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SYNTHESIS AND CHARACTERIZATION OF CARBON QUANTUM DOTS
BY MICROWAVE HEATING METHOD

SUMMARY

Carbon quantum dots (CQDs) have received considerable attention from researchers
in recent years due to their rich features such as optical properties, abundance of
functional groups on the surface, high solubility in water, low toxicity, and
biocompatibility. In addition, they have applications in various fields such as bio-
imaging, drug delivery, and photo-catalysis and they are low-cost and environmentally
friendly.

In this thesis, carbon dots (CDs) were prepared by using orange juice as a carbon
source and thiourea as a doping of nitrogen (N) and sulfur (S) with the microwave-
assisted synthesis method, which is a low-cost and extremely useful method. The effect
of adding the amount of thiourea was examined. Moreover, CQDs obtained by using
citric acid instead of orange juice were compared. Synthesized carbon dots are
analyzed by optical spectroscopy techniques (UV-Vis Absorption Spectroscopy,
Photoluminescence (PL) Emission Spectroscopy), structural properties (X-Ray
Diffraction (XRD), Transition Electron Microscope (TEM)) and in-situ Fourier
Transform Infrared Spectroscopy (FTIR). According to the XRD result, the diffraction
peak belonging to the carbon (002) is dominant and the interlayer distance value
calculated based on this peak is approximately 0.32 nm, which is smaller than the
graphite carbon. By analysis of TEM images, the particle size was determined to be in
the range of 30-50 nm. The results obtained from the FTIR spectra show that N and S-
doped CQDs contain various functional groups such as C=C, C=0, C-O-C -CS, -CH,
C=N, -NH, and —OH. The fluorescence quantum yield (QY) of CQDs obtained from
orange juice, which was doped with thiourea was calculated according to the quinine
sulfate standard. It was observed that the QY values increased by the increase of the
amount of thiourea. However, there are limited studies on microwave-assisted
synthesis methods, so we preferred to synthesize CQDs by this method, and the value
of the highest QY was found approximately 7.1%. Photoluminescence (PL) emission
properties depending on the excitation wavelength were examined in different solvent
environments such as polar protic (water, methanol, ethanol), aprotic (acetonitrile,
acetone), and non-polar (chloroform, n-hexane) in order to consider the effect of
solvent polarities. We observed the emission wavelength due to excitation in all
solvents towards red-shifted and these shift values changed according to the polarity
of the solvents used. However, the PL emission intensity decreases with increasing
solvent polarity when the excitation wavelength is greater than 325 nm. On the other
hand, the observed PL emission intensity increased with the active role of functional
groups in the core of CDs at excitation wavelengths lower than 325 nm excitation.
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MIKRODALGA ISITMA YONTEMIiYLE KARBON KUANTUM
NOKTALARININ SENTEZi VE KARAKTERIZASYONU

OZET

Karbon kuantum noktalar1 (CQDs), son yillarda arastirmacilar tarafindan giderek daha
fazla ilgi gormektedir. Bunun sebepleri, optik 6zellikleri, yiizeydeki fonksiyonel
gruplarinin bollugu, sudaki ytliksek ¢oziintirliigi, diisiik toksisitesi ve biyo uyumlulugu
gibi zengin ozelliklerdir. Ayrica, bu noktalar diisiik maliyetli ve ¢evre dostu olmasi
nedeniyle nano sensor, biyo goriintiileme, ilag salinim1 ve foto kataliz gibi alanlarda
da 6nemli potansiyele sahiptir.

Nano malzemeler ve kuantum noktalariyla ilgili endiseler, diisiik toksisite ve biyo
uyumlulugudur, bu da karbpn noktalarinin 6zel 6zellikleridir.

Ayrica, bu noktalar diisiik maliyetli ve ¢evre dostu yontemlerle sentezlenebilir. Bu
yontemler, sitrik asit , portakal suyu, piring ve kahve c¢ekirdekleri gibi heterojen
kaynaklar1 icermektedir.

CQD’ler nano sensdr, biyo goriintiileme, ilag salinimi ve foto kataliz gibi alanlarda da
onemli potansiyele sahiptir. Buna ilaveten, karbon kuantum noktalarinin yapisi
genellikle amorf bir karbon yapidan olusur ve kenarlarinda oksijen ve azot gibi bazi
kusurlar bulunmaktadir.

Bu tezde CQD’ ler, ucuz ve son derecede kullanish bir yontem olan mikrodalga
destekli sentezle hazirlanmistir. karbon kaynagi olarak portakal suyu tercih edilmis ve
azot (N) ve siilfiir (S) katkis1 olarak tiyoiire kullanilmistir. Ayrica, ilave edilen tiyoiire
miktarinin CQD’lerin 6zellikleri {izerindeki etkisi de incelenmistir. Ayn1 zamanda
portakal suyu yerine sitrik asit kullanilarak elde edilen CQD’ lar karsilastirilmistir.

