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electrodemodified withMnO2, graphene oxide, carbon nanotubes
and gold nanoparticles

Dejiang Rao1 & Xinjin Zhang1 & Qinglin Sheng1 & Jianbin Zheng1

Received: 27 March 2016 /Accepted: 29 June 2016 /Published online: 21 July 2016
# Springer-Verlag Wien 2016

Abstract A composite material obtained by ultrasonication
of graphene oxide (GO) and multi-walled carbon nanotubes
(MWCNTs) was loaded with manganese dioxide (MnO2),
poly(diallyldimethylammonium chloride) and gold nanoparti-
cles (AuNPs), and the resulting multilayer hybrid films were
deposited on a glassy carbon electrode (GCE). The micro-
structure, composition and electrochemical behavior of the
composite and the modified GCEwere characterized by trans-
mission electron microscopy, Raman spectra, energy-
dispersive X-ray spectroscopy, electrochemical impedance
spectroscopy and cyclic voltammetry. The electrode induces
efficient electrocatalytic oxidation of dopamine at a rather low
working voltage of 0.22 V (vs. SCE) at neutral pH values. The
response is linear in the 0.5 μM to 2.5 mM concentration
range, the sensitivity is 233.4 μA·mM‾1·cm‾2, and the de-
tection limit is 0.17 μM at an SNR of 3. The sensor is well
reproducible and stable. It displays high selectivity over ascor-
bic acid, uric acid and glucose even if these are present in
comparable concentrations.
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Introduction

Dopamine (DA), a neurotransmitter, plays a significant role in
neuroregulation, cardiovascular and circulatory systems [1, 2].
The level of DA in the human body is closely related to many
mental illnesses [3]. Therefore, selective and sensitive detec-
tion of DA is of great meaning. So far, many reported methods
have been applied to the detection of DA, such as mass spec-
trometry, fluorescence spectrometry and electrochemical
method [4–6]. Among these methods, electrochemical meth-
od is widely used for detection of DA because DA is easy to
be oxidized electrochemically [7]. In particular, the non-
enzymatic electrochemical sensor has been extensively
adopted for the detection of DA because of their advantages
of simplicity, sensitivity and cost-effectiveness [8, 9].

Graphene oxide (GO) has potential applications in the con-
struction of non-enzymatic electrochemical sensors due to its
advantages of good dispersion and variety of functionalization
methods [10, 11]. Meanwhile, multi-walled carbon nanotubes
(MWCNTs) have been widely used in the construction of non-
enzymatic electrochemical sensors due to their high surface
area to volume ratio and chemical stability [12, 13]. GO-
MWCNT composites are beneficial to enhance the electron
transfer efficiency because the introduction of MWCNTs con-
tributes to increase the specific surface area of GO sheets [13,
14]. Consequently, the GO-MWCNT composites have been
well developed in the study of electrochemical sensing [15, 16].

Manganese dioxide (MnO2) has been used in the electro-
chemical detection of hydrogen peroxide and cysteine, attrib-
uting to its advantages of excellent electrochemical properties,
cheapness and simple synthesis [17, 18]. Therefore, MnO2

can be used as a catalyst for the electrochemical detection of
DA [19]. In recent years, noble metal nanoparticles were
proved to be able to enhance the performance of non-
enzymatic sensors [20]. Particularly, gold nanoparticles
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(AuNPs) have been introduced into the study of electrochem-
ical sensors due to their good conductivity, excellent electro-
catalyt ic act ivi ty and biocompatibi l i ty [21, 22] .
Poly(diallyldimethylammonium chloride) (PDDA) was easily
modified and stabilized AuNPs in aqueous solution [23].
Thus, the negatively charged AuNPs can be self-assembled
onto the films of negatively charged MnO2 decorated GO-
MWCNT composites with PDDA as a coupling agent.

Herein, GO-MWCNT/MnO2/AuNP nanocomposites were
successfully synthesized by using PDDA as a coupling agent.
Further, a non-enzymatic electrochemical sensor of DA based
on a glassy carbon electrode (GCE) modified with the GO-
MWCNT/MnO2/AuNP nanocomposites was designed. The
obtained results indicated that this DA sensor can be used to
detect a real sample.

