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1 | INTRODUCTION

Murat Yildirm*

Abstract

Carbon quantum dots (CQDs) are a new type of carbon nanomaterial that has
recently attracted great attention as a potential competitor to standard semiconduc-
tor quantum dots. There are various ways to synthesis CQDs, and one of harmless
way is undoubtedly green synthesis. In this study, hydrothermal synthesis based on
the green way was employed to synthesize CQDs. The CQDs were obtained using
the green leaves of the Stachys euadenia plant extract, an endemic species located in
Turkey. The CQDs were characterized by fluorescent and UV-Visible spectroscopy,
and results confirmed blue emission (430-480 nm) and absorption around 280 nm.
X-ray photoelectron spectroscopy (XPS) analysis revealed C=C, C-N and C-O inter-
actions. X-ray diffractometer (XRD) patterns confirmed structure of carbon with a
broad peak of (002) plane. High resolution tunneling electron microscopy (HRTEM)
and dynamic light scattering (DLS) analysis was used to determine the shape and size
of CQDs. The CQDs obtained from Stachys euadenia were employed as electrode
materials for capacitor application, and they were tested in Swagelok-type cell by
cyclic voltammetry (CV) measurements. CQD capacitors exhibited 2.12 F/g charge
and 1.24 F/g discharge capacitances were obtained with ~58% coulombic efficiency
rate for the first cycle. Results highlights that CQDs are synthesized successfully by

green synthesis method and can be used for capacitor applications.
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medicine.2"1® CQDs have many advantages due to their nontoxicity,

photostability, high quantum yield, low cost, availability and high sur-

Carbon quantum dots (CQDs) have received significant and increasing
attention in both science and technology environment after their dis-
covery at about two decades ago for various applications.>™* The
increase in studies in this field depends on the unique physical proper-
ties and fluorescence (radiation) of carbon dots.>® CQDs are nano-
sized particles of carbon as an environmentally friendly alternative to
toxic QDs, which have attracted great interest since 2006. It is known
that fluorescent semiconductor quantum dots will lead to a wide vari-

ety of promising applications, especially in biology,” electronic®® and

face passivation. Other known properties of CQDs are their high bio-
compatibility, chemical inertness and high specific surface area.***®
CQDs synthesized harmless method, which are also produced from
organic precursors, are particularly interesting for photo-electric appli-
cations.?®?” Janus et al. investigated the preparation of smart,
surface-modified CQDs with a bottom-up synthesis approach using
bioproducts. In their work, they used a stainless-steel autoclave for
hydrothermal synthesis.*® The CQDs obtained at the end of the study

were characterized by tunable fluorescence and up to 14% quantum
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specific and volumetric energy and power dense activity with an
unlimited charge-discharge cycle life due to the high surface area and
small thickness of the double layer.®2 Coming to the forefront as
energy storage devices, electrochemical supercapacitors have unique,
superior properties such as high-power density and significantly long
cycle life.>® A supercapacitor basically consists of two electrodes, an
electrolyte and a separator that electrically isolates two electrodes.
The most important component in a supercapacitor is the
Among the materials considered as possible elec-
trode materials for industrialization are those of carbon origin. It has
been determined that carbon materials, high specific surface area,
increase the ability to accumulate charge at the electrode and electro-

The main aim of the study is to synthesize CQDs from Stachys
euadenia in a short time using an environmentally friendly production
technique with green approach synthesis, and to test their capacitor
properties as electrode materials. Thus, we synthesized CQDs using a
well-known and accepted hydrothermal method, which is a one-step,
cheap and simple technique generally used for nano materials synthe-

sis. The obtained CQDs have emitting strong and green fluorescence
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FIGURE 1 Some application areas of CQDs.

efficiency. Molaei discussed the drug delivery system with CQDs in
his research.'” Thanks to many of the above-mentioned features of
CQDs, they have good potential application in drug delivery systems.
Various application areas of CQDs are listed in Figure 1 such as in

