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A B S T R A C T   

In recent years, obtaining carbon nanomaterials from natural products by natural methods has been among the 
most popular topics. The materials synthesized by this way have beneficial properties such as biocompatible, 
photostable and less harmful for environment. In this study, carbon quantum dots (CQDs) were synthesized by 
using fermented tea as a natural material and carbon source. The capacitor performance as an electrolyte was 
investigated with high-speed charge-discharge method as unusual in the literature. The characterizations of the 
CQDs were realized by HRTEM, XRD, XPS, UV–Vis absorption, and fluorescence spectroscopy techniques. The 
resulting particles have a size of about 10 nm according to HRTEM image. While the structural properties of the 
CQDs were confirmed by XRD and XPS, and optical behaviors were confirmed by UV–Vis and fluorescence 
spectroscopies. The electrochemical behavior of the obtained CQDs was tested as electrolyte material for 
capacitor applications. Experiments were carried out in three different operating potential windows in the 0–2 V 
range, and CQDs electrolytes exhibited high capacitive effect in symmetrical capacitors. However, the cyclic 
voltammetry (CV) analyses revealed that the CQDs electrolytes displayed a full supercapacitor electrolyte feature 
in the 0–0.5 V range. The CQDs electrolytes have a promising material for technological and industrial appli
cations with their unique redox performance and high capacitive effect.   

1. Introduction 

Fluorescent and semiconductor CQDs have become very popular 
among carbonaceous materials [1,2]. These materials were discovered 
for the first time by Xu and his coworkers during the synthesis and pu
rification of single-walled carbon nanotubes, and named carbon quan
tum dots for the first time by Sun [3–6]. They are among the most 
attractive materials of recent decade due to their particle sizes of less 
than 10 nm and many features that can be developed and adjusted as 
desired [3–12]. These excellent properties include chemical and pho
toluminescence stability, wide absorption bands, narrow emission peaks 
belonging to highly stable materials, high-intensity emission colors, 
surface modification, biocompatibility, and low toxicity [4,8–12]. 
Considering the damage caused by traditional heavy metal-based 
nanoparticles to the environment, it is possible to say that in addition 
to these excellent properties, they are environmentally friendly and 

harmless to human health [13–16] These properties allow these mate
rials to be used in many application areas. These applications can be 
sorted such as bio-sensing, bioimaging, inks for printing techniques, 
photocatalysts, optoelectronic devices and capacitance measurements 
[17–22]. In the recent years, many extraction methods have been used 
for the synthesis of carbon quantum dots, many of which are inexpensive 
and involve fairly simple reaction pathways [23]. These methods are 
laser ablation, plasma treatments, arc discharge, electrochemical tech
niques, combustion/thermal oxidation, microwave irradiation, hydro
thermal/acidic oxidation and ultrasonic preparation etc. [4,24–32]. In 
general, two commonly known routes are followed when obtaining 
CQDs. These are bottom-up methods based on chemical molecular 
starting materials such as citric acid and carbohydrates or bottom-down 
approaches based on fine carbon structures such as graphene, carbon 
nanotubes and graphite [8,26,29,33–35]. In a natural synthesis method 
of CQDs and bottom-up approaches, besides hydrothermal or 
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microwave treatment methods, natural materials, food sources such as 
garlic, orange, banana, mushrooms, carbohydrates such as fructose and 
glucose, plants such as bamboo and bergamot can be used [36–43]. 
Kombucha Fungus is among the natural samples that can be used in 
these syntheses [44,45]. 

CQDs provide ultra-small size structures, dispersion within the ma
terial, excellent electron transfer properties, and enhanced stronger edge 
quantum effects [46,47]. With these unique features, CQDs have shown 
high performance in many technological fields such as energy conver
sion systems, solar cells, thermoelectric modules, batteries and super
capacitors from past to present [48]. Especially for supercapacitors, 
which are expected to be an important player in energy storage systems 
in the future, CQDs performances are of great importance in terms of 
both industry, technology and literature. It is a remarkable material for 
supercapacitors with capacitance values ranging from 100 to 600 F/g 
[48,49]. 

