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a b s t r a c t

A solution-based approach of chemical co-reduction of Au (III) and graphene oxide (GO) was used to pre-
pare graphene/Au (GR/Au) nanocomposites. The gold nanoparticles (nano-Au) integrated in GR acted as
spacers for inhibiting the aggregation of GR sheets. Scanning electron microscopy (SEM) and transmission
electron microscope (TEM) results revealed that nano-Au particles were dispersed uniformly on the GR
sheets. The obtained GR/Au nanocomposites modified glassy carbon electrode (GR/Au/GCE) exhibited
high sensitivity in the detection of epinephrine (EP). It has been found that oxidation of EP at this mod-
ified electrode occurred at less positive potentials than on bare GCE. The anodic peak current observed
were directly proportional to EP concentration between the range of 5.0 � 10�8 and 8.0 � 10�6 mol L�1

(L.O.D. = 7.0 � 10�9 mol L�1). In addition, the oxidation peaks of EP and ascorbic acid (AA) were separated
from each other by approximately 180 mV. Therefore the GR/Au nanocomposites modified electrode suc-
cessfully differentiates the signals of the two analytes. At the same time, this electrode also showed favor-
able electrocatalytic activity toward some other small biomolecules (such as dopamine, b-nicotinamide
adenine dinucleotide, and uric acid), suggesting the potential applications of GR/Au nanocomposites for
constructing biosensors.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Graphene (GR) is a novel carbon-based nanomaterial, which has
captured great interest among scientists in recent years [1,2]. It is
an ideal material for electrochemistry [3–5] because of its excellent
electrical conductivity, high surface area and low cost. GR modified
electrodes have been used in the detection of some biomolecules
[6–9]. However, unless well separated from each other, GR tends
to form irreversible agglomerates or even restack to form graphite
through van der Waals interactions and p–p stacking [10]. There-
fore, different methods have been used to improve the solvency of
GR by chemical modifications or non-covalent functionalizations
[11–14].

Recently, GR-based hybrids with metallic nanoparticles have
shown potential applications in the area of chemical sensors, en-
ergy storage and catalysis [15,16]. The GR-based hybrids with
metallic composite materials can improve electronic and thermal
conductivity [17,18]. Another important feature of the adhesion
of metal nanoparticles to GR is the inhibition of aggregation of
GR sheets in dry state. By functioning as a spacer, the metal nano-
particles make both faces of GR accessible by increasing the dis-
tance between the GR sheets [19].
ll rights reserved.
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Nano-Au has been widely used as catalysts to promote various
chemical reactions for their unique optical and surface properties
[20]. It is expected that a hybrid composed of GR and nano-
Au could become a novel functional material for application in
electrochemistry. Until now, two main methods have been used
to fabricate GR/Au hybrids. One is using inter-media [21–25],
such as cationic polyelectrolyte poly (diallydimethyl ammonium
chloride), for the linkage of nano-Au and graphene to form graph-
ene-media-Au hybrids. The disadvantage of the method is poor
conductivity of the hybrid because of the barrier of nonconducting
media between the graphene and the nano-Au. In order to over-
come this, in situ growth of nano-Au on graphene has been
presented. Through such a method, some researchers showed that
nano-Au were uniformly distributed on GR [26,27].

Epinephrine (EP) is an importance neurotransmitter in mam-
malian central nervous systems [28]. Many diseases are related
to the change of its concentration. Thus, a quantitative determina-
tion of EP is significant. EP is an electroactive molecule, whose elec-
trochemical behaviors have been studied [29–35] and some
methods have also been reported for its determination [36–38].

Herein, a solution-based method was used to prepare nano-Au
decorated GR nanocomposites via a chemical co-reduction. The
reduction of GO and the in situ deposition of nano-Au were achieved
in a one-pot process. The as-prepared nanocomposites show good
dispersibility and their catalytic activities were evaluated by deter-
mination of EP. This modified electrode exhibited high sensitivity
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and stability in detection of EP. The obtained linear range for EP was
5.0 � 10�8–8.0 � 10�6 mol L�1. We also studied the use of GR/Au/
GCE for sensing some other biomolecules, such as dopamine, b-
nicotinamide adenine dinucleotide, ascorbic acid, uric acid and
pyrocatechol.