2021 gptoelectronics?? and antibacterial applications.?®

nanofibers,

The photoluminescence properties of QDs are most relevant in the
framework of chemical analysis. In the preparation of CQDs, three
issues should be considered briefly: (i) chemical synthesis, (ii) uniformity,
and (iii) surface properties. For plant-derived CQDs, the particle size is
usually less than 10 nm. Hydrothermal synthesis, known as the chemical
reaction method in aqueous solution, takes place under conditions of
temperature of 100°C ~ 1000°C and pressure of 1 MPa ~ 1 GPa. The
ions are mixed evenly in the aqueous solution, so the product has high
purity, good dispersion and easy particle size control, and this is the
most important advantage of hydrothermal synthesis.2* There are many
types of synthesizing biocompatible nanoparticles, one of these alterna-
tive ways is the green synthesis approach. The best eco-friendly alter-
native method is the plant extract-based synthetic approach compared
to other biological methods and existing conventional physical as well
as chemical methods.?® In the hydrothermal synthesis method, sub-
stances are crystallized from an aqueous solution under high pressure
using various techniques. The synthesis is carried out in a pressurized
stainless-steel autoclave.? A solvent other than water cannot be used
with the hydrothermal method. One of the most preferred methods in
the production of carbon materials is the hydrothermal method. It has
been the most preferred method in terms of environmental friendliness,
low cost and convenience.?”3!

Supercapacitors that store electrical charge at an electrode-
electrolyte interface, primarily an electrical double layer on an elec-
trode with a high surface area, are also known as electrochemical

capacitors or ultracapacitors. These devices are known to provide high

property. The CQDs electrode materials exhibited capacitive behavior

in a Swagelok-type cell.

2 | EXPERIMENTAL

21 | Procuring Stachys euadenia

Stachys euadenia is a locally endemic plant species belonging to the
Lamiaceae family. The Stachys euadenia we used in the experiment
had green leaves. This little-known plant was introduced to the scien-
tific world by P.H. Davis in 1951. It naturally spreads on lime rocks in
Kazanci (Karaman) and Abanoz Plateau (Mersin) regions in Turkey
between 1300- and 1850-m height. Stachys euadenia was picked up
from Kazanci region for synthesizing CQDs.

2.2 | Method

221 | Solution preparation

Dry Stachys euadenia leaves were ground with a grinder. 0.5 g was
weighed from the grinded leave and taken into 60 mL of pure water.
It was made homogeneous mixing in a 400-rpm magnetic stirrer at
60°C for 1 h. One milliliter of ethylenediamine was added to the

homogeneous solution.

2.2.2 | Hydrothermal synthesis

The solution was taken into the stainless-steel autoclave. The oven
was set 150°C for 4 h. Autoclave was placed in the oven reaching
150°C. After 24 h, the autoclave taken from the oven was opened.
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FIGURE 2 Synthesis of CQDs

obtained from Stachys euadenia.
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223 | CQD purification

A coarse centrifugation was applied to the sample for 3 min at
4000 rpm. Then, ultracentrifuge was applied to the separated liquid
sample at 15,000 rpm for 10 min. In order to make it purer and finer,
large particles were removed by ultracentrifugation, and filtered by a
syringe filter. The purified sample was dried in a glass petri dish at
room temperature for 48 h. The production scheme of the whole

study is shown in Figure 2.

2.3 | Characterization of CQDs

Synthesized CQDs from Stachys euadenia was characterized by fluo-
rescence spectroscopy, UV-Vis spectroscopy, XRD, HRTEM, XPS and
DLS instruments. The spectrometric properties of CQDs fluorescence
spectra were measured on a LS 55 fluorescence spectrophotometer.
The ultraviolet-visible (UV-Vis) absorption spectrum was measured
using a UV-1280 (Shimadzu) spectrophotometer. A JEOL JEM 2100
HRTEM brand high-resolution tunneling electron microscopy was
used for imaging of CQDs. X-ray diffraction patterns of CQDs were
recorded with a Bruker Advance D8 XRD (Cu a source with 1.5406 A
wavelength) in powder mode. To determine the oxidation levels of
metals, organic, inorganic, polymers, physical and chemical properties
of materials; X-ray photoelectron spectroscopy analysis was per-
formed with a Thermo-K-Alpha X-ray Photoelectron Spectroscopy
equipped with a monochromatic Al/Ka as the X-ray source. DLS anal-
ysis was performed with a MALVERN/ DLS MPT2 instrument to

The aqueous
solution was

homogenized with
a magnetic stirrer

measure the intensity and variation of light scattered from small parti-

cles in dilute solution of CQDs.

