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A B S T R A C T   

Quantum dots have good optical and electrical behaviors and can be employed in solar cells, displays and 
supercapacitors. When new studies in nanoparticle as well as synthesis of quantum dots are examined, it can be 
seen that the interest in the green synthesis approach has increased. The green synthesis approach is so prom
inent due to an environmentally friendly method and does not contain toxic chemicals at the experimental stage. 
In this study, we used Sideritis vuralii (S. vuralii), which is endemic in Turkey, as a source of the green synthesis 
approach. We synthesized carbon quantum dot (CQDs) particles with the hydrothermal method from S. vuralii 
plant. We performed UV–Vis spectra, fluorescence spectra, XPS and DLS analyzes for the characterization of the 
CQDs. According to the size and characteristics results, the CQDs were successfully synthesized from the S. vuralii 
plant. Furthermore, we employed CQDs as electrode for capacitor applications, and cyclic voltammetry (CV) 
measurements were performed. The CV measurements indicated that CQDs electrodes have rechargeable sym
metrical capacitor behaviors with 10.42 F/g charge, 8.26 F/g discharge capacitances. The green synthesized 
CQDs can be improved for supercapacitor applications.   

1. Introduction 

Due to the small size of the nanoparticles (1–100 nm) and their large 
surface areas, the desired changes in the material can be achieved more 
easily to use them in various applications [1,2]. There are two generally 
accepted approaches when considering the production of nanomaterials. 
The top-down strategy includes reducing the structure to the nanoscale. 
In contrast, the bottom-up strategy involves building larger nano
structures from smaller atoms and molecules [3,4]. One way of nano
particle production is hydrothermal synthesis. Hydrothermal synthesis 
is based on the production of quality crystal particles in nano and micro 
sizes from solution at high vapor pressure and high temperature [5]. The 
essence of the technique is to synthesize suitable reagents, in aqueous or 
non-aqueous solutions, at certain temperature values in special con
tainers called autoclaves, which consist of Teflon-coated outer steel [6]. 

Quantum dots, whose typical sizes range from nanometers to several 
microns, and whose size, shape and interactions can be precisely 
controlled using advanced nanofabrication technology, have tunable 

bandwidth because they have size variations [7,8]. Quantum dots (QDs) 
are usually semiconductor nanocrystals with physical dimensions 
smaller than the exciton Bohr radius, and carbon quantum dots (CQDs, 
C-dots or CDs), which are generally small carbon nanoparticles (less 
than 10 nm) with various unique properties, have been found wide use 
in more and more fields over the past few years [9,10]. Many people 
refer to quantum dots as “artificial atoms”. A series of quantum dots can 
form an artificial two-dimensional crystal. In conclusion, this shows that 
it is possible to create new artificially engineered quantum dot materials 
[11]. The exceptional optical and fluorescence properties of carbon 
quantum dots enable them to be used in a variety of cutting-edge ap
plications [12]. 

Using a green method in chemical synthesis is advantageous because 
there are no hazards associated with the use of harmful solvents [13,14]. 
Green synthesis has superior properties, and is non-toxic, environmen
tally friendly, and low-cost method. CQDs can be synthesized using 
various sources such as plants [15,16], fungi [17] and many living 
materials found in nature. It is possible to make green synthesis with 
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many things found in nature that are harmless to health. To summarize 
briefly, it is known that green synthesis can be thought a biological 
method in which nanoparticles are easily obtained [1]. 

Supercapacitors, also known as ultracapacitors, power capacitors, 
electrochemical capacitors or electrochemical double layer capacitors, 
are ideal power storage systems with advantages such as much greater 
energy density, short charging times and long life compared to 

conventional capacitors [18]. A capacitor is a circuit element that is used 
to store an electric charge for a short time, by dividing the polarity of the 
electrons and storing them in the electric field. It is formed by placing an 
insulating material between two metal electrodes [19]. The working 
systems of capacitors and supercapacitors are similar. However, energy 
storage systems are different from each other. While the energy charges 
in the capacitor accumulate on the plate, they are accumulated on the 

Fig. 1. CQDs synthesis diagram.  

Fig. 2. a) UV–vis absorbance spectra, b) fluorescence emission spectra of CQDs by excitation at 380 nm, and c) fluorescence emission spectra of CQDs for various 
excitation wavelengths. 
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electrode and electrolyte separator with the storage system of these 
energy loads in the supercapacitors, and thus supercapacitors reach high 
capacitance values [20]. 

