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Carbon and its allotropes have gained tremendo-
us attention in electrochemical sensing applica-

tions owing to their chemical stability, high electro-
catalytic activity, biocompatibility, conductivity, low 
cost, and large surface areas [1, 2]. So far, carbon-re-
lated materials including carbon black, carbon nano-
tubes (CNT), graphene, graphene oxide, amorphous 
carbon, and carbon nano-onion (CNO) have been 
used as the sensing materials for different molecules. 
Among these, CNO shows great potential for elect-
rochemical applications due to having the structure 
of multiple concentric shells of fullerenes, quasi-sphe-
rical and polyhedral-shaped layers.  The distance bet-
ween the polyhedral-shaped layers ranges from 3 to 
50 nm [3]. CNOs demonstrate unique chemical and 
physical properties, such as good biocompatibility, 
low toxicity, high electronic conductivity, and ther-
mal stability. Besides, the tolerability of the surface 
functional groups renders the CNO structures highly 
dispersible in aqueous solutions. CNO and its deri-
vatives have been used in different electrochemical 
applications such as energy storage [4], bioimaging 
[5], magnetic storage media [6], fuel cell electrodes [7], 
and sensing and biomedical applications [8]. For the 

Article History: 
Received: 2023/01/13
Accepted: 2023/07/05
Online: 2023/09/30

Correspondence to: Hasan Huseyin Ipekci, 
Necmettin Erbakan University, Metallurgical 
and Materials Engineering, 42090, Konya, 
TÜRKİYE
E-Mail: hhipekci@erbakan.edu.tr, hsnpkc@ 
gmail.com;

This article has been checked for similarity.

case of electrochemical sensing applications, various 
reports have shown the applicability of CNO-based 
materials against the detection of different molecu-
les such as glucose [9, 10], dopamine [11, 12] cysteine; 
methionine [13] epinephrine, and norepinephrine 
[12], phenoxy herbicides [14].

Although pristine carbon allotropes show electroc-
hemical activity to some extent, the pristine structure 
does not yield a high electrochemical activity compared 
to metal and metal oxide-based electrocatalysts. One of 
the most effective methods to achieve enhanced elect-
rochemical performance in carbon-based catalysts is 
the decoration of the carbon surface with metal nano-
particles (MNPs). Some  MNPs reported in the literatu-
re are  Ag [15, 16], Pt [17-19], Pd [20, 21], and Au [22]. The 
incorporation of MNPs in the catalyst structures boosts 
the electrochemical activity of the electrochemical sen-
sors significantly. MNPs anchored on the carbon sur-
face facilitate electron transfer and can act as electron 
transfer mediators, which leads to enhanced electroc-
hemical performance.  Pd is one of the most exploited 
noble metals to decorate the carbon surface for enhan-
ced electrochemical activity in different electrochemi-

A B S T R A C T

In the given study, palladium-decorated carbon nano-onion nanostructures (Pd/CNO) 
were used as an electrochemical catalyst for detecting dopamine (DA). The physico-

chemical properties of the Pd/SO3H/CNO-based catalysts were studied by transmission 
electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction 
(XRD), and X-ray photoelectron spectroscopy (XPS) methods.  Pd/SO3H/CNO inks were 
dropped cast on a glassy carbon electrode (GCE) to prepare the electrochemical DA sen-
sors.  The sensor performance was performed using cyclic voltammetry (CV), differential 
pulse voltammetry (DPV), and electrochemical impedance spectroscopy (EIS). The elec-
troanalytical results indicated a LOD value of 2.44 M and the linear range of the sensors 
were found to be between 10 and 400 M DA. The enhanced electrocatalytic activity 
toward DA is attributed to the high active surface area, conductivity of CNO and the high 
electrocatalytic property of Pd. The results suggest that Pd/SO3H/CNO nanostructures 
can be used to detect electrochemical DA sensors with high selectivity, sensitivity, and 
low LOD.
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(hydrogen peroxide, glucose, uric acid, and ascorbic acid) 
were obtained from Sigma. No additional treatment was 
applied to the chemicals.

