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Abstract
Mesoporous silica  (SiO2) nanoparticles were prepared using the cationic surfactant cetyltrimethylammonium bromide as a 
soft template in a basic medium. The particles were coated with a carbon layer through a facile hydrothermal process. The 
carbon-coated mesoporous  SiO2 (C#SiO2) nanoparticles were used as core for the in situ chemical-oxidative polymeriza-
tion of conductive polypyrrole (PPy). The structure and morphology of the PPy/C#SiO2 nanocomposites were analyzed 
by transmission electron microscopy, wide-angle X-ray diffraction, and Fourier transform infrared spectroscopy. A glassy 
carbon electrode was modified with the PPy/C#SiO2 nanocomposites. The performance of the modified electrode for the 
dopamine (DA) detection was examined by cyclic voltammetry, electrochemical impedance spectroscopy, and differential 
pulse voltammetry. The modified PPy/C#SiO2 glassy carbon electrode exhibit large peak currents for the DA oxidation 
reaction, suggesting the electrochemical performance of the nanocomposites is enhanced. The impedance evaluation of the 
fabricated PPy/C#SiO2 nanocomposites reveals a very small charge-transfer resistance. Additionally, the nanocomposites 
showed a linear response for DA detection in the concentration range of 1 × 10−6 to 2 × 10−4 M with a detection limit of 
7.6 × 10−7 M (S/N = 3). Moreover, DA detection was successful in the presence of uric acid and l-ascorbic acid. Due to their 
outstanding electrochemical performance, the PPy/C#SiO2 nanocomposites may be considered for the DA detection devices.
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1 Introduction

Catecholamines are important biogenic neurotransmitters, 
crucial for communication between neurons. Dopamine 
(DA), one of the most relevant among these neurotransmit-
ters, serves an important role as it is extensively distrib-
uted in the mammalian brain [1, 2]. Abnormal DA concen-
trations are associated with Alzheimer’s and Parkinson’s 
disease, and schizophrenia [3]. Therefore, the development 
of an accurate, quick, and simple analytical method for 
DA detection is of great importance. Several approaches 
have been proposed for DA detection and determination 
[4, 5]. In particular, the electrochemical method is widely 
used because it is simple, fast, and accurate. However, DA 
detection using bare electrodes in blood and urine samples 
is difficult due to the interference of coexisting species, for 
example, ascorbic (AA) and uric (UA) acid [6]. Hence, 
various materials, such as carbon nanotubes [7], graphene 
[8], graphene quantum dots [9], gold nanoparticles [10], 
and  Cu2O/graphene [11] have been used to obtain the 

modified working electrodes. For instance, Zhang et al. [7] 
prepared a modified glassy carbon electrode (GCE) with 
lanthanum–multi-walled carbon nanotubes (MWCNT) 
nanocomposites for simple and sensitive detection of AA, 
DA, UA, and nitrite. Raj et al. [10] obtained a GCE modi-
fied with gold nanoparticles with excellent DA detection. 
Zhang et al. [11] reported the easy fabrication of  Cu2O/
graphene nanocomposites via one-pot solvothermal syn-
thesis. The nanocomposite was used to modify a GCE and 
a high-DA electrocatalytic activity was achieved.

Intrinsically conducting polymers have gained a lot of 
attention owing to their excellent electrical and physical 
properties [12, 13]. Due to its stability, ease of synthesis 
and high-electrical conductivity, polypyrrole (PPy) has 
been extensively investigated for different applications, 
i.e., sensors, solid electrodes for capacitors, and electronic 
devices [14–16].

Ghanbari et al. [15] found that the metal oxide nano-
particles have an outstanding electrochemical performance 
under oxidative and acidic circumstances. They also have 
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a significant effect on the electrochemical properties of 
materials. Recently, metal oxides, such as silica  (SiO2), 
 TiO2, NiO, and  SnO2, have been used to improve poly-
meric materials because of their tremendous mechanical 
and thermal properties [17–19].

PPy composites with carbon materials or metal oxides 
have been used for highly selective sensors in DA detec-
tion [20–22]. Sensors with various surface morphologies 
exhibit a high surface to volume ratio, which can enhance 
their electrocatalytic activity [23]. Thus, mesoporous  SiO2 
nanoparticles with different surface morphologies have been 
widely used in sensors, for adsorption processes, in medical 
applications and for nanotechnology [24–26].