2. Experimental

2.1. Apparatus and reagents

A CHI 832 electrochemical analyzer (Shanghai Chenhua Instru-
ment Company, China) was used to perform electrode character-
ization and voltammetric measurements. A conventional three-
electrode system, including a bare or modified glassy carbon elec-
trode (GCE, 4 mm in diameter) as working electrode, a saturated
calomel electrode (SCE) as reference electrode and a platinum
(Pt) plate as counter electrode was used in this work. All potentials
in the text were against SCE.

EP (obtained from Wuhan GPC-China Chemistry Co. Ltd.), dopa-
mine (DA), uric acid (UA), ascorbic acid (AA) and b-nicotinamide
adenine dinucleotide (NADH), pyrocatechol and sodium citrate
(obtained from Sinopharm Chemical Reagent Co. Ltd.) were used
without further purification, and the stock solution was stored at
�4 �C away from light. HAuCl4 was obtained from Shanghai Chem-
ical Reagents Co. Ltd. Graphite oxide (GO) was got from Nanjing
Xianfeng NANO Materials Tech Co. Ltd. N,N-dimethylformamide
(DMF) were bought from Beijing Chemical Company. Dialysis
membranes (MWCO 8000-14000) were purchased from Solarbio.
Phosphate buffer solutions (PBS) with different pH values were
prepared by mixing 0.1 mol L�1 Na2HPO4 and 0.1 mol L�1 NaH2PO4.
All the chemicals used were analytical reagent grade. Doubly dis-
tilled water was used throughout the experiments.

2.2. Synthesis of GR/Au nanocomposites

Graphite oxide was suspended in water to give a brown disper-
sion, which was subjected to dialysis to completely remove resid-
ual salts and acids. As-purified graphite oxide suspensions were
then dispersed in water to create 1 mg mL�1 dispersion. Exfoliation
of graphite oxide to GO was carried out by sonicating graphite
oxide dispersion for 6 h.

GR/Au nanocomposites were prepared by the chemical co-
reduction of Au (III) and GO with sodium citrate [26]. Briefly, the
aforementioned dispersion of GO (4 mL) was added to 25 mL of
HAuCl4 solution (0.2 mg mL�1). The resultant suspension was stir-
red for 1 h to promote the interaction of gold ions with the graphene
surface [15,26]. After that, 940 lL of sodium citrate (0.2 mol L�1)
was added dropwise into the above mixture. The mixture was
heated at 80 �C for 2 h. The product was separated by centrifugation
and thoroughly rinsing with ethanol and doubly distilled water, and
vacuum-dried at room temperature.

GR was prepared through the same procedure except for only re-
duce GO [10]. Nano-Au was prepared by only reduce HAuCl4 [39].

2.3. Preparation of modified electrode

A GCE was polished with 0.5 and 0.05 lm Al2O3 powder and
then rinsed with water and sonicated in ethanol and doubly dis-
tilled water in turn. Then, the cleaned GCE was gently blown under
a nitrogen stream. A volume of 10 lL of GR/Au or GR DMF/aqueous
solution (volume ratio DMF/H2O = 9:1) or nano-Au aqueous solu-
tion (the concentration of GR/Au or GR is 1.0 mg mL�1) was added
onto the clean GCE and dried at room temperature. They were
respectively denoted as GR/Au/GCE, GR/GCE and nano-Au/GCE.
2.4. Analytical procedure

A 0.1 mol L�1 PBS (pH 7.0) was used as the supporting electro-
lyte for determination of EP. Firstly, the solution was deoxygenated
with N2 and kept under N2 blanket. Then, the voltammograms of
EP were recorded from �0.8 to 0.6 V with a scan rate of
100 mV s�1.
3. Results and discussion

3.1. Structure characterization

The Raman spectroscopy of GR (see Supporting information
Fig. 1S) shows two characteristic peaks at 1327 cm�1 (D band)
and 1595 cm�1 (G band) [40]. The result indicated the existence
of small size of the in-plane sp2 domains of GR [41,42]. Fig. 1A
illustrates the typical TEM image of the prepared GR sheets. As
shown in this figure, GR clearly shows the flake-like shapes. There-
fore, the Raman spectrum and TEM analyzes demonstrated that GR
is successfully synthesized. Fig. 1B and C are the TEM images of the
prepared GR/Au nanocomposites, indicating GR/Au nanocompos-
ites could be synthesized in one pot by chemical co-reduction. Be-
sides, it can be seen that nano-Au is uniformly embedded on the
whole surface of GR sheets with the diameter of 7–12 nm, which
is close to the optimum Au particle size for catalysis [43]. In this
case, nano-Au layers separate the GR sheets in the precipitate
and prevent GR sheets from aggregation upon p–p stacking inter-
action. SEM image of external modality of GR/Au on the glassy car-
bon surface was shown in Fig. 1D. The GR/Au image clearly
indicates a homogeneous distribution of discrete gold nanoparti-
cles at graphene surface and its well-packed graphene films.
3.2. Electrochemical behaviors of GR/Au modified electrode