Synthesis of CNO, SO3H/CNO, and Pd/SO3H/
CNO

Carbon nano-onions were prepared  based on a study re-
ported by Han et al. [39]. Briefly; CuCl2*2H2O (0.059 mol) 
and CaC2 (0.05 mol) were placed in a 30 ml stainless steel 
autoclave and left in an oven which was hold at 600°C for 
10 h. The obtained product was washed with NH3*H2O 
and chloroform to remove the copper residues. After that, 
the obtained carbon phase was rigorously washed with 
deionized water and ethanol and left for drying in a va-
cuum oven overnight. The surface of the obtained CNO 
powder was modified with SO3H groups to enhance the 
distribution of Pd nanoparticles.  It should be emphasi-
zed that SO3H groups on the carbon surface act as nucle-
ation agents for Pd NPs, which results in an enhancement 
in the homogeneous distribution of MNPs on the surface 
[40, 41]. Within this aim, the CNO surface was furnished 
with SO3H groups using a method explained as follows.  1 
g of sulfonic acid (99%, Sigma) was dissolved in a solution 
containing NaOH (2 wt.%), then 0.4 g of sodium nitra-
te was introduced. After homogenization, the obtained 
solution was added slowly into 10 ml ultrapure water at 
ice temperature (0°C) and kept stirring for 30 min. After 
that, the solution was slowly added to the 30 mL CNO/
DI water suspension in an ice bath and stirred for anot-
her 5 h. The modified CNO structures were centrifuged, 
washed with DI, and dried in a vacuum oven. Pd nano-
particles were anchored on SO3H/CNO surfaces using a 
method reported in a previous study [42]. Briefly, a certa-
in amount of SO3H/CNO was dispersed in DI containing 
K2PdCl4 at 55°C for 12 h. Then, freshly prepared NaBH4 

was slowly added to the solution dropwise and Pd nano-
particles were allowed to precipitate on the nanocarbon 
surface. Solid phase was removed from the liquid phase 
by centrifugation and dried.

Characterization of CNO, SO3H/CNO and Pd/
SO3H/CNO

X-ray diffraction (XRD) was used for phase identifica-
tion by using Rigaku Ultims-IV equipped with Cu Kα 
(λ=0.15406 nm) radiation. The diffraction pattern was 
scanned over 20°–90° 2θ, at a scanning speed of 1° 2θ/min. 
The average size and distribution of Pd nanoparticles de-
posited on carbon nano-onion structures were determi-
ned using transmission electron microscopy (TEM, FEI 
@ 200kV). Morphology, surface properties, and elemen-
tal analysis (EDS) of nanostructures were determined by 
scanning electron microscopy (Zeiss Gemini SEM 500, 

cal applications such as energy storage [23], medicine [24], 
oxygen reduction [25], sensing [26] and waste treatment [27].

Dopamine (DA) is a bioactive molecule that plays vital 
roles in the human body and is a neurotransmitter for the 
messaging cognitive function and diseases in the central 
and peripheral nervous system. Hence, the DA level in the 
blood is the indicator of various diseases, and its detection 
with high selectivity and sensitivity is of great importance. 
While a low DA level in the human brain can cause schi-
zophrenia, addiction [28], depression [29], and diseases such 
as  Parkinson's [30] and Alzheimer's[31], a high level of DA 
may cause hypertension, drug addiction, and heart failure 
[32]. The level of DA has been determined using conventi-
onal methods including colorimetric [33], fluorescence [34], 
chromatography [35] and electrochemical methods. Those 
conventional methods, however, pose disadvantages such 
as complicated sample pre-treatments, time-consuming 
testing procedures, and the requirement of expensive equ-
ipment. Therefore, electrochemical sensors are of great im-
portance because of the advantages of easy operation and 
low cost, fast response, high stability and selectivity [36]. 
Breczko et al. detected DA using CNO/PDDA (poly(diallyl 
dimethylammonium chloride) nanocomposite in a range of 
5x10-5 and 4x10-3 mol/L [11]. A screen-printed electrode was 
constructed with CNO and graphite mixture ink and the 
sensor detected dopamine in the linear range from 10 M 
to 99.9 M, and the lowest detection concentration was 0.92 
M [37]. Carbon nano-onions and their derivatives have 
been exploited to detect DA electrochemically [12, 38].