Experimental

Materials and reagents

Graphite powder (99.998 %, 325 mesh) was purchased from
Shanghai Yuanju Biotechnology Co., Ltd. (Shanghai, China,
http://www.yjbiotech.cn/); ethylene glycol and sodium citrate
were got from Tianjin Tianli Chemistry Reagent Co., Ltd.
(Tianjin, China, http://www.tianli-tj.com/ht_world/chanpin1
/index.asp); uric acid (UA), ascorbic acid (AA), DA, PDDA
(Mw: 40,000–50,000) and MWCNTs (purity >95 wt%) were
provided by Aladdin Industrial Corporation (Shanghai, China,
http://www.aladdin-e.com/); HAuCl4·4H2O (purity >99.9 %)
was obtained from Shanghai Reagent Factory (Shanghai,
China, http://shiyicr.company.lookchem.cn/). The 0.1
mol·L−1 phosphate buffer saline (PBS, pH 7.0) was used as
electrolyte in electrochemical studies. The other reagents and
chemicals used were of analytical reagent grade. The
deionized water was prepared by a Millipore device (Milli-
Q, China, resistivity >18MΩ·cm, http://www.merckmillipore.
com/CN/zh?bd=1).

Apparatus and electrochemical measurements

Themorphology of the obtained samples was characterized by
transmission electron microscopy (TEM) using a Tecnai G2

F20 S-TWIN (FEI, USA) measurement. The composition of
GO-MWCNT/MnO2/AuNP nanocomposites was identified
by energy-dispersive X-ray spectroscopy (EDS) using a
JSM-6700F (JEOL, Japan) measurement. The Raman spec-
trograms were obtained by using a Raman spectrometer
(LABRAM-HR, France) with an excitation wavelength of
632.8 nm. The study of electrochemical behavior was per-
formed on a CHI 660D electrochemical workstation
(Shanghai CH Instrument Co., Ltd., China, http://www.
chinstr.com/) with a three-electrode cell. Here, a bare GCE

(diameter: 3.0 mm), GO-MWCNT composites modified
GCE (GO-MWCNT/GCE), GO-MWCNT/MnO2 composites
modified GCE (GO-MWCNT/MnO2/GCE) and GO-
MWCNT/MnO2/AuNP nanocomposites modified GCE
(GO-MWCNT/MnO2/AuNP/GCE) were adopted as working
electrodes, respectively. Saturated calomel electrode (SCE)
and platinum wire electrode were used as reference electrode
and counter electrode, respectively. This study was conducted
at the room temperature 25 ± 2 °C.

Fabrication of the sensor

Synthesis of GO-MWCNT and GO-MWCNT/MnO2

composites

The GO was prepared by an improved Hummers’ approach
[24]. GO-MWCNTcomposites were prepared by the previous
method with minor changes [16]. The detailed preparation
process of GO-MWCNT composites was given in the
Electronic Supporting Material (ESM). The GO-MWCNT/
MnO2 composites were prepared by ethylene glycol reduction
method. Briefly, the obtained GO-MWCNT composites pow-
der (20.0 mg) was thoroughly dispersed in 24.0 mL of deion-
ized water through continuous ultrasound. After that, 43.6 mg
KMnO4 was added to the GO-MWCNT suspension and kept
stirring for 30 min. Next, ethylene glycol was subsequently
added to the above mixture solution in a water bath of 50 °C
until the purple red of the KMnO4 was faded. The black prod-
ucts were collected by centrifugation at the speed of 5000 rpm
and the relative centrifugation force of 2776 g for 3 min,
washed twice with deionized water and then dried in an oven
at 50 °C for 8 h.