Potassium ferrocyanide solution was first used to evaluate the
electrochemical behavior of GR/Au nanocomposites modified elec-
trodes. Fig. 2A displays the CV curves of bare GCE (dash line) and
GR/Au/GCE (solid line) in 0.5 mol L�1 KCl containing 0.01 mol L�1

[Fe(CN)6]3�/4� aqueous solution. The voltammogram obtained at
the GR/Au/GCE exhibited a redox peak pair smaller than that of
bare GCE. This observation proved that the presence of negative
charges on nanocomposites of GR and nano-Au repels the nega-
tively charged FeðCNÞ3�=4�

6 ions, thereby resulting in a lower cur-
rent signal.

To further investigate the charge on the modified electrodes, a
cyclic voltammetric study for the above electrodes was performed
utilizing a positively charged redox probe, RuðbpyÞ2þ3 (shown in
Fig. 2B). Contrary to the negatively charged redox probe
[Fe(CN)6]3�/4�, the electron-transfer reaction involving RuðbpyÞ2þ3

at the negatively charged electrode surface was enhanced because
of the attractive electrostatic forces. The response of 1.0 �
10�3 mol L�1 RuðbpyÞ2þ3 in 0.2 mol L�1 Na2SO4 at GR/Au/GCE (solid
line) was increased 3-fold compared with that of the bare GCE
(dash line). The results further exhibited the presence of negatively
charged on the surface of modified electrode.
3.3. Optimization of experimental condition

To optimize the experimental condition, the cyclic voltammet-
ric curves in the presence of 5.0 � 10�5 mol L�1 EP were recorded.
Based on the peak height for EP detection, the influence of experi-
mental conditions was examined.



Fig. 1. TEM images of the prepared GR (A) and GR/Au (B) nanocomposites. (C) High-resolution TEM of GR/Au nanocomposites. (D) SEM image of GR/Au nanocomposites on
the glassy carbon.
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Fig. 2. (A) Cyclic voltammograms obtained at a bare GCE (dash line) and GR/Au/GCE
(solid line) in 0.5 mol L�1 KCl with 0.01 mol L�1 [Fe(CN)6]3�/4�. (B) Cyclic voltam-
mograms obtained at a bare GCE (dash line) and GR/Au/GCE (solid line) in
0.2 mol L�1 Na2SO4 with 1.0 � 10�3 mol L�1 RuðbpyÞ2þ3 . Scan rate: 50 mV s�1.
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Fig. 3. Plot of anodic peak current of 5 � 10�5 mol L�1 EP in 0.1 mol L�1 PBS (pH 7.0)
recorded at GR/Au/GCE according to amounts of modified GR/Au nanocomposites.
Scan rate is 100 mV s�1. Accumulation time: 2 min (on open circuit).
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3.3.1. Effect of amounts of modification
Firstly, the effect of amounts of modification was examined

(Fig. 3). As seen that the anodic peak current of 5.0 � 10�5 mol L�1

EP at GR/Au/GCE changed with the amounts of GR/Au modification.
High loading of GR/Au nanocomposites increased peak current.
However, excessive loading of GR/Au nanocomposites induced
the large increase in the capacitive background current which
may lead to the diminution of peak current. In our experiments,
10 lg GR/Au nanocomposites (10 lL drop of 1.0 mg mL�1 GR/Au
suspension) was the optimized value for the modification of GR/
Au on GCE.

3.3.2. Influence of scan rate
The CV curves of EP at the GR/Au/GCE were invested at different

scan rate (shown in Fig. 4). With the increased of scan rate, the
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peak current of EP increased. The inset of Fig. 4 shows a linear re-
sponse of the anodic peak current versus the scan rate (R = 0.992)
which implies a surface absorption-controlled process.

