
ORIGINAL PAPER

Dopamine sensor based on a glassy carbon electrode modified
with a reduced graphene oxide and palladium
nanoparticles composite

Selvakumar Palanisamy & Shuhao Ku & Shen-Ming Chen

Received: 27 February 2013 /Accepted: 3 June 2013 /Published online: 19 June 2013
# Springer-Verlag Wien 2013

Abstract We report on a sensitive electrochemical sensor for
dopamine (DA) based on a glassy carbon electrode that was
modified with a nanocomposite containing electrochemically
reduced graphene oxide (RGO) and palladium nanoparticles
(Pd-NPs). The composite was characterized by scanning
electron microscopy, energy dispersive spectroscopy, and
electrochemical impendence spectroscopy. The electrode can
oxidize DA at lower potential (234 mV vs Ag/AgCl) than
electrodes modified with RGO or Pd-NPs only. The response
of the sensor to DA is linear in the 1–150 μM concentration
range, and the detection limit is 0.233 μM. The sensor was
applied to the determination of DA in commercial DA injec-
tion solutions.
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Introduction

Neurotransmitters have received considerable attention due
to the key roles played by them in the central nervous
systems of our body [1]. Dopamine (DA) is one of the major
catecholamine that exists in the central nervous system,
which regulates our cognition and emotions in our body
[2]. Moreover, dopaminergic neurotransmission leads to dis-
orders like Parkinson’s disease. Hitherto, various techniques
have been used for sensitive detection of DA that includes

high performance liquid chromatography (HPLC) [3], mass
spectrometry [4] spectrophotometry [5], and electrochemical
methods [6–8]. However, electrochemical methods are very
simple, cost-effective, highly sensitive, and user friendly
than other traditional methods [9–11]. Moreover, electro-
chemical methods provide high selectivity towards detection
of DA. So far, carbon nanomaterials, metal nanoparticles
[12], polymers [13, 14] and metal oxides [15] have been
used as electrocatalysts for the detection of DA. Among
various carbon nanomaterials, reduced graphene oxide
(RGO) has received considerable attention in the field of
electroanalytical chemistry and it has been used as
electrocatalysts for sensing numerous analytes. The higher
surface area and superior conductivity of RGO favored the
detection of biological analytes with high specificity. In
recent years, RGO-metal nanoparticle (NPs) composites
have perceived significant interest, likely because of their
excellent sensing performances that open up various poten-
tial applications in the field of electrochemical sensors [16].
Pd, Au, Cu and Ag NPs decorated directly onto RGO sheets
have been proven to be potential sensing platforms for the
detection of various analytes [17]. However, chemical or
thermal methods have been employed for the preparation
of RGO-metal NP composites, in which both GO and metal
precursors were reduced simultaneously using conventional
reducing agents [18]. In particular, Pd NPs has been exten-
sively used for the detection of many biological analytes due
to its good electrocatalytic ability [19]. Compared with other
approaches that used for the preparation of RGO from
graphene oxide (GO), electrochemical reduction method is
considered to be more simple, green (no toxic byproducts)
and cost-effective [20]. Moreover, electrochemical approach
allows preparation of RGO-Pd-NPs composite through
electro reduction of GO and Pd2+ ions in a single step under
cathodic conditions. Many reports on decoration of Pd-NPs
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directly onto RGO sheets via two steps through chemical or
electrochemical method are available in the literature [21].
However, there are only few reports about single step elec-
trochemical preparation of RGO-Pd-NPs composite [22].
Herein, we reported on the synthesis of RGO-Pd-NPs com-
posite via potentiostatic method based on the simultaneous
reduction of Pd2+ ions and GO, which is more facile and less
time consuming than other existing methods. We investigat-
ed the electrochemical determination of DA at electrochem-
ically prepared RGO-Pd-NPs composite modified electrode
for the first time. To the best of our knowledge, RGO-Pd-
NPs composite has never been used for the electrochemical
determination of DA. The high surface area and good con-
ductivity of the RGO-Pd-NPs composite allows efficient
oxidation of DA. Moreover, composite electrode showed
greater electrocatalytic oxidation for DA than RGO and Pd-
NPs modified electrodes. Additionally, the practicality of
this sensor towards the detection of DA in commercial DA
injection solutions has also been demonstrated.

Experimental

Materials and methods

Raw graphite and PdCl2 were purchased from Aldrich (http://
www.sigmaaldrich.com/taiwan.html). Dopamine hydrochlo-
ride, dopamine hydrochloride injections were purchased from
Sigma-Aldrich (http://www.sigmaaldrich.com/taiwan.html)
and used as received. The phosphate buffer solution (PB) at
pH 7 was prepared by using 0.05 M Na2HPO4 and NaH2PO4

solutions and pH of the solutions was adjusted with 0.5 M
H2SO4 and 2 M NaOH. All other chemicals were used of
analytical grade and all solutions were prepared using
Millipore water.