Although there are many studies on CQDs in the literature, it is not 
often encountered in experimental studies as an electrolyte material in 
energy storage systems. Especially, the fact that the CQDs structure 
provides high performance in terms of ionic conductivity at 2–3 nm 
levels and has a working mechanism suitable for Lithium and Sodium- 
ions is of great importance for the examination of the electrolyte per
formance of CQDs electrolytes [50]. In this study, CQDs synthesized 
from fermented tea with Kombucha fungus were tested as electrolyte 
material for capacitor applications. CQDs with higher emission intensity 
were obtained from the reaction of fermented tea with amine-containing 
ethylene diamine (EDA) due to its high acidity. The electrolyte materials 
play an active role in determining the operating voltage window in 
energy storage systems [51]. We aimed to obtain high specific capacitive 
performance via increasing the electrode-electrolyte interactions with 
high-level distribution of the CQDs in the electrolyte materials. The 
synthesized CQDs were tested in 3 various working potential windows in 
the 0–2 V range, and they exhibited a promising behavior for techno
logical and industrial applications with their unique redox performance 
and high capacitive effect. 

2. Experimental 

2.1. Materials and Synthesis of CQDs 

Kombucha tea fungus was fermented in the laboratory after pur
chasing of Kombucha. Ethylene diamine (99 %, EDA) were purchased 
from Sigma-Aldrich. Milli-Q water was used in all synthesis and 

spectroscopic measurements. After fermentation procedure [44,45,52], 
50 ml fermented tea was filtered, and 0.2 ml of EDA was added into the 
tea [53]. The mixed solution was stirred vigorously for 5 h. When the 
formation of CQDs was seen from the green emission under UV-light, the 
obtained product was filtered with a 0.2 mm pore filter [44,45]. Thus, 
synthesizing of CQDs were completed for characterization and testing as 
an electrolyte material for supercapacitor applications. 

2.2. Characterization 

Fluorescence emissions of the CQDs were measured by using Perkin 
Elmer LS 55 brand luminescence spectrometer. UV absorption mea
surements were obtained by using a Perkin Elmer Lambda 25 brand 
UV–Vis Spectrophotometer. A JEOL JEM 2100 FHRTEM brand high- 
resolution tunneling electron microscopy (HRTEM) was used to image 
the particles. Particle sizes were determined with MALVERN/ DLS MPT2 
brand dynamic light scattering (DLS). Bruker Advance D8 brand X-ray 
diffractometer (XRD) was employed to determine the crystallinity of 
CQDs. The elemental composition of CQDs was studied using Thermo 
Scientific K-Alpha X-ray photoelectron spectroscopy (XPS) equipped 
with a monochromatic Al/Kα as the X-ray source. 

2.3. Electrochemical Measurements 

The electrolyte properties of CQDs materials were investigated with 
the Gamry brand model 1010-E Potentiostat system. The 3-electrode 
method was applied to measure electrolyte properties with cyclic vol
tammetry (CV) measurements. The CV measurements were carried out 
at a constant scan speed of 100, 200, 400, 800, 1200, 1600 and 2000 
mV/s. The CV measurements were carried out as 3 cycles to observe any 
anomalies. However, only one CV cycle data has been given in the result 
section to avoid data analyses confusion. While the platinum foils were 
used as an electrode (working and counter) as well as current collector, 
Ag/AgCl electrode was employed as a reference electrode. The cycle life 
capacitance measurements were performed under 200 mV/s constant 
scanning speed in a range of 0–0.5 V, 0–1 V and 0–2 V for 100 cycles. 
Then, the capacitance values of the samples are calculated with Eq. (1) 
in reference to CV results [54]. 

C =

∫
IdV

2mΔVv
(1) 

In Eq. (1), I is current, m is electrolyte active material weight, ʋ is 
scan rate, and ΔV is voltage range. 

Fig. 1. a) Size histogram and b) the HRTEM image of CQDs.  

C. Baslak et al.                                                                                                                                                                                                                                  



Diamond & Related Materials 139 (2023) 110275

3

Fig. 2. Fluorescence and UV–Vis absorption spectra.  