3.3.3. Effect of accumulation time
A further adsorption experiment was made. Fig. 5 illustrates the

influence of accumulation time on the oxidation peak height of EP.
When the accumulation time increased from 0 s to 180 s, the peak
height of 1.0 � 10�6 mol L�1 EP increased greatly (curve a). As
improving the accumulation time, more and more EP was accumu-
lated at the modified electrode surface owing to the adsorption
ability of GR/Au. Without a doubt, the peak height of EP should
remarkably increase. Further increase in accumulation time did
not increase the amount of EP at the electrode surface owing to
surface adsorption equilibrium, and the peak height remained con-
stant. The same performance was observed for 1.0 � 10�7 mol L�1

EP (curve b). It was clear that the peak current of EP increased
remarkably within the first 4 min and then enhanced slowly. Fur-
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Fig. 5. The influence of accumulation time on the peak height of (a)
1.0 � 10�6 mol L�1 EP; (b) 1.0 � 10�7 mol L�1 EP in 0.1 mol L�1 PBS (pH 7.0). Scan
rate: 100 mV s�1.
ther increase in accumulation time did not increase the peak
current owing to surface adsorption equilibrium. At both experi-
ments, peak current increased with time first, and then stable sig-
nals were observed, which has been suggested the film to be
apparent accumulation of the positively charged EP.

3.3.4. Effect of solution pH
In most cases, the solution pH is an important influence factor

to the electrochemical reaction. Cyclic voltammetry was carried
out to characterize influence of solution pH on electrochemical
behavior of EP at the GR/Au/GCE. Fig. 6A showed the dependence
of anodic peak current of EP on solution pH in the range of 3.0–
9.0. The large anodic peak current was obtained in the range of pH
6.5–7.5. Hence, the pH 7.0 was chose in the electrochemical detec-
tion of EP experiments. In addition, we explored the relationship
between peak potential of EP and pH (shown in Fig. 6B). It can
be found that peak potential shifted negatively with the increase
of solution pH. The anodic peak potential (Epa) was proportional
with the solution pH in the range of 3.0–9.0. The linear regression
equation (with R = 0.994) is described in Eq. (1), whose slope indi-
cates that the electron transfer step is preceded by a protonation
with the same number of protons involved in the EP oxidation
mechanism [44,45].

Epa ¼ 0:6270� 0:06738 pH ð1Þ
3.4. Comparison of response to epinephrine

The electrochemical response of EP at bare GCE, GR/GCE, nano-
Au/GCE and GR/Au/GCE, respectively, was investigated. Fig. 7 illus-
trates the CV curves of 5.0 � 10�5 mol L�1 EP at the above four
electrodes. As can be seen, at bare GCE (curve a), EP produced a
broad and insensitive anodic peak at 0.196 V, the anodic peak cur-
rent (Ipa) was found to be 4.964 lA. By contrast, the GR/Au/GCE
produced a sensitive anodic peak at 0.163 V, Ipa was found to be
32.08 lA, around 6.5-fold higher than observed at the bare GCE,
indicating a much larger active area and catalytical ability. The
GR/GCE (anodic peak at 0.203 V) and nano-Au/GCE (anodic peak
at 0.181 V) also showed an increase of 1.8-fold and 2.7-fold,
respectively. Especially, the electrochemical response of GR/Au/
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Fig. 7. Cyclic voltammograms of 5 � 10�5 mol L�1 EP in 0.1 mol L�1 PBS (pH 7.0)
recorded at the bare GCE (a), GR/GCE (b), nano-Au/GCE (c) and GR/Au/GCE (d). Scan
rate is 100 mV s�1. Accumulation time: 2 min (on open circuit).
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GCE is much stronger than those of the single GR or single nano-Au
modified electrode. This enhanced sensitivity at GR/Au/GCE was
attributed to the congenerous influence of GR and nano-Au on
the electron transfer rate and effective electrode area, as well as
the accumulation effects of the positively charged EP.