Synthesis of GO-MWCNT/MnO2/AuNP nanocomposites

The schematic illustration of the preparation of GO-MWCNT/
MnO2/AuNP nanocomposites is illustrated in Scheme 1.
Herein, the GO-MWCNT/MnO2/AuNP nanocomposites were
obtained by a self-assembled method using PDDA as a cou-
pling agent. Firstly, the AuNPs suspension was synthesized by
the reported approach [25]. The detailed experimental data is
given in the ESM. The PDDA functionalized GO-MWCNT/
MnO2 was obtained according to the previous methods with
minor modifications [23]. Briefly, 10.0 mg of GO-MWCNT/
MnO2 powder was completely dispersed in 20.0 mL of deion-
ized water containing 0.2 % PDDA and 0.5 mol·L−1 NaCl.
The mixture solution was ultrasonicated for 1.5 h. After that,
the PDDA functionalized GO-MWCNT/MnO2 were collect-
ed by centrifugation at the speed of 5000 rpm and the relative
centrifugation force of 2776 g for 5 min. At last, the 3.0 mL
AuNPs suspension was added to 3.0 mL PDDA functional-
ized GO-MWCNT/MnO2 suspension (1.0 mg·mL−1) and kept
stirring for 30 min. These expected products were obtained by
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centrifugation at the speed of 5000 rpm and the relative cen-
trifugation force of 2776 g for 4 min, washed three times with
deionized water and dried in an oven at 50 °C for 8 h.

Modification of electrode

The GCE was polished using alumina powder (1.0 μm
followed by 0.3 μm) to obtain a mirror-like surface. After
that, GCE was ultrasonically washed in ethanol-water
(1:1, v/v ratio) solution and deionized water for 3 min,
respectively. The schematic illustration of the preparation
GO-MWCNT/MnO2/AuNP/GCE is also shown in Scheme 1.
The common drop-coating method was used to modify the
polished GCE. Briefly, GO-MWCNT/MnO2/AuNP powder
(1.0 mg) was completely dispersed in deionized water
(1.0 mL). After that, the obtained dispersion (5.0 μL,
1.0 mg·mL−1) was dropped to the mirror-like surface of
GCE and dried in air at room temperature.

Results and discussion

Optimization of the method

The following parameters were optimized: (a) pH value of the
supporting electrolyte; (b) volume of the AuNPs suspension
(VAuNPs); (c) applied potential of the amperometric response.
Respective data and Figures are given in the ESM. The fol-
lowing experimental conditions were found to give best re-
sults: (a) the supporting electrolyte pH value of 7.0; (b) the
VAuNPs of 3.0 mL; (c) the applied potential of 0.2 V.

Characterization of GO-MWCNT/MnO2/AuNP
nanocomposites

Figure 1 shows the TEM images of GO (A), GO-MWCNT
composites (B), AuNPs (C), GO-MWCNT/MnO2 compos-
ites (D, E, F) and GO-MWCNT/MnO2/AuNP nanocompos-
ites (G, H, I). The smooth surface of GO with some wrin-
kles was observed in Fig. 1A. As shown in Fig. 1B,
MWCNTs with different orientations and lengths were suc-
cessfully modified onto the surface of GO sheets.
Figure 1C indicates that AuNPs have a nanoscale spherical
shape with a diameter of 10 ± 2 nm. As shown in Fig. 1D
and E, the uniform layered MnO2 were wrapped on the
surface of GO-MWCNT composites. The multilayer struc-
ture is composed of GO sheets, MWCNTs and layered
MnO2, as proved in Fig. 1D and F. As illustrated in
Fig. 1G and H, the AuNPs uniformly deposited on the
surface of GO-MWCNT/MnO2 composites and no aggre-
gation was observed. Moreover, the well-dispersed AuNPs,
layered MnO2, MWCNTs and GO with some wrinkles
were clearly observed. Figure 1I indicates that AuNPs were
well dispersed on the surface of multilayer film composing
of GO, MWCNTs and MnO2, suggesting that the GO-
MWCNT/MnO2/AuNP nanocomposites were successfully
synthesized by the self-assembled method. The composition
of GO-MWCNT/MnO2/AuNP nanocomposites was identi-
fied by EDS. As illustrated in Fig. 1J, the GO-MWCNT/
MnO2/AuNP nanocomposites are composed of C, N, O,
Mn, Cl and Au elements. Additionally, peaks at the region
of 3–4 KeV were assigned to the signals of conductive
glass coated with indium tin oxide (ITO) [13]. Fig. S1
(ESM) shows the Raman spectrograms of (a) GO, (b)
GO-MWCNT composites and (c) GO-MWCNT/MnO2/

