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ABSTRACT: An easy and environmentally friendly chemical
method for the simultaneous reduction and noncovalent
functionalization of graphene oxide (GO) using dopamine
derivatives is described. The reaction takes place at room
temperature under ultrasonication of an aqueous suspension of
GO and a dopamine derivative. X-ray photoelectron spectroscopy, FT-IR spectroscopy, and cyclic voltammetry characterizations
revealed that the resulting material consists of graphene functionalized with the dopamine derivative. This one-step protocol is
applied for simultaneous reduction and functionalization of graphene oxide with a dopamine derivative bearing an azide function.
The chemical reactivity of the azide function was demonstrated by a postfunctionalization with ethynylferrocene using the Cu(I)
catalyzed 1,3-dipolar cyloaddition.
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1. INTRODUCTION dicyano-1,4-benzo-quinone'®'” to modify graphene nano-
Graphene has shown great promise for applications in different sheets. Dopamine, chemically known as 3,4-dihydroxy-L-
areas such as electronics, energy storage, and conversion as well phenylalanine and one of the crucial catecholamine neutro-
as in the development of biosensors.! ° Different methods have transmitters widely distributed in mammalian brain tissues, is
been reported for the preparation of high-quality graphene such particularly interesting for its strong interaction with metal
as chemical vapor deposition (CVD) on metal or silicon oxides'*™' and graphene.ls’zz_24 The interest in using
substrates and mechanical exfoliation using strong oxidants."” dopamine as a moiety is the ease with which functional groups
The exfoliated sheets are distorted carbon networks carrying like azide and others can be introduced via its amine groups.
carboxylate, hydroxyl, and other oxygen containing functional This also limits is self-polymerization process forming polydop-
groups commonly referred to as graphene oxide (GO). While amine at weak alkaline pH.

these functional groups enable the suspension of GO sheets in We report here on an interesting strategy allowing
water and other polar solvents, their sp* network is partially simultaneous reduction of GO to graphene and its function-
destroyed. As a consequence, GO sheets display an electrical alization with azide-terminated dopamine. The azide function

insulating character. Reduction of GO with hydrazine hydrate is
commonly used to restore the sp® structure.® However,
hydrazine hydrate is a strong and highly poisonous reducing
agent. Therefore, recently great efforts have been devoted to
explore milder reduction methods and to improve the stability
and dispersity of graphene in water.” On the other hand,
chemical modification plays an important role in improving and
manipulating the properties of graphene for its effective usage
in various applications.'®™'* Next to covalent modifica-

of the resulting graphene/dopamine composite films allowed in
a follow up step the use of the copper(I)-catalyzed 1,3-dipolar
cyloaddition to “click” alkyne-terminated molecules to the
interface. The concept of “click” chemistry, introduced by
Sharpless and based on the triazole ring formation between
azides and alkynes, is particularly well-suited for this porpose
due the use of mild reaction conditions and its high reaction
efficiency.""**™*” In a proof of concept experiment, ethynyl-

tion,"°™"? the noncovalent functionalization involving strong ferrocene was linked to Nj-functional graphene composite films
m—7n interactions between the graphene sheets and aromatic (Figure 1).

molecules has been investigated more recenly.'”">~"” Pyrene

and pyrene derivatives'>~"> have been used next to polydop- Received: November 28, 2011

amine,'® and electron acceptors and donors such as Accepted: January 3, 2012
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Figure 1. Schematic illustration of the preparation of azido-dopamine
capped graphene nanosheests and “click” chemistry.

2. EXPERIMENTAL SECTION

2.1. Materials. Graphite powder (<20 um), dimethylsulfoxide
(DMSO), potassium chloride (KCl), ethynylferrocene, Cul, triethyl-
amine (TEA), ruthenium hexamine trichloride (Ru(NH;)s)Cl;), and
tin-doped indium oxide coated glass (ITO) (sheet resistivity 15—25
Q-cm?*) were purchased from Aldrich and used as received.