The given work depicts the preparation of Pd/SO3H/
CNO nanocomposites to develop electrochemical DA sen-
sors with high sensitivity and selectivity. Pd nanoparticles 
were precipitated on the SO3H-modified CNO surface using 
a facile chemical precipitation method. The decoration of 
CNO surface with SO3H groups prevent the agglomerati-
on of the nanoparticles due to acting as a nucleation agent. 
In the given work, Pd-decorated SO3H/CNO nanohybrids 
were exploited to construct electrochemical DA sensors, for 
the first time in the literature. The physicochemical pro-
perties of the catalysts were studied using TEM, SEM, XPS, 
XRD, Raman, and FTIR methods. CV and DPV were used 
to determine the electrochemical performance of Pd/SO3H/
CNO against DA for sensitivity, selectivity, storage stability, 
repeatability, and applicability of the sensors in real samples.

EXPERIMENTAL

Chemicals

CuCI2*2H2O (99%) and CaC2 (75%) were purchased from 
Merck an NH3*H2O (28%-30%), NaBH4 (96%), K2PdCl4, 
chloroform, Nafion (5 wt.%), and dopamine were purc-
hased from Sigma-Aldrich.  The interferents molecules 
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SEM). Additionally, the bond structures and the oxidati-
on states of the nanostructures were determined by X-ray 
photoelectron spectroscopy (XPS, PHI 5000 VersaProbe).

Preparation of the sensor, electrochemical 
analyses

The catalyst inks were composed by mixing a certain 
amount of obtained powder, Nafion solution (5% v/v, 30 
l), DI water (0.6 ml), and ethanol (0.4 ml). To homogeni-
ze the ink, an ultrasonic bath and probe were used. Be-
fore the application of the ink slurries on the GC surface 
(3mm in diameter), the electrode surface was polished 
with alumina slurry. The surface of the GC was covered 
with 5 µl of the ink and left for drying. To form a permse-
lective membrane on the sensor surface and improve the 
stability of the sensors, Nafion solution (0.05 wt.%) was 
dropped on the Pd/SO3H/CNO -modified GC surface. 
Electrochemical measurements were performed using an 
Emstat3 Blue (Netherlands) potentiostat.  A Pt plate was 
used as the counter electrode and the reference electrode 
was Ag/AgCl. In the electrochemical experiments, 0.1 M 
PBS buffer was used as the electrolyte. Determination of 
DA was carried out by CV and DPV methods. EIS analy-
sis was performed using a PalmSens 4 potentiostat in an 
electrolyte containing 5 mM K3[Fe(CN)6]/ K4[Fe(CN)6] in 
0.1 M KCl. The DPV analysis was carried out between 

-0.4 and 0.8 V with a pulse amplitude of 25 mV, a pulse
width of 70 ms, and a scan rate of 25 mV/s. Frequency
range of 82500 and 0.05 Hz was chosen as the EIS para-

meters and the data were recorded with a pulse amplitu-
de of 5mV by using PalmSens4.

RESULT AND DISCUSSION

Characterization of the CNO and Pd/SO3H/CNO

Representative TEM images of the as-synthesized CNO 
samples are given in Fig. 1. The images indicated the for-
mation of the carbon structure after the heat treatment 
of CuCl2*2H2O and CaC2. The high-magnification TEM 
image (Fig. 1b) showed carbon fringes and when the ob-
tained results were compared with the literature, it can 
be suggested that CNO nanoparticles were successfully 
synthesized. The TEM images of the Pd-modified SO3H/
CNO structures are also given in Fig. 1c-d. The images 
suggest that Pd nanoparticles were evenly distributed on 
SO3H/CNO surface without any severe agglomeration. 
As discussed earlier, the modification of the CNO surface 
with SO3H functionalities improved the Pd distribution, 
preventing the agglomeration of the MNPs. Additionally, 
small Pd nanoparticles (< 10 nm) were anchored on the 
carbon surface.

XRD was used to determine the phase analysis and the 
recorded XRD diffractograms are displayed in Fig. 2a. The 
XRD peaks appearing at about the 2θ values of 40.3º, 46.6 º, 
68.2 º, and 82.3º are responsible for the planes of (111), (200), 
(220), and (311), respectively in the face-centered cubic Pd 
nanoparticles.  In addition to metallic Pd, the oxide form 