In this study, a new approach contained both carbon mate-
rial and metal oxide in one material was prepared using the 
coating of carbon material on the surface of metal oxide. The 
mesoporous metal oxide  SiO2 nanoparticles were prepared 
using the cationic surfactant cetyltrimethylammonium bro-
mide (CTAB) as a soft template in a basic medium. Then, 
the nanoparticles were coated with a carbon layer through 
a facile hydrothermal process in an aqueous glucose solu-
tion followed by calcination at 550 °C under nitrogen. The 
carbon-coated mesoporous  SiO2 nanoparticles (C#SiO2) 
acted as a core for the preparation of conductive PPy/C#SiO2 
nanocomposites via in situ chemical-oxidative polymeri-
zation. The electrochemical properties of the composites 
were investigated. Then, using the PPy/C#SiO2 nanocom-
posites, we developed an electrochemical biosensor for DA 
detection.

2  Experimental

2.1  Materials

l-ascorbic acid (AA), cetyltrimethylammonium bromide 
(CTAB), dopamine (DA), glucose, pyrrole monomer, tetra-
ethoxysilane (TEOS), urea and uric acid (UA) were pur-
chased from Aldrich-Sigma (Taipei, Taiwan). Ammonium 
peroxydisulfate (APS) was obtained from JT-Baker (Hsinchu 
Hsien, Taiwan). Pyrrole monomer was purified by distilla-
tion under reduced pressure. Other reagents were all analyti-
cal grade and used without further purification.

2.2  Preparation of carbon‑coated mesoporous  SiO2 
(C#SiO2) nanoparticles

The mesoporous silica nanoparticles was prepared as fol-
lows: first, 3.5 mL of NaOH solution was added to 480 mL 
of distilled water (DI-water). The 1 g of cationic surfactant 
(CTAB) served as a soft template was mixed with the NaOH 
solution by stirring and heating at 80 °C. As the solution 
became homogeneous, 5 mL of tetraethoxysilane (TEOS) 

was slowly dropped into the mixture and continuously stirred 
for 2 h. The resulting product was filtered, washed several 
times with a mixture of DI-water and ethanol, dried for 24 h 
at 60 °C oven, and followed by a subsequent calcination 
in 550 °C in a nitrogen atmosphere. The carbon-coated 
mesoporous  SiO2 (C#SiO2) nanoparticles were fabricated 
using the same approach to fabricate graphene quantum dots 
(GQDs) [27]. For the synthesis of C#SiO2 nanoparticles 
with the core–shell structure, take 1 g of  SiO2 nanoparticles 
mixed with 10 mL of DI-water and sonicated for 1 h. Sub-
sequently 1 g glucose powders were mixed with the  SiO2 
solution and stirred for 24 h at 40 °C. The resultant solution 
was moved into autoclave for hydrothermal synthesis for 4 h 
at 200 °C. Finally, the resulting product was filtered, washed 
numerous times with a mixture of DI-water and ethanol, 
dried for 24 h at 60 °C oven, and followed by a subsequent 
calcination in 550 °C in a nitrogen atmosphere.

2.3  Preparation of PPy/C#SiO2 nanocomposites

The PPy/C#SiO2 nanocomposites were fabricated using 
in situ chemical-oxidative polymerization. Various weight 
ratio of C#SiO2 were dispersed in 40 mL 1 M hydrochloric 
acid (HCl) solution by sonication. After 1 h, 0.01 mL pyr-
role monomer was added into C#SiO2 dispersion solution 
and stirred for 30 min. The 0.013 g of ammonium persulfate 
(APS) powders dissolved in 10 mL of 1 M HCl was dropped 
into the dispersion solution at 0 °C and keeps stirred for 3 h. 
After reaction, the resulting product were filtered, washed 
with a mixture of DI-water and methanol successively, and 
then dried for 24 h at 60 °C oven.

2.4  Material characterization

The Fourier transform infrared (FTIR) experiments were 
carried out on a Perkin–Elmer Spectrum One spectrometer 
(Waltham, Massachusetts, USA) from 400 to 4000 cm−1. 
Raman spectra were performed with a TRIAX 550 
Jobin–Yvon monochromator (HORIBA Scientific, United 
Kingdom) by a He–Ne laser operating at 633 nm as the exci-
tation source. The presented spectrum is an average of at 
least three spectra measured at different regions over the 
entire sample range. The measurements of wide-angle X-ray 
diffraction (WAXD) were carried out on a X-ray diffrac-
tometer (Bruker D8, BRUKER AXS, Inc., Madison, Wis-
consin, USA) equipped with a Ni-filtered Cu Kα radiation 
in the range of 2θ = 5°–50° at 2°/min. The morphology was 
performed using a JEOL/JEM-2100F transmission electron 
microscopy (TEM) (JEOL Ltd., Tokyo, Japan). The speci-
mens for TEM experiment were obtained using casting a 
drop of the specimen mixed in ethanol on a carbon-coated 
copper grid.
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2.5  Electrochemical performance analyses