To verify the reproducibility of the modified electrode, repeti-
tive measurements were done for EP. The relative standard devia-
tions (RSDs) less than 3.1% for five times parallel detections of
5.0 � 10�5 mol L�1 EP suggested a good reproducibility of GR/Au/
GCE. The stability of the GR/Au/GCE was tested by measuring cyclic
voltammetry. Without renewing the electrode surface, the modi-
fied electrode can be used consecutively for 12 times with 1 min
accumulation after each measurement. After the 12 determina-
tions the electrode retained 91% of its initial activity.
3.5. Determination of EP and interference study

Under the optimum conditions described previously, the linear
relationships between the peak height and the concentration of EP
were obtained. Fig. 8 shows the results of cyclic voltammograms of
EP at the GR/Au/GCE. The result demonstrates that the oxidation
peaks for EP can be clearly identified at about 0.163 V with a linear
relation between the peak currents versus the concentrations. The
results showed that Ipa was proportional to concentration of EP in
the range of 5.0 � 10�8–8 � 10�6 mol L�1. In addition, the detec-
tion limit of EP could reach as low as 7.0 � 10�9 mol L�1 (S/N = 3).

Ascorbic acid (AA), which is electro-active and largely coexists
with EP in biological system, could be oxidized at similar potentials
as EP on most solid electrodes. In Fig. 9A, at bare GCE, a peak of AA
and EP oxidation appears at 0.208 V and 0.196 V, respectively. This
minute difference in peak potentials of AA and EP leads to the dif-
ficult discrimination of the two species. Therefore, two peaks
which are partly overlapped are observed in the PBS containing
3.0 � 10�3 mol L�1 AA and 5 � 10�4 mol L�1 EP. The anodic peak
current (Ipa) of AA and EP were found to be 1.135 � 10�4 A and
3.81 � 10�5 A respectively. While, at the GR/Au/GCE electrode,
the oxidation peaks of AA and EP appear at about �0.017 V and
0.163 V, respectively (Fig. 9B). The difference between the two
peak potentials is about 180 mV, which is enough to distinguishing
EP from AA. Besides, the anodic peak current (Ipa) of AA found to be
almost the same as bare GCE. While, the anodic peak current (Ipa)
of EP was found to be 1.327 � 10�4 A, around 3.5-fold higher than
obtained at bare GCE (after accumulation, a more greater on ampli-
fication of peak current could be obtained, see Section 3.3.3. effect
of accumulation time). Thus, the GR/Au films not only increase the
sensitivity to EP but also successfully differentiate the signals of
the two analytes.
3.6. Analytical application

The epinephrine hydrochloride injection samples (standard
content of EP 1 mg mL�1, 1 mL per injection) were purchased from
a local pharmacy, and diluted to 1.0 � 10�6 mol L�1 using PBS (pH
7.0). The content of EP was obtained by the standard addition
method, and the results are shown in Table 1. In order to testify
the accuracy of this method, standard EP solution was spiked in
the sample and the analytical procedure repeated. The recovery
values were acceptable, revealing that this method is accurate
and effective.
3.7. Response of small biomolecules at GR/Au-based electrode

The wide potential window and high electrochemically accessi-
ble area of GR/Au nanocomposites showed potential application in
detection of small biomolecules. The response of some biomole-
cules at GR/Au-based electrode was investigated. In all cases, mod-
ified electrode provided better reversibility with substantial
decreased overpotential, better defined peak shape, and high sen-
sitivity compared with unmodified GCE. A comparison of the bare
GCE and GR/Au/GCE for some biomolecules was shown in Fig. 2S
and listed in Table 2.
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Table 1
Selective determination of EP in injection (n = 3).

EP
injection

Recommended
(mg)

Found
(mg)

Added
(lg)

Recovery
(%)

RSD (%,
n = 3)

I 1.0 0.98 4.0 98 2.1
II 1.0 1.05 4.0 105 3.0

Table 2
Cyclic voltammetric data at bare GCE and GR/Au/GCE.

Sample Bare GCE GR/Au/GCE I0pa=Ipa

Epa (V) Ipa (10�6 A) Epa (V) I0pa (10�6 A)

DA 0.199 27.48 0.180 123.7 4.5
AA 0.208 113.5 �0.017 113.7 1.0
UA 0.302 27.00 0.310 72.33 2.7
NADH 0.357 1.248 0.205 3.599 2.9
Pyrocatechol 0.296 4.641 0.184 20.10 4.3

Concentration: DA 5.0 � 10�4 mol L�1; AA 3.0 � 10�3 mol L�1; UA 3.0 � 10�4 mol L�1;
NADH 2.0 � 10�4 mol L�1; pyrocatechol 2.0 � 10�3 mol L�1. 0.1 mol L�1 PBS (pH 7.0).
Scan rate 100 mV s�1.
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4. Conclusions