Filtrelemenin sentezleme tizerindeki etkisini bilmemize bagli olarak, iki farkli yontem
kullandik. Filtreleme yontemlerimiz, kromatografi siitunu ve Standart Filter Prosediir
(RFP) filtresi olarak adlandirdigmiz bir yontemdir. RFP filtre vakum, siringa ve
santrifiij yontemler icermektedir. Portakal suyu ve 2 g tiyotire ile CQD’ler sentezledik
ve bu filtereleme yontemlerini kullandik. Ayrica, bu iki 6rnegi X-Isin1 Kirinim (XRD)
ile analiz ettik.

Portakal suyu ve 0.3 g, 1.5 g ve 2 g tiyolire ile elde edilen CQD’ler 6rnegi, uyarlama
dalga boyu olarak 325 nm ve 350 nm’de farkli fotoliiminesans yogunluklarina sahip
olduklart icin segildiler. Ayrica, sitrik asit ile elde edilen CQD’lerin tiyoiire miktari
aynidir.

3D kontur haritasindan agikg¢a goriilebilmektedir ki, portakal suyunda tiyotire
katkisinin ve sitrik asidin fotoliiminesans (PL) emisyon siddetinin lizerindeki etkileri
birbirine zittir. Sitrik asitte tiyoiire katkisinin etkisi sonucuna gore, fotoliiminesans
emisyon siddeti tiyoiire katkini artistyla tamamen bastirilmistir, muhtemelen yiizeyde
su ile hidrojen bagi olusmasindan kaylanmaktadir. Maksimum emisyon dalga boyu,
450 nm’ den 430 m’ye kadar degisim gosterir. Bu kontur haritasina gore, sitrik asit ve
0.3 g tiyoiire ile elde edilen CQD’lerde ii¢ farkli bilesen bulunmaktadir. Ilk bilesende,
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350 nm’de uyarladiginda kirmizi bolgede maksimum 450 nm ‘lik bir emisyonla
birlikte emisyon artis1 goriiliir. Ikinci bilesen ise mavi bdlgededir ve 270 nm’de
uyarihginda 480 nm’de pik yapar. Uciincii bilesen ise, 430 nm’de uyarildiginda PL
emisyon dalga boyu 520 nm’ye kayar.

Bunun aksine, tiyoiire katkinin artisiyla portakal suyunda PL emisyon siddeti artar.
Uyarlama dalga boyunun ve tiyoiire miktarinin (0.3, 1.5, 2 g ) PL emisyon yogunlugu
tizerindeki etkisi, 330 nm’de uyarladiginda kirmizi bélgede maksimum degere (400
nm) sahip bir arts gosterir. Ayrica, her iki nemune uyarlama dalga boyuna baghdir.

Sentezlenen CQD’ lerin optik spektroskopi teknikleri (UV-Vis Absorpsiyon
Spektroskopisi, Fotoliiminesans (PL) Emisyon Spektroskopisi), yapisal 6zellikleri (X-
Isin1 Kirinim (XRD), Gegirimli Elektron Mikroskop (TEM) ) ve in-situ Fourier
Doniisiimlii Infrared (FTIR) Spektroskopi gibi ¢esitli analiz teknikleri kullanilarak
incelenmistir.

XRD sonucuna gore, analiz edilen nemunelerde karbon (002) diizlemine ait kirinim
piki baskindir ve bu pike bagli olarak hesaplanan diizlemler arasi uzaklik degeri
yaklagik 0.32 (RFP filtresi ile filterlenen 6rnek) nm ve 0.36 (kromatografi siitunu ile
filterlenen 6rnek) belirlenmistir. Bu degerler, grafit karbondan daha kii¢iik ve biiyiik
bir uzaklik degerini ifade etmektedir. 0.36 nm, grafitik ara tabaka araligindan daha
biiyiiktiir ve CQD’lerin dogas1 zayif kristal yapiya sahip oldugunu gostermektedir. Bu
nedenle, RFP yontemiyle elde edilen sonuglar kafes parametrelerine gore daha makul
goriinmektedir.

TEM goriintiilerinin detayli analizi ile, parcacik boyutlarinin 30-50 nm araliginda
oldugu tespit edilmistir. Ancak, sonug olarak, TEM goriintiileri elde edilen CQD’lerin
yapisindaki ‘d’ araliklari, ¢izgi olusumlar1 veya kusurlar gibi ek o6zelliklerin
gozlemlemesi miimkiin degildir. Bunun muhtemelen ¢oziiniirlik ve gorintii faz
kontrasiyla ilgili oldugu diistiniilmektedir.

FTIR spektrumlarindan elde edilen sonuglara gore, N ve S katkili CQD’ lerinin ¢esitli
fonksiyonel gruplari igerdigini géstermektedir. Bu gruplar arasinda C=C, C=0, C-O-
C -CS, -CH, C=N, -NH, ve —OH gibi ¢esitli baglantilar bulunmaktadir.