Electrochemical experiments were performed using a con-
ventional three-electrode system, including an Ag/AgCl 
electrode as the reference electrode, a glassy carbon elec-
trode (GCE) as the working electrode, and a platinum wire 
electrode as the counter electrode. The fabricated sample 
was ultrasonicated in DI-water, then coated on the surface 
of a lately polished GCE, and finally dried for 3 h at ambient 
atmosphere. Differential pulse voltammetry (DPV) measure-
ments were performed using the scan rate of 5 mVS−1 at 
pH = 7 for the individual or simultaneous determination of 
AA, DA and UA.

3  Results and discussion

3.1  Chemical, structural, and morphological 
characterization

The wide-angle X-ray diffraction (WAXD) and transmission 
electron microscopy (TEM) were used to verify the crystal-
line structure and porous morphology of the mesoporous 
 SiO2 nanoparticles. Figure 1 presents a characteristic TEM 
micrograph of the nanoparticles, which are mostly identical 
and sphere-shaped with an average diameter of ~ 100 nm, 
indicating a high surface area. They also show a highly 
ordered hexagonal array and streak structural character-
istics. The WAXD diffraction pattern of the mesoporous 
 SiO2 nanoparticles in Fig. 1 shows three diffraction peaks at 
2θ = 2.38°, 4.12° and 4.76°, which correspond to the (100), 
(110) and (200) planes of  SiO2, respectively. The repeat dis-
tance, a0, between two pore centers can be obtained from 
a0 = (2/√3)  × d100 [24]. The pore diameter was determined 
from a0 by subtraction of 1.0 nm, which was an estimated 
value for the thickness of pore wall. Since the calculated 

d100 value is 3.71 nm, the pore diameter of mesoporous  SiO2 
nanoparticles is 3.28 nm. Figure 2a corresponds to a typical 
TEM micrograph of mesoporous C#SiO2 nanoparticles. The 
hexagonal array is no longer observed. The average diam-
eter of these nanoparticles is ~ 120 nm, approximately 20 nm 
larger than that of the  SiO2 nanoparticles. This indicates 
that the surface of the nanoparticles is coated with a thin 
carbon layer. Figure 2b shows the Raman spectra of both 
mesoporous  SiO2 and C#SiO2 nanoparticles. The absorp-
tion peaks of the former at 480 and 920 cm−1 correspond 
to the surface phonon mode of silica [28]. For the latter, 
two additional absorption peaks were observed at 1350 and 
1580 cm−1, which are assigned to the D and G modes of gra-
phene [29]. This indicates that the surface of carbon coating 
has a graphene structure.

The chemical structure and morphology of the polypyr-
role (PPy)/C#SiO2 nanocomposites were also character-
ized by WAXD and FTIR. Figure 3 shows the FTIR spec-
trum of the nanocomposites. For comparison, the spectra 
of pure PPy and C#SiO2 nanoparticles are also presented. 
In the spectrum of pure PPy, the absorption peaks at 1035 
and 900 cm−1 correspond to the C–H deformation and 
C–H out-of-plane vibration, respectively [30]. The peaks 
at 1550, 1450, and 1175 cm−1 can be attributed to the 
C–N and C–C in-ring stretching modes, and C–N stretch-
ing vibration. The absorption peak at 780 and 670 cm−1 
correspond to the C–H out-of-plane bending and C–C 
out-of-plane ring deformation vibration, respectively [31]. 
For the C#SiO2 nanoparticles, the peak at 1725 cm−1 was 
assigned to the C=O stretching vibration; revealing that 
the C#SiO2 nanoparticles contain oxidized functional 
groups. The spectrum of the PPy/C#SiO2 nanocompos-
ites was approximately identical to that of PPy, indicating 
that the surface of the mesoporous C#SiO2 nanoparticles 
was coated with PPy. Additionally, the WAXD patterns of 
the C#SiO2 nanoparticles, PPy and PPy/C#SiO2 nanocom-
posites are presented in Fig. 4. A strong diffraction peak 
at 2θ = 2.38◦ corresponds to the (100) plane of the  SiO2 
nanoparticles. Moreover, no new diffraction peaks were 
found in the XRD profile of the PPy/C#SiO2 nanocom-
posite; suggesting that the PPy coating has an amorphous 
structure.

