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ABSTRACT
In this study, zinc oxide (ZnO) powders with dopant rates of 1 mol% thulium 
(Tm) (1Tm:ZnO), 2 mol% Tm (2Tm:ZnO), and 3 mol% Tm (3Tm:ZnO) nanopar-
ticles were synthesized by co-precipitation method. Subsequently, Polyaniline 
(PANI)/1Tm:ZnO, PANI/2Tm:ZnO, and PANI/3Tm:ZnO nanocomposite sen-
sors were prepared using a low-cost and simple sonication method. The results 
showed that the prepared PANI/1Tm:ZnO-based biosensor detected dopamine in 
the concentration range of (0.8–6.5) µM with a sensitivity of 0.2568 µAµM−1cm−2. 
Using these sensitivity values of the sensor, the LOD and LOQ values of the 
PANI/1Tm:ZnO-based sensor were calculated as 1.92 µM and 5.8 µM, respec-
tively. The incorporation of 1% Tm into ZnO host (PANI/1Tm:ZnO) significantly 
enhanced the sensitivity of the biosensors.

1 Introduction

Electroanalytical methods are very useful for qualita-
tive and quantitative analysis of physical, chemical, 
and biochemical systems, especially in nanotechnolo-
gical applications. The chemical reaction characteristic 
of an analyte in an environment can be determined 
by electroanalytical methods depending on current 
and voltage. Electrochemical sensors are widely 
used in healthcare applications of sensors technology 
because it is easy, low-cost, and rapid to determine 
the chemical reaction characteristic of an analyte in 

the environment by electroanalytical methods. Elec-
trochemical sensors provide the advantages such as 
easy to handle, low cost, and rapid response in health-
care applications [1–4]. Dopamine, glucose, uric acid, 
cholesterol in human blood can be determined using 
electrochemical sensors. Moreover, biomolecules can 
be detected in a few minutes with high sensitivity and 
good selectivity. Thus, early diagnosis of diseases 
caused by imbalances that occur due to the biomol-
ecules in human blood being outside the lower and 
upper limits is facilitated [5–9].
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Dopamine and glucose levels are crucial for human 
health. Dopamine is a neurotransmitter that plays a 
vital role in human and mammal systems, including 
the central nervous system, hormonal cardiovascular, 
and renal systems. It regulates behavior, mood, move-
ment, memory, attention, cognition, pleasure, and 
hormonal processes. Dopamine imbalance can lead 
to neurological diseases such as Parkinson’s disease, 
sleep and eating disorders, schizophrenia, attention-
deficit hyperactivity disorder (ADHD), epilepsy, and 
senile dementia [10–15]. It also contributes to some 
diseases and drug addiction.

Enzymatic electrochemical biosensors were used 
to detect the dopamine and glucose, which are the 
source of several diseases. However, these sensors 
had limited use due to their instability, complicated 
enzyme purification procedure, easy loss of activity, 
complex immobilization procedure, short lifespan, 
high cost, and low sensitivity due to indirect electron 
transfer [16–23]. It also had limited stability and poor 
reproducibility as it was prone to enzyme activity, lim-
ited temperature, pH, humidity, and toxic chemicals. 
Furthermore, enzymes could not be implanted in the 
human body for a long time due to their rapid degra-
dation [21–23]. In the last two decades, scientists have 
turned to non-enzymatic electrochemical sensors to 
overcome the limitations of enzymatic electrochemi-
cal sensors. These sensors have significant advantages 
such as high sensitivity, long-term stability, low cost, 
large-scale production, and excellent reproducibil-
ity [22, 24–30, 25, 24]. ZnO, NiO, CuO, Co3O4, MgO, 
TiO2, IrO2, and SnO2 metal oxides were used as an 
enzymatic electrochemical sensors [22, 31–37]. Among 
these, ZnO powders have unique properties such as 
ease of manufacture, non-toxicity, high chemical sta-
bility, electrochemical activity, optical and electrical 
properties, high electrocatalytic activity, high loading 
capacity, biocompatibility, and high electron transfer 
properties, making them an attractive option [17, 23, 
38, 39].