Scheme 1 Schematic illustration
for the preparation of GO-
MWCNT/MnO2/AuNP
nanocomposites and GO-
MWCNT/MnO2/AuNP/GCE
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AuNP nanocomposites. It can be observed that there are
two broad peaks of the Raman spectrogram of (a) GO at
1330 and 1590 cm−1, corresponding to the D and G bands,
respectively [26]. The peak intensity ratio of the D and G
band (ID/IG) is about 1.2 for GO samples. As expected, the
spectrogram of GO is in good agreement with the reported
literature [14]. According to the Raman spectrograms of (a)
GO and (c) GO-MWCNT/MnO2/AuNP nanocomposites,
the ID/IG has not changed dramatically, indicating that the
reduction of GO did not occur. As shown in Fig. S1

(ESM), compared with the Raman spectrogram of GO,
the red shift of GO-MWCNT composites (b) was clearly
observed [26]. Moreover, the intensity of the Raman spec-
trogram of GO-MWCNT/MnO2/AuNP nanocomposites is
enhanced somewhat compared to that of GO samples, sug-
gesting a consistency with the reported literature [27]. On
the basis of characterization of TEM, Raman spectra and
EDS, it can be strongly proved that the GO-MWCNT/
MnO2/AuNP nanocomposites were successfully synthesized
by this synthetic method.

Fig. 1 TEM images of GO (a),
GO-MWCNT composites (b),
AuNPs (c, GO-MWCNT/MnO2

composites (d, e, f) and GO-
MWCNT/MnO2/AuNP
nanocomposites (G, H, I); EDS
spectrum of GO-MWCNT/
MnO2/AuNP nanocomposites on
ITO (J)

2600 Microchim Acta (2016) 183:2597–2604



Electrochemical behavior of GO-MWCNT/MnO2/AuNP
nanocomposites

The surface characteristics of modified electrodes were inves-
tigated by electrochemical impedance spectroscopy (EIS).
The semicircle’s diameter of Nyquist plot is equal to the elec-
tron transfer resistance (Ret) [28]. As shown in Fig. 2A, the
GCE has a quite small Ret value. The Ret values for different
working electrodes were calculated in the following sequence:
GO-MWCNT/GCE (185.0 ± 2.3 Ω, n = 3) > GO-MWCNT/
MnO2/GCE (96.0 ± 1.8 Ω, n = 3) > GO-MWCNT/MnO2/
AuNP/GCE (40.0 ± 2.6 Ω, n = 3) > GCE (28.0 ± 1.6 Ω,
n = 3). In contrast, the values of Ret for GO-MWCNT/
MnO2/GCE decreased to 40.8 ± 0.8 Ω after the well-
dispersed AuNPs were uniformly deposited onto the surface
of GO-MWCNT/MnO2 composites, suggesting that the GO-
MWCNT/MnO2/AuNP nanocomposites can enhance the
electron transfer rate. The cyclic voltammograms (CVs) of
different working electrodes in 0.10 mol L−1 PBS (pH 7.0)
in the absence (curve a, c, e and g) and presence (curve b, d, f
and h) of 0.5 mMDA at a scan rate of 0.1 V·s−1 were shown in
Fig. 2B and C. The red arrow indicates the direction of sweep.
As shown in Fig. 2B, the well-defined redox process (curve b)
for bare GCE in 0.10 mol L−1 PBS (pH 7.0) in the presence of
0.5 mM DA was observed. All working electrodes have no
obvious oxidation peak current (Ipa) and reduction peak cur-
rent (Ipc) response in the absence of DA. After the addition of
0.5 mM DA, the Ipa and Ipc of DA at different modified