The azide-terminated dopamine anchor was prepared as previously
described.”!

2.2. Preparation of Graphene Oxide (GO). Graphene oxide
(GO) was synthesized from graphite powder by a modified Hummers
method.®® A total of 0.5 mg of the synthesized graphite oxide was
dispersed in 100 mL of water, exfoliated through ultrasonication for 3
h, and used as a stock of GO—water suspension.

2.3. Preparation of Graphene/Azide-Terminated Dopamine.
The initial graphene oxide (GO) solution was diluted in 1 mL of water
(1:10). A total of 1 mL of azide-terminated dopamine (10 mM) was
added to 1 mL of GO, and the mixture was left for 1 h in an ultrasonic
bath. A precipitate was formed and separated from the aqueous
supernatant by centrifugation at 14 000 rpm for 20 min.

2.4. “Click” Reaction on Graphene/Azide-Terminated Dop-
amine. Graphene/azide-terminated dopamine modified ITO electro-
des were prepared by casting S0 uL of graphene/dopamine water
solution onto the ITO electrode and left for evaporation. In the latter
step the “click” reaction between the azide-terminated surface with
alkynyl-terminated ferrocene was performed. Ethynylferrocene (2
mM), Cul (3.15 mM), and TEA (43 mM) were added into CH,CN
(10 mL).” Previously prepared substrates were immersed into the
solution and stirred for 24 h at room temperature.

2.5. Characterization. X-ray photoelectron spectroscopy (XPS)
experiments were performed in a PHI S000 VersaProbe-Scanning
ESCA Microprobe (ULVAC-PHI, Japan/USA) instrument at a base
pressure below S X 10™° mbar. Monochromatic AIK, radiation was
used and the X-ray beam, focused to a diameter of 100 micrometer,
was scanned on a 250 X 250 micrometer surface, at an operating
power of 25 W (15 kV). Photoelectron survey spectra were acquired
using a hemispherical analyser at pass energy 117.4 eV with a 0.4 eV
energy step, core-level spectra were acquired at pass energy 23.5 eV
with a 0.1 eV energy step. All spectra were acquired with 90° between
X-ray source and analyser and with the use of low energy electrons and
low energy argon ions for charge neutralization. After subtraction of
the Shirley-type background, the core-level spectra were decomposed
into their components with mixed Gaussian-Lorentzian (30:70) shape
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lines using the CasaXPS software. Quantification calculations were
conducted with using sensitivity factors supplied by PHL

FTIR spectra were recorded using an IRAffinity-1 Fourier
Transform Infrared Spectrophotometer (SHIMADZU Co-operation,
Japan) at 4 cm™" spectral resolution. The samples were prepared by
casting 50 pL of graphene oxide or graphene/dopamine composite
materials on a silicon wafer heated at 70 °C. The samples were
mounted in a purged sample chamber. Background spectra were
obtained using a flat untreated Si(100).

Cyclic voltammetry experiments were performed using an Autolab
20 potentiostat (Eco Chimie, Utrecht, The Netherlands). The
electrochemical cell consisted of a working electrode (ITO or
modified ITO), Ag/AgCl (Bioanalytical Systems, Inc.) as reference
electrode, and platinum wire as counter electrode. Cyclic voltammetric
measurements were performed in 10 mM Ru(NHj;),Cl; in KCI (0.1
M) at a scan rate v = 0.05 Vs,

Graphene oxide and graphene/azide-terminated dopamine modified
ITO electrodes were prepared by casting 50 L of an aqueous solution
of graphene oxide onto the ITO substrate heated at 70 °C.