Fig. 3. a) XRD and b) XPS survey spectrum and XPS deconvolutions c) C1s, d) O1s for CQDs.  
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Fig. 4. Permanent capacitive plateaus and redox reaction observations at CV analyses. a) 0–2 V range, b) 0–1 V range, and c) 0–0.5 V range.  
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3. Results and discussion 

3.1. Optical and Structural Characterizations of CQDs 

To demonstrate the size distribution of the CQDs, size measurements 
of CQDs solution in an aqueous state were obtained by DLS, and for 
investigating the morphologies of CQDs, the measurements were per
formed by HRTEM. As seen in Fig. 1a and b, the graph obtained from the 
DLS and HRTEM images of the obtained CQDs show the particles have a 

near spherical and monodisperse size with around 10 nm approximately. 
It can also be seen from Fig. 1b that the prepared particles are well 
distributed on the surface. The sizes of the small particles in Fig. 1b 
which is well consistent with that of the CQDs in Fig. 1a [55–57]. 

Fig. 2 shows the UV–Vis absorption and fluorescence spectra of 
CQDs. The obtained CQDs have strong absorbance of around 200–250 
nm, which is attributed to the conjugated C––C units. This large peak is 
related to π-π* transition of aromatic sp2 domains [58]. The other 
maximum absorbance peak at around 330–340 nm is ascribed to 

Fig. 5. dI/dV analysis of CQDs samples between ±2 V.  

Fig. 6. dI/dV analysis of CQDs samples between ±1 V.  
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transitions due to carbonyl or amine functional groups in the structure, 
and it was related to the n → π* electron transition in the bond of oxygen 
or nitrogen-containing which is consistent with previous studies 
[59–62]. Optically to characterize synthesized CQDs, fluorescence 
spectroscopy was also used, and the obtained emission spectra CQDs 
showed an emission peak at around 475 nm according to Fig. 2 with 
blue-colored fluorescence for excitation wavelength at 360 nm [63]. 

The crystalline structure of CQDs was studied by XRD, and elemental 
analysis and chemical bonding structures of CQDs were investigated by 
XPS. While the Fig. 3a shows XRD pattern of the CQDs, Fig. 3b–d indi
cate XPS survey spectrum and deconvolutions. According to the X-ray 
diffraction (XRD) pattern, Fig. 3a displays only one sharp peak at about 
2θ = 20◦ due to the CQDs [64,65]. The obtained wide diffraction peak 
also at around 42◦ can be attributed to CQDs, and it is in good agreement 
with the previously reported results in the literature [66,67]. The full- 

scale XPS survey scanning was performed to elucidate the composition 
of carbon dots. Two peaks, which are predominantly seen at 286.02 eV 
and 533.15 eV in Fig. 3b, belong to C and O elements, respectively, and 
it highlights that the amount of these elements in the structure of the 
material is quite high. As seen in Fig. 3c and d, the high resolution C1s 
spectrum displays three peaks at 284.6 eV, 286.0 eV and 287.7 eV 
belonging to C––O, C–O and C–C bindings, respectively. XPS spectrum 
of O1s (Fig. 3d) revealed three different unit moieties; O–C bonds 
(581.82 eV), O––C bonds (532.56 eV) and, O–C=O bonds (533.48 eV), 
respectively [63,68,69]. 

3.2. Electrochemical analysis 

The electrolyte properties analyze for electrochemical capacitors was 
started with CV measurements. The CV analyzes were performed at 
±0.5 V, ±1 V and ±2 V ranges to determine which voltage ranges could 
be ideal for capacitive applications. Fig. 4a–c shows the CV results ob
tained at different scan rates for the CQDs electrolyte samples. CV an
alyzes of CQDs showed permanent capacitive currents in 3 different 
voltage region scans. Also, some redox reaction peaks were observed 
with Faradic current in the ±1 V and ±2 V ranges. 

Fig. 4a shows the current-voltage changes in the ±2 V range. Some 
shifts occurred in some redox peaks formed in the material especially at 
scanning speeds after the 100 mV/s. In fact, there were shifts in the 
redox peak voltage values that occurred in fast scanning with increasing 
scanning speed. The shift of the redox peaks towards 0 V depending on 
the increasing scanning rate indicates that ionic diffusion can occur 
more easily at high rates in the range of ±2 V. Applying a higher voltage 

Table 1 
Redox peak voltages in the range of ±1 V and ± 2 V.  