Ayrica, tiyoiire ile katkilanan ve portakal suyundan elde edilen CQD’ larin floresans
kuantum verimi (QY), kinin siilfata standardina gore hesaplanmistir.Bu hesaplama,
CQD’larm floresans 6zelliklerini degerlendirmek i¢in kullanilan yontemdir. Floresans
kuantum verimi, CQD’larin ne kadar etkili bir sekilde 15181 emip ve yeniden yaydigini
gosterir.

Bu sonuglar, CQD’larin floresan 0zelliklerinin belirlenmesi ve  potansiyel
uygulamalarinda degerlendirilmesi i¢in 6nemli bi bilgi saglamaktadir. Analizlere gore,
thiyoiire miktarinin artmasiyla parcacik boyutu kiiciiliir, bu nedenle parcacik boyutu
azaldikca QY degerinin arttig1 soylenebilir. Bu sebeple, Katki miktarinin artigiyla
birlikte QY degerlerinin arttigi goézlemlenmistir. Bu durum, CQD’lerin optik
ozelliklerinin katki miktarina bagl olarak iyilestigini gostermektedir. Bununla birlikte,
mikrodalga destekli sentez yontemleri ile ilgili sinirh sayida ¢aligma oldugundan, bu
yontemi CQD'leri sentezinde tercih ettik. Yapilan ¢alismalar sonucunda, mikrodalga
destekli sentez yontemiyle elde edilen CQD’lerin en yiiksek kuantum veriminin degeri
yaklasik %7.1 olarak bulunmustur.

CQD’ler, karboksil, hidroksil ve karbonil gruplarimin varligi sayesinde protik ve
aprotik ¢oziiciilerde kolaylikla daglabilir. Fakat, karbon noktalar1 apolar ¢oziiciilerde
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dagilamazlar. Ek olarak, karbon noktalar1 ile ¢oziiciiler arasindaki etkilesim, PL
emisyon dalga boyunda hayati bir rol oynamaktadir.

Solvent polaritelerinin etkisini incelemek amaciyla, farkli ¢oziicii ortamlarinda (polar
protik, aprotik ve apolar), uyarilma dalga boyuna bagli photoluminescence (PL)
emisyon Ozellikleri incelenmistir. Bu ¢alismada, solvent polaritesinin karbon kuantum
noktalarinin floresans Ozellikleri tizerindeki etkisini belirlemek i¢in sirasiyla (su,
mthanol, ethanol, asetonitril, aseton, kloroform, n-hekzan) gibi ¢esitli solventler
kullanilmustir.

Yapilan analizlere gore, tiim c¢oziiciiler de uyarilma dalga boyuna bagli olarak
emisyonun kirmiziya dogru kaydigi gézlemlenmistir. Ancak, bu kayma degerlerinin
kullanilan ¢oziiciilerin polaritelerine bagli olarak degistigi belirlenmistir. Bununla
birlikte, PL emisyon incelendiginde, ¢6ziicli polaritesinin artisiyla birlikte uyarilma
dalga boyunun 325 nm’ den daha biiylik oldugu durumlarda PL emiisyon azaldig
gbzlenmistir. Buna karsi, 325 nm' den daha diisiik bir uyarilma dalga boyuna sahip
CD' lerin ¢ekirdeginde yer alan fonksiyonel gruplarin etkin rolii gézlenmistir. Bu

gruplar, PL emisyon siddetini artirabilir.
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1. INTRODUCTION

Carbon dots (CD, C-dots, and CQDs), an appearing category inside the carbonaceous
groups, are small particles that are sized less than 20 nm [1]. CDs structure includes a
carbon core, usually amorphous with a crystalline domain [2]. In addition, there are
some defects in its edge that heteroatoms like oxygen and nitrogen atoms introduce,
and different functional groups or fluorescent molecules connected to the core surface
[2]. They have obtained a variety of notices owing to their optical properties, plentiful
surface chemistry, water solubility, low toxicity, and biocompatibility since they were
discovered during purgation preparative electrophoresis of single-walled carbon
nanotubes conducted in 2004 [3,4,5,6]. The interest in this discovery is elaborated
because they can be synthesized from cheap and eco-friendly methods that consist of
citric acid and heterogeneous sources that include orange juice, rice, and coffee beans
[7]. Furthermore, the principal biological properties of C-dots, such as
biocompatibility and low toxicity lead to accomplished potential applications in bio-
sensing, bio-imaging, photo-catalysis, and drug delivery [6], and the major concerns
about nanomaterials and quantum dots are low toxicity and biocompatibility which are
the special characteristics of CDs [8]. CDs are synthesized by top-down or bottom-up
methods. The top-down synthesis starts from bulk carbon precursors that are cut down
to nanosized dimensions using physical and chemical methods, such as Laser Ablation,
Electrochemical method, and Arc Discharge, Ultrasonication [3,9]. In contrast, the
bottom-up synthesis starts from a mix of small organic molecules that goes through
pyrolysis. Through polymerization, the carbonization of the precursors can be

achieved by Microwave, Hydrothermal, or Thermal treatments [9].

