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A B S T R A C T   

Ionic liquid composite electrodes have been widely utilized for the fabrication of electrochemical biosensors. 
However, the biosensing electrode modified with ionic conducting solids remains unexplored. Herein, we pre
pared a superionic conducting potassium ferrite (K2Fe4O7) under hydrothermal conditions for modifying glassy 
carbon electrode (GCE). The modified electrode (K2Fe4O7/GCE) showed an excellent electrocatalytic activity 
towards the oxidation of dopamine (DA). The oxidation peak currents increased linearly with increasing DA 
concentrations in the range of 1 μM–140 μM, and the detection limit is 0.22 μM (S/N ¼ 3). The developed DA 
sensor exhibited not only good selectivity for the determination of DA without interfering from ascorbic acid 
(AA), uric acid (UA), glucose and inorganic ions, but also good reproducibility and stability. Furthermore, the 
sensor was applied to determine DA concentration in bovine serum and obtained a satisfied result. This study 
provides a new approach for developing electrochemical biosensors based on ionic conducting solid materials.   

1. Introduction 

Dopamine (DA) is a crucial neurotransmitter that effects on many 
systems in body including cardiovascular, renal, and hormonal func
tioning (Freeman et al., 2007). Diverse neurological diseases can result 
from disruptions of the dopaminergic neuron process (Hirsch et al., 
1988; Oh et al., 2016; Tang et al., 2007). The importance of dopamine 
cannot be overstated in the diagnosis of neurological disorders (Lavio
lette, 2007). Hence, the DA detection in biological system is paramount 
in routine monitoring purposes. 

To detect DA concentration, several quantitative analytical tech
niques have been developed. Among them, electrochemical biosensors 
present numerous advantages over high performance liquid chroma
tography (HPLC) (Hows et al., 2004) and mass spectroscopy (Huang 
et al., 2014a), including low cost, portability, simple operation, and fast 
detection (Huang et al., 2018; Guo, 2017; Guo et al., 2018; Xu et al., 
2018a,c). The conventional electrochemical biosensors for the detection 
of DA are usually fabricated by using GCE or carbon electrodes. How
ever, such electrodes exhibited some limitations in terms of electron 
transfer ability, sensitivity, and selectivity. Subsequently, a major 

strategy for enhancing DA sensor performance is using 
chemical-modified electrodes with electrical conducting materials to 
accelerate electrochemical reaction at the interface (Beitollahia et al., 
2019). Up to now, many electronic conducting or semiconducting ma
terials, including organic molecules (Lai et al., 2007; Shervedani et al., 
2006; Uzun and Hasdemir, 2017), polymers (Chen et al., 2010; Song 
et al., 2010; Xu et al., 2018b), metals or metal alloy (Hsu et al., 2012; Yu 
et al., 2012; Yusoff et al., 2015; Zhao et al., 2016), carbon materials, 
(Gao et al., 2013; Huang et al., 2014b; Kim et al., 2010; Ku et al., 2013; 
Liu et al., 2012; Palanisamy et al., 2013; Qi et al., 2015; Rajkumar et al., 
2017; Yang et al., 2019; Yuan et al., 2012) and metal oxides, (Adekunle 
et al., 2010; Anithaa et al., 2015; Fan et al., 2011; Liu et al., 2013; Zhang 
et al., 2008) have been used to modify the bare electrodes, resulting in 
increasing the performance of electrochemical DA sensors. 

Ionic liquids (ILs) consisting of ions are intrinsically ionic conduc
tors. Over the past decade, there has been growing interest in the 
fabrication and application of IL-based electrochemical biosensors 
because of their unique physical and chemical properties, such as good 
ionic conductivity, wide potential windows and biocompatibility 
(Cheng et al., 2018; Shiddiky and Torriero, 2011). In particular, a 
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carbon electrode modified with n-octylpyridinum hexafluorophosphate 
(IL) has been applied for the determination of DA (Safavi et al., 2006). A 
1-butyl-3-methylimidazolium hexafluorophosphate (IL) and carbon 
nanotube composite material-modified electrode has showed better 
selectivity in detecting DA (Wang et al., 2015; Zhang et al., 2008). 
Clearly, the modification of carbon electrodes with different ILs pro
moted electrical conductivity of modified electrodes through the syn
ergistic effect. However, there still are many obstacles related to the 
achievement of highly stable and reliable IL-based electrochemical DA 
sensors, since ILs can easily absorb water and react with it and are 
prepared difficultly. 

