
Vol.:(0123456789)1 3

Journal of the Iranian Chemical Society (2023) 20:731–738 
https://doi.org/10.1007/s13738-022-02711-8

ORIGINAL PAPER

Sensitive dopamine sensor based on electrodeposited gold 
nanoparticles and electro‑modulated  MoS2 nanoflakes

Qiufen Luo1  · Yuan Su1 · Hongfang Zhang1 

Received: 25 May 2022 / Accepted: 29 November 2022 / Published online: 9 December 2022 
© Iranian Chemical Society 2022

Abstract
MoS2 nanoflakes, though with graphene-like morphology, exhibit unsatisfactory performance in the fabrication of elec-
trochemical sensors due to the poor conductivity. Herein,  MoS2 nanoflakes were electrochemically modulated, while gold 
nanoparticles (AuNPs) were co-electrodeposited by one-step cyclic voltammetry, forming a nanocomposite on the electrode 
surface. During the CV treatment,  MoS2 nanoflakes could be easily transformed from the original 2H phase with semicon-
ductor properties to 1T phase with metal properties. The good electrical conductivity and also the big specific area of the 
ultimate AuNPs/1T-MoS2 composite can be reflected by the CV and electrochemical impedance spectroscopy characteriza-
tion. The nanocomposite exhibited attractive catalytic capacity to the electrochemical redox of dopamine (DA). Therefore, a 
DA sensor based on AuNPs/1T-MoS2 was constructed. Using the detection technique of amperometry, the sensor displayed 
a wide linear range from 0.2 μmol/L to 1.0 mmol/L with low detection limit of 0.15 μmol/L. Using the detection technique 
of differential pulse voltammetry, the sensor demonstrated excellent selectivity when was applied in the sample containing 
excessive amount of ascorbic acid. Furthermore, the sensor could be used to detect dopamine in serum with a recovery rate 
of 106.5-109.4%.
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Introduction

Dopamine (DA) is the most abundant catecholamine neu-
rotransmitter in the human brain. It plays an important role 
in physiological activities and thus regulates the activities 
of the central nervous system, hormones and cardiovascu-
lar system [1, 2]. When the systemic regulation of dopa-
mine encounters obstacles, it may cause a variety of dis-
eases, such as Parkinson’s disease, schizophrenia, attention 
deficit, hyperactivity and pituitary tumors [3, 4]. Low or 
high levels of DA may be connected with the occurrence 
of these diseases. Therefore, detection of DA concentration 
in human body fluids is of great significance. At present, 
techniques for determining DA mainly include spectrometry 
[5], capillary electrophoresis [6] and electrochemical sensor 

[7]. The o-hydroxy group on the DA benzene ring is prone 
to oxidation reaction on the electrode surface; therefore, 
the quantitative detection of DA can be realized by elec-
trochemical analysis method [8, 9]. However, the detection 
of DA in clinical samples such as serum or urine is a great 
challenge. On the one hand, the content of DA is extremely 
low, which requires highly sensitive sensors. On the other 
hand, the electrochemical detection of DA is also suscepti-
ble to the interference of biological molecules with similar 
redox potentials such as ascorbic acid (AA) and uric acid 
(UA) [10, 11], which spawned the modification of composite 
nanomaterials to improve the surface performance of the 
electrode to eliminate the interference of small biological 
molecules such as AA.