Recent researches have shown that doping rare-
earth ions to ZnO powders provides sensors with fast 
oxygen ion mobility and high surface basicity, improv-
ing their chemical interactions and sensing capabilities 
by changing the structural and morphological prop-
erties of the host material [40–43]. There are limited 
studies on lanthanide-doped non-enzymatic electro-
chemical biosensors for dopamine and glucose appli-
cations in the literature [41–43]. In this study, PANI/
Tm-doped ZnO biosensors for dopamine detection 

applications were produced, and the effect of Tm rare-
earth dopant element amount on biosensor properties 
was investigated for the first time.

2 �Experimental

Zinc nitrate hexahydrate (Zn(NO3)2 × 6H2O, 
99%) (Sigma-Aldrich), thulium nitrate hydrate 
(Tm(NO3)3.×H2O, 99.9%) (Alfa Aesar), and ammonium 
carbonate ((NH4)2CO3, 99.9%) were used as starting 
materials for the production of Tm-doped ZnO parti-
cles via co-precipitation method. Initially, determined 
stoichiometric amounts of zinc nitrate and thulium 
nitrate salts were dissolved in 150 ml of distilled water 
(DI) and, stirred at the speed of 400 rpm at ambient 
conditions for 30 min to obtain first solution. At the 
same time, 1 M ammonium carbonate solution was 
prepared to obtain second solution. The second solu-
tion was slowly dropped into the first solution until 
the pH of solution reached − 10.

Upon addition of the ammonium carbonate solu-
tion (second solution), white precipitates began to 
form and, this solution was stirred for 2 h to complete 
the reaction. The obtained white solutions were thor-
oughly washed with DI and ethanol by centrifugation 
at 4000 rpm for 10 min. It was dried in an oven at 80 °C 
under ambient conditions. Finally, the dried powders 
were ground and heat treated at 850 °C for 3 h using 
sintered alumina crucible to produce Tm-doped ZnO 
particles. 1 mol%, 2 mol%, and 3 mol% Tm-doped ZnO 
nanoparticles were coded as 1Tm:ZnO, 2Tm:ZnO, and 
3Tm:ZnO, respectively.

The gold transducers with gold (Au) thin-film elec-
trode on printed circuit board (PCB) were purchased 
from Ebtro Electronics (Turkey), and ultra-pure DI 
with a resistance of 18.2 MΩ (Human Corporation) 
was used. FTIR and SEM analysis were performed 
at TUBITAK Marmara Research Center, Turkey. The 
FTIR spectra of conducting polymer blends were 
measured by dispersing them in KBr pellets using a 
Varian 1000 FTIR Spectrometer. Surface characteriza-
tion studies were conducted using scanning electron 
microscopy (SEM) (Hitachi SU 1510, Japan). All elec-
trochemical measurements were conducted under 
ambient conditions (25 °C) using a potentiostat (Ebtro 
Electronics).

Polyaniline (PANI) and N-methyl pyrrolidone 
(NMP) were purchased from Sigma-Aldrich 
and Merck, respectively. To obtain polyaniline 
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(PANI) nanocomposites such as PANI/1Tm:ZnO, 
PANI/2Tm:ZnO, and PANI/3Tm:ZnO nanocom-
posites, 1 mg of 1Tm:ZnO, 2Tm:ZnO, and 3Tm:ZnO 
nanoparticles were separately mixed in 2 ml NMP, 
respectively, and all solutions were sonicated for 
5 min. The gold transducers were cleaned using eth-
anol, and then the prepared nanocomposites were 
drop casted on the gold transducers and dried at 
40 °C to obtain non-enzymatic sensors. Phosphate 
buffer saline (PBS) tablet was purchased from 
Sigma-Aldrich (product code 79,382). The responses 
of the sensors were tested against dopamine concen-
tration in PBS. Current–Voltage (I–V) characteristics 
of the sensors were obtained by applying (− 1, + 1)V 
with 50 mV/s scan rate at 25 °C. The limit of detec-
tion (LOD) values of the sensors were calculated 
using their sensitivity values.