Ionic conducting solid materials have been widely used in electro
catalysis, electrochemical capacitors, and rechargeable batteries (Jesús 
et al., 2015; Qiu et al., 2019). An electrochemical sensor for the detec
tion of lithium ions in authentic human saliva has been fabricated by 
using the modified GCE with mixed ion/electron conducting LiMn2O4 
(Suherman et al., 2019). The use of modified electrodes with ionic 
conducting solid electrolytes may provide high performance DA sensor 
but with significantly lower cost and fabricating requirements. Never
theless, so far there has been no report on such materials used as an 
electrode modifier for DA detection. More recently, we have reported 
the hydrothermal synthesis of superionic conducting potassium ferrite 
(Yuan et al., 2018). This environmentally friendly iron oxide demon
strated superhigh ionic conductivity and excellent thermal and elec
trochemical stability. 

In this work, we firstly prepared potassium ferrite by hydrothermal 
technique. A modified GCE with this superionic conductor was pro
posed, and then the modified electrode (K2Fe4O7/GCE) was used as 
working electrode of DA sensor for the sensitive and selective detection 
of DA in the coexistence of AA, UA, glucose, and inorganic ions. We also 
carried out evaluating reproducibility and stability of the obtained DA 
sensor. Furthermore, the sensor was applied to detect DA concentration 
in bovine serum. 

2. Materials and methods 

2.1. Reagents and chemicals 

Dopamine, uric acid (AA) and ascorbic acid (UA) were purchased 
from Sigma-Aldrich (Shanghai, China). Fe(NO3)3⋅9H2O, KOH, KH2PO4, 
K2HPO4, K3Fe(CN)6, K4Fe(CN)6, KCl, NaCl and glucose were purchased 
from Sinopharm Chemical Reagent. Co. (China). The bovine serum was 
purchased from Solarbio. Co. (China). All chemicals were of analytical 
grade and used without any treatment. The phosphate buffer solution 
(PBS, 0.1 M) as supporting electrolyte was prepared with K2HPO4 and 
KH2PO4, and the pH value ranging from 7.0 to 7.8 was adjusted by 
changing the radio of K2HPO4 and KH2PO4. Aqueous solutions used in 
experiments were prepared using deionized water with resistance 5 MΩ- 
cm obtained from an ultrapure water system (Wotepu, China). All so
lutions were freshly prepared every day, and were purged with N2 for 30 
min before used in the electrochemical experiment. 

2.2. Instruments and measurements 

Powder X-ray diffraction (PXRD) experiments were measured on a 
Rigaku D-Max 2550 diffractometer (Rigaku, Japan) with Cu-Kα radia
tion (λ ¼ 1.5418 Å). The scanning electron microscope (SEM) images 
were obtained on a JEOL-6700 scanning electron microscope (Tokyo, 
Japan). UV–Vis absorption spectra were collected within wavelength 
range of 350–600 nm with a UV-2450 spectrometer (Hitachi, Japan). All 
electrochemical measurements were carried out at room temperature by 
using a CHI660C electrochemical workstation (Chenhua Co., Shanghai, 
China). Electrochemical impedance spectroscopy (EIS), cyclic voltam
metry (CV), differential pulse voltammetry (DPV) and Chro
noamperometry (i-t curve) were performed in a conventional three- 
electrode cell consisting of a bare or modified GCE as working elec
trode, Ag/AgCl/KCl (0.1 M) as the reference electrode, platinum as the 
counter electrode. 

Fig. 1. (a) The calculated and powder XRD patterns of K2Fe4O7. The SEM images of (b) K2Fe4O7 particles after ball-milling and (c) K2Fe4O7 layer attached on the 
surface of GCE. 
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2.3. Preparation of K2Fe4O7 powder and fabrication of K2Fe4O7-modified 
electrode 

By using the same hydrothermal process reported by us previously 
(Yuan et al., 2018), single crystal of K2Fe4O7 was obtained, and then 
obtained crystal was grounded into powder by ball milling treatment. 