electrodes (curve d, f, h) increased by different degrees. The
Ipa of DA on the GO-MWCNT/MnO2/AuNP/GCE was locat-
ed at about 0.16 V. Moreover, compared with GO-MWCNT/
MnO2/GCE, the Ipa of DA at the GO-MWCNT/MnO2/AuNP/
GCE showed an increase of 141.4 % from 11.1 ± 0.11 to
26.8 ± 0.21 μA, indicating that the GO-MWCNT/MnO2/
AuNP nanocomposites exhibited excellent electrocatalytic
properties towards the oxidation of DA. The oxidation of
DA on the GO-MWCNT/MnO2/AuNP/GCE was attributed
to the synergistic catalysis among GO-MWCNT composites,
MnO2 and AuNPs. According to the previous literatures, the
possible electrooxidation mechanism of DA on the GO-
MWCNT/MnO2/AuNP/GCE was acquired [6, 29]. The
electrooxidation of DA on the GO-MWCNT/MnO2/AuNP/
GCE involves two electrons transferred process. The net reac-
tion of mechanism is given in Fig. S3 (ESM).

Figure 3A shows the electrocatalytic ability of GO-
MWCNT/MnO2/AuNP/GCE towards the oxidation of DA by
changing its concentrations. When DA was introduced into
0.1 mol·L−1 PBS (pH 7.0), the Ipa and Ipc appeared and pro-
gressively increased, suggesting a remarkable electrocatalytic
ability for DA. Moreover, as shown in Fig. 3A (inset), Ipa and
Ipc of DA between its concentrations from 0.1 to 0.9 mM show
good linear relationship with a correlation coefficient (r) of
0.9990 and 0.9989, respectively. These results indicated that
GO-MWCNT/MnO2/AuNP can be potentially applied to quan-
titatively detect DA. Figure 3B shows the CVs of GO-
MWCNT/MnO2/AuNP/GCE in 0.1 mol·L−1 PBS (pH 7.0)
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containing 1.0 mMDAwith different scan rates (v). As proved
in Fig. 3B, the Ipa and Ipc of DA increased with increasing of
scan rates from 0.02 to 0.18 V s−1. As shown in Fig. 3B (inset),
the Ipa and Ipc of DA gradually increased in a good linear
relationship (r = 0.9994 and 0.9991, respectively) with the
square root of scan rates (v1/2) in the range of 0.02–
0.18 V s−1. These results strongly demonstrated that this elec-
trocatalytic process on GO-MWCNT/MnO2/AuNP/GCE was
diffusion-controlled.

Figure 4A shows the amperometric response of DA at the
GO-MWCNT/MnO2/AuNP/GCE upon the successive injec-
tion of DA in 0.1 mol·L−1 PBS (pH 7.0) with the applied
potential of 0.2 V. The calibration plot for this DA sensor is
shown in Fig. 4B. As illustrated in Fig. 4B, the amperometric
response current of DA at GO-MWCNT/MnO2/AuNP/GCE
between the concentrations of DA in the range from 5.0 × 10−7

to 2.5 × 10−3 mol·L−1 show a good linear relationship with r of
0.9986. This linear fitting equation as follows: I (μA ) = 16.49
C (mM) + 0.74. The sensitivity and detection limit of this DA
sensor was calculated as 233.4 μA mM−1 cm−2 and
0.17 μmol·L−1 (SNR = 3), respectively.

Comparisons of the electrocatalytic properties with other DA
electrochemical sensors are shown in Table 1. As illustrated in
Table 1, our sensor showed a wider linear range and a lower

detection limit. It may be attributed to the good electrocatalytic
performance of GO-MWCNT/MnO2/AuNP nanocomposites
towards the oxidation of DA. Meanwhile, the results of this
electrochemical method were also compared with the other re-
ported methods for the detection of DA. These results are listed
in Table S1 (ESM). It can be concluded that the electrochemical
method can get a lower detection limit and wider linear range.

Reproducibility and stability study

The reproducibility of the GO-MWCNT/MnO2/AuNP/GCE
was studied by the chronoamperometry with the applied po-
tential of 0.2 V. The different amperometric response currents
to 0.5 mM DA were obtained by five GO-MWCNT/MnO2/
AuNP/GCEs. The relative standard deviation (RSD) of these
data was about 3.8 %, suggesting a good reproducibility of the
GO-MWCNT/MnO2/AuNP/GCE. The stability of GO-
MWCNT/MnO2/AuNP/GCE was also investigated. Three
GO-MWCNT/MnO2/AuNP/GCEs were used to detect
0.5 mM DA, and the amperometric response currents were
recorded. Amperometric responses remained more than
90 % of its initial value after 25 days, indicating a good sta-
bility of the GO-MWCNT/MnO2/AuNP/GCE.
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Selectivity study