3.2  Electrochemical characterization

The electrochemical performance of the PPy/C#SiO2 
nanocomposites electrodes was evaluated by cyclic vol-
tammetry (CV) curves in a three-electrode test system. The 
CV curves of bare GCE, PPy and PPy/C#SiO2 nanocom-
posite electrodes in 0.1 mM DA at pH 7.0 are presented 
in Fig. 5. The signal of DA on the bare GCE electrode is 
weak, and the ΔE between the anodic and cathodic peak is 
0.22 V. In contrast, when using the electrode modified with 

Fig. 1  TEM images of mesoporous  SiO2 nanoparticles. Inserted 
wide-angle X-ray diffraction of mesoporous  SiO2 nanoparticles
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conductive PPy (PPy/GCE), the quasi-reversible peak of 
the DA redox reaction was intense, and the ΔE decreases 
to 0.12 V. This demonstrates the superior electrochemical 
performance of the PPy/GCE electrode for DA detection 
[32]. The oxidation peaks and the peak current when using 
the PPy/C#SiO2 nanocomposite electrodes are similar to 
or larger than those of PPy. This suggests that the PPy-
coated mesoporous C#SiO2 nanoparticles have a higher 
electrochemical performance than that of PPy. It is likely 
that the larger surface area induced by the mesoporous 
C#SiO2 nanoparticles has an important influence on this 
result. The highest peak current was obtained with the 
addition of 5 wt% C#SiO2 nanoparticles. Increasing their 

content may lead to aggregation, which would decrease the 
surface area of the nanocomposites. Therefore, the optimal 
5 wt% loading was used for the following measurements.

Electrochemical impedance spectroscopy (EIS) was 
performed to investigate the interfacial electron transfer 
properties, such as charge-transfer resistance (Rct) and 
ion diffusion rate, of the PPy/C#SiO2 nanocomposites. As 
seen in Fig. 6, typical Nyquist plots were obtained for 
bare GCE, PPy and PPy/C#SiO2 nanocomposite elec-
trodes. All well-defined semicircles, where the diameter 
(Rct) corresponds to the performance of electrochemical 
reaction. Low Rct values represent a small charge-transfer 
resistance at the electrode–electrolyte interface, which 
should improve the electrochemical performance [33]. 
For the bare GCE, the Rct value was 1249 Ω. The value 

Fig. 2  a TEM images of mesoporous C#SiO2 nanoparticles, b Raman spectra of mesoporous  SiO2 and C#SiO2 nanoparticles

Fig. 3  FTIR spectra of (a) mesoporous C#SiO2 nanoparticles, (b) 
neat PPy polymer matrix, (c) 1  wt% PPy/C#SiO2, (d) 3  wt% PPy/
C#SiO2, (e) 5 wt% PPy/C#SiO2, (f) 7 wt% PPy/C#SiO2 and (g) 9 wt% 
PPy/C#SiO2 nanocomposites

Fig. 4  WAXD diffraction patterns of (a) (a) mesoporous C#SiO2 nan-
oparticles, (b) neat PPy polymer matrix, (c) 1 wt% PPy/C#SiO2, (d) 
3  wt% PPy/C#SiO2, (e) 5  wt% PPy/C#SiO2, (f) 7  wt% PPy/C#SiO2 
and (g) 9 wt% PPy/C#SiO2 nanocomposites



316 Journal of Applied Electrochemistry (2020) 50:311–319

1 3

greatly decreased for PPy/GCE to 31.0 Ω, indicating that 
the addition of PPy would significantly reduce the inter-
facial resistance. When the surface of GCE electrode was 
modified with 1 wt% PPy/C#SiO2 nanocomposites (PPy/
C#SiO2/GCE), the Rct value decreased to 24.8 Ω, implying 
the further improvement of electrochemical performance 
by the PPy/C#SiO2 nanocomposite. When the addition 
of mesoporous C#SiO2 nanoparticles increased to 3 and 
5 wt%, the Rct value decreased to 20.1 and 9.2 Ω. Increas-
ing the content of C#SiO2 nanoparticles to 7 and 9 wt% 
led to an increase in the Rct to 13.1 and 21.4 Ω. Therefore, 
5 wt% PPy/C#SiO2 nanocomposite was selected for the 
following experiments.

Differential pulse voltammetry (DPV) in the potential 
range of − 0.1 to 0.4 V was carried out to detect DA varying 
concentrations of DA using the 5 wt% PPy/C#SiO2/GCE 
electrode. According to previous report, the determination of 
DA using polypyrrole-coated palladium silver nanospheri-
cal composites showed superior electrocatalyic properties at 
pH = 7 [34]. Figure 7 shows the dependence of DA oxida-
tion peak current on the concentration of DA at pH = 7. The 
current increases linearly with the DA concentration in the 
1.0 × 10−6 to 2.0 × 10−4 M range. The regression equation 
obtained was I(μA) = 0.0758 CDA (μM) + 0.232 (R2 = 0.996). 
The detection limit is approximately 7.6 × 10−7 M based on 
a signal-to-noise of 3. Table 1 presents a comparison with 
previous reports on DA detection. It can be seen that the 
results of this work, including the linear range and detection 
limit, are similar to those obtained from various modified 
electrode surfaces.

