)
shows the thermogravimetric analysis (TGA) curves of the
GO and PDA-capped RGO nanosheets at a heating rate of
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Scheme 1. Schematic Illustration of the Preparation of PDA-Capped RGO and RGO-g-PEG*
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“GO = graphene oxide, PDA = polydopamine, RGO = reduced graphene oxide, and PEG = poly(ethylene glycol).

10 °C/min in air. GO is thermally unstable, with a rapid weight
loss commences at about 200 °C. Dopamine reduction and
PDA affinity appear to be effective in enhancing the thermal
stability of GO nanosheets.

The PDA adlayer containing catechol groups is a versatile
platform for further modification and functionalization of
RGO with additional organic layers to enhance the dispersity
of RGO in various solvents, such as water, tetrahydrofuran,
dimethylformamide, and chloroform. At weak alkaline pH, the
oxidized quinone form of catechol groups can react with thiol-
and amino-terminated PEG via Michael addition and Michael
addition/Schiff base reaction, respectively. The resulting PEG-
grafted RGO (RGO-g-PEG) can be redispersed in various
solvents and exhibits excellent stability in these dispersing media
(Figure 1c). The maximum solubility of RGO-g-PEG in water
can reach about 6.5 mg/mL. The successful grafting of PEG
brushes on the surface of PDA-capped RGO was confirmed by
XPS. Figure 3c shows the C Is core-level spectrum of RGO-g-
PEG nanosheets from grafting of the thiol-terminated PEG. It
can be curve-fitted into five peak components with BEs at about
284.6, 285.4, 286.3, 287.8, and 288.9 eV, attributable to the
C—C, C—N/C-S, C—0, C=0, and O—C=0 species, respec-
tively.** The marked increase in intensity of the C—O peak
component and the appearance of the S 2p core-level signal
(inset of Figure 3c) indicate that the thiol-terminated PEG
brushes have been successfully grafted on the RGO surface. The
C 1s core-level spectrum of the RGO-g-PEG surface from
grafting of amino-terminated PEG (Figure 3d) can also be
curved into five peak components with BEs at about 284.6,
285.4, 286.3, 287.8, and 288.9 eV, attributable to the C—C,
C—N, C—0, C=0, and O—C=0 species, respectively.*> The
dominance of the C—O peak component is again consistent
with the presence of grafted PEG brushes. Figures S4a—c
(Supporting Information) show the respective 'H NMR spectra
of PDA-capped RGO, RGO-g-PEG from thiol-terminated
PEG, and RGO-g-PEG from amino-terminated PEG. After

Michael addition or Schiff base reaction, a new chemical shift
appears at 3.53 ppm, attributable to the methylene group of
PEG, and is present in the RGO-g-PEG samples from both
thiol- and amino-terminated PEG. Since the cross-linked DPA
layer is insoluble in &-DMSO, the amount of PDA and grafted
PEG cannot be quantitatively resolved from the NMR spectra.

The respective FT-IR spectra of GO, PDA-capped RGO,
and RGO-g-PEG from thiol- and amino-terminated
PEG are shown in Figure S5 (Supporting Information). The
appearance of a strong absorption peak at 1100 cm™', char-
acteristic of the C—O—C stretching, further confirms that
PEG brushes have been grafted on the PDA-capped RGO
nanosheets. The amount of grafted PEG brushes on the
RGO-g-PEG nanosheets is about 50 wt %, as deduced from
the extent of major weight loss at 280—350 °C, associated
with the decomposition of PEG,* in the TGA curves for the
RGO-g-PEG nanosheets prepared from thiol- and amino-
terminated PEG (Figure S3, Supporting Information). The
respective differential scanning calorimetry (DSC) scans of
PDA-capped RGO, RGO-g-PEG from thiol-terminated
PEG, and RGO-g-PEG from thiol-terminated PEG are
shown in Figure S6 (Supporting Information). The DSC en-
dotherm of RGO-g-PEG from amino-terminated PEG (M.,
~2000) shows a crystalline melting peak at 79.4 °C, which is
comparable to that (85.4 °C) of RGO-g-PEG from thiol-
terminated PEG (M, ~ 5000). The melting temperatures are
higher than that (~60 °C) for the PEG homopolymer of com-
parable molecular weight.*® Thus, the melting endotherm of
the immobilized PEG segments has shifted toward a higher
temperature.

In summary, it has been shown that graphene oxide (GO)
nanosheets can be readily reduced by dopamine with simulta-
neous capping by polydopamine (from self-polymerization of
dopamine) to provide a versatile platform for covalent grafting
of functional polymer brushes. Not only does dopamine allow
reduction of GO without the use of hazardous chemicals or
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Figure 1. Transmission electron microscope (TEM) images of the (a)
GO and (b) PDA-capped RGO nanosheets from aqueous dispersions.
(c) Photograph of aqueous and organo-dispersions PDA-capped RGO
and RGO-g-PEG after 1 week (concentrations of PDA-capped RGO in
H,O = 0.05 mg/mL and RGO-g-PEG in THF, DMF, CHCI;, and
H,O0 = 0.02 mg/mL).

reducing agents, polydopamine can also be used to immobilize
thiol- and amino-terminated PEG on the surface of reduced GO
(RGO) in a “grafting-to” process. The PEG-grafted RGO
nanosheets are organo- and water-dispersible (processable) and
exhibit good stability in the dispersed state. The method will also
allow the grafting of other thiol- or amino-functionalized mole-
cules, polymers, and proteins, thus providing a versatile and
benign means for the preparation and processing of graphene-
based materials for biological and biomaterials applications.
Experimental Section. Materials. Natural graphite
flakes, dopamine hydrochloride (98%), O-[2-(3-mercaptopro-
pionylamino)ethyl]-O’-methylpoly(ethylene glycol) (thiol-ter-
minated PEG, M,, ~ 5000), and O-(2-aminoethyl)-O’-[2-(boc-
amino) ethyl]poly(ethylene glycol) (amino-terminated PEG,
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Figure 2. UV—vis spectra absorption of the Tris-Cl aqueous disper-
sions of GO (1) before and after being reduced by dopamine for (2) 4, (3)
8,(4) 12, (5) 16, and (6) 24 h.