3. RESULTS AND DISCUSSION

The interest of using dopamine in combination with graphene
oxide is based on the physicochemical properties of
dopamine.*® Dopamine has been shown to be a good reducing
agent for metallic salts such as HAuCl, or H,PtCls***" In
parallel, the fascinating adhesion and self-polymerization
properties at weak alkaline pH has made dopamine interesting
as a capping agent. This allows dopamine to be used for a one-
step reaction whereby GO is reduced and decorated with
dopamine at the same time. Motivated by the mild conditions
used in “click” chemsitry, azide-terminated dopamine (Nj;-
dopamine) was investigated here. Nj-dopamine modified
graphene was obtained by simply mixing an aqueous solution
of GO with the dopamine derivative under sonication at room
temperature. After 1 h of reaction, a precipitate, dissoluble in
DMSO and DMF but nondispersible in polar solvents, was
formed that could be separated from the supernatant aqueous
solution by centrifugation. The interaction between dopamine
and graphene is most likely dominated by z-stacking between
the hexagonal cells of graphene and the aromatic ring structure
of dopamine. However, as the N3-dopamine acts as reducing
agent, the graphene oxide is likely to oxidize the ortho-quinol
structure of the Nj-dopamine to radical or quinone
intermediates which are likely to covalently bind to graphene
or to each other.

The chemically exfoliated GO contains a variety of functional
groups such as hydroxyl (C—OH), epoxide (C—O—C),
carbonyl (C=0), and carboxyl (COOH) groups usually
present at the defects and edges of the sheets. X-ray
photoelectron spectroscopy (XPS) analysis was performed on
GO before and after reaction with dopamine derivatives to gain
further information on its chemical composition. The C 1s core
level spectrum of GO nanosheets is shown in Figure 2A and
can be deconvoluted into four peak components with binding
energies at about 283.8, 284.7, 286.7, and 287.9 eV assigned to
sp>-hybridized carbon, sp*-hybridized carbon, C—O and C=0
species, respectively. GO can be obtained with a range of C/O
stoichiometries depending on the details of the particular
Zynt};gsg. The C/O ratio of GO is 1.73, comparable to reported

ata.”™

Figure 2B displays the C 1s XPS spectrum of the resulting
graphene/dopamine-N; composite material. The intensity of
the sp*-hybridized carbon at 283.8 eV became predominant.
Additional bands at 284.9, 286.8, and 287.9 eV are also
observed and can be attributed to C—C/C—H, C—0/C—N,

dx.doi.org/10.1021/am201664n | ACS Appl. Mater. Interfaces 2012, 4, 1016—1020
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Figure 2. C 1s core-level XPS spectra of GO before (A) and after
reaction with dopamine-N; (B); (C) N 1s core level spectrum of
graphene/dopamine-N; composite material.

and C=O0, respectively. The ratio of carbon to oxygen is
increased to about 3.4. This is comparable to photochemically
reduced GO (C/O = 3.3)*® but lower than that reported by
Stankovich et al. for hydrazine-reduced GO with C/O = 10.3.3*
However, the reduction process was accompanied by nitrogen
incorporation with a ratio of C/N = 16.1, which results in C/
(O + N) = 6.>* The presence of a band at 400 eV due to N 1s
(Figure 2C) suggests the incorporation of azide-terminated
dopamine in the reduced graphene nanosheets. It can be
deconvoluted into three peaks at 398.9 (NH, and N=N=N)),
400.3 (NH—C=O0), and 403.7 eV(N=N=N), consistent
with the chemical composition of the dopamine derivative
(Figure 1).357%

To understand the influence of the N; function in dopamine
on GO reduction, a similar experiment was carried out with
unmodified dopamine. The detemined C/O ratio is about 3.8,
slighly higher than in the case of N;-dopamine. However, the
presence of O—C=0 and N—C=0 bonds in the synthetic
N;-dopamine (Figure 1) is also responsible for the lower C/O
ratio of graphene/N;-dopamine composite films compared to
graphene/dopamine ones. It thus seems that the influence of
the Nj function is neglectible.