At present, many functional materials, including metal 
nanoparticles [12], carbon nanomaterials [13] and polymers 
[14] have been used to prepare DA electrochemical sensors. 
 MoS2 nanoflakes also attracted the attention of researchers 
due to the stable chemical properties, good electronic mobil-
ity and layered structure similar to graphene [15, 16]. Due 
to the different order of S atoms,  MoS2 has two different 
crystalline phases, namely thermodynamically stable 2H 
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phase and metastable 1T phase. Metal-phase 1T-MoS2 has 
higher conductivity and better charge transfer ability than 
semiconductor 2H-MoS2 [17]. Chia et al. [18] proposed that 
 MoS2 nanoflakes could be transformed from 2H phase to 1T 
phase through electrochemical modulation, thereby improv-
ing the charge transfer ability and catalytic performance of 
 MoS2 nanoflakes. Furthermore, the conductivity and elec-
trocatalytic performance of  MoS2 nanoflakes are enhanced 
by doping noble metal nanomaterials into  MoS2 nanoflakes 
[19]. Gold nanoparticles are considered as ideal materi-
als for surface modification of  MoS2 due to their excellent 
conductivity and high stability [20]. Therefore, the analyti-
cal performance of the electrochemical sensor was further 
improved by doping AuNPs on the metal-phase 1T-MoS2.

In this work, a novel electrochemical sensor based on 
AuNPs/1T-MoS2 was constructed for the detection of dopa-
mine (Fig. 1). The synergistic effect of 1T-MoS2 nanoflakes 
and AuNPs ensures the conductivity, specific surface area 
and catalytic performance of the material, thus effectively 
promoting the electrochemical redox process of DA.

Experimental section

Chemicals and materials

MoS2 nanoflakes were obtained from XFNANO (Nanjing, 
China). Gold(III) tetrachloride trihydrate  (HAuCl4 ≥ 47.8% 
as Au) was purchased from Shanghai Chemical Reagent 
Co., Ltd (China). DA, UA and AA were purchased from 
Xi’an Sanpu Chemical Reagent Co., Ltd (China). Phosphate-
bufferd solution (PBS) was prepared using analytical grade 
chemicals  KH2PO4 and  Na2HPO4. Freshly prepared DA 
solution was used. All other reagents were analytical grade 
and used as received without further purification. All aque-
ous solutions were prepared with doubly distilled water.

Apparatus

All voltammetry experiments were carried out with a 
CHI440C electrochemical workstation (CH Instruments, 
China). A conventional three-electrode system with either 
a bare or modified glassy carbon electrode (GCE) as the 

working electrode, a saturated calomel electrode (SCE) as 
the reference electrode and a platinum wire as the coun-
ter electrode was applied. Scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) were 
obtained using a JSM-6390 A SEM (JEOL, Japan) and 
Tecnai G2F20 S-Twin (FEI, USA), respectively.

Preparation of AuNPs/1T‑MoS2/GCE

A bare GCE (3 mm in diameter) was mechanically pol-
ished with 0.3 and 0.05 μm alumina aqueous slurry. After 
ultrasonic washing in distilled water, 6 μL of 0.3 mg/mL 
dispersion of  MoS2 nanoflakes was cast on the GCE. After 
drying in air,  MoS2/GCE was acquired. AuNPs/1T-MoS2/
GCE was prepared by CV scanning in 0.5 mol/L NaCl 
solution containing 0.5 mmol/L   HAuCl4 (voltage: 1.1 
to – 1.1 V, scan rate: 50 mV/s, 6 cycles). 1T-MoS2/GCE 
and AuNPs/GCE were prepared in a similar way for com-
parison. 1T-MoS2/GCE was the product of  MoS2/GCE 
after treated by CV scanning in 0.5 mol/L NaCl solution 
from 1.1 to – 1.1 V at a scan rate of 50 mV/s (6 cycles). 
AuNPs/GCE was prepared with the same CV procedure 
by immersing GCE in 0.5 mol/L NaCl solution containing 
0.5 mmol/L  HAuCl4.

Electrochemical measurements

Electrochemical measurements were performed in 
0.1 mol/L PBS (pH 7.0) solution using AuNPs/1T-MoS2/
GCE as working electrode. For amperometry, a working 
potential of 0.25 V was applied and DA was continuously 
injected in the solution under stirring after a short time for 
steady background current. For differential pulse voltam-
metry (DPV), DA was contained in 0.1 mol/L PBS (pH 
7.0) solution and signal was recorded with potential range 
of − 0.2 to 0.6 V (pulse amplitude: 50 mV, pulse width: 
50 ms, pulse period: 0.5 s).