Figure 1. TEM images of CNO (a-b) and Pd/SO3H/CNO (c-d) at different magnifications.
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of Pd (PdO), was observed in the structure, which was also 
confirmed by the XPS results. The XRD reflections obser-
ved at ca. 36.5º, 41.9º, 57.8º, and 60.3º correspond to the pre-
sence of the oxide form of Pd nanoparticles. The chemical 
analysis and the surface morphology of the samples were 
studied using SEM and EDS methods. The representative 
SEM image given in Fig. 2b indicates the three-dimensional 
surface morphology of the samples, which is essential for 
improved electrochemical activity and enlarged electroche-
mical active surface area. Furthermore, the elemental analy-
sis results indicated that (Fig. 2c-g) suggested the homoge-
neous distribution of the Pd nanoparticles on the CNO sur-
face. The presence of the S element, which originated from 
the sulfonate groups anchored on the CNO surface, was not 
observed from the EDS results, which may be attributed to 
the low S content on the CNO surface.

The surface chemistry of the Pd/SO3H/CNO samples 
was studied using XPS analyses. The XPS results indicated 
O, C, Pd, S, and Cu elements on the sample surface (Fig. 3). 

As discussed earlier, the presence of Cu is attributed to the 
starting materials used to synthesize the CNO powder. Alt-
hough the CNO samples were washed rigorously, residual 
Cu could not be removed from the sample. While EDS re-
sults did not show the S element on the CNO surface, the 
XPS results revealed the S element with 1.78 at. % ratio, 
confirming the successful modification of the CNO surface 
with SO3H groups.

Figure 2. The XRD and SEM results of Pd/SO3H/CNO.

Figure 3. XPS survey of Pd/SO3H/CNO.
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Electrochemical behavior of the sensors

The CV voltammograms are shown in the with and wit-
hout DA in 0.01 M PBS in Fig. 4a-c. While no oxidation 
peak was observed for the CNO and Pd/SO3H/CNO in 
the DA-free electrolyte, upon the introduction of 100 µM 
DA into the solution, redox peaks appeared at 0.3 V and 

-0.2V. It is because of the two-electron oxidation of DA,
yielding  dopamine quinone [43]. Additionally, The oxi-
dation current of Pd/SO3H/CNO was much higher than
that of CNO, indicating that Pd/SO3H/CNO sample had
much higher catalytic activity against the oxidation of

DA. As shown in Fig. 4c, the unmodified CNO sample 
had a low analytical response. Note that Pd nanopartic-
les on the CNO surface enhances the electron mobility, 
improving the electrochemical activity. The EIS results 
of bare-GC, GC-CNO, and Pd/SO3H-CNO-GC are given 
in Fig. 4d. The electron transfer resistance (Rct) of bare-
GCE was found to be about 19 kΩ. The electron charge 
transfer resistance of the CNO and Pd/SO3H/CNO mo-
dified GCs were found to be lower than bare-GC. Howe-
ver, Pd nanoparticles on the CNO surface improved the 
charge transfer rate, resulting in a lower semi-circle.

The oxidation behavior of DA at various pH was eva-
luated using CV experiments and the results indicated that 
the electrolyte pH impacts the electrochemical activity to-
wards DA. With the increase in the pH (Fig. 5a-b), the me-
asured oxidation current decreased.  The oxidation current 
decreased with the increasing pH of the solution. With the 
participation of protons in the DA oxidation, the peak po-
tentials shifted to smaller values. According to the obtained 
CV curve, the highest current was obtained at the pH of 3.0. 
Therefore, further experiments were conducted at this pH 
value.

Fig. 5c shows the cyclic voltammograms recorded at 
different scan rates (10 to 400 mV/s) in the presence of 100 
µM DA. The results showed that the oxidation current inc-
reased at higher scan rates.  The relationship between the 
peak current and the scan rate graphs is shown in Figure 5d.  
The results show that DA oxidation on Pd/SO3H/CNO is a 
surface-controlled reaction.

DPV measurement was performed between 10 µM and 
400 µM of DA in 0.1 M PBS at a pH of 3.0 at a scan rate of 
25 mV/s. (Fig. 6a).  The oxidation peak appeared at 0.35 V for 
the sensor. The average linear regression plots and the con-
centration of DA results are shown in Fig. 6b. DA concentra-
tions in the range of 100 M to 400 M (y=0.1355x+0.7833 
and y= 0.0269x+10.959), with a R2 value 0.9933 and 0.9993, 
respectively. The results suggested that the Pd modification 
of CNO enhances the electroactive sites and speed up the 
rate of electron transfer.  Hence, Pd nanoparticles provide 
a high surface area to volume ratio and act as an effective 
performance to detect DA. These results showed that our 
sensor's upper linear range limit of 400 M. The average 
sensitivity of the sensor was calculated to be 1.93 ± 0.14 µA 
M-1 cm-2 from three different experiments (n=3, RSD %: 
3.6). The detection limit (LOD) of the sensor was calcula-
ted according to the LOD=3s/S equation. The LOD of the 
sensor was found to be 2.44 M (n=3).  A low RSD % of 3.06 
(n=3) was calculated from three different sensors, these re-
sults showed that this sensor has a high reproducibility of 
the fabrication process.