The characterization methods of C-dots are Ultraviolent Visible Near Infrared (UV —
Vis-NIR) Spectroscopy, Photoluminescence (PL) Spectroscopy, X-ray diffraction
(XRD), High-resolution Transmission (HRTEM), Fourier Transform Infrared
Spectroscopy (FTIR) and Raman Spectroscopy. In addition, CQDs include high-
oxygen contents and it is known as “carbogenic nanodots” [10]. The amount of

oxygen in CDs is in the range of 10%- 50%. Also, it can be in functional groups on



the surface, and it can cause low quantum vyield (QY)) since the bare surface of CDs is
exposed so it can be harmed. QY measures the capability of a particle to emit the
absorbed energy of photons [10].
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Figure 1.1 : Schematic of top-down and bottom-up approaches [11].

The surface passivation layer is one of the methods to increase the QY, for more
explanation, this method protects the surfaces of the CQDs. This raised stability results
in higher QY and long-term use [10]. Surface passivation is concluded by polymeric
chains like polyethylene glycol attached to the surface of CDs to build a thin barrier
layer that supported CDs from impurity adherence and enhances PL intensity [10]. N-
doped CQDs improved QY, in this method, some of the carbon atoms are replaced by
nitrogen atoms in the core structure or N-containing groups at the edges [10]. The
highest amount of QY for N-doped CDs is 93.3% from citric acid and tris

aminomethane [10]. Citric acid and urea are inexpensive precursors for CQD



synthesis. Citric acid has four active groups three COOH and one OH and urea has
two amine groups that give water-solubility properties [10]. Doping elements such as
Sulfur and Nitrogen can be used to adjust the optical properties of carbon dots (CDs)
in terms of emission and excitation wavelengths, as well as fluorescence intensity. The
effect of doping elements on CDs is attributed to the alteration of orbital energy levels
between the lowest unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) [12].

One of the most important properties of CDs is their accessibility in nature. Because
of that, orange juice can be used for producing CDs since it is one of the best natural
resources. Orange juice is composed of organic acids, sugars, and phenolic
compounds. The principal organic acids discovered in orange juice are citric, malic,
and ascorbic acid [13]. The citric acid in orange juice is a carbon source for
synthesizing c-dots. Additionally, thiourea is an organosulfur compound with the
formula SC (NH,) ,. Its structure is similar to urea, but the sulfur atom is replaced by
the oxygen atom of urea. In addition, thiourea is an element of doping precursor. It can
dop S and N. The content of N and S dopes can enhance the fluorescence intensity,
and increase the QY and emission behavior of C-dots [10, 14]. The microwaving
heating way which is one of the bottom-up approaches, and this technique holds
significant promise in the field of green chemistry, providing a flexible platform for
the formation of heterocycle rings [15]. Additionally, the Mw synthesis method is
more convertible, speedier, and more homogeneous in heating carbon precursors than
other methods [15]. Microwave irradiation has an insight characteristic, which makes
it possible to homogeneously heat the reaction solution [15]. This method is also
simple, safe, and environmentally friendly [15].

1.1 Synthesizing Methods

The laser ablation method involves using a high-intensity laser beam to eliminate
material from the surface [6, 9]. Laser ablation is a common method for synthesizing
carbon nanomaterials [9]. In 2006, Sun and co-workers used this method for
synthesizing C-dots by baking graphite with cement [6, 16]. After surface passivation
with poly (ethylene glycol) and poly (propionyl ethyleneimine-co-ethyleneimine),
only the nanoparticles could become CDs. Carbon suspensions in different solvents,
which can passivate directly the carbon nanoparticles were used in this method for



synthesizing more CDs, but complicated preparation procedures could limit the
development of CDs [6].

The arc discharge method is used to produce carbon nanotubes. In this method, small
graphitic electrodes with a diameter of 1 mm or less are subjected to high electrical
currents under an inert gas atmosphere, typically argon or helium [9, 17]. The
vaporization of carbon generates carbon nanoparticles, which are sediment on the
cathode. In addition, this method not only is simple but also purifies carbon dots from

the heterogeneous mixture of carbon nanoparticles with low yield [9].

The electrochemical method involves the generation of carbon nanodots by either
forming or peeling off from a large carbon structure [18]. In this method, there are
kinds of conductive carbonaceous materials (carbon fiber, graphite rod, etc.) [18]. In
an electrolyte solution, a carbon anode and a cathode could be applied electrical
potential then the graphitic carbon source exfoliates to form, as proved by Lu et al [9].
Oxidative cleavage of carbon anode connected with intercalation of ions is a common

mechanism of graphite quantum dots (GQD) generation [9].

The ultrasonic treatment is another method of the top-down approach. In this method,
the large carbon materials can be collapsed by the action of extremely high energy of
ultrasonic sound wave [3]. Li et al. indicated that CNPs could be synthesized by
ultrasonic method for activating carbon dispersed in a hydrogen peroxide solution [9].
In addition, Wang et al. synthesized N-doped carbon dots with ascorbic acid and

ammonia via ultrasonic treatment [3].