GO and Au (III) was chemically co-reduced to prepare GR/Au
nanocomposites in aqueous solution successfully. The prepared
GR/Au nanocomposites modified electrode (GR/Au/GCE) exhibited
enhanced electrochemical activity towards EP. A novel and simple
method for the detection of EP at GR/Au/GCE was presented in this
paper. Complete peak separation between EP and ascorbic acid
(AA) obtained from CV demonstrated good selectivity for determi-
nation of EP in the presence of AA. Furthermore, GR/Au/GCE also
exhibited excellent electron transfer promoting ability and excel-
lent electrocatalytic behavior toward other biomolecules, such as
DA, AA, NADH and pyrocatechol, prognosticating a space for the
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scientific research and application development of GR/Au nano-
composites for biosensor.

Acknowledgment

This project was supported by the National Natural Science
Foundation of China (Grant No. 20975061).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jelechem.2012.01.021.

References

[1] W.R. Yang, K.R. Ratinac, S.P. Ringer, P. Thordarson, J.J. Gooding, F. Braet, Carbon
nanomaterials in biosensors: should you use nanotubes or graphene, Angew.
Chem. Int. Ed. 49 (2010) 2114–2138.

[2] A.K. Geim, K.S. Novoselov, The rise of graphene, Nat. Mater. 6 (2007) 183–191.
[3] M. Pumera, Electrochemistry of graphene: new horizons for sensing and

energy storage, Chem. Rec. 9 (2009) 211–223.
[4] M.H. Liang, L.J. Zhi, Graphene-based electrode materials for rechargeable

lithium batteries, J. Mater. Chem. 19 (2009) 5871–5878.
[5] Y.Y. Shao, J. Wang, H. Wu, J. Liu, I.A. Aksay, Y.H. Lin, Graphene based

electrochemical sensors and biosensors: a review, Electroanalysis 22 (2010)
1027–1036.

[6] Z.J. Wang, X.Z. Zhou, J. Zhang, F. Boey, H. Zhang, Direct electrochemical
reduction of single-layer graphene oxide and subsequent functionalization
with glucose oxidase, J. Phys. Chem. C 113 (2009) 14071–14075.

[7] Y. Wang, Y.M. Li, L.H. Tang, J. Lu, J.H. Li, Application of graphene-modified
electrode for selective detection of dopamine, Electrochem. Commun. 11
(2009) 889–892.

[8] C. Wang, L. Zhang, Z.H. Guo, J.G. Xu, H.Y. Wang, K.F. Zhai, X. Zhuo, A novel
hydrazine electrochemical sensor based on the high specific area graphene,
Microchim. Acta 169 (2010) 1–6.

[9] C.S. Shan, H.F. Yang, D.X. Han, Q.X. Zhang, A. Ivaska, L. Niu, Water-soluble
graphene covalently functionalized by biocompatible poly-L-lysine, Langmuir
25 (2009) 12030–12033.

[10] D. Li, M.B. Müller, S. Gilje, R.B. Kaner, G.G. Wallace, Processable aqueous
dispersions of graphene nanosheets, Nat. Nanotechnol. 3 (2008) 101–105.

[11] Y.C. Si, E.T. Samulski, Synthesis of water soluble graphene, Nano Lett. 8 (2008)
1679–1682.

[12] Y.Y. Liang, D.Q. Wu, X.L. Feng, K. Müllen, Dispersion of graphene sheets in
organic solvent supported by ionic interactions, Adv. Mater. 21 (2009) 1679–
1683.

[13] S. Stankovich, R.D. Piner, X.Q. Chen, N.Q. Wu, S.T. Nguyen, R.S. Ruoff, Stable
aqueous dispersions of graphitic nanoplatelets via the reduction of exfoliated
graphite oxide in the presence of poly(sodium 4-styrenesulfonate), J. Mater.
Chem. 16 (2006) 155–158.

[14] X.B. Fan, W.C. Peng, Y. Li, X.Y. Li, S.L. Wang, G.L. Zhang, F.B. Zhang,
Deoxygenation of exfoliated graphite oxide under alkaline conditions: a
green route to graphene preparation, Adv. Mater. 20 (2008) 4490–4493.

[15] R. Muszynski, B. Seger, P.V. Kamat, Decorating graphene sheets with gold
nanoparticles, J. Phys. Chem. C 112 (2008) 5263–5266.