All electrochemical measurements were carried out by
CHI 750a electrochemical analyzer (CH instruments). Linear
sweep voltammetry (LSV) was performed by CHI 250a
electrochemical analyzer (CH instruments). Surface mor-
phological studies were carried out using Hitachi S-3000 H
scanning electron microscope. Electrochemical impedance
spectroscopy (EIS) studies were performed by using IM6ex
ZAHNER (Kroanch, Germany). Glassy carbon electrode
(GCE) was used as a working electrode. Ag/AgCl electrode
(Sat. KCl) and platinum wire was used as reference and
counter electrodes, respectively. All measurements were car-
ried out at room temperature and solutions in the electrolyte
cell were kept under an inert atmosphere.

Fabrication of RGO-Pd-NPs composite

Graphite oxide was prepared from raw graphite by using Hum-
mers’method [23] and it was converted to GO upon subjecting

its aqueous solution to ultrasonication for 30 min. In a typical
procedure to prepare RGO-Pd-NPs composite, 1 mL of ho-
mogenous solution of GO (0.5 mg mL−1) was mixed with
PdCl2 (0.05 mM) solution. Then the mixture was sonicated
about 20 min at room temperature to attach Pd2+ ions onto GO
sheets, which was subsequently centrifuged at 2,000 RPM to
remove the free Pd2+ ions that exists in the solution. About 8 μl
(optimum concentration) of resulting GO/Pd2+ solution was
drop casted onto a GCE surface and then allowed to dry in an
air oven. The GO/Pd2+ modified GCE was transferred into an
electrochemical cell containing pH 3 solution and a constant
potential of −1.1 V was applied for 300 s, which leads to the
formation of RGO-Pd-NPs composite. RGO modified GCE
was prepared through the electrochemical reduction of GO on
GCE without PdCl2. Meanwhile, Pd-NPs was electrodeposited
onto GCE surface by using the same procedure but without
GO. RGO and Pd-NPs modified GCEs were used as controls.
The fabricated RGO-Pd-NPs composite modified GCE was
used for further experiments and stored at room temperature
under dry condition. Also, the composite was stored at 4 °C in
dopamine solution (only for stability studies) when not in use.

Results and discussion

Characterization of RGO-Pd-NPs composite

The SEM image of the RGO-Pd-NPs composite shown in
Fig. 1b validates that Pd-NPs are well formed and closely
anchored on the RGO sheets. Moreover, Pd-NPs with average
diameter of 100–200 nm are clearly observed to be anchored on
the RGO sheets. While, RGO sheets depicts wrinkled textures

Fig. 1 Typical SEM of RGO (a) electrodeposited Pd nanoparticles
(inset) and RGO-Pd-NPs nanocomposite (b)
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with closely associated ultrathin sheets (A). Likewise, only Pd-
NPs with sizes of about 200 nm diameter are also observed
(inset in Fig. 1a). It has to be noted that, Pd-NPs are distributed
evenly onto RGO sheets, which confirmed the formation of
RGO-Pd-NPs composite. Moreover, Pd-NPs electrodeposited
on the bare electrode are in good agreement with the Pd-NPs
deposited onto RGO. However, Pd-NPs are more closely an-
chored on RGO sheets without any dislocation, which validates
that the RGO-Pd-NPs composite had been formed through the
simultaneous reduction of Pd2+ and GO.

The formation of RGO-Pd-NPs composite was further
confirmed by the elemental analysis. As it can be seen in
the EDX spectrum of RGO-Pd-NPs composite shown in
Fig. 2b, the oxygen functionalities of GO are reduced up to
32 %, confirming the formation of RGO from GO. In con-
trast, only GO/Pd2+ contains higher oxygen content than
RGO-Pd-NPs, which confirmed the reduction of GO/Pd2+

Fig. 2 EDX spectrum of GO/Pd2+ suspension before (a) and after
electrochemical reduction (b). c EIS of bare (a), RGO (b) and RGO-Pd-
NPs modified GCEs in 5 mM Fe2+/Fe3+ probe in pH 7 solution. Inset is
the corresponding equivalent circuit model for the EIS

Fig. 3 Cyclic voltammogram of bare (a), Pd (b), RGO (c) and RGO-Pd-
NPs (d) modified GCEs in 100μMDA in N2 saturated PB at the scan rate
of 50 mVs−1. Cyclic voltammogram of RGO-Pd-NPs modified electrode
in N2 saturated 0.5 M H2SO4 solution at 50 mVs−1 scan rate (inset)

Fig. 4 Different scan rate studies at RGO-Pd-NPs nanocomposite
modified electrode in 100 μM DA in N2 saturated PB; scan rates used:
20–100 mVs−1