Pyrolysis is an extremely efficient process and valuable technique used to collapse
large graphitic carbon structures into smaller ones, including CNTs, fullerenes, and
nanodiamonds. This process involves subjecting carbon precursors to high
temperatures under acidic or basic conditions, resulting in the formation of smaller
carbon structures known as CDs while simultaneously passivating them [9]. Moreover,
owing to the high energy generating of pyrolysis it triggers the formation of reactive
species that have the capability to bond with other molecules during the carbonization
process. This enables the production of carbon nanomaterials using smaller carbon
sources like organic molecules and polymers. Therefore, C-dots are commonly made
by pyrolysis from various carbon sources [9]. The main and important advantage of

this method rather than top-down approaches is its ability to use a variety of carbon



precursors, however, top-down approaches commonly use graphitic carbon materials

as precursors [9].

The hydrothermal method is one of the common synthesizing methods of carbon
nanostructure of the bottom-up approach category. The main point of this method is
the solubility of minerals in hot water under high pressure which single crystals depend
on it during synthesizing [19]. In this method, biomass, and organic waste in the
presence of water change to solid biofuel, liquid, and gaseous products [19]. For this
transformation of waste of different origins, low energy is needed. In addition, some
parameters are crucial for the properties of the result of the products such as residence
time of reaction, pH, water content, and temperature. Moreover, accurate adjustment
is highly crucial and has a considerable shock on the properties of hydrothermal
products [3]. Zhang et al. synthesized fluorescent Carbon dots from a small organic
compound, l-ascorbic acid via the hydrothermal method for the first time. The aqueous
solution of ascorbic acid was heated at a steady 180 °C temperature for durations of
4h in an autoclave. Subsequently, the water-phase solution was purified through
dialysis [3]. Li et al. constructed water-soluble Nitrogen-doped CDs by using
ammonium citrate and ethylenediamine. The aqueous solution of ammonium citrate
and ethylenediamine was heated at a steady 200 °C temperature for Sh. The quantum
yield was found (QY) 66.8% [3].

The microwave -assisted synthesis method is extremely convenient, very fast, and low-
cost to synthesize CDs. In addition, this method is more homogeneous heating of
carbon precursors than other methods [3]. Microwave allows heating happens in a
shorter time, also, commercial microwave oven works in this period [3]. Guan et al.
explored this method for the development of luminescent C-dots with folic acid
molecules as both nitrogen and carbon sources [6]. At first, the 15 g folic acid was
blended in 3 mL diethylene glycol, and this solution was placed in a domestic
microwave at 750 W for 40 min. The color of the suspension, which was obtained, was
red-brown, and its dialysis was carried out for 3 days against pure water [6]. Also,
Zhu et al. synthesized fluorescent carbon dots via the microwave heating method for
the first time. An aqueous solution of saccharides and polyethylene glycol was heated
by a domestic microwave oven at 500 W for 3 min [20]. Moreover, Liu et al conducted
a synthesis of multicolor photoluminescence carbon dots by utilizing glycerol as the

carbon source 4, 7, 10-trioxa-1,13-tridecanediamine (TTDDA) as the passivating



agent [21]. Wang et al. synthesized water-soluble carbon dots via microwave heating
pyrolysis of citric acid. Tryptophan served as both a passivating agent and nitrogen
source in the experiment. The solution containing citrate and L-Trp was heated in a
microwave at 700 W for 3 min, and the large particles were eliminated by centrifuging
at 10,000 rpm [21]. Citric acid was used as a carbon source and 3-aminophenyl boronic
acid as the passivation agent to make CDs by Kiran et al. They heated the solution of
citric acid and 3-aminophenyl boronic acid in a microwave oven at 1200 W for 4 min
[21].

1.1.1 Synthesizing S-doped and N-doped carbon dots

Nitrogen and Sulfur can dop carbon dots with high fluorescence quantum vyields
(FLQY= 25%) via the microwave-assisted method. Concurrent doping of N and S
effectively enhanced electron transfer and coordination interaction between N, S/C-
dots, and Hg? [22].

Sulfur-doped carbon dots were synthesized by using a microwave-assisted method
with succinic acid and sodium thiosulfate as the precursor materials. Succinic acid and
sodium thiosulfate were chosen as they were biocompatible and contained carbon and
oxygen elements. Succinic acid forms a carboxylic functionalize group [23]. The
findings of their study revealed that the synthesized S-CDs exhibited a spherical
morphology and were dispersed within the size range of 1.5-5.0 nm [23]. The XRD
spectra showed the degree of crystallinity of the S-CDs synthesized indicated sharp
peaks around 25.47°-28.06° [23]. The optical properties of S-CDs were analyzed by
UV-Vis and fluorescence techniques. There were two unique absorption peaks. The
peak at 255 nm corresponds 1 — 7* transition of C=C and the peak at 320nm

corresponds to n — 7* transition of C=0 [23].