24 | Electrochemical tests

The electrochemical tests were utilized with Gamry brand 1010-E
model potentiostat system. The symmetric capacitors were built with
Swagelok-type cell. The CQDs were used as electrode material
(symmetrically) and 6 mol KOH (aq) solution was used as an electro-
lyte. A cellulosic paper membrane was used as a separator. Cyclic
voltammetry (CV) measurements were utilized for determination the
reaction kinetics and energy storage properties. The CV measure-
ments were carried out at a constant scan speed of 200, 400,
800, and 1200 mV/s. The cycle life study capacitance measurements
were performed under 200 mV/s constant scanning speed in a range
of 0-1.7 V. Afterwards, the capacitance values of the samples were
calculated as like in the reference.®®

3 | RESULTS AND DISCUSSION

3.1 | Characterization results of CQDs

The fluorescence emission and absorption spectrums of the
CQDs have been illustrated in Figure 3a,b, respectively. CQDs exhib-
ited the most intense emission when excited at 380 nm. According to

the fluorescence emissions spectrum, the emission intensity is
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FIGURE 3 (a) Fluorescence and (b) absorption spectra of CQDs.
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FIGURE 4 X-ray photoelectron spectroscopy of CQDs: (a) wide scan XPS survey, (b) C1s spectrum, (c) N1s spectrum, and (d) O1s spectrum

of the CQDs.
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maximum in the range of 430-480 nm. According to the inset image
in Figure 3a, it can be seen that CQDs emit blue radiation under the
UV lamp while their solution is white under visible light. Figure 3b
indicates the absorption spectra of the CQDs, and an absorption has
been seen at 280 nm wavelength. This peak is the characteristic
absorption peak of CQDs and is attributed to the ri-rt* transition. This
florescence emission and absorption spectrum were obtained for
CQDs by various plants in the literature.36-38
XPS analysis was performed to obtain chemical information about
the functional groups and chemical structure present on the surface
of the synthesized CQDs. Figure 4a-d shows the XPS analysis results.
While Figure 4a has showed the wide scan XPS survey, Figure 4b-d
shows the C1s spectrum, N1s spectrum, and O1s spectrum of the
CQDs, respectively. As shown in Figure 4a, the wide scan XPS survey
of CQDs from Stachys euadenia revealed three intense peaks. The first
peak represents Cls, the second one represents the N1s, and the
third peak is for Ols. There is a pollution in transport water that
occurs 440 eV. According to the results of the analysis as shown in
Figure 4b, the peaks at 284.8 eV and 287.0 can be attributed to
C=C/C-C, C=0 interactions. The peaks at 399.4 eV and 401.6 eV
seen in Figure 4c refer to C-N and N-H bonding. The relevant
Figure 4d for the O1 spectrum gives two dominated peaks at
531.1 eV and 532.0 eV, and these are attributed to C-O and C=0
bonding. From the high-resolution XPS scan results, we have con-
firmed that mainly C and N are present in the CQDs structures.>”~4*
XRD patterns of CQDs are provided in Figure 5a. Characteristic
peak for CQDs is clearly observed on the XRD patterns. The respective
XRD patterns of CQDs show a single broad diffraction peak at
20 = 22.15° for the (002) plane. The value obtained for CQDs is
consistent with the values in the literature, which are in the range of
20-25°.42"% HRTEM measurements were used to view the morpho-
logical structures of the CQDs. Figure 5b indicate HRTEM image as well

as DLS results. The obtained CQDs have an almost similar size distri-
bution and their diameter distribution range is around 18-20 nm.
Furthermore, the particles are quasispherical with essentially amor-
phous core structure and without a crystal lattice. They appear to be
slightly flattened from the sides and have a vague gap in the middle.
DLS analysis was performed to determine the particle size distribu-
tion of synthesized CQDs. The inset of Figure 5b exhibits the DLS
results of the CQDs synthesized from Stachys euadenia plant.
According to the results of the analysis, DLS measurements also
have confirmed the TEM images, and the particle size distribution of

CQDs is 20 nm on average.*>~4®
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3.2 | Electrochemical characterization

The electrochemical analyses for CQDs were initiated by CV measure-
ments. The voltage-current characteristics of the CQDs have been
seen in Figure 6. It has been observed that some faradaic reactions
may occur, especially in the cathodic current region (0-1.70 V and
positive current region). Two different reactions were observed in the
cathodic region while a single reaction formation was observed in the
anodic region. Due to the that high CV scanning rates and broad peak
formations may affect the reaction kinetic analysis wrongly, dl/dV
analysis should be performed to determine the voltage ranges of
these reactions and the changes.