Fig. 5 LSVof RGO-Pd-NPs nanocomposite modified electrode at differ-
ent concentrations of DA from 1 to 150 μM (a–s) in N2 saturated PB at the
scan rate of 50 mVs−1. Inset is the corresponding plot of [DA] vs. current
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leading to the formation RGO-Pd-NPs composite (Fig. 2a).
EIS analysis was used to evaluate the conductivity of differ-
ent modified electrodes. Figure 2c shows the typical EIS of
bare (a), RGO (b) and RGO-Pd-NPs (c) modified electrodes
acquired in 5 mM Fe2+/Fe3+ probe containing pH 7 solution.
RGO-Pd-NPs modified electrode (c) has higher electron
conductivity than RGO (b) and bare GC (a) modified elec-
trodes, likely due to its smaller Rct value. The smaller surface
area and poor electron conductivity of the bare GCE lead to
higher Rct value and higher resistance. Meanwhile, electron
conductivity of RGO was found to be greatly enhanced in
presence than in the absence of Pd-NPs. All these results
clearly suggest that superior conductivity of the Pd-NPs and
RGO may lead to faster electron transfer at the electrode
surface.

Electrochemical oxidation of DA at RGO-Pd-NPs composite
modified electrode

The electrochemical oxidation behavior of DA at different
modified electrodes was investigated as shown in Fig. 3.
Figure 3 depicts cyclic voltammograms of bare (a), RGO
(b), Pd (c) and (d) RGO-Pd-NPs modified GCEs in 100 μM
DA in N2 saturated PB at the scan rate of 50 mV s−1. RGO-
Pd-NPs modified GCE shows enhanced oxidation peak at
0.234 V for DA than that of RGO modified electrode
(0.285 V). The oxidation peak of DA appeared at 0.453 V
and 0.266 V for bare and Pd modified electrodes, respective-
ly. Moreover, the oxidation peak current of DA at RGO-Pd-
NPs composite was found to be two and three fold higher
than that of RGO and Pd modified electrodes. Furthermore,
oxidation peak of DA at 0.234 V was found to be much
lower than that of other modified electrodes. The superior
conductivity and high surface area of the composite modified
electrode favored the oxidation of DA at a relatively lower
potential. In addition, the presence of Pd-NPs on RGO
modified electrode was confirmed by recording cyclic
voltammograms at modified electrode in N2 saturated
0.5 M H2SO4 solution at the scan rate of 50 mVs−1. As

shown in Fig. 3 (inset), the hydrogen adsorption and desorp-
tion peaks of Pd-NPs are clearly seen, whereas oxidation and
reduction behavior of Pd was clearly observed at RGO-Pd-
NPs composite, which is found to be in good agreement with
the electrochemical behavior of Pd-NPs [24].

The effect of scan rate at RGO-Pd-NPs composite modi-
fied electrode was studied in the presence of 100 μM DA as
shown in Fig. 4. The oxidation peak potential and peak
current (Ipa) had linear dependence with scan rates between
20 mV and 100 mV (inset), revealing that the oxidation of
DA at RGO-Pd-NPs composite modified electrode is a
surface-controlled process, and is not a diffusion controlled
process [25]. The pH played a significant role in the oxida-
tion of DA at the composite electrode, so we studied the
effect of different pH at RGO-Pd-NPs composite in 100 μM
DA in N2 saturated PB at the scan rate of 50 mVs−1 (figure
not shown). At the composite electrode both anodic and
cathodic peak potentials shifted towards the negative direc-
tion upon increasing the pH from 1.0 to 9.0. While they
shifted towards positive direction when decreasing the
pH 9–1.0, indicating that the electrocatalysis of DA at the
composite electrode is a pH dependent reaction. From the
calibration curve of anodic peak potential vs different pH,
the slope value was calculated to be Epa (V) − 56.23 mV/pH
using regression equation. This slope value was found to be
in close relationship with the theoretical value of −59 mV/pH
at 25 °C for a reversible electron transfer coupled proton
transport process that contains equal number of protons and
electrons [26]. This result also implied that the oxidation of

Table 1 Comparison of the analytical performance of RGO-Pd-NPs modified electrode with previously reported graphene and metal nanoparticles
based dopamine sensors

Nanomaterial modified GCEa Method LODb (μM) Linear range (μM) Electrolyte Reference

Graphene DPVc 2.64 4 to 100 pH 7 [27]

Graphene-LDHd SWVe 0.3 1 to 199 pH 7 [28]

Cu2O/Graphene CVf 0.01 0.1 to 10 pH 5 [29]

Pd-NPsg DPV NA 8 to 88 pH 7 [12]

Au-NPs/polyaniline Amperometry 0.8 3 to 115 pH 4 [30]