Fig. 1  Construction and appli-
cation of electrochemical sensor 
based on AuNPs/1T-MoS2
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Results and discussion

Characterization of AuNPs/1T‑MoS2/GCE

Morphology of  MoS2 nanoflakes was characterized by TEM 
and SEM.  MoS2 nanoflakes had typical lamellar nanostruc-
tures. Most of them displayed single layer and few are mul-
tilayer (Fig. 2A). The size of the nanosheet was irregular. 
Modification on the electrode surface (Fig. 2B) and the sub-
sequent electrochemical modulation (Fig. 2C) did not change 
the morphology of the nanoflakes. After adding  HAuCl4 in 
the electrolyte solution, it was observed that a large number 
of gold nanoparticles with the average size of 50 nm were 
distributed on the  MoS2 nanoflakes (Fig. 2D), indicating the 
successful preparation of the AuNPs/1T-MoS2/GCE.

The electron transfer property of AuNPs/1T-MoS2/
GCE was investigated by cyclic voltammetry and electro-
chemical impedance spectroscopy. As shown in Fig. 3A, 
modification of  MoS2 nanoflakes decreased the redox peak 
current of [Fe(CN)6]3−/4−, hinting the poor conductivity of 
the material. However, peak current obtained at 1T-MoS2/
GCE was 1.86 times as large as that of  MoS2/GCE. Due 
to the electrochemical pretreatment process,  MoS2 nano-
flakes were transformed from the 2H phase with semi-
conductor property to the 1T phase with metal property 

[18]. Therefore, electron transfer of the electrode surface 
was promoted after the electrochemical modulation. When 
Au nanoparticles were electrodeposited on the surface of 
1T-MoS2, the anodic and cathodic peak currents of fer-
ricyanide obtained at AuNPs/1T-MoS2/GCE were larger 
than those at 1T-MoS2/GCE or AuNPs/GCE. These results 
illustrated that AuNPs/1T-MoS2 possessed excellent elec-
trical conductivity and big effective surface, due to the 
synergistic effect of the nanoflakes and the nanoparticles. 
These results were further verified by the electrochemi-
cal impedance spectroscopy for different electrodes. The 
diameter of the semicircle referred to the charge trans-
fer resistance (Rct) on the electrode surface. As shown in 
Fig. 3B, Rct of 1T-MoS2/GCE was smaller than that of 
 MoS2/GCE, indicating tuned electron-transfer kinetics 
of  MoS2-based film after phase transition. It can be also 
observed that the electron transfer hindrance at 1T-MoS2/
GCE is poorer when compared with the freshly polished 
GCE. As expected, Rct of AuNPs/1T-MoS2/GCE was sig-
nificantly smaller than that of 1T-MoS2/GCE, indicating 
that co-deposition of AuNPs onto the flakes of 1T-MoS2 
could further reduce the electron transfer resistance [21]. 
Therefore, the further integration of AuNPs is essential to 
the purpose of sensor fabrication.

Fig. 2  TEM image of the  MoS2 nanoflakes (A), SEM image of the  MoS2 nanoflakes before (B and C) and after CV treatment as well as the co-
deposited AuNPs (D)

Fig. 3  A CVs and B Nyquist 
plots of GCE,  MoS2/GCE, 
1T-MoS2/GCE, AuNPs/GCE 
and AuNPs/1T-MoS2/GCE in 
0.1 mol/L KCl solution contain-
ing 5 mmol/L [Fe(CN)6]3−/4−. 
Scan rate for CV is 100 mV/s
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Voltammetry behavior of DA at AuNPs/1T‑MoS2/GCE