3 �Results and discussion

The morphology of the prepared PANI/1Tm:ZnO, 
PANI/2Tm:ZnO, and PANI/3Tm:ZnO nanocomposites 
was investigated using Scanning Electron Microscopy 
(SEM) (Fig. 1). PANI/Tm:ZnO nanocomposites showed 
a different surface morphology with aggregates due to 
the existence of Tm-doped ZnO nanoparticles within 
the PANI matrix. PANI/1Tm:ZnO nanocomposites 
exhibited irregular nearly spherical morphology. 
However, PANI/2Tm:ZnO nanocomposites revealed 
flake-shaped morphology, while PANI/3Tm:ZnO 
nanocomposites demonstrated a network structure.

In order to examine the molecular bonding char-
acteristics of PANI/Tm:ZnO nanocomposites, Fou-
rier Transform Infrared Spectroscopy Analysis 
(FTIR) was performed using Varian 1000 FTIR Spec-
trometer device. The FTIR spectra were acquired in 
4000−400 cm−1 range under ambient conditions and 
are given in Fig. 2. Absorption bands of nanocom-
posites at 498, 647, 707, 742, 823, 957, 1160, 1241, 
1292, 1381, 1496, 1581, 1659, 2849, 2918, and around 
3200 cm−1 were observed. The peaks at 498, 647, and 
707 cm−1 were due to the stretching modes of metal 
oxygen bonds ((Zn,Tm)–O) [44–47]. The absorption 
peak at 742 cm−1 was attributed C–H bonding mode 
[48]. The absorption peak at 823 cm−1 confirms the 
characteristic of paradisubstituted aromatic rings in 
which the polymerization progresses in all polymers 
[49]. The absorption peaks at 957 and 1160 cm−1 were 
ascribed to C–H bending vibrational modes [50]. The 

characteristic absorption peaks at 1241 and 1292 cm−1 
were associated to C–H and C–N bending modes of 
benzenoid and quinoid rings, confirming the success-
ful synthesis of PANI [51]. The absorption peak at 
1381 cm−1 corresponded to C–N stretching modes in 
the neighborhood of a quinoid ring [52]. The absorp-
tion peaks at 1496 and 1581 cm−1 were attributed to 
C=C and C=N and stretching vibrations of quinone 
and benzene rings, respectively [53]. The absorption 
peaks at 1659, 2849, and 2918 cm−1 were ascribed to 
C=O, C–H, and N–H vibration modes, respectively 
[43, 54, 55]. Additionally, the broad band at 3200 cm−1 
indicated O–H stretching modes [56].

The schematic representations of sensing 
mechanism of PANI/1Tm:ZnO nanocomposite, 
PANI/2Tm:ZnO nanocomposite, and PANI/3Tm:ZnO 
nanocomposite-based non-enzymatic electrochemical 
sensors against dopamine are given in Fig. 3. As seen 
in Fig. 3, dopamine was oxidized by LAC (oxidized) 
to fabricate the dopamine-o-quinone (DOQ), and then 
LAC (reduced) eliminated the electrons to constitute 
LAC (oxidized). For that reason, after an electrocata-
lytic cycle, electrons were transferred to the working 
electrodes [57, 58]. In this study, it was fabricated a 
novel PANI/Tm:ZnO nanocomposites electron transfer 
sensor for dopamine detection, based on the fact that 
dopamine can decrease Tm+ ion to nanoparticles fol-
lowed by oxidized to DOQ.