Synthesis of N-doped carbon dots via a hydrothermal technique using tangerine juice,
onion shell, and ethylenediamine [24]. Peaks were at 285 nm and 347 nm in the UV-
vis spectrum, and they proved the C=0 and C=N bonds. It could show that there was
a redshift in the absorption peak owing to the amine groups in the structure of the N-
doped carbon dots. The XRD pattern indicated that the N-doped carbon dots exhibited
an amorphous structure [24].



1.2 Characterization Methods

Size and shape are two main parameters of the characterization of NPs. In addition,
the size distribution, degree of aggregation, surface charge, and surface area, and to
some extent evaluate the surface chemistry can be measured. There are widely used

methods for characterizing carbon quantum dots that are mentioned.

UV-Vis-NIR Spectroscopy is the method to discover the optical properties of liquids
and solids [9]. It can measure how much a chemical substance absorbs light [9]. This
device shows the peak of absorption. Therefore, the C-dots are synthesized by different
techniques analyzed by this device for known strong UV absorption of them; however,
the positions of absorption peaks vary depending on the specific synthesis methods
employed [6]. The accurate spectral position depends on different factors such as size,

type, and extent of carbon bonds (sp? vs sp®), solvent, and passivation [9].

GQD and CQD with more sp? carbon the maximum absorbance peaks are around 250-
300 nm via © — 7= transition, but the maximum peak can occur at longer wavelengths
that are dependent largely on the surface passivation [9]. In addition, carbonyl (C=0)
or carbon-nitrogen (C-N) bonds have electrons at the n state level which has a higher
energy level than the 7 state which has indicated the absorbance result at even higher
wavelengths operator transitionation, from 350 nm to visible ranges, so other

functional groups can cause m-electron delocalization of the sp? carbon system [9].

Li et al. used hydrogen peroxide and active carbon. They added 4 g of active carbon
into 70 mL of hydrogen peroxide for preparing suspension and mixing for 2h at room
temperature. After filtration, the absorption band peak of fluorescent CDs which were
water-soluble was displayed at 250-300 nm [6].

Dong et al. obtained carbon dots by using carbonation of citrus acid at 200 °C. The
absorption range is 362 nm [6]. Also, the narrow peak width showed that NPs sizes
were consistent, and the maximum emission wavelength did not change when
activated at the different excitation wavelengths [9]. Tang et al. used the microwave
heating method for doing pyrolysis of a glucose solution assisted in making carbon
dots; the QY of obtained CDs was 7-10%. There were two absorbance peaks at 228
and 282 nm were shown by the aqueous solution of these C-dots. When the power of

heating of the microwave increased the intensity of the two peaks increased, too.



Although, the positions of the peak remained steady and indicated no connection with
NPs size [6].

PL Spectroscopy is when light energy, or photons, prompts the emission of a photon
from any stuff. Moreover, PL is the most appealing characterization of C-dots [9].
Photoluminescence has been used for optical characterization methods owing to its
non-destructive nature and capability to yield important information about intrinsic
and extrinsic transitions [25]. One of the most important and significant aspects of PL
of carbon quantum dots is the excitation-dependence of emission intensity and
wavelength [9]. For more illustration, an emission spectrum displayed the wavelengths
of the spectrum that an energetic object emitted [9]. The excitation spectrum is scanned

when the emission wavelength is fixed.

The size and shape of CDs display the influence of photoluminescent behavior. By
increasing the size of the nanoscale, the energy bandgap decreases, so the emission
happens at longer wavelengths (redshift) [9]. Kim et al. approved the influence of size-
dependent properties on GQDs by changing their average size range. They found that
when excited at 325 nm, the PL emission of GQDs exhibited a redshifts as the GQD
size increased from 5 nm to 35 nm. Moreover, the peak of absorbance in the same size
range happened at longer wavelengths, and the intensity reduced with growing GQD
size [9].

X-ray diffraction (XRD) is a powerful nondestructive technique used for
characterizing crystalline materials. It provides vital information about the structure,
phase composition, crystal orientations, and other structural parameters like average
grain size, crystallinity, strain, and crystal defects. It is widely employed for analyzing
and understanding the properties and behavior of crystalline materials. XRD peaks
are generated through the constructive interference of a monochromatic X-ray beam
scattered at significant angles from different sets of lattice planes within a sample [6].
The peak intensities are shown by the division of atoms inside the lattice [26]. XRD
is significantly used to characterize C-dots and to gain information on particle size,
phase purity, and crystal structure [26]. Liu et al. synthesized C-dots with hexa-peri
hexabenzocoronene as the precursor. CDs with a size of 2-3 nm thickness and
approximately 60 nm in breadth were produced, after pyrolysis at high temperatures,
surface functionalization decreases treatment, and oxidative peeling. Therefore, the C-

dots gained possessed a fluorescence QY of 3.8% [6]. Through one-stage pyrolysis of



poly (acrylic acid), Mao et al. created photoluminescent C-dots with glycerol. The C-
dots' varied structures and optical characteristics were all explored. The XRD
displayed a wide peak of approximately 26 = 24°, moreover confirming the graphite
structure of the white luminous C-dots [6]. Bourlinos et al. synthesized CDs with the
calcination of ammonium citrate salt at 300 °C; the related XRD graph displayed two
reflections that were superimposed, which approved the presence of exceptional

carbon alkyl groups that were surface altered [6].