Voltammetric behavior of DA at bare GCE,  MoS2/GCE, 
1T-MoS2/GCE, AuNPs/GCE and AuNPs/1T-MoS2/GCE 
were investigated in 0.1 mol/L PBS (pH 7.0) containing 

1.0 mmol/L DA. As can be seen in Fig. 4, a pair of redox 
peaks could be observed at the voltammograms of all the 
electrodes. Compared with it for the bare electrode, the 
redox peak current on  MoS2/GCE increased slightly. This 
might be attributed to the modification of layered  MoS2 
nanoflakes, which increased the effective surface area for 
DA redox. After electrochemical modulation, the redox 
peak current of DA increased significantly, indicating that 
the high conductivity of 1T-MoS2 is conducive to the elec-
trode reaction of DA. After gold nanoparticles deposition, 
the oxidation peak current reached 1.82 times of that obtain 
at bare electrode, demonstrating the synergistic catalysis of 
1T-MoS2 and gold nanoparticles. These results illustrated 
that AuNPs/1T-MoS2/GCE could be used for sensitive DA 
detection.

Effect of scan rate

The voltammetric behavior of dopamine at AuNPs/1T-
MoS2/GCE was further investigated. As revealed by Fig. 5A, 
the redox peak current of DA increased with increasing scan 
rate in the range of 20–300 mV/s. The anodic (R2 = 0.993) 
and cathodic (R2 = 0.995) peak currents were linearly pro-
portional to the square root of the scan rate, indicating a 
typical diffusion-controlled electrochemical process. In addi-
tion, the redox peak potentials (Epa and Epc) provided a linear 
relationship with ln ʋ (Fig. 5C). Thus, the electron transfer 

Fig. 4  CVs of GCE,  MoS2/GCE, 1T-MoS2/GCE, AuNPs/GCE 
and AuNPs/1T-MoS2/GCE in 0.1  mol/L PBS (pH 7.0) containing 
1.0 mmol/L DA. Insert is the background signal of AuNPs/1T-MoS2/
GCE in 0.1 mol/L PBS (pH 7.0). Scan rate is 100 mV/s

Fig. 5  A Cyclic voltammo-
grams of AuNPs/1T-MoS2/GCE 
in 0.1 M PBS (pH 7.0) contain-
ing 1.0 mM DA with different 
scan rate (20–300 mV  s−1). 
B Relationship of oxidation 
and reduction peak potential 
(Epa and Epc) versus ln ʋ. C 
CVs of AuNPs/1T-MoS2/GCE 
in 0.1 mol/L PBS (pH 7.0) 
containing 1.0 mmol/L DA at 
various pH PBS (pH 5.0, 6.0, 
7.0, 8.0 and 9.0), respectively, 
scan rate 100 mV/s. D Linear 
relationship of oxidation and 
reduction peak potential (Epa 
and Epc) versus pH
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number involved in the redox reaction of DA can be calcu-
lated according to the Laviron’s equation (Eqs. 1, 2) [22]. 
The electron transfer coefficient (α) and the electron transfer 
number (n) were calculated to be 0.58 and 1.96, respectively. 
Then, it can be concluded that the electrochemical mecha-
nism of DA redox at the surface of AuNPs/1T-MoS2/GCE 
still follows a two-electron process [23]:

Effect of pH value

The electrochemical redox behavior of DA at AuNPs/1T-
MoS2/GCE in buffer system in the pH range of 5.0–9.0 
was investigated by CV. As can be seen from Fig. 5C, the 
peak current of DA increased and then decreased with the 
increase in pH, reaching the maximum at pH 7.0. In mildly 
acidic condition, the electrochemical process may be influ-
enced by the protonation of the amino groups of DA. Under 
weakly alkaline condition, DA became auto-oxidized and 
polydopamine was finally formed after a series of reactions 
[24, 25]. Therefore, pH 7.0 was consequently selected for 
electrochemical DA detection in the following experiments.