2.4. Fabrication of K2Fe4O7-modified GCE 

A GCE (diameter ¼ 3 mm) was polished with 0.05 μm alumina slurry. 
After ultrasonic cleaning in deionized water for 2 min, the electrode was 
dried in air at ambient temperature. The dispersion of K2Fe4O7 was 
prepared by adding as-prepared K2Fe4O7 powder of 5 mg to a mixture of 
5 mL Dimethyl Formamide and 1 μL Nafion followed by ultrasonication 
for 30 min. Subsequently, the dispersion was drop-cast onto the GCE 
surface and dried in air at ambient temperature overnight. A stable 
K2Fe4O7 layer has been immobilized on the GCE surface. 

3. Results and discussion 

3.1. Characterization of K2Fe4O7 powder and layer 

The X-ray diffraction technique is employed to identify the crystal
line phase and purity. As shown in Fig. 1a, the PXRD pattern of the 
sample obtained by ball-milling are in accordance with the pattern that 
was simulated on the basis of the single-crystal structure (Yuan et al., 
2018), indicating that its crystal structure is well remained and the 
sample has not impure phase. SEM was used to observe surface 
morphology of K2Fe4O7 particle and layer. The SEM image (Fig. 1b) 
shows that particle sizes are different and less than 3 μm in side length. A 
uniform K2Fe4O7 layer was closely attached on the surface of GCE 
(Fig. 1c). 

3.2. Characterization of K2Fe4O7/GCE electrode 

The electrochemical behavior of bare GCE and K2Fe4O7/GCE elec
trodes are investigated by EIS and CV. Fig. 2a showed Nyquist plots for 
bare GCE and K2Fe4O7/GCE in 0.1 M KCl containing 1 mM K3Fe(CN)6 

and 1 mM K4Fe(CN)6. A standard Randle’s equivalent circuit model was 
used to fit the impedance data (insert in Fig. 2a), where Rs, CPE, Rct, and 
Zw represent the uncompensated solution resistance, a constant phase 
element, charge transfer resistance and Warburgh impedance, respec
tively (Huang et al., 2013). Two electrodes exhibited Rct values of 107 Ω 
and 115 Ω, indicating that the electrical conductivity of bare GCE is very 
close to that of the modified electrode. As is well-known, Fe(CN)6

3-/4- as 
redox probes involve only in single electron transfer process. To deter
mine the nature of the transfer charges, the CV measurements were 
carried out in Fe(CN)6

3-/4- solutions. As shown in Fig. 2b, for the bare 
GCE, a pair of typical redox peaks of Fe(CN)6

3-/4- ion was recorded, which 
is consistent with the literature result (Qi et al., 2015). However, under 
the same conditions, no peaks were observed for K2Fe4O7/GCE electrode 
since K2Fe4O7 is a superionic conductor and inhibited the 
electron-transfer of Fe(CN)6

3-/4-. Therefore, at K2Fe4O7/GCE electrode, 
the transfer charge is ionic. 

3.3. Electrocatalytic oxidation of DA at K2Fe4O7/GCE electrode 

Not only does the redox reaction of DA involve in losing and gaining 
two electrons, but also in losing and gaining two protons. Fig. 2c shows 
the CV responses of 100 μM DA in 0.1 M PBS (pH ¼ 7.6) at bare GCE and 
K2Fe4O7/GCE. For bare GCE, two pairs of redox peaks were observed. 
The peaks at 0.192 V (anodic) and 0.124 V (cathodic) are attributed to 
the redox reaction between DA and dopaminequinone (DAQ). The 
remaining peaks at � 0.201 V and � 0.282 V come from the oxidation of 
DAQ to leucodopaminochrome (LDAC) and the reduction of LDAC back 
to DAQ (Hawley et al., 1966; Wang et al., 2006). However, for 
K2Fe4O7/GCE, the CV curve exhibited only a well-defined pair of redox 
peaks with potentials of 0.323 V and 0.042 V, suggesting that DA was 
oxidized only to DAQ. To further confirm the oxidation of DA to DAQ, 
the UV–Vis absorption technique is used to detect the generation of 
DAQ. As shown in Fig. 2d, no absorption peak was observed for 100 μM 
DA in PBS. After applying voltage of 0.8 V to the bare GCE and 
K2Fe4O7/GCE electrodes for 30 min, the characteristic absorption peak 
appeared at 405 nm corresponding to DAQ (Bisaglia et al., 2010). The 
inset in Fig. 2c gives the CV curves recorded in the presence and absence 
of 100 μM DA at K2Fe4O7/GCE in 0.1 M PBS (pH ¼ 7.6) at the scan rate 