Electrochemical measurements were carried out to 
detect dopamine at concentrations ranging from 0.8 
to 6.5 µM for three different sensors (PANI/1Tm:ZnO, 
PANI/2Tm:ZnO, and PANI/3Tm:ZnO-coded nano-
composites). The current density–voltage curves of 
each sensor were plotted for all concentrations, and 
the peak values of current densities versus dopamine 
concentrations were also recorded. The sensitivity 
values of the sensors were obtained from the slope of 
the curves, as shown in Fig. 4. The PANI/1Tm:ZnO-
based sensor (Fig.  4a) exhibited two prominent 
current density peaks in voltammetry measure-
ments, resulting from redox reactions of dopamine. 
However, PANI/2Tm:ZnO-based sensor (Fig.  4b) 
and PANI/3Tm:ZnO-based sensor (Fig. 4c) did not 
exhibit any significant current density peaks against 
dopamine. The peak values of the current densities 
decreased with the decrease in dopamine concentra-
tion. The sensor was able to detect dopamine in the 
concentration range of 0.8 to 6.5 µM with a sensitivity 
of 0.2568 µAµM−1 cm−2 (Fig. 4d). Using the sensitiv-
ity values of the sensor, the Limit of Detection (LOD) 
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and Limit of Quantification (LOQ) values for the 
PANI/1Tm:ZnO-based sensor were calculated as 1.92 
µM and 5.8 µM, respectively. The sensor tests were 

repeated 4 times, and all the sensor results were identi-
cal to the each other. PANI/1Tm:ZnO-based sensor is 

Fig. 1   SEM images of the prepared a PANI/1Tm:ZnO nanocomposite, b PANI/2Tm:ZnO nanocomposite, and c PANI/3Tm:ZnO nano-
composite
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a potential device for rapid, low-cost, sensitive, and 
stable for detection of dopamine.

As known, electrical conductivity (σ) and imped-
ance (Z) are interrelated parameters in devices such 
as solar cells, sensors, and photodiodes and directly 
affect the current–voltage characteristics of the device 
[59–63]. For this reason, all materials such as PANI, 
1Tm:ZnO, 2Tm:ZnO, 3Tm:ZnO, dopamine, and dopa-
mine concentration (0.81–6.5 µM) used in a biosensor 
contribute to the Z, σ, and conductance (G) of the bio-
sensors and they directly affect the biosensor’s cur-
rent density–voltage (J–V) curves of PANI/1Tm:ZnO-
based sensor, PANI/2Tm:ZnO-based sensor, and 
PANI/3Tm:ZnO ZnO-based sensor (Fig. 2). Therefore, 
G and Z of all biosensors are investigated for these 
biosensors. In addition, the σ value is a material con-
stant and varies only depending on the material (like 
PANI or PANI/1Tm:ZnO), while the G and Z values 

Fig. 2   FTIR spectra of the prepared PANI/1Tm:ZnO nanocom-
posite, PANI/2Tm:ZnO nanocomposite, and PANI/3Tm:ZnO 
nanocomposite

Fig. 3   The schematic representations of sensing mechanism of a PANI/1Tm:ZnO nanocomposite, b PANI/2Tm:ZnO nanocomposite, 
and c PANI/3Tm:ZnO nanocomposite-based non-enzymatic electrochemical sensors against dopamine
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depend on the properties of a particular device (like 
a biosensor).

Mathematically, in the G = σA/L formula A (cm2), 
L (cm), G (S), and σ (Scm−1) represent the cross-sec-
tional area, its length, the conductance, and the con-
ductivity, respecitvely [59]. As seen in the formula, 
σ is closely related to G. Similar relationships can be 
found between G and Z or Z of biosensors and cur-
rent density. The G is the inverse of resistance ( Z′ ), 
meaning that it is a measure of how easily current will 
flow through the material. As seen Figs. 2 and 4, the 
dopamine concentration is affected by the biosensor’s 
current density–voltage curves, the impedance, and 
conductance of these biosensors.