Figure 4. a) Electrochemical behavior of sensors in the presence of 100 
M DA, CV curves for b) Pd/CNO, c) CNO, and d) EIS diagrams.
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Note that the sensor can be used to detect DA in the li-
near range between 10 M and 400 M, which is wider than 
the previously published articles [37, 44] and even better 
than some of the Pd-based electrochemical sensors [45, 46]. 
The presence of different interferents can affect the sensor 
response in real samples therefore it is essential to evalua-
te the sensor response in terms of selectivity. Ascorbic acid 
(AA), uric acid (UA), glucose (GC), and hydrogen peroxide 
(H2O2) were used as the interferents. The selectivity study 
was conducted using DPV to evaluate the response of our 
sensors against the interferents. DPV measurements were 
recorded in the presence of 50 M AA, UA, GC, and 200 
M H2O2 different DA concentrations of 50 and 200 M (Fig. 
7a). When the DA was added to the solution containing the 

interfering molecules, the current increased dramatically 
due to the detection of DA. Furthermore, no change in the 
peak current was obtained in the presence of interferents 
in the electrolyte, confirming a high selectivity. The storage 
stability of the sensors were studied by measuring the analy-
tical response of the sensors against 20 M DA for 22 days. 
The sensors were stored at room temperature throughout 
the stability experiments. The sensors yielded the analytical 
responses of 2.48 ± 0.28 (100 %) and 2.52 ± 0.57 µA (101.77 
%) for the 1st and 22nd days, respectively. Fig. 7b shows that 
the sensor has a good sensor stability over time.

Figure 5. a) CV for 0.1 M PBS at different pH, b) the peak current at 
different pH, c) CV for different scan rates, d) Effect of scan rate on the 
peak current.

Figure 6. a) DPV results of the sensors at different concentrations of 
DA (10 µM to 400 µM), b) Linear plots versus concentration of DA and 
linear regression equations.

Figure 7. . a) Interference behavior in the detection of dopamine, b) 
Storage stability results of the sensor.
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The electroanalytical performance of the Pd/SO3H/
CNO-based electrochemical sensors was compared with 
published other reported DA sensor, as given in Table 1. The 
linear range of our sensors is much wider and the LOD of 
the sensor is much smaller than many previously published 
reports (Table 1). These results can be explained by the large 
surface area of Pd-doped CNO.

In order to assess the practical feasibility of the sensor, 
a commercial DA injection solution (Dopadren 200 mg/ml) 
was purchased from a local pharmacy. The dopamine injec-
tion solution was spiked into the PBS solution and DPV was 
carried out to determine the DA oxidation current.  As seen 
in Table 2, the calculated recovery values were in the range 
of 97.76 % to 111.23 %. Each measurement was carried out 
three times (n=3). These results showed that the sensor had 
acceptable repeatability for the DA in real samples.
CONCLUSION

In this study, the surface of CNO was modified with 
SO3H functional groups and Pd nanoparticles to achieve 
high electrochemical activity against DA.  The electroa-
nalytical performance analyses were conducted using CV 
and DPV techniques in PBS. The sensor yielded the hig-
hest response against DA at a pH 3.0. The LOD and linear 

range of the sensor were 2.44 µM, and 10–400 µM, res-
pectively, and these data were compared with published 
reports. The TEM, XPS, and XRD results showed that 
SO3H/CNO samples were decorated with Pd nanopartic-
les successfully. The Pd/SO3H-CNO-modified GCs sho-
wed higher performance compared to CNO-modified 
GCs. The Pd/SO3H/CNO-based sensors showed high 
electrochemical sensitivity, selectivity, and storage sta-
bility. Additionally, real sample analysis results indicated 
that our sensors can be used in real samples to detect DA.
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