Fig. 2. (a) Nyquist plots and (b) CVs of bare GCE 
and K2Fe4O7/GCE in 0.1 M KCl containing  
1 mM Fe(CN)6

3-/4-. The EIS are measured in the 
frequency region from 1 MHz to 1 Hz. Inset displays 
the equivalent circuit. (c) CVs of bare GCE and 
K2Fe4O7/GCE in 0.1 M PBS (pH ¼ 7.6) containing 
100 μM DA. Inset shows the CVs of K2Fe4O7/GCE in 
the absence and presence of 100 μM DA. (d) The 
UV–Vis absorption spectra of 100 μM DA in 0.1 M 
PBS (pH ¼ 7.6) before and after applying voltage of 
0.8 V at bare GCE and K2Fe4O7/GCE.   
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of 50 mV s� 1. Since there was no CV response in DA-free solution, it can 
be concluded that the charge transfer between DA and ionic conducting 
K2Fe4O7 is achieved through ionic diffusion. In addition, the corre
sponding redox currents obtained at the modified electrode was two 
times that at the bare GCE (Fig. 2c), indicating a faster ionic transfer rate 
for the oxidation of DA at K2Fe4O7/GCE. 

3.4. The effect of pH value and scan rate 

The effect of pH value in the electrolyte solution on the response 
current of DA was examined in the range of pH ¼ 7.0 to 7.8. As depicted 
in Fig. S1, the response current increased linearly with increasing pH 
value to 7.6 and then it decreased at higher pH value. Thus, pH ¼ 7.6 
was an optimal value for further experiments. 

The effect of scan rate on electrochemical reaction of DA at K2Fe4O7/ 
GCE was investigated by CV. Fig. 3a shows the CVs of K2Fe4O7/GCE 
electrode in PBS (pH ¼ 7.6) containing 100 μM DA at various scan rates 
(10–100 mV s� 1). With increasing scan rate, the oxidation and reduction 
currents (Ipa and Ipc) increase and simultaneously the anodic peak 
potential shifted positively and negatively for the cathodic peak poten
tial. Moreover, the ratio of Ipa to Ipc was 2.5. These results suggest that 
the electrochemical oxidation and reduction of DA is a quasi-reversible 
behavior (Adekunle et al., 2010; Anithaa et al., 2015). Ipa and Ipc as 
function of the square root of scan rates (ν1/2) are plotted in Fig. 3b. Two 
linear regression equations, Ipa(μA) ¼ 0.55ν1/2 þ 1.21 (R2 ¼ 0.994) and 
Ipc(μA) ¼ 1.958–0.602ν1/2 (R2 ¼ 0.986), were obtained, inferring that 
the electrochemical reaction is a typical diffusion-controlled process 
(Majdi et al., 2007; Wang et al., 2007). 

3.5. Calibration curve 

The oxidation peak current of DA was selected as a signal relative to 
the concentration of DA. Fig. 4a displays DPV responses of the modified 
electrode at different DA concentrations in 0.1 M PBS at pH ¼ 7.6. The 
corresponding plots of peak currents and DA concentrations are shown 
in Fig. 4b. It could be seen that the linear relationship between them was 
obtained in the concentration range of 1–140 μM. For DA concentrations 
(CDA) ranging from 1 to 40 μM, the linear regression equation is Ip(μA) 
¼ 1.12 þ 0.023CDA (μM) (R2 ¼ 0.992), and Ip(μA) ¼ 1.55 þ 0.01CDA 
(μM) (R2 ¼ 0.990) from 40 to 140 μM. The detection limit is calculated 
to be 0.22 μM based on the signal corresponding to three times noise of 
the response (S/N ¼ 3). Compared with other published works (seen in 
Table 1), the low detection limit and wide linear range of the prepared 

Fig. 3. (a) CVs of K2Fe4O7/GCE in 0.1 M PBS (pH ¼ 7.6) containing 100 μM DA at scan rates of 10–100 mV s� 1. (b) The plots of redox peak currents as a function of 
scan rate. 