The High-resolution TEM (HRTEM) is determined by the direct image of the atomic
structure of samples [6]. The details about the crystallographic structure of materials
from images and high-phase contrast images were obtained. This method is commonly
used in the characterization of materials leading to the gained of details about punctual
defects, stacking faults, precipitates, and grain boundaries [9]. In addition, the
crystalline nature of C-dots is classified into two types of lattice fringes: interlayer
spacing and in-plane lattice spacing. Interlayer spacing is around 0.34 nm, whiles in-
plane lattice spacing is 0.24 nm. Zhang et al. synthesized C-dots with acid oxidation
of graphite, in addition, their lattice spacing was less than 0.3 nm, showing that a large
portion of C-dots was separate graphene. Shinde and Pillai synthesized C-dots from
multi-walled carbon nanotube dots via the electrochemical method, and at the same

time, two kinds of lattice fringes were observed in the high-resolution TEM image [6].

The Fourier Transform Infrared Spectroscopy (FTIR) method is employed for
identifying functional groups present on the surface of carbon quantum dots. C-dots
contain oxygen, carbon, and hydrogen C-dots are formed through the partial oxidation
of a carbon precursor, resulting in an abundance of carboxyl or carboxylic acid groups,
hydroxyl groups, and ether/epoxy on their surface. Therefore, FTIR is commonly used
for the investigation of these groups including oxygen [6]. In addition, modifying
carbon dots can be characterized by infrared spectroscopy to decide if they are
passivated enough [6]. Peng et al. evolved C-dots with sizes ranging from 1to 4 nm
by oxidizing carbon strands measuring of one micron. These 1-4 nm C-dots exhibited
solubility in a polar solvent, water; dimethyl sulfoxide, and dimethyl formamide [6].
The infrared peaks of characteristic absorption at 1724 cm™ and 3307 cm™ proposed
carboxyl groups’ display on their surface [6]. The presence of a double bond was
indicated by the peak of absorption at 1579 cm™, and the presence of ether linkage was

implicit by an absorption peak at 1097 cm™ [6].



Raman Spectroscopy: This device is non-destructive, strong, and sensitive for
characterizing carbon materials and nanostructures. Raman process is an inflexible
light scattering process. The energy difference between the incoming and the scattered
light meets the energy of the molecular vibrations or elementary excitations [27].
Phonons or charge density waves are examples of this matter [27]. Changes in the
atomic bonds or molecular structures of probed samples can modify the Raman peaks,
so the detail of structural order and the degree of graphitization of soot can be acquired
[27]. Das et al., Yan et al., and strain Huang et al. showed in their studies there are two
significant Raman bands D and G bands in the frequency range between 1000 and
2000 cm™ in carbon-related materials, like carbon nanotubes and graphene. The D (for
“Defect” or “Disorder”) and the Raman band (centered at around 1350 cm™) is a
disorder-induced bands. Its intensity and linewidth usually increase with the density
of defects/impurities in the sample. The G (for “Graphite”) Raman band, centered at
about 1600 cm, is also sensitive to sample quality. It emerges from the stretching of
C-C bonds. In graphene layers, the frequency and linewidth of the G band are a symbol

of charge carrier density [28].
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2. EXPERIMENTAL

2.1 Materials

The materials and reagents used in this work contained: fresh orange juices purchased
from local restaurants in Istanbul/Tiirkiye. Anhydrous citric acid (Tekkim, Tiirkiye).
Thiourea (Sigma-Aldrich, USA), and distilled water (Hayat su, Tiirkiye) for the
preparation of CDs. As solvents: methanol (Tekkim, Tirkiye), ethanol (Merck,
Germany), acetone (Tekkim, Tiirkiye), Chloroform (Merck, Germany), n-hexane
(Merck, Germany), and acetonitrile (Merck, Germany). The materials for
chromatography include sand (Tekkim/Tiirkiye), Silica gel (Tekkim, Tiirkiye), and
Ethyl acetate (Merck/Germany). For quantum yield: Quinine Sulfate (Sigma-Aldrich,
Germany) and H2SO4 (Merck, Germany). Rotofix 32A Centrifuge (Hettich, Germany),
vacuum drying oven (Heraeus vacuum oven, Thermo Scientific, Born/ Germany),
Ultrasonic cleaner (CD-4820, China), UV-VIS-NIR Spectrophotometer (UV-3600,
Shimadzu, Japan), Cary Eclipse fluorescence spectrophotometer (California, USA),
D2 PHASER Bruker XRD (China). HRTEM (Oxford Instruments X-Max 80-T EDS,
Germany). FTIR spectrometer (Nicolet 6700, Thermo Scientific).

2.2 Method

2.2.1 Method of filtration

Filtration is a physical separation technique employed to separate solid particles from
a mixture by passing it through a filter, thereby separating the solid matter from the
fluid [29]. Filtration can make the solution pure and it has a crucial role in the
experiments. In Figure 4.1 the importance of filtration is obvious. Therefore, selecting
the way of filtration is more important. We used two methods of filtration and

compared with together (Figure 4.2).