The Z = Z′+iZ′′ where Z, Z′′ and Z′ represent com-
plex impedance, the imaginary and real parts, 
respectively [62–65]. The inverse of conductivity is 
reel part of empedans. The Z and conductance (G) 
values of PANI/1Tm:ZnO, PANI/2Tm:ZnO, and 
PANI:3Tm:ZnO-based sensors taken at various dopa-
mine concentrations at 0.8 V are given in Fig. 5. As 
seen in Fig. 5, the Z and G values of all sensors are 
inversely proportional to the each other, and as the 
G value increases, the Z value decreases with the 
increase in dopamine concentration. Also, while the 
G values of PANI/1Tm:ZnO-based sensors are higher 
than PANI/2Tm:ZnO and PANI:3Tm-based sen-
sors, the Z value of PANI/1Tm:ZnO-based sensors is 
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lower than other sensors. As seen in Table 1, the G 
value for PANI/1Tm:ZnO-based sensor is 8.97 × 10−6 
S and the Z value for PANI/1Tm:ZnO-based sensor 
is 1.11 × 102 kΩ at 6.5 µM. Tm dopant amount in ZnO 
host was not observed to cause a proportional increase 
in impedance of PANI/1Tm:ZnO-based sensor, 
PANI/2Tm:ZnO-based sensor, and PANI/3Tm:ZnO-
based sensor. The impedance values of the 
PANI:2Tm:ZnO biosensor were the highest compared 

to other biosensors, and these values decreased with 
increasing dopamine concentration (0.81–6.5 µM). 
Also, the impedance values of the PANI:1Tm:ZnO bio-
sensor were the lowest compared to other biosensors, 
and these values decreased with increasing dopamine 
concentration (0.81–6.5 µM). Similarly, Tm dopant 
amount in ZnO was not observed to lead to a propor-
tional increase in conductance. The conductance val-
ues of the PANI:1Tm:ZnO biosensor were the highest 
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Fig. 5   The Z and G values of a PANI/1Tm:ZnO, b PANI/2Tm:ZnO, and c PANI/3Tm:ZnO-based sensor at 0.6 V

Table 1   The Z and G 
values of PANI/1Tm:ZnO, 
PANI/2Tm:ZnO, and 
PANI/3Tm:ZnO sensors

Dopamine 
concentration
(µM)

PANI/1Tm:ZnO PANI/2Tm:ZnO PANI/3Tm:ZnO

Z (kΩ) G (S) Z (kΩ) G (S) Z (kΩ) G (S)

0.8125 2.25 × 102 4.46 × 10−6 1.28 × 103 8.12 × 10−7 7.31 × 102 1.39 × 10−6

1.625 2.08 × 102 4.82 × 10−6 1.12 × 103 9.15 × 10−7 6.12 × 102 1.65 × 10−6

3.5 1.50 × 102 6.65 × 10−6 1.06 × 103 9.7 × 10−7 5.50 × 102 1.83 × 10−6

6.5 1.11 × 102  8.97 × 10−6 9.80 × 102 1.04 × 10−6 5.00 × 102 2.01 × 10−6
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and these values increased with increasing dopamine 
concentration (0.81–6.5 mM). Z and G values of the 
PANI/1Tm:ZnO biosensor taken at 6.5 µM dopamine 
concentration are bolded in Table 1.

The Nyquist plots (Z′′ vs. Z′ plot) of PANI/1Tm:ZnO, 
PANI/2Tm:ZnO, and PANI/3Tm:ZnO biosensors 
were obtained based on the frequency range from 1 to 
100 kHz. As seen in Fig. 6, Z′′and Z′ values increased 
with decreasing frequency [66–69]. The behavior of 
Z
′ increased with decreasing frequency owing to 

the space-charge polarization in PANI/1Tm:ZnO, 
PANI/2Tm:ZnO, and PANI/3Tm:ZnO-based sensor 
[70–76]. Also, the Z′ values of PANI/2Tm:ZnO and 
PANI/3Tm:ZnO nanocomposites were higher than 
that of Z′ for PANI/1Tm:ZnO. Similiarly, the value of 
the Z′′ for PANI/1Tm:ZnO-based sensors was smaller 
than the others. Consequently, the impedance and 
conductance results were compatible with each other 
and were an effective parameter in the sensitivity and 
current density of the sensors. When the conductivity 
of the biosensor increases, the conductance increases 
and the impedance decreases. As a result, the current 
response of the sensor will increase, and the high sen-
sitivity of the biosensors will be associated with these 
results.