Fig. 4. (a) DPV records of K2Fe4O7/GCE for different DA concentrations in 0.1 M PBS (pH ¼ 7.6). (b) Plots of the oxidation peak current vs. DA concentrations 
(1–140 μM). 

Table 1 
Comparison of the fabricated DA sensors reported in the literatures.  

Electrode Linear Range 
(μM) 

Detection Limit 
(μM) 

Ref 

PEDOT-LSG 1–150 0.33 Xu et al. (2018b) 
RGO-Pd-NPs 1–150 0.233 Palanisamy et al. 

(2013) 
CC-NPC 2–200 0.6 Zhao et al. (2016) 
Graphene-GCE 4–100 2.64 Kim et al. (2010) 
Go-GCE 1–15 0.27 Gao et al. (2013) 
MIPs-pThi-NPG 0.3–100 0.1 Yang et al. (2019) 
SWCNTs-GCE 0.5–100 0.19 Yang et al. (2019) 
WO3-GCE 0.1–50, 50-600 0.024 Anithaa et al. (2015) 
TiO2-graphene- 

GCE 
5–200 2 Fan et al. (2011) 

CoHCF-GCE 300–5000 1 Xun et al. (2003) 
K2Fe4O7 -GCE 1-40, 40-140 0.22 this work  
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sensor make it practical for device application. 

3.6. Selectivity of the sensor 

AA, UA, glucose, KCl and NaCl are well-known interfering species in 
the electrochemical detection of DA in biological samples (Fu et al., 
2019; Guo, 2016a; Guo and Ma, 2017). The selectivity of the 
K2Fe4O7/GCE electrode to DA was evaluated by recording its DPV 
response to abovementioned interfering AA and UA molecules. Fig. 5a 
shows DPV curve recorded in PBS (pH ¼ 7.6) for 1 mM AA, 100 μM DA, 
100 μM UA and the mixture of these compounds. Obviously, the peak 
current towards DA was much higher than that towards AA and UA. The 
high specificity is due to the oxidation products of AA and UA being 
electro-inactive (Zen et al., 2004). In the presence of other interfering 
substances, the selectivity of the K2Fe4O7/GCE electrode to DA was 
evaluated by Chronoamperometry method (Fig. 5b). No response cur
rent changes of glucose, KCl and NaCl were observed after adding 200 
μM glucose, 200 μM KCl and 200 μM NaCl. A large current change was 
detected at a DA concentration of 200 μM, indicating that the sensor 
presents a high selectivity to DA molecules. 

3.7. Reproducibility and stability of the sensor 

The reproducibility of the sensor was examined by detecting the DPV 
response of 100 μM DA in PBS (pH ¼ 7.6) with the same electrode eight 
times. The detecting results are shown in Fig. S2a. The relative standard 
deviation (RSD) was about 1.07%. Under the same condition, the five 
electrodes exhibit an RSD of 0.16%, showing good reproducibility 
(Fig. S2b). When not used, the sensor was stored in PBS at 4 �C. The DPV 
responses of 100 μM DA in PBS (pH ¼ 7.6) were measured every day 
(Fig. S2c). The sensor retained a response current of 93.1% of its initial 
current after 5 days. 

3.8. Determination of DA in bovine serum 

The serum is the most normal matrix for the sensors to apply (Fu and 
Guo, 2018; Guo, 2016b; Wang et al., 2018). To evaluate the accuracy 
and applicability of the fabricated sensor, it was employed to determine 
DA concentration in bovine serum samples. The serum samples were 
diluted 100 times using 0.1 M PBS before determination. The experi
ment was performed using five samples with different DA concentration. 
The analytical results are listed in Table S1. The measured concentra
tions are close to the labeled values, and the RSD values were below 
2.63%. 

4. Conclusions 

A novel electrochemical DA sensor was successfully constructed by 

using the modified electrode with potassium ferrite. The modified 
electrode has good charge-transfer ability and shows an excellent elec
trocatalytic activity towards DA. The developed DA sensor with good 
linear range and low detection limit demonstrates excellent selectivity 
and reproducibility, as well as stability and is a potential biosensor for 
DA detection in biological system. In the future, its sensing performance 
could be improved by compositing with electron conducting materials. 
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