±2 V range ±1 V range 

Scan rate 
(mV/s) 

Peak voltage Scan rate 
(mV/s) 

Peak voltage 

1. Peak 2. Peak 1. Peak 2. Peak  

100  0.490 0.900  100 – –  
200  0.130 1.020  200 – –  
400  0.080 –  400 – –  
800  0.050 –  800 – –  
1200  0.048 –  1200 0.120 –  
1600  0.043 –  1600 0.100 –  
2000  0.028 –  2000 0.080 –  

Fig. 7. First cycle capacitive performance of CQDs materials.  
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for the CQDs electrolyte as the ±2 V range, compared to other range 
measurements, it may have resulted in faster debonding or bonding 
properties in CQDs materials. 

A similar situation was observed in CV measurements at ±1 V range 
(Fig. 4b). The interesting situation in the range of ±1 V was that while 
redox reactions were not activated up to 800 mV/s scanning speed, the 
currents from redox peaks contributed to Faradic currents in the range of 
1200–2000 mV/s scanning speeds. While the formation of redox peaks 
was observed in the range of ±2 V under normal conditions, their ex
istence after scanning at a certain speed in the range of ±1 V indicated 
that there was a threshold voltage value for some reactions in the CQDs. 
In addition, the material also showed adaptation to high-speed scanning 

in the range of ±1 V. 
Fig. 4c shows the CV measurements for the ±0.5 V range. In 

particular, the characteristic rectangular CV shape of the CQDs elec
trolyte in the range of ±0.5 V, stood out as a very remarkable result for 
supercapacitor productions. In ±0.5 V range, only Faradic currents were 
observed, but redox peak was not observed due to the increased scan
ning speed. This indicates that redox reactions may occur in the mate
rial, especially after ±1 V. 

Figs. 5 and 6 show dI/dV analysis based on ±1 V and ± 2 V CV 
measurements. The dI/dV analysis can allow being easily observation of 
the changes in the CV plane, and the voltage values of the redox peaks 
can be determined with this analysis. Table 1 was prepared according to 

Fig. 8. First 3 cycles performances of CQDs electrolyte for different CV rates. a) 0–0.5 V charge and discharge capacitance, b) 0-1 V charge and discharge capac
itance, c) 0-2 V charge and discharge capacitance. 

C. Baslak et al.                                                                                                                                                                                                                                  



Diamond & Related Materials 139 (2023) 110275

8

the data obtained from the dI/dV analyzes and the voltage values of the 
redox peaks. When the redox peaks occurring in the range of ±2 V were 
examined, two different redox formations were observed at 100 and 200 
mV/s scanning rates. After these scan speeds, the second redox peaks 
disappeared, and only capacitive currents were observed. The main 
reason for the disappearance of these peaks at high velocities is that the 
activated ions at ~1 V are prevented from ionizing in the structure 
trying to adapt to high velocities. On the other hand, in the first redox 
peak occurring in the 100–2000 mV/s scan rates, it is seen that as the 
scanning speed increased, the ionization peak shifts occurred towards 0 
V. This indicates that ions in the 0–0.4 V range can diffuse more easily in 
the material and that the material is more prone to energy storage at 
these speeds. A similar situation can be seen in dI/dV calculations for the 
±1 V range. In the ±1 V range, the measurements between 1200 and 
2000 mV/s scan rates, the redox peak formations and shifts towards 0 V 
level was observed. The redox peak was obtained as 0.120 V at 1200 
mV/s scan rate, and decreased to 0.080 V at 2000 mV/s scan rate. 
Similar to the ±2 V range, the material can adapt to high-speed charge- 
discharge processes in the ±1 V range (Table 1). 

Fig. 7 shows the first charge-discharge capacitance performance for 
various voltage ranges. It is seen that the charge-discharge values are 
generally below the Farad level and CQDs electrolytes can store energy 
at milli-Farad levels. Although this situation does not comply with the 
definition of supercapacitor, the material shows a full supercapacitive 
electrolyte feature, especially in the 0–0.5 V range. Fig. 7 also indicates 
the effects of the redox peaks formed in the measurements in the 0–1 and 
0–2 V range on the charge-discharge patterns. Another remarkable thing 
is that higher capacitance is obtained in measurements made in the 0-2 V 
range compared to other voltage ranges. The main reason for this is that 
the material has 2 different redox reactions at a scanning speed of 200 
mV/s. In this way, CQDs can store more energy in its structure. 