(1)Epa = E
0� +

RT

(1 − �)nF
ln �

(2)Epc = E
0� −

RT

�nF
ln �

The redox peak potentials (Epa and Epc) of dopamine 
shifted negatively with the increase in pH, indicating the 
proton-coupled nature of DA electrochemical redox. The 
linear relationship between redox peak potentials and pH 
was shown in Fig. 5D. The slope value of − 0.059 V/pH 
and − 0.055 V/pH was very close to the Nernstian value 
of − 0.059 V/pH, indicating that the number of electrons 
and protons involved in the oxidation reaction was equal. 
Therefore, it manifested that there are two protons and two 
electrons involved in the electrochemical redox reaction of 
DA [26]. As illustrated in Fig. 1, DA is converted to its qui-
none form.

Electrochemical determination of DA

Amperometric determination of DA

Amperometric technique was applied to the quantifica-
tion of DA for its high sensitivity and rapid response. The 
working potential was optimized to acquire better perfor-
mance at the sensor. Figure 6A illustrated that the current 
response increased gradually with the increase in working 
potential in the range of 0.10–0.30 V, and the maximum 
current response appeared at the applied potential of 0.30 V. 
However, the current response obtained at 0.30  V was 
less stable. Therefore, 0.25 V was selected as the optimal 
working potential. Figure 6B displayed the amperometric 
response of AuNPs/1T-MoS2/GCE when DA was continu-
ously added into 0.1 mol/L PBS (pH 7.0) with continuous 

Fig. 6  A Amperometric 
response obtained at AuNPs/1T-
MoS2/GCE for successive 
addition of 0.01 mmol/L DA 
into 0.1 mol/L PBS (pH = 7.0) 
at various applied potentials. B 
Amperometric curve obtained 
at AuNPs/1T-MoS2/GCE with 
addition of DA in PBS (pH 7.0) 
at 0.25 V. C Plot of oxidation 
peak currents derived from 
amperometric curve versus DA 
concentrations. D Ampero-
metric response obtained at 
AuNPs/1T-MoS2/GCE for suc-
cessive addition of 2.0 mmol/L 
DA, 2.0 mmol/L NaCl, KCl, 
 CaCl2, glucose, 1.0 mmol/L 
AA and UA into 0.1 mol/L PBS 
(pH 7.0)
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stirring at working potential of 0.25 V. As can be seen, the 
peak current of DA increased linearly with the increase in 
DA concentration in the broad range of 0.2–1000 μmol/L 
(Fig. 6C). The corresponding regression equation was Ipa 
(μA) = 15.101C (mmol/L) + 0.128 with a correlation coef-
ficient of 0.995. The limit of detection was estimated to be 
0.15 μmol/L according to the principle of 3 s/b (s represents 
the standard deviation of blank solution and b represents the 
slope of calibration curve).

Selectivity was the most important evaluation index for 
an electrochemical DA sensor because of the fact that the 
serum coexistence AA and UA are both electroactive. As 
shown in Fig. 6D, the current response was not obvious after 
injection of 2 mmol/L NaCl, KCl,  CaCl2 and glucose. The 
influence of the above interfering substances on the deter-
mination of DA could be ignored. However, the addition of 
1 mmol/L AA produced a significant response at the amper-
ometric I–t curve, demonstrating that the interference of AA 
cannot be avoided.