The success of the incorporation of azide-terminated
dopamine in the reduced graphene nanosheets was additionally
confirmed by FTIR spectroscopy. The FTIR spectrum of
graphene oxide deposited onto silicon substrate by drop casting
is displayed in Figure 3A. It is dominated by a broad band at
3250 cm™! assigned to the vibration of surface hydroxyl groups
and/or adsorbed water molecules. Furthermore, bands due to
C=0 (—COOH) vibration, OH deformation, and C—O
(alkoxy) and C—O (epoxy) stretching modes are visible at
1729, 1425, 1237, and 1063 cm ™!, respectively. The results are
in accordance with the XPS data, suggesting the presence of
various carbon—oxygen related groups on GO surface. The
band at 1590 cm™" can be attributed to aromatic C=C double
bond stretching and C—H bending vibration frequencies of the
carbon network. After reaction of graphene oxide with azide-
terminated dopamine (Figure 3B), a strong vibration band at
2103 cm™" characteristic of the asymmetric Nj stretching mode
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Figure 3. FTIR spectra of graphene oxide before (A) and after
reaction with dopamine-N; (B).

appears.”® In addition, bands at 1645 and 1546 cm™
corresponding to amide (I) and amide (II) vibrations and
1725 cm™ due to C=O of the dopamine conjugate are
observed. The results are consistent with the chemical insertion
of dopamine-N; within the graphene sheets. It is also to be
noted that the band at 3250 ecm™ in GO is significantly
reduced, suggesting the reduction of GO.

Electrochemical measurements were performed to character-
ize the electrical properties of graphene/dopamine-Nj;
composite material. The drop casting process is very
reproducible and leads to homogeneous distribtuion of GO
and graphene/dopamine-Nj; flakes on the ITO interface with
film thicknesses of ~44 nm (GO) and ~250 nm (graphene/
dopamine-N;) (Figure 4A). Figure 4B shows cyclic voltammo-
grams (CV) of a bare ITO before and after drop casting a film
of GO and graphene/dopamine-Nj in Ru(NH;)**/**. Tt is well-
known that Ru(NH;), is behaving like an outer-sphere redox
system that is relatively insensitive to surface microstructures,
surface oxides, and impurities.>**” The electronic properties of
the electrode, especially the density of electronic states near the
formal potential of the redox system, is the most important
factor affecting the reaction rate. The results show that the
detected current densities of reduced graphene/dopamine-N;
exceeds that of a bare ITO electrode, while GO exhibits an
insulating character. Cycling for 20 times did not alter the
electrochemical response as seen in Figure 4B, indicating a
highly stable graphene/dopamine-N; assembly. This high
stability might result from the way reduced graphene is
functionalized with dopamine-N;. During the reduction of
graphene, oxide dopamine-N; acts as reducing agent. The
ortho-quinol structure is most likely oxidized during this
process to quinone intermediates, which might bind covalently
to graphene or to each other, explaining the strong stability.
This behavior is in contrast to graphene/tetrathiafulvalene
(TTF) nanocomposites formed in a similar manner.*®
Chemical oxidation of TTF to TTF* using an aqueous
solution of Fe(ClO,), expelled the charged molecule from the
graphene nanosheets, which could be recaptured by immersion
in neutral TTF solution.

Figure S displays the anodic scan of an ITO electrode coated
with the graphene/dopamine-N; composite material in KCl
(0.1M)/water. The presence of redox peaks (E, = 0.80 and
1.17 V wvs Ag/AgCl) are observed, corresponding to the
oxidation of dopamine-N;. The reduction of the oxidized
species is found at E, = -0.01 and —0.23 V vs Ag/AgCl. The
CV is comparable with that of the dopamine-N; derivative in
solution recorded on ITO (inset in Figure S).

Tapping mode AFM imaging was used to estimate the
thicknesses of the GO nanosheets before and after reduction.
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Figure 4. (A) Scanning electron microscopy image of a graphene/dopamine-N; film deposited onto Si wafer by drop casting; (B) cyclic
voltammograms of ITO (black), ITO/GO (blue), and ITO/graphene/dopamine-Nj (red) in S mM Ru(NH;)¢/0.1 M KCJ; scan rate = S0 mV/s.
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Figure 5. Cyclic voltammograms of the ITO/graphene/dopamine-N;
electrode in 0.1 M KCl aqueous solution, scan rate 50 mV/s; inset: CV
of 10 mM dopamine-Njsolution recorded on ITO.