After examining the first charge-discharge cycles at 200 mV/s con
stant scan rate, the capacitive performances of the CQDs electrolyte at 
different scan rates were analyzed for the first 3 cycles Fig. 8a, b and c 
display first 3 cycles performances of the CQDs for 0–0.5 V, 0–1 V and 

0–2 V ranges charge and discharge capacitance values, respectively. 
Under normal conditions, batteries and capacitors store and use lower 
energy under high currents and voltages. This situation in CQDs elec
trolytes was observed differently. The capacitance decreased with 200 
mV/s scan speed after 100 mV/s scan speed in the 0–0.5 V charging 
range, but it increased at 400 mV/s and increasing voltage scanning 
speeds. This increase also reached the highest level at 800 mV/s. 
However, this situation has been observed differently as discharge 
capacitance. While lower capacitance values were obtained at 100 and 
200 mV/s scanning speeds compared to other scanning speeds, the 
highest discharge capacitance values were obtained at 800–1600 mV/s 
scanning speeds. Although the lowest capacitance values were obtained 
in the range of 0–0.5 V, this situation revealed the ideal operation 
feature of CQDs electrolyte material under high charge-discharge 
speeds. Fig. 8b shows charge-discharge performances in the 0-1 V 
range. In this range, the capacitance values decreased with increasing 
scanning speed as expected, but there was an increase in the capacitance 
values with the contribution of the redox peaks that appeared at the 
1200–2000 mV/s scan speeds. This condition can be attributed to the 
redox reactions at high speeds. This also reveals that the CQDs elec
trolyte material has a better operating voltage range than 0–0.5 V and 
increases its industrial application compatibility with the charge- 
discharge rate. Fig. 8c shows charge-discharge performances in the 0- 
2 V range. Although the highest capacitance values were obtained in the 
0-2 V range, a decrease was observed in the capacitance values 
depending on the increasing scanning speed. This shows that the ma
terial is not very efficient in high-speed charge-discharge operations in 
the 0-2 V range. 

Fig. 9 shows the cycle-life analyzes performed at 0–0.5, 0–1 and 0–2 
V ranges. As a result of the analyzes performed at a constant scanning 
speed of 200 mV/s, the highest capacitance values were obtained in the 
0-2 V range. In addition, the values in which the charge-discharge 
capacitance values were closest to each other during 100 cycles were 
obtained in the range of 0–2 V. Moreover, the capacitive performance in 
the 0-2 V range decreased during the first 25 cycles, and then recovered 
and achieved the ideal capacitive performance. The capacity retention 
rates of the CQDs electrolyte material during 100 cycles are given in 
Table 2. Especially with a retention value of − 12.8 %, CQDs positively 
increased the discharge performance at the end of 100 cycles in the 

Fig. 9. Redox effects on cycle-life performance of CQDs electrolyte.  

Table 2 
Capacity retention rates of CQDs electrolyte.  

Voltage range (V) 1. cycle 25. cycle 50. cycle 100.cycle Retention (%) 

Ch. Dch. Ch. Dch. Ch. Dch. Ch. Dch. Ch. Dch. 

0–0.5 52 18 43 16 43 14 43 12 17.3 33.3 
0–1 178 91 129 56 118 48 107 42 39.8 53.8 
0–2 823 613 539 536 622 612 697 692 15.3 − 12.8 
Ch: Charge Capacitance (mF/cm2); Dch: Discharge Capacitance (mF/cm2)  

Table 3 
CQDs electrolyte comparison with conventional electrolytes.  