[16] C. Xu, X. Wang, J.W. Zhu, Graphene–metal particle nanocomposites, J. Phys.
Chem. C 112 (2008) 19841–19845.

[17] S. Stankovich, D.A. Dikin, G.H.B. Dommett, K.M. Kohlhaas, E.J. Zimney, E.A.
Stach, R.D. Piner, S.T. Nguyen, R.S. Ruoff, Graphene-based composite materials,
Nature 442 (2006) 282–286.

[18] A.P. Yu, P. Ramesh, M.E. Itkis, E. Bekyarova, R.C. Haddon, Graphite
nanoplatelet–epoxy composite thermal interface materials, J. Phys. Chem. C
111 (2007) 7565–7569.

[19] Y.C. Si, E.T. Samulski, Exfoliated graphene separated by platinum
nanoparticles, Chem. Mater. 20 (2008) 6792–6797.

[20] C.M. Shen, C. Hui, T.Z. Yang, C.W. Xiao, J.F. Tian, L.H. Bao, S.T. Chen, H. Ding, H.J.
Gao, Monodisperse noble-metal nanoparticles and their surface enhanced
Raman scattering properties, Chem. Mater. 20 (2008) 6939–6944.

[21] Y.X. Fang, S.J. Guo, C.Z. Zhu, Y.M. Zhai, E.K. Wang, Self-assembly of cationic
polyelectrolyte-functionalized graphene nanosheets and gold nanoparticles: a
two-dimensional heterostructure for hydrogen peroxide sensing, Langmuir 26
(2010) 11277–11282.
[22] F. Liu, J.Y. Choi, T.S. Seo, DNA mediated water-dispersible graphene fabrication
and gold nanoparticle–graphene hybrid, Chem. Commun. 46 (2010) 2844–
2846.

[23] W.J. Hong, H. Bai, Y.X. Xu, Z.Y. Yao, Z.Z. Gu, G.Q. Shi, Preparation of gold
nanoparticle/graphene composites with controlled weight contents and their
application in biosensors, J. Phys. Chem. C 114 (2010) 1822–1826.

[24] J.B. Liu, S.H. Fu, B. Yuan, Y.L. Li, Z.X. Deng, Toward a universal ‘‘adhesive
nanosheet’’ for the assembly of multiple nanoparticles based on a protein-
induced reduction/decoration of graphene oxide, J. Am. Chem. Soc. 132 (2010)
7279–7281.

[25] Y.K. Kim, H.K. Na, D.H. Min, Influence of surface functionalization on the
growth of gold nanostructures on graphene thin films, Langmuir 26 (2010)
13065–13070.

[26] G. Goncalves, P.A.A.P. Marques, C.M. Granadeiro, H.I.S. Nogueira, M.K. Singh, J.
Grácio, Surface modification of graphene nanosheets with gold nanoparticles:
the role of oxygen moieties at graphene surface on gold nucleation and
growth, Chem. Mater. 21 (2009) 4796–4802.

[27] B.S. Kong, J.X. Geng, H.T. Jung, Layer-by-layer assembly of graphene and gold
nanoparticles by vacuum filtration and spontaneous reduction of gold ions,
Chem. Commun. 16 (2009) 2174–2176.

[28] W.A. Banks, Enhanced leptin transport across the blood–brain barrier by al-
adrenergic agents, Brain Res. 899 (2001) 209–217.

[29] A. Sucheta, J. Rusling, Effect of background charge on estimating diffusion
coefficients by chronocoulometry at glassy carbon electrodes, Electroanalysis
3 (1991) 735–739.

[30] X.Z. Wu, L.J. Mu, W.Z. Zhang, Impedance of the electrochemical oxidation of
epinephrine on a glassy carbon electrode, J. Electroanal. Chem. 352 (1993)
295–300.

[31] E.L. Ciolkowski, K.M. Maness, P.S. Cahill, R.M. Wightman, D.H. Evans, B. Fosset,
C. Amatore, Disproportionation during electrooxidation of catecholamines at
carbon-fiber microelectrodes, Anal. Chem. 66 (1994) 3611–3617.

[32] M.D. Hawley, S.V. Tatawawadi, S. Piekarski, R.N. Adams, Electrochemical
studies of the oxidation pathways of catecholamines, J. Am. Chem. Soc. 89
(1967) 447–450.