Figure 7a,b shows the dI/dV analysis of CQDs electrode capaci-
tors for cathodic and anodic regions, respectively. While the
capacitive current behavior is observed at 200 and 400 mV/s scan-
ning rates between 0.10 and 0.50 V, a new oxidation peak occurs in
this region at 800 and 1200 mV/s scanning rates according to
Figure 7a. The oxidation peaks were determined at 0.38 V and 0.30 V
levels for 800 and 1200 mV/s scanning rates, respectively. These
redox peaks, which appeared due to the increasing scanning speed,
revealed the pseudocapacitive electrode feature of CQDs.*° Similarly,
the pseudocapacitive electrode feature was observed with redox
peaks occurring in the 1.20-1.30 V range at all scanning speeds and
all scanning speeds. Figure 7b exhibits the dl/dV analysis for the
determination of reduction reactions for the anodic region. In the first
look for Stachys euadenia CQDs, which generally exhibit capacitive
current behavior in the anodic region, and it may be wrong to talk
about the presence of a redox reaction in this region. However, in the
inset graph seen in Figure 6, it was observed that the broad peaks
formed at ~1V (at 200 mV/s) decreased to 0.43 V (at 1200 mV/s)
with increasing scanning speed. This behavior in the anodic region is
generally thought to be caused by the electrode-electrolyte interface.
A detailed study of the electrode-electrolyte interactions is in pro-
gress for a more precise reaction description. Based on these results,
it has been determined that Stachys euadenia CQDs exhibited clearly
cathodic characteristics.
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Figure 8 displays the initial charge-discharge analysis of the sym-
metric CQD capacitors. In particular, the fact that CQDs performed
two oxidation reactions in the cathodic region, and these reactions
were not reversible showed a direct effect on the charge and dis-
charge capacitance values. 2.12 F/g charge and 1.24 F/g discharge
capacitances were obtained with ~58% coulombic efficiency rate for
the first cycle. While the effect of the double faradaic reaction is seen
to be effective on the charge capacitance, the nonreversibility of
these reactions causes the lower discharge performance. In particular,
the inhibition of Faradaic reactions is thought to be due to the fact
that Stachys euadenia CQDs electrodes do not allow electrolyte ion
diffusion. The fact that the diffusion of K and OH™ ions to the elec-
trodes is not at desired levels, and that Faradaic reactions are not
reversible are effective in the decrease of capacitive performance.>®
Of course, as the most important factors in this situation is production
of symmetrical capacitors, and the use of K-based KOH electrolyte

according to Li and Na elements as electrolyte active material can be
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FIGURE 8 The first charge-discharge capacitive performance
with Faradaic reactions effectiveness.
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FIGURE 7 Redox reaction analysis via dll/dV calculation: (a) the cathodic region and (b) the anodic region.
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TABLE 1 CR values of the CQD

symmetric capacitor.
Charge 2.12

Discharge 1.24

shown as a reason. Pillai et al. showed that higher capacitive perfor-
mance could be obtained with LIOH and NaOH in their study with
LiOH, NaOH and KOH, in 2015.%*

Figure 9 shows the charge-discharge performance of CQD
capacitors for 400 cycles. According to Figure 9a, the discharge per-
formance started with 1.24 F/g, decreased during the first 20 cycles
and dropped of 0.84 F/g levels. However, this decrease was inter-
rupted after 20 cycles, and the capacitor exhibited a stable discharge
performance in between 0.84-0.87 F/g capacitance values. A similar
decrease was observed for charging performance. The initial charge
capacitance value of 2.12 F/g decreased to 1.34 F/g at the end of the
20 cycles. The charge capacitance obtained an average of 1.34 F/g
during 250 cycles reached an average of 1.36 F/g end of 250 cycles.
Based on these obtained values, capacity retention (CR) has been cal-
culated with Equation 1, and their values are given in Figure 9b and
Table 1.

Co—0C,
Co

CR= x 100 (1)

where Cy is the first cycle capacitance value, and C, is the last cycle
capacitance value.

The coulombic efficiency values were calculated as 58% accord-
ing to the first charge-discharge cycle, and this reached 63% after the
second cycle. The capacitor exhibited a coulombic efficiency perfor-
mance of 63% for approximately 250 cycles, and decreased to 60% in
the last 150 cycles. This decrease, especially after 250 cycles, is
clearly seen in Figure 9a. After an average of 250 cycles, an increase

of 0.04 F/g occurred in the charge capacitance values. However, it

1st cycle

100th cycle 200th cycle 400th cycle CR (%)
1.32 1.31 1.36 35.8
0.84 0.83 0.83 33.1
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FIGURE 10
capacitors.