Differential pulse voltammetric determination of DA

DPV is also a sensitive electrochemical technique that 
can reduce the effect of capacitive current and improves 
the signal-to-noise ratio. What is more, the peak-shaped 
response of DPV makes it possible to yield obvious 
peak separation between DA and excessive amounts of 

the interferences like AA. Therefore, the electrochemi-
cal behavior of DA at AuNPs/1T-MoS2/GCE was further 
studied by DPV. Figure  7A demonstrates the response 
for different DA concentrations in 0.1  mol/L PBS (pH 
7.0) solution. As expected, DPV results illustrated that 
the anodic peak current increased as the DA concentra-
tion increased from 0.2 to 80 μmol/L. The plot of oxida-
tion peak current (Ipa) versus DA concentration (c) exhib-
ited two linear ranges. The linear relationships could be 
expressed by the regression equation Ipa (μA) = 0.146C 
(μmol/L) + 0.146(R2 = 0.995, 0.20‒10  μmol/L), Ipa 
(μA) = 0.069C (μmol/L) + 0.919(R2 = 0.996, 10‒80 μmol/L) 
(Fig.  7B). The limit of detection was estimated to be 
0.16 μmol/L.

Figure 7C shows that the AuNPs/1T-MoS2 modified 
electrode exhibited good selectivity for DA detection in 
the presence of AA. The oxidation potential of AA and 
DA was − 0.041 V and 0.15 V, which could be effectively 
separated by DPV. The oxidation peak current acquired at 
AuNPs/1T-MoS2/GCE in 0.1 mol/L PBS (pH 7.0) contain-
ing 40 μmol/L DA and 20 μmol/L AA only changed 2.0% 
when compared with it in 0.1 mol/L PBS (pH 7.0) contain-
ing 40 μmol/L DA without AA. Therefore, the sensor can be 
applied to DA detection in the sample containing excessive 
amount of ascorbic acid.

What is more, good reproducibility and stability were 
crucial for electrochemical sensors. Five AuNPs/1T-MoS2/

Fig. 7  A DPV response for 
different concentrations of DA 
(0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 
4.0, 6.0, 8.0, 10, 20, 40, 60 
and 80 μmol/L) obtained at 
AuNPs/1T-MoS2/GCE. B Plot 
of peak current derived from 
DPV versus DA concentration. 
C DPV response of AuNPs/1T-
MoS2/GCE in 0.1 M PBS (pH 
7.0) containing 40 μmol/L DA 
and 20 μmol/L AA. D The 
measurement results obtained at 
5 AuNPs/1T-MoS2/GCEs
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GCE were prepared in the same way, and their response for 
DA was shown in Fig. 7D. The relative standard deviation 
(RSD) was calculated to be 4.2%, suggesting an acceptable 
reproducibility. The prepared sensor was stored at 4 °C for 
15 days to test its stability. The peak current for 20 μmol/L 
DA decreased to 91.1% of its initial response, indicating 
the good stability of the sensor based on AuNPs/1T-MoS2.

The electrochemical performance of this sensor was com-
pared with it of some other DA sensors. From Table 1, it 
was obvious that the sensor exhibited a wide linear working 
range as well as low detection limit.

Analytical application

The analytical application of AuNPs/1T-MoS2/GCE was 
investigated by detecting DA in human serum. The serum 
was diluted 10 times with 0.1 mol/L PBS (pH 7.0). Using the 
technique of DPV, recoveries were obtained by the standard 
addition method. The results are summarized in Table 2. The 
recovery for spiked DA with three different concentration 
levels was 109.0%, 109.4% and 106.5%, respectively. The 
results illustrated that AuNPs/1T-MoS2/GCE was reliable 
and effective for the determination of DA.

Conclusions

In this work, a DA sensor was developed based on the 
composite of AuNPs and  MoS2 nanoflakes. The simple 
drop-casting and CV scanning process not only formed 
AuNPs/MoS2 nanocomposite, but also transformed the 2H 

semiconductor phase  MoS2 to 1T metal-phase counterpart. 
The excellent conductivity and the big specific surface area 
of the composite resulted in a sensitive electrochemical sen-
sor for DA detection. Both amperometry and DPV measure-
ments demonstrated the wide linear range and low detection 
limit of the sensor. Furthermore, the interference of the other 
biological species like AA could be avoided via the DPV 
measurement. The recovery tests provide a broad prospect 
for the determination of DA in human body fluids.
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