In this study, we obtained CQDs by hydrothermal method with the 
green synthesis of the leaves of Sideritis, a plant genus from the Lam
iaceae family. To the best of our knowledge, Sideritis has never been used 
as CQDs source due to its rareness and endemically distribution. Sideritis 
(Labiatae) is represented in Turkey by 52 taxa belonging to 44 species, 
34 of which are endemic to Turkey [21]. Sideritis species are widely 
used as herbal tea and folk medicine in Turkey [22]. The synthesized 
quantum dots were employed for supercapacitor electrodes and tested 
by CV measurements in a Swagellok-type cell. 

2. Experimental 

2.1. CQDs synthesis by hydrothermal method from Sideritis vuralii leaves 

Dry Sideritis vuralii leaves were grinded with a grinder. 0.5 g ground 
leaves were taken into 60 ml pure water and mixed in magnetic stirrer at 
400 rpm and 60 ◦C for 1 h to obtain homogeneous solution. 1 ml eth
ylenediamine (EDA) was added into the homogeneous solution. The 
solution was placed into the Teflon-lined stainless steel autoclave. An 
oven was set 140 ◦C for 4 h, and autoclave was put into the oven 
reaching 140◦ C. After 24 h, the autoclave taken from the oven was 
opened. The sample was centrifuged at 4000 rpm for 3 min. Ultracen
trifuge was applied to the separated liquid sample at 15000 rpm for 10 
min to remove large particles. To obtain purer and finer particles, 
sample was passed through a syringe filter. The purified sample was 

dried in a glass petri dish at room temperature for 48 h. The whole 
synthesis steps as a diagram are shown in Fig. 1. 

2.2. Electrochemical studies 

The Swagellok-type cell was used for capacitor formation. To mea
sure the electrode properties, 2 pieces same shaped stainless-steel foils 
with a diameter of 1 cm were used as electrode substrates. Afterward, 
equal amount (0.01 g) of CQDs was dropped onto these substrates. The 
stainless-steel substrates were used as current collector of electrodes 
because of having high electrical conductivity and high chemical surface 
resistance, and to prevent the electrodes from redox reactions between 
sample-current collectors. 6 M KOH(aq) solution and cellulosic paper 
membrane was used as electrolyte and membrane, respectively. The 
cyclic voltammetry (CV) measurements were carried out for constant 
scan speeds of 200, 400, 800 and 1200 mV/s. The CV measurements 
were conducted as 3 cycles to observe any anomalies, but only one CV 
cycle data was given in the result section to avoid data analyses confu
sion. In order to measure the capacitance, the two-electrode method was 
exploited. The cycle life study capacitance measurements were per
formed under 200 mV/s constant scanning speed in the range of 0–2 V 
for 1000 cycles. Then, capacitance values of the samples are calculated 
as in ref [17]. The capacity retention values were calculated as in ref 
[23], and, the energy and power density values has been calculated as in 
ref [24]. 

Fig. 3. a) XPS survey spectrum, b) C1s, c) N1s, and d) O1s for CQDs.  
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2.3. Instruments and characterization 

The spectrometric properties of CQDs were measured on a LS 55 
fluorescence spectrophotometer. The ultraviolet–visible (UV–Vis) ab
sorption spectrum was measured in a UV-1280 (Shimadzu) spectro
photometer. To determine surface chemistry of the nanomaterials, X-ray 
photoelectron spectroscopy (XPS) analysis was performed with a 
monochromatic Al/Kα (Thermo-K-Alpha) as the X-ray source. For qual
itative and quantitative examinations of CQDs, X-ray Diffractometer 
(XRD) analysis was performed with Bruker Advance D8 brand X-ray 
Diffractometer. Dynamic light scattering (DLS) analysis was performed 
with a MALVERN/ DLS MPT2 instrument to measure the intensity and 
variation of light scattered from small particles in dilute solution of 
CQDs. The electrochemical performance analyses were conducted with 
Gamry 1010-E Potentiostat. 

3. Results and discussion 

UV–Vis spectroscopy analyses were performed to measure absorp
tion wavelength of the synthesized nanoparticles. Fig. 2a and 2b show 
absorption and fluorescence spectra of the CQDs, respectively. Synthe
sized CQDs exhibited two peaks at around 260 and 380 nm as shown in 
Fig. 2a. These absorption peaks at 260 nm and 330 nm are attributed to 
π-π* transition of carbon and n-π* transition of C = O, respectively. The 
fluorescence emission of these CQDs is a maximum in the range of 480 
nm according to Fig. 2b. The CQDs exhibited green radiation under the 
UV lamp. These results revealed that the CQDs are of the desired particle 
size for supercapacitor applications. Fluorescence measurements were 
repeated for different excitation wavelengths. Fig. 2c shows fluores
cence measurements of the CQDs for various excitation wavelengths. A 
double peak seen before 380 nm and 380 nm was chosen as the working 
excitation wavelength since the most intense emission was at 380 nm. 
This situation is in accordance with the literature, and it is seen that it 
can be encountered when natural foods or plant species are used for 
carbon dot synthesis. As a possible feature of CQDs, by changing the 
excitation peaks, it is seen that the emission peaks shift to the right, and 
the peak ridge on the left disappears [25]. 