Energy and power density comparison of CQD

has been determined that this positive performance improvement in
the charging mechanism is not reflected to the discharge perfor-
mance. The Stachys euadenia CQDs exhibited stable anodic perfor-
mance over 400 cycles. Therefore, a small decrease in the coulombic
efficiency rate was observed. It is known that under normal condi-
tions, coulombic efficiency values of high-performance batteries and
capacitors exhibit values of 90% and above.’?">* However, Sta-
chys euadenia CQD capacitors offer an average of 62% coulombic effi-
ciency and have a medium capacitive performance with this value.
According to the calculated CR values in Table 1, 34%-35%
retention occurs specifically in the range of 1-400 cycles. Generally,

measurements of 1000-10,000 cycles are made in experimental
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TABLE 2 Energy and power density amounts for some specific cycles.
1st cycle 100th cycle 200th cycle 400th cycle
E (Wh/g) P(W/g) E (Wh/g) P(W/g) E (Wh/g) P(W/g) E (Wh/g) P(W/g)
Charge 0.85 360.53 0.53 224.37 0.52 222.31 0.55 232.10
Discharge 0.49 210.17 0.34 142.74 0.33 140.93 0.33 140.15

capacitor studies, and when the results obtained in general are exam-
ined, it has been determined that the values obtained after an average
of 100 cycles are stable in the range of 1000-10,000 cycles.>>>®
However, when the obtained values are examined, it can be said that
the average CQDs symmetrical capacitors can exhibit stable perfor-
mance after an average of 50 cycles.

The energy (E) and power (P) densities were also calculated
depending on charge and discharge capacitance values by following
Equations (2) and (3), and the values showed as a graph in
Figure 10°”:

E-lcav 2)
2
E

P= %3600 (3)

where C is the capacitance (F/g), AV is the potential window, and t is
the time. When the energy and power density amounts are calculated
from the capacitance values, the energy density of 0.85 Wh/g and a
power density of 360.53 W/g are charged for the first cycle. In case
of discharge, 0.49 Wh/g energy density and 210.17 W/g power den-
sity are provided.

The energy and power density amounts of CQD capacitors for
various cycles have been listed in Table 2. According to Table 2, CQD
capacitors provide stable energy and power density after an average
of 50 cycles. At the end of 400 cycles, the energy density of
0.55 Wh/g, and a power density of 232.10 W/g are obtained for
charging process. In case of discharge, 0.33 Wh/g energy density and
140.15 W/g power density are provided. Obtaining such low power
and energy density values based on capacitive performance for super-
capacitors shows that Stachys euadenia CQDs electrodes cannot be
operated very successfully with KOH electrolyte. However, it has
been discovered that Stachys euadenia CQDs electrodes have a super-
capacitive effect compared to normal capacitors, with a discharge per-
formance of approximately 1.00 F/g.

Among the supercapacitor applications electric double-layered
capacitor (EDLC), asymmetric capacitor (AC), hybrid capacitor (HC),
CQD-based capacitors have a relatively newer history, and usually it
is seen that CQDs have a very important effect for EDLC applica-
tions.”® In addition, in modifications made with metal oxides such as
MnO,, Fe,03, Cos0,, etc., CQDs also provide significant increases in
capacitor performance (capacitance, cycle-life stability, etc.).>?"¢? The
main reasons for these performance increase in CQDs electrodes are
increasing the electrical conductivity of the electrode, creating a high

surface area, and contributing to polarization by interacting with

redox-active electrolytes.®?%% Especially the polarization effect cre-
ates an important performance contribution for EDLC capacitors.
Despite the high capacitance and performance-enhancing contribu-
tions of CQDs electrodes, the low capacitance values obtained in our
study are thought to be due to the application of symmetrical capaci-
tors.®® This situation provides a disadvantage in terms of polarization
effect compared to AC, HC, and EDLC types.

4 | CONCLUSION

The CQDs were synthesized successfully and easily by green syn-
thesis hydrothermal method from green leaves of the Sta-
chys euadenia plant extract, an endemic plant of Turkey. The CQDs
were characterized by fluorescent spectroscopy, UV-Visible spec-
troscopy, XPS, XRD, HRTEM and DLS instruments. While the fluo-
rescent spectroscopy results showed blue emission in the
wavelength range of 430-480 nm, the UV-Visible spectrum exhib-
ited absorption around 280 nm. XPS analysis revealed C=C, C-N,
and C-0O interactions for 284.8 eV, 399.4 eV, and 531.1 eV bind-
ing energies, respectively. XRD pattern exhibit (002) characteris-
tics broad carbon peak around 20-25°. HRTEM and DLS analysis
revealed that shape and size of CQDs were almost quasi-spherical
and 18-20 nm. The electrochemical analyses of the CQDs as elec-
trode materials for capacitor indicated that the electrodes of CQDs
had 2.12 F/g charge capacitance and 1.24 F/g discharge capaci-
tance obtained with ~58% coulombic efficiency rate for the first
cycle. Results highlighted that CQDs were can be improved for
capacitor applications.
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