[33] H.S. Wang, D.Q. Huang, R.M. Liu, Study on the electrochemical behavior of
epinephrine at a poly(3-methylthiophene)-modified glassy carbon electrode, J.
Electroanal. Chem. 570 (2004) 83–90.

[34] H.M. Zhang, X.L. Zhou, R.T. Hui, N.Q. Li, D.P. Liu, Studies of the electrochemical
behavior of epinephrine at a homocysteine self-assembled electrode, Talanta
56 (2002) 1081–1088.

[35] M. Zhu, X.M. Huang, J. Li, H.X. Shen, Peroxidase-based spectrophotometric
methods for the determination of ascorbic acid, norepinephrine, epinephrine,
dopamine and levodopa, Anal. Chim. Acta 357 (1997) 261–267.

[36] J.O. Schenk, E. Miller, R.N. Adams, Electrochemical techniques for the study of
brain chemistry, J. Chem. Educ. 60 (1983) 311–315.

[37] Y. Hasebe, T. Hirano, S. Uchiyama, Determination of catecholamines and uric
acid in biological fluids without pretreatment, using chemically amplified
biosensors, Sens. Actuators, B 24 (1995) 94–97.

[38] T. Łuczak, Comparison of electrochemical oxidation of epinephrine in the
presence of interfering ascorbic and uric acids on gold electrodes modified
with S-functionalized compounds and gold nanoparticles, Electrochim. Acta
54 (2009) 5863–5870.

[39] K.C. Grabar, R. Griffith Freeman, M.B. Hommer, M.J. Natan, Preparation and
characterization of Au colloid monolayers, Anal. Chem. 67 (1995) 735–743.

[40] R.J. Bowling, R.T. Packard, R.L. McCreery, Activation of highly ordered pyrolytic
graphite for heterogeneous electron transfer: relationship between
electrochemical performance and carbon microstructure, J. Am. Chem. Soc.
111 (1989) 1217–1223.

[41] S. Stankovich, D.A. Dikin, R.D. Piner, K.A. Kohlhass, A. Kleinhammes, Y.Y. Jia, Y.
Wu, S.T. Nguyen, R.S. Ruoff, Synthesis of graphene-based nanosheets via
chemical reduction of exfoliated graphite oxide, Carbon 45 (2007) 1558–1565.

[42] K.N. Kudin, B. Ozbas, H.C. Schniepp, R.K. Prud’homme, I.A. Aksay, R. Car, Raman
spectra of graphite oxide and functionalized graphene sheets, Nano Lett. 8
(2008) 36–41.

[43] L. Han, X.L. Zhang, Simultaneous voltammetric determination of
dihydroxybenzene isomers by nanogold modified electrode, Electroanalysis
21 (2009) 124–129.

[44] T. Komura, G.Y. Niu, T. Yamaguchi, M. Asano, A. Matsuda, Coupled electron–
proton transport in electropolymerized methylene blue and the influences of
its protonation level on the rate of electron exchange with b-nicotinamide
adenine dinucleotide, Electroanalysis 16 (2004) 1791–1800.

[45] U. Yogeswaran, S. Thiagarajan, S.M. Chen, Pinecone shape hydroxypropyl-b-
cyclodextrin on a film of multi-walled carbon nanotubes coated with gold
particles for the simultaneous determination of tyrosine, guanine, adenine and
thymine, Carbon 45 (2007) 2783–2796.

http://dx.doi.org/10.1016/j.jelechem.2012.01.021

	Electrochemical sensor for epinephrine based on a glassy carbon electrode  modified with graphene/gold nanocomposites
	1 Introduction
	2 Experimental
	2.1 Apparatus and reagents
	2.2 Synthesis of GR/Au nanocomposites
	2.3 Preparation of modified electrode
	2.4 Analytical procedure

	3 Results and discussion
	3.1 Structure characterization
	3.2 Electrochemical behaviors of GR/Au modified electrode
	3.3 Optimization of experimental condition
	3.3.1 Effect of amounts of modification
	3.3.2 Influence of scan rate
	3.3.3 Effect of accumulation time
	3.3.4 Effect of solution pH

	3.4 Comparison of response to epinephrine
	3.5 Determination of EP and interference study
	3.6 Analytical application
	3.7 Response of small biomolecules at GR/Au-based electrode

	4 Conclusions
	Acknowledgment
	Appendix A Supplementary material
	References