RGOh/Pd-NPs LSVi 0.233 1 to 150 pH 7 This work

aGCE glassy carbon electrode, b LOD limit of detection, cDPV difference pulse voltammetry, d LDH layered double hydroxide, e SWV square wave
voltammetry, fCV cyclic voltammetry, gNPs nanoparticles, hRGO reduced graphene oxide, i LSV linear sweep voltammetry

Table 2 Determination of DA in commercially available dopamine
hydrochloride injections at RGO-Pd-NPs nanocomposite by LSV

Sample Labeled Added
(μM)

Found
(μM)

Recovery
(%)

Dopamine hydrochloride
injection

A 30 29.25 97.5

B 60 60.16 100.2

C 90 88.91 98.8
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DA at the composite electrode is an equal number of proton
(H+) and electron (e−) process. We also studied the anodic
peak current response of DA in different pH solutions. A
maximum anodic peak current of DA was observed at pH 7
than in other pH solutions. Therefore, pH 7 was found to be
optimal for the oxidation of DA.

Electrochemical determination of DA at RGO-Pd-NPs
composite modified electrode

Figure 5 displays the typical LSV curves corresponding to
the electrocatalytic oxidation of DA at RGO-Pd-NPs com-
posite modified electrode in N2 saturated PB at the scan rate
of 50 mV s−1. As shown in Fig. 5, the oxidation peak current
of DAwas observed at 0.246 V in the presence of DA. Upon
increasing the concentrations of DA in PB, the oxidation
peak current increased linearly, but the reduction peak cur-
rent decreased, revealing the typical electrocatalysis of DA at
the composite electrode. The oxidation of DA at the com-
posite modified electrode had linear relationship with DA
concentrations ranging from 1 μM to 150 μM with correla-
tion coefficients of 0.997 (inset). The limit of detection was
found to be 0.233 μM (S/N=3) with a sensitivity of 2.62-
μA μM−1 cm2. The analytical performances of this dopa-
mine sensor have been compared with other dopamine sen-
sors reported previously as shown in Table 1. It is evident
that this sensor showed higher catalytic activity towards DA
with a good linear range and low LOD than other graphene
and metal NPs based dopamine sensors.

Practicality of the sensor

The practicality of the fabricated sensor was evaluated in
commercially available dopamine hydrochloride injection so-
lutions without any further pretreatments. The sensing perfor-
mance of the sensor was examined by LSV using the same
procedure as that mentioned before. The obtained results are
shown in the Table 2. It is apparent that the fabricated sensor
has great potential to sense DA from both commercial and lab
samples, with good recovery results. The results clearly vali-
dates that the fabricated sensor could be used to determine DA
in the real samples with high precision.

Selectivity and stability of the fabricated electrode

The selectivity of the sensor was investigated by using LSV.
The common interfering species like ascorbic acid (AA),
glucose and uric acid (UA) were chosen to evaluate the
selectivity of the sensor. The interfering species did not affect-
ed the dopamine oxidation signals produced at the composite
electrode, revealing that the fabricated electrode is highly
selective for the determination of DA even when the suspi-
cious species (AA, UA and glucose) existed at higher

concentrations of 2 mM. The selectivity of the fabricated
electrode is highly useful for the detection of DA in real
samples.

We also evaluated the stability, reproducibility and repeat-
ability of the fabricated sensor. For the storage stability
study, the sensor was stored in 100 μM DA solution at
4 °C and its oxidation current response was monitored peri-
odically. The sensor retained about 84.9 % of its initial
current response even after stored for 2 weeks, revealing
the good stability of the sensor. The relative standard devia-
tion (RSD) for the detection of DA at five electrodes was
found to be 3.73 %, revealing its good reproducibility. An
RSD value of 4.22 % was observed for 10 successive
100 μM DA measurements, showing its good repeatability.

Conclusions

We have fabricated a simple and sensitive dopamine electro-
chemical sensor based on electrochemically prepared RGO-
Pd-NPs composite. The surface morphological studies re-
vealed that Pd nanoparticles with even sizes were formed onto
the RGO sheets that had wringed textures. Elemental analysis
confirmed that the effective reduction of GO occurred during
the electrochemical reduction, leading to the formation of
RGO-Pd-NPs composite. The composite electrode showed
enhanced electro oxidation behavior for DA than that of other
modified electrodes (RGO, Pd and bare modified GCEs). The
high surface area and high conductivity of RGO-Pd-NPs
composite enhanced the oxidation of DA at the electrode
surface. Moreover, the fabricated sensor showed a good re-
sponse over DA concentrations in the linear range of 1–
150 μM with a detection limit of 0.233 μM. In addition, the
good recovery results obtained in the commercial DA injec-
tions revealed the practicality of the fabricated sensor.
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