The selectivity of the GO-MWCNT/MnO2/AuNP/GCE for
other common electroactive species was carefully studied. In
this study, the hydrogen peroxide (H2O2), uric acid (UA),
glucose, glycine and ascorbic acid (AA) were used as
electroactive species. Figure 5 shows the amperometric re-
sponses of the GO-MWCNT/MnO2/AuNP/GCE on addition
of DA, H2O2, UA, glycine, AA, DA (0.4 mM, respectively )
and glucose (4.0 mM) in 0.1 mol·L−1 PBS (pH 7.0) with the
applied potential of 0.2 V. As shown in Fig. 5, after the addi-
tion of 0.4 mMDA, the obvious amperometric responses were
quickly displayed. After the addition of 0.4 mM H2O2, the
response current only increased by 4.3 %. Moreover, no no-
table amperometric responses were observed when 0.4 mM
each of UA, glycine, AA and 10-fold glucose (4.0 mM) were
introduced into the 0.1 mol·L−1 PBS (pH 7.0), indicating a

good selectivity of the GO-MWCNT/MnO2/AuNP/GCE.
The optimized oxidation potential of DA at the GO-
MWCNT/MnO2/AuNP/GCE was 0.2 V and different from
other biogenic amines. Thus, at the best potential, the selec-
tivity of this DA sensor is better than that for amperometric
detection of other biogenic amines.

Real sample analysis

The real sample analysis ability of the GO-MWCNT/MnO2/
AuNP/GCEwas also evaluated by the standard additionmeth-
od. The human serum samples were used as real samples. The
results are listed in Table S2 (ESM). The recoveries of this
experiment from 98.3 to 101.3 % and the RSD within 3.12 %
were calculated. Therefore, the GO-MWCNT/MnO2/Au/
GCE has an ability to detect a serum sample.

Conclusions

In summary, the AuNPs were successfully self-assembled on-
to the multilayer films of GO-MWCNT/MnO2 composites
with PDDA as a coupling agent. The AuNPs deposited onto
the surface of GO-MWCNT/MnO2 composites did not aggre-
gate. Moreover, a high-performance electrochemical sensor of
DA based on a GCE modified with the obtained GO-
MWCNT/MnO2/AuNP nanocomposites was developed. The
DA sensor showed excellent electrocatalytic properties, in-
cluding a wide linear range, a low detection limit and a high
sensitivity. This study potentially constructed an electrochem-
ical sensing platform for the practical detection of DA.
Additionally, it is very necessary to conduct further research
to improve the stability and durability of the modified elec-
trode in our future work.

Table 1 Comparison of the electrocatalytic properties with other DA electrochemical sensors for the determination of DA

Sensors Linear range (μM) Sensitivity Detection limit (μM) References

rGOa/Pd/GCE 1–150 2.62 μA μM−1 cm−2 0.233 [6]

(GNS/PEI/AuNP/GCE)b 2–48 2.64 μA μM−1 cm−2 0.2 [21]

tyrosinase-modified ABDDc electrode 5–120 68.6 μA mM−1 cm−2 1.3 [30]

rGO/TiO2/GCE 2–60 0.622 μA μM−1 6 [31]

nano-ZnO/GCE 0.11–180 − 0.32 [32]

rGO–MWCNT–PTAd/GCE 0.5–20 1.56 μA μM−1 1.14 [33]

GO-MWCNT/MnO2/AuNP/GCE 0.5–2500 233.4 μA mM−1 cm−2 0.17 This study

− not provided
a reduced graphene oxide
b graphene nanosheets/polyethyleneimine/gold nanoparticle composite
c boron-doped diamond
d phospotungstic acid
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Fig. 5 Amperometric responses obtained by the GO-MWCNT/MnO2/
AuNP/GCE on successive addition of DA, H2O2, UA, glycine, AA, DA
(0.4 mM, respectively ) and glucose (4.0 mM) in 0.1 mol·L−1 PBS
(pH 7.0) with an applied potential of 0.2 V
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