The thickness of the sheets, measured from the line profile as
the difference in height between the mica substrate and the
sheet, is ~0.6—0.7 nm for as-prepared GO. This value matches
well with reported apparent thicknesses of graphene oxide,
suggesting single-layered GO sheets. Indeed, such a hei§ht is
comparable to that reported by Paredes et al. (~1.0 nm).** The
average thickness of the graphene/dopamine-N; composite
material is about 1 nm, which is a typical characteristic of
functional-molecule-modified single-layer graphene.'”

To check the reactivity of the azide function in the graphene/
dopamine-N; composite, the latter was reacted with
ethynylferrocene in a “click chemistry” approach using the
copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition. The
success of the “click” reaction was confirmed clearly by the
disappearence of the characteristic Nj vibration band at 2103
cm™" in the FTIR spectrum (data not shown).

Moreover, the successful incorporation of ferrocene moieties
on the graphene/dopamine-N; was further confirmed by XPS
analysis (Figure 6). The high resolution N 1s scan shows the
nitrogen atoms for the triazole ring at about 400.7 eV (C—N)
and 402.1 eV (N=N) together with the NH—C=O0 at 401.2
eV (Figure 6A). The high resolution XPS scan of the Fe 2p
region demonstrates the presence of the ferrocene moieties
(Figure 6B). The Fe 2p;,, and 2p,/, peaks occur at 711.7 and
725.6 eV, respectively. This clearly indicates that the Fe moiety
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exists mainly in its (III) oxidation state, in agreement with
previously reported results on ferrocene groups anchored onto
diamond*" and hydrogen-terminated silicon surfaces.***

The ferrocene-modified interface was additionally probed by
CV in an aqueous solution containing 0.1 M KCl (Figure 7A).
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Figure 7. (A) CV of ITO/graphene/dopamine-N; interface after
“clicking” ethynylferrocene; solution at different scan rates: 10 mV/s
(red), SO mV/s (green), 100 mV/s (blue), 200 mV/s (black);
solution: KCI (0.1 M)/water, (B) change of anodic (M) and cathodic
(O) peak current with scan rate.

The bound ferrocene moiety shows a redox potential of E° =
0.22 V vs Ag/AgCl, being slightly lower than that found on
gold (E° = 0.33—0.46 V vs Ag/AgCl).44 Analysis of the change
in the peak currents as a function of scan rates allows the
assessement that the ferrocene moieties are surface linked.
Figure 7B indicates that the anodic and cathodic peak currents
scale linearly with the scan rate v rather than with v'/?
suggesting a surface redox process. The ferrocene surface

dx.doi.org/10.1021/am201664n | ACS Appl. Mater. Interfaces 2012, 4, 1016—1020
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coverage was calcualted by integrating the anodic peak area
according to I' = Q,/nFA where F is the Faraday constant, n
the number of electrons exchanged (n = 1), and A the surface
area (A = 0.2 cm®). A surface coverage of I' = 4.09 X 10"
molecules per cm™ is obtained. This is in accordance with
surface coverage obtained on boron-doped diamond interfaces
using “click” chemistry.*'

4. CONCLUSION

This study demonstrated that dopamine induces simultaneous
reduction of graphene oxide to graphene at room temperature
under sonication and its functionalization. Using azide-
terminated dopamine, functional graphene/dopamine-N; com-
posite films can be easily formed in one step. The azide-
functional groups can be readily reacted with alkynyl-
terminated molecules in a “click chemistry” approach using
the copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition. This
approach opens new perspectives not only for the reduction of
graphene oxide under mild conditions but also for a wide range
of opportunities in graphene composite and sensor chemistry.
The possibility to “click” different alkynyl-terminated glycans
and glycan clusters to the graphene/dopamine-N; films is
currently under investigation.
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