Since the oxidation potential of DA at bare GCE is 
very similar to that of AA and UA, it is very difficult to 
distinguish between compounds due to signals overlapping 
[35]. Figure 8 displays the DPVs with 5 wt% PPy/C#SiO2/
GCE during consecutive additions of 1.0 × 10−3 M AA, 
2.5 × 10−4 M UA and different DA concentrations. The oxi-
dation potentials of AA, DA and UA are − 0.017, 0.113 and 

Fig. 5  CV profiles of bare GCE, PPy, various weight ratios of PPy/
C#SiO2 nanocomposites

Fig. 6  EIS profiles of bare GCE, PPy, various weight ratios of PPy/
C#SiO2 nanocomposites

Fig. 7  The profiles of differential pulse voltammetry for 5 wt% PPy/
C#SiO2 nanocomposite electrode containing different concentrations 
of DA at pH = 7. Inset: Plots of the anodic peak current as a function 
of DA concentration
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0.248 V. When using the 5 wt% PPy/C#SiO2/GCE, the sepa-
ration between peaks is sufficient to avoid the interference of 
AA and UA for DA detection. This demonstrates that 5 wt% 
PPy/C#SiO2/GCE has an exceptional performance for DA 
determination with an acceptable linear range and detection 
limit in the presence of AA and UA. To evaluate the stability 
of the conductive composites, DPV tests were carried out 
for PPy/GCE and 5 wt% PPy/C#SiO2/GCE stored for 1 and 
7 days. Figure 9 shows the oxidation peak currents of PPy/
GCE decreased from 9.1 μA for 1 day of storage to 5.5 μA 
for 7 day of storage. The tendency was similar for 5 wt% 
PPy/C#SiO2/GCE, but the remaining current is significantly 
higher than that of PPy/GCE. This indicates that the pres-
ence of mesoporous C#SiO2 nanoparticles stabilizes the sur-
face structure of the electrode during long storage periods. 

4  Conclusions

In this study, we used core–shell mesoporous C#SiO2 
nanoparticles to prepare a high-performance PPy/C#SiO2 
nanocomposite via in situ chemical-oxidative polymeriza-
tion. The CV and EIS measurements show that the 5 wt% 
PPy/C#SiO2 nanocomposite has high peak current and low 
charge-transfer resistance, indicating 5 wt% is the optimal 
nanoparticles loading. A linear response was observed for 
dopamine detection in the concentration range of 1 × 10−6 
to  × 10−4 M with a detection limit of 7.6 × 10−7 M (S/N = 3) 
for the 5 wt% PPy/C#SiO2 nanocomposites. These nano-
composites also demonstrate exceptional DA detection in 
the presence of AA and UA. Because of their excellent elec-
trochemical performance, the PPy/C#SiO2 nanocomposites 
may be considered as adequate materials for DA detection.

Table 1  The detection limits 
and linear ranges of different 
modified electrodes for the 
determination of DA

Electrode Analytical technique Linear range (μM) Detection 
limit (μM)

Refs.

PPy/Pt/GCE DPV 1–77 0.6 [36]
PPy/Ag/GCE DPV 0.5–155 0.1 [37]
PANI-NF/Pt/GCE DPV 2–10 33.3 [38]
PPy-IC/GCE CV 10–300 0.1 [39]
PPy/Graphene/GCE Amperometric 100–1000 2.3 [40]
GO/Fe3O4@SiO2/SCE DPV 0.1–600 0.09 [41]
Fe3O4/SnO2/Gr/CPE DPV 20–2800 0.007 [42]
PPy/C#SiO2/GCE DPV 1–200 0.7 This work

Fig. 8  The profiles of differential pulse voltammetry for 5  wt% 
PPy/C#SiO2 nanocomposite electrode containing 1.0 × 10−3  M AA, 
2.5 × 10−4 M UA, and different concentrations of DA at pH = 7. Inset: 
Plots of the anodic peak current as a function of DA concentration

Fig. 9  The profiles of differential pulse voltammetry for PPy and 
5 wt% PPy/C#SiO2 nanocomposite electrode after 1 and 7 days incu-
bation with 200 μM DA
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