Electrolyte Capacitance Working 
potential 

Reference 

NaCl 0.11 mF/cm2 0–0.3 V  
0.14 mF/cm2 0–0.5 V [70] 
0.35 mF/cm2 0–1 V  

KOH 
(with metal oxide electrodes) 

124.80 mF/g (− 1)-0 V [71] 

LiOH 
(with metal oxide electrodes) 

74.20 mF/g 0–0.6 V [71] 

NaOH 
(with metal oxide electrodes) 

187.10 mF/g 0.1–0.4 V [71] 

Green synthesized CQDs 18 mF/cm2 0–0.5 V This Study 
91 mF/cm2 0–1 V This Study 
613 mF/cm2 0–2 V This Study  
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range of 0–2 V. A negative retention value indicates an increase in 
capacitance at the end of 100 cycles. The capacity retention values of the 
capacitors were calculated according to these specific capacitance 
values. The capacity retention formula is: 

Retention (%) =
C0 − Cn

C0
x100 (2)  

where C0 is the first-cycle capacitance value (F/g) and Cn is the last cycle 
capacitance value (F/g). 

The obtained different performances of the same material at different 
voltage ranges are due to the differences in the chemical structure of the 
material. Also, it is thought that the capacitive performance CQDs 
electrolytes changes depending on the solid electrolyte interface (SEI) 
layer formation under different potentials. In addition, when the current 
peak values are examined depending on the CV analysis, it is thought 
that the electrolyte has more current on the anodic section, and this also 
may explain that the SEI layer on the cathode is more effective. More
over, while the redox active ions formed in the 0–1 V range are diffusing 
towards the anode pole during charging, it cannot be realized with full 
efficiency in the opposite direction during discharge. In the 0–2 V range, 
this situation is higher and shows that the transfer of redox active ions 
for charge-discharge can be achieved more easily. Moreover, the mate
rial may play an active role in providing high capacitance during long 
cycles by adapting to these ion transfers over long cycles. 

Table 3 shows the capacitive performance comparison of CQDs 
electrolyte compared to other conventional electrolytes. The CQDs 
electrolytes, which form the basis of our study, are clearly superior to 
other conventional electrolytes in terms of both working potential and 
capacity. Moreover, the capacitance values of the most preferred 
supercapacitor electrolytes such as KOH, LiOH and NaOH have a 
capacitive contribution (with electrode redox reactions) in metal oxide 
electrodes. This situation also provides an advantage in terms of our 
study in which Pt-foil electrodes that do not cause any redox reaction 
were used. In other words, these values were reached by keeping the 
electrode contribution to the capacitance values obtained at minimal 
levels. 

Within the scope of the study, although mF level capacitance is ob
tained from green synthesized CQDs electrolytes, it is known that the 
type of electrode contributes to the high or low capacitance values. In 
this study with platinum foils, the electrolyte effect of CQDs was 
investigated by minimizing the electrode contribution. Although a 
normal capacitor capacitance performance is obtained in the CQDs 
symmetrical capacitor produced with platinum foils, it is concluded that 
high-performance supercapacitors can be produced with different elec
trodes that can be combined with CQDs electrolyte. In particular, it is 
thought that supercapacitors with higher capacitance can be produced 
with an electrode with a higher pore structure or a redox-active material 
with a discharge capacitance of 692 mF/cm2 reached in the 0–2 V 
operating range. Considering that the obtained values are also the result 
of charge-discharge at high speeds, it has been concluded that green 
synthesized CQDs electrolytes can be used for capacitor applications. 

4. Conclusions 

CQDs were obtained with environmentally friendly materials in a 
simple and easy way. In this synthesis route, tea samples left to 
fermentation with kombucha, an aquatic mushroom species, were 
preferred as carbon source. When the commonly used characterization 
techniques for the obtained CQDs nanomaterials were used, it was 
observed that CQDs had high emission and uniform particle size ac
cording to the obtained results. Successful results were obtained when 
the capacitors were examined in terms of their electrochemical 
behavior. Accordingly, experiments were carried out in three different 
operating potential windows in the 0–2 V range, and it was found 
promising that CQDs electrolytes have a high capacitive effect in 

symmetrical capacitors produced with platinum foils, where the possible 
redox contribution from the electrodes can be minimized. Moreover, it is 
predicted that supercapacitor performance can be achieved in new 
capacitor derivatives where different types of electrodes can be used 
with CQDs electrolytes. CQDs with their unique redox performance is 
expected to be the hope for many technological and industrial 
applications. 

Funding 

The authors declare that no funds, grants, or other support were 
received during the preparation of this manuscript. 

CRediT authorship contribution statement 
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