M, ~ 2000) were purchased from Sigma-Aldrich Chem. Co.
All other regents and solvents were purchased from either
Sigma-Aldrich or Merck Chem. Co. and were used without
further purification.

Synthesis of Graphene Oxide (GO). GO was prepared via
the modified Hummers method.'? Typically, graphite (2 g,
500 mesh) and NaNOs (1 g) were mixed with concentrated
H>SO,4 (50 mL) in a 250 mL flask at 0 °C. The temperature
was kept at 5 °C, and the mixture was stirred for 2 h. After
that, 7.3 g of KMnO,4 was added in small portions to prevent
temperature rise in excess of 20 °C. Then, the temperature of
the reaction mixture was raised to 35 + 2 °C, and the mixture
was stirred for 30 min. After completion of the reaction, 90
mL of deionized water was gradually added into the solution.
The suspension was reacted further by adding a mixture of
H,0, (7 mL, 30%) and water (55 mL). The graphene oxide
was separated from the reaction mixture by filtration. The
yellow-brown graphene oxide powders were washed three
times with warm diluted HCI (3%, 150 mL) and then dried
under reduced pressure for 24 h.

Synthesis of Polydopamine-Capped Reduced Graphene
Oxide (PDA-Capped RGO). PDA-capped RGO was pre-
pared typically as follows: 100 mg of GO and 50 mg of
dopamine hydrochloride were added into 200 mL of 10 mM
Tris-Cl solution (pH = 8.5) and dispersed by sonication for
10 min in an ice bath. The reaction mixture was stirred
vigorously at 60 °C for 24 h, and changes in adsorption were
monitored on a UV—vis photospectrometer. After the com-
pletion of the reduction reaction, the PDA-capped RGO was
filtered with a 0.2 um membrane filter, washed, redispersed,
and dialyzed against distilled water for 3 days. The black
powders were recovered by filtration and dried under re-
duced pressure for 24 h.

Synthesis of Poly(ethylene glycol) Brush-Grafted RGO
(RGO-g-PEG). Surface modification of PDA-capped RGO
was performed by adding 10 mg of the PDA-capped RGO and
20 mg of amino-terminated PEG (or 40 mg of thiol-terminated
PEG) into 30 mL of 10 mM Tris-Cl solution (pH = 8.5). The
reaction mixture was stirred at room temperature for 12 h. After
that, the solution was filtered and washed thoroughly with
deionized water and ethanol, followed by drying under reduced
pressure for further characterization.

Characterization. Fourier transform infrared (FT-IR)
spectroscopy measurements were carried out on a Bio-Rad
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Figure 3. X-ray photoelectron spectroscopy (XPS) C 1s core-level
spectra of (a) GO, (b) PDA-capped RGO, (c) RGO-g-PEG from
thiol-terminated PEG, and (d) RGO-g-PEG from amino-terminated
PEG. Insets of (b) and (c) are the N 1s and S 2p core-level spectra of
PDA-capped RGO and RGO-g-PEG from thiol-terminated PEG,
respectively. GO = graphene oxide, PDA = polydopamine, RGO =
reduced graphene oxide, and PEG = poly(ethylene glycol).

FTS-135 spectrophotometer. X-ray photoelectron spectros-
copy (XPS) measurements were carried out on a Kratos AXIS
Ultra HSA spectrometer equipped with a monochromatized Al
Ka X-ray source (1468.6 eV photons). Field emission transmis-
sion electron microscopy (FETEM) images were obtained from
aJEOL JEM-2010 FETEM. The UV—vis absorption spectra in
the wavelength range of 200—900 nm were obtained from a
Shimadzu UV-3101PC spectrophotometer. Thermogravimetric
analysis was carried out on a thermogravimetric analyzer (TGA,
TA Instruments Model 2050) at a heating rate of 10 °C/min in
air. Powder X-ray diffraction (XRD) measurements were car-
ried out on a Shimadzu XRD-6000 apparatus, using the Cu Ko
radiation. The DSC measurements were performed on a Pekin
Elmer DSC7 calorimeter under a nitrogen atmosphere, at a
heating rate of 10 °C/min. The "H NMR spectra were recorded
on a Bruker ARX 300 MHz spectrometer, using -DMSO as the
solvent, in 1000 scans at a relaxation time of 2 s.

Supporting Information Available: XRD patterns of GO
and PDA-capped RGO, XPS C Is core-level spectrum of PDA,
TGA traces of GO, PDA-capped RGO, and RGO-g-PEG, 'H
NMR spectra of PDA-capped RGO and RGO-g-PEG, FT-IR
spectra of GO, PDA-capped RGO, and RGO-g-PEG, and DSC
curves of PDA-capped RGO and RGO-g-PEG. This material is
available free of charge via the Internet at http://pubs.acs.org.
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