XPS analysis was performed to obtain chemical information about 
the surface of the synthesized CQDs. Fig. 3 displays XPS analysis of the 
synthesized CQDs. According to the results, 284.5 eV, 399.4 eV and 
532.4 eV can be attributed to C = C, C-N, and C-O interactions, 
respectively [26-29]. As shown in the Fig. 3a, there is pollution in 
transport water that occur 1050 eV. The peak of Na1s [30,31] at 1050 eV 
is thought to be due to contamination in the transport water. 

DLS analysis was performed to determine the particle size 

distribution of synthesized CQDs. The DLS measurement of the solution 
prepared with a suitable dilution was taken by mixing the medium 
thoroughly. According to the results of the analysis, the particle size 
distribution of CQDs is well below 20 nm (Fig. 4). 

3.1. Electrochemical performance analyses 

The CV analyzes were performed firstly for electrochemical analyze 
studies. Fig. 5 shows redox reactions and electrolyte polarization effect 
of the CQDs. The CV measurements were performed in the range of ± 2 
V, and a single anodic reaction was observed between 0 and 2 V up to 
400 mV/s scanning speed while second anodic reaction was observed at 
800 and 1200 mV/s scanning rates. Moreover, only a single redox re
action is observed in the cathodic zone, turning from 2 V to 0. This 
situation may be caused by electrode–electrolyte interactions. The sec
ond redox reaction occurring between 0 and 0.5 V after 400 mV/s 
scanning speed may result from the oxidation of K+ ions during the 
anodic polarization of the electrolyte. In this reaction that may occur on 
the electrode surface, it appears as anodic redox because the K+ ion 
cannot be completely separated from the surface. 

The measurements were continued up to the level of − 2 V. The 
continuation of the capacitive current plateaus especially in the (-2)-0 V 
region and the similar situation in the (-1)-0 V range as in 2–0 V range, 
supports the electrolyte origin of the second redox reaction. This shows 

Fig. 4. Particle size distribution histogram of CQDs.  Fig. 5. Some redox reactions and electrolyte polarization effect on CV.  

Fig. 6. CQDs first cycle capacitive performance.  
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that the KOH(aq) electrolyte cannot operate at high speeds with full ef
ficiency. On the other hand, the CV patterns at all scan rates showed a 
permanent capacitive hysteresis feature, and capacitor formation was 
achieved with CQDs electrodes. Furthermore, characteristic redox re
actions were determined that occurring between 1 and 2 V (for both 
anodic and cathodic sites) in Fig. 5. According to literature, it is thought 
that these reactions are caused by electrolyte-derived Faradaic C = O or 
C-OH bonds [32]. These reactions are also observed in the anodic and 
cathodic regions also indicate that the electrodes have rechargeable 
properties. 

After the permanent capacitive current plateaus seen in the CV an
alyzes, the charge and discharge analyze were performed for capacitor 
analysis. In Fig. 6, the first charge–discharge performance of CQDs 
symmetric capacitors has been indicated. The CQDs symmetrical ca
pacitors have been determined to have 10.42 F/g charge, 8.26 F/g 
discharge capacitance. Similar to CV analyze, the effects of redox re
actions seen in CV analysis were detected again in the first char
ge–discharge patterns. According to these values, the Sideritis vanalii 
CQDs can be thought as supercapacitor electrode active materials. 
Although the supercapacitor electrode performance exhibits, it has been 
observed that there is a difference between the charge and discharge 
capacities. This situation may be related to CV scan speeds between 200 
and 1200 mV/s can be considered high-speed charge–discharge, and it is 
thought that such capacity losses in Sideritis vanalii CQDs electrodes are 
based on electrode polarization performance for high-speed scanning. In 
other words, insufficient ion diffusion rate in high-speed char
ge–discharge process affects the electrode polarization, results in a 
decrease in the redox effect of the electrodes, and therefore causes the 
differences between the charge discharge capacitances. 

After the first charge–discharge capacitance analysis, 1000 cycles of 
capacitive performance analysis were performed. Fig. 7 exhibits cycle 
life performance of symmetric CQDs capacitors. The charge and 
discharge capacitance values decreased to 6.67 F/g and 5.34 F/g, 
respectively at the end of 1000 cycles for the scanning speed of 200 mV/ 

s. It is known that under normal conditions, the carbon-based electrodes 
provide high performance for supercapacitors [33]. The “High Perfor
mance” means that the coulombic efficiency between charge–discharge 
capacitances is 95% and above. It is also known that capacity retention 
percentages are very low in these capacitors [34]. 