L. Yang et al. [42] fabricated AuNPs@PANI core/
shell nanocomposite-based electrochemical sensor 
and tested the sensor against dopamine between 10 
and 1700 µM using cyclic voltammetry method. The 
LOD of the sensor was found to be 5 µM. C. Ratlam 
et al. [77] prepared PANI and PANI/CQDs film-based 
electrochemical sensors and tested them against dopa-
mine in the range of 10–90 µM using cyclic voltam-
metry method. LOD values of them were 0.2089 µM 
and 0.1013 µM, respectively. Sensitivity values of 
them were 7.587 nAµM−1cm−2 and 8.025 nAµM−1cm−2, 
respectively. W.-F. Hsu et al. [78] produced SnO2/
PANI/N-GQD-based electrochemical sensor and tested 
the sensor via differential pulse voltammetry method 
against dopamine in the range of 0.5–200 µM. They 
found that LOD of the sensor was 0.22 µM. L.-Q. Xie 
et al. [79] prepared PANI/rGO/Nafion nanocompos-
ite-based electrochemical sensor and tested the sensor 
against dopamine in the range of 0.05–60.0 mmol/L 
using differential pulse voltammetry method. LOD of 
the sensor was detected to be 0.024 mmol/L. J. Mathi-
yarasu [80] prepared PANI boronic acid-modified 
glassy carbon electrode and tested the sensor using 
differential pulse voltammetry method in the range 
of 0.005–0.2 mM dopamine concentration. Sensitivity 
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of the sensor was 0.02 µAµM-1. In this study based on 
these studies, the sensitivity and LOD values of the 
PANI/1Tm:ZnO-based electrochemical sensor showed 
remarkably good performance in the low dopamine 
concentration range. The comparison of this study 
with previous studies iss given in Table 2.

4 �Conclusion

PANI/1Tm:ZnO nanocomposites, as a new mate-
rial obtained after mixing PANI with Tm-doped 
ZnO nanoparticles, exhibited a more individual and 
smooth morphology compared to other nanocom-
posites. Other nanocomposites exhibited more aggre-
gation and a network-like morphology after the same 
nanocomposite preparation process. The uniform 
morphology of the PANI/1Tm:ZnO nanocomposites 
enabled this new nanostructure to detect dopamine 
with increasing linear sensitivity at uniform concen-
trations. This biosensor, which has the potential to 
be used as a dopamine sensor in personal biomedical 
devices, can detect 1.92 µM dopamine in a 1-minute 
voltammetric cycle. Also, the impedance and con-
ductance results are compatible with each other and 
are effective parameters in the sensitivity and current 
density of sensors. It is clearly that the high sensitiv-
ity of sensors correlate to conductance, conductivity, 
and impedance of devices. As a result, while the G 
values of PANI/1Tm:ZnO-based sensors are higher 
than that of PANI/2Tm:ZnO and PANI/3Tm:ZnO-
based sensors, the Z value of PANI/1Tm:ZnO-based 
sensors is lower than the other sensors.
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Table 2   The comparison of this study with the previous studies

Electrode material Sensitivity LOD Linear range References

PANI 7.587 nAµM−1cm−2 0.2089 µM 10–90 µM [77]
PANI/CQDs film 8.025 nAµM−1cm−2 0.1013 µM – [77]
AuNPs@PANI coreshell nanocomposite – 5 µM 10–1700 µM [43]
SnO2/PANI/N-GQD – 0.22 µM 0.5–200 µM [78]
PANI/rGO/Nafion nanocomposite – 0.024 mmol/L 0.05–60.0 mmol/L [79]
PANI boronic acid-modified glassy carbon 

electrode
0.02 µAµM−1 – 0.005–0.2 mM [80]

PANI/1Tm: ZnO 0.2568 µAµM−1 cm−2 1.92 µM 0.8–6.5 µM This study
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and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. 
The images or other third party material in this ar-
ticle are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to 
the material. If material is not included in the article’s 
Creative Commons licence and your intended use is 
not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission di-
rectly from the copyright holder. To view a copy of 
this licence, visit http://creativecommons.org/licenses/
by/4.0/.
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