Table 1 tabulates the capacitive performances of the CQDs electrodes 
for the 1st, 50th, 100th, 250th, 500th, 750th and 1000th cycles. The CQDs 
symmetric capacitors have an average of 82% coulombic efficiency 
performance during 1000 cycles. In addition, a capacity loss of 35% was 
experienced after 1000 cycles. Despite the high-capacity loss, structural 
stability was determined after an average of 400 cycles. The capacity 
loss decreased after 400 cycles and remained at the average level of 5%. 
The Energy and Power density values were also calculated within the 
scope of the study. As a result of the calculations, the energy storage 
amount at the level of 4.59 mW/g decreased to the level of 2.97 mW/g at 
the end of 1000 cycles, and the power density decreased from 3.30 Wh/g 
to 2.14 Wh/g. 

Table 2 shows the comparison of symmetric capacitor capacitance 
performances formed with Sideritis vanalii CQDs electrodes with Milk- 
CQDs (carbon-quantum-dots from waste milk), CQDs-PPy (carbon- 
quantum-dots from nanocomposite using polypyrrole), CDs/Graphene 
(carbon-dots with graphene) electrodes. According to the capacitance 
values in this comparison, the Sideritis Viralii CQDs supercapacitors have 
a higher capacitance value than CQDs-PPy capacitors and slightly lower 
than others. However, as can be seen from the Milk-CQDs capacitance 
values, the charge–discharge capacitance values may vary according to 
the applied current and voltage values. In particular, the capacitance of 
24.15 F/g obtained from CDs/Graphene capacitors was obtained at a 
scanning rate of 100 mV/s. On the other hand, the discharge capacitance 
of 8.26 F/g was obtained at 200 mV/s in Sideritis Viralii CQDs super
capacitor. Considering that, higher capacitance values can be obtained 
at lower scanning rates. According to these results, Sideritis Viralii CQDs 
supercapacitors can be thought a suitable electrode active material in 
terms of technological applications with high capacitive performance. 

4. Conclusion 

We synthesized CQDs by hydrothermal method and characterized by 
UV–Vis spectroscopy, fluorescence spectroscopy, XPS and DSL analyses. 
The synthesized CQDs were tested for supercapacitor applications in a 
Swagellok-type cell by CV measurements. While the absorption spectra 

Fig. 7. Cycle life performance of symmetric CQDs capacitors.  

Table 1 
Performance values of Sideritis vanalii CQDs symmetric capacitors in some specific cycles.  

Cycle 
No 

Charge Capacitance 
(F/g) 

Discharge Capacitance 
(F/g) 

Colombic Efficiency (%) Discharge Capacity Retention (%) Energy Density 
(mW/g) 

Power Density 
(Wh/g) 

1  10.42  8.26 79 –  4.59  3.30 
50  9.24  7.79 84 5.69  4.33  3.12 
100  8.71  7.46 85 9.68  4.14  2.98 
250  7.89  6.62 84 19.85  3.68  2.65 
500  7.08  5.78 82 30.02  3.21  2.31 
750  6.79  5.49 81 33.53  3.05  2.2 
1000  6.65  5.34 80 35,35  2.97  2.14  

Table 2 
Comparison of CQDs capacitor performances.  

Electrode Potential 
Window 

Capacitance Reference 

Milk-CQD 0–0.8 V 95 F/g (at 0.12 A/g) 
40 F/g  
(at 0.2 A/g) 

[35] 

CQD-PPy (-0.2)-1 V 0.24 F/g (at 150 mV/s) [36] 
CDs/Graphene 0–3 V 24.15F/g (at 100 mV/s) [37] 
KF-CQDs 0–1 V 15.13F/g (200 mV/s) [17] 
Sideritis vuralii 

CQDs 
0–2 V 8.26 F/g (200 mV/s) This Study  
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revealed peak at 380 nm, fluorescence spectra exhibited peak at around 
480 nm as green radiation for CQDs. XPS analysis deduced C = C, C-N, 
and C-O interactions related to 284.5 eV, 399.4 eV and 532.4 eV, 
respectively. The particles size of CQDs changed between the 10 nm and 
20 nm according to DSL measurements. The CV measurements indicated 
that CQDs electrodes have rechargeable properties symmetrical capac
itor behaviors with 10.42 F/g charge, 8.26 F/g discharge capacitances. 
The green synthesized CQDs can be improved for supercapacitor 
applications. 
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