Two methods of filtration were used in this experiment. The first way is a vacuum
filter, syringe, and centrifuge. In contrast, the second way is a chromatography column
filter. Column chromatography is simple and the most popular separation and
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purification technique. Column chromatography was made up of a stationary solid
phase like silica gel that adsorbs and separates the C-dots passing through it with the
help of a liquid mobile phase like ethyl acetate [30]. The Ethyl acetate plays an
important role in the separation of C-dots [30]. It is used to separate C-dots, then each
of these beakers was analyzed by UV, and PL spectroscopies. On the contrary, the
regular filtration method like the vacuum with an air intake engine. Orange juice was
vacuumed by this filter twice then we used a syringe filter and then we separated 20ml
of this pure orange juice for adding thiourea. After burning the solution and stirring it
we used a vacuum filter twice and a syringe filter again then we used a centrifuge for
15 minutes at 4000 rpm. In addition, a syringe filter was used after centrifuging, too.
Therefore, we could obtain greater results with a regular filter. These results are for
10ul of each sample. In addition, the sample with 2 g thiourea with orange juice is
filtered by these methods and analyzed by XRD (Figure 4.17). Figure 4.2 shows the
role and importance of the filtration method in the experiment.

2.2.2 The synthesizing method

First, Fresh orange juices were filtered by a vacuum filter once. (In some experiments
they were filtered by vacuum twice). Afterward, syringe filters were used for filtering.
For sample preparations, 20 ml of pure orange juices was enough for our study.
Moreover, certain amounts of thiourea (0.05 g until 2 g) were added to the sample.
Then the sample was stirred at 600 rpm for 15 min. The solution was placed in the
ultrasonic cleaner for 480 secs. Then it was placed in the microwave oven at 800 W.
Next, it was placed to cool down for 8 mins. After cooling down, 50ml distilled water
was added to the sample. Then the samples were stirred at 600 rpm for 15 minutes,
2:14 h. Next, the mixture was placed in the ultrasonic cleaner two times (480 secs).
Afterward, the solution was filtered by a vacuum filter for varying times as well as
filtered with syringe filters for a second time. After that, in some experiments, this
solution was centrifuged for 15 minutes at 4000 rpm and they were filtered by syringe
filters. Moreover, for noticing the actions and performances of some solvents (polar
protic, polar aprotic, and non-polar) with certain samples, we measure the
phentolamines spectroscopy in certain excitations wavelength. In addition, for samples
with 2 g thiourea, after doing the vacuum filter once, the chromatography method was
applied. Then the as-prepared solution is ready for measurements by UV Spectroscopy

and PL Spectroscopy.
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In the second experiment, we used citric acid, and thiourea.

In 1000 ml orange juice is 16 g citric acid, so in 20 ml orange juice has 0.32 g citric
acid. Therefore, we stirred 0.32 g citric acid with 20 ml distilled water for 5 minutes,
then used 0. 3, 1.5, and 2 g thiourea again. The procedure was similar to the previous

experiments.

2.2.3 Characterization

UV-Vis-NIR Spectroscopy is one of the methods that we used for the characterization
of our samples. This device has two cuvette holders that are for reference and sample.
After opening the program, we pressed connect to make the connection between the
device and the computer. In the method section, we set the wavelength to 200-600nm
wavelength and we set the absorbance tab for measuring then we pressed baseline and

auto zero. After this procedure, we placed references and samples in the holders.

PL Spectroscopy: We measured the PL of samples in different emission wavelengths
and excitations. For PL measurements, 0.15 abs at 380 nm wavelength are chosen due
to two reasons. The first reason is that in different numbers of excitations, the
absorbance amount should be equal and the second reason is self-absorption. Self-
absorption refers to the ratio of fluorescence signals measured by the incident and
emitted ion chambers. This ratio is accurate only when the samples are very thin or
much diluted [31]. To achieve this, we used the UV-Vis spectrophotometer. We used
the option of Go To WL and type our considered wavelength (in our case, it was
380nm). After that, we placed the reference sample and sample into the two cuvettes.
If its absorbance was higher than 0.15 a.u. we diluted more with the reference sample
and if conversely, matter happened we added more of the sample to the cuvette.
Therefore, the PL sample was prepared to measure in eight excitation wavelengths. In
addition, we prepared our solvents and samples by adding a little amount of our sample
in the solvents which are in the cuvette and made their absorbance at the same level
then we measured their PL In seven excitation wavelengths. Our device is the Cary
Eclipse fluorescence spectrophotometer (California, USA). In the PL program, the
Scan program is needed. In the data mode, we set eight excitations (from 300 to 450
nm). In the report part, we chose x-y pairs and the actual option. After that, we selected
the auto store tab and changed the autosave to ASCII(CSV). We press autozero after

that and placed the cuvette in the holder and start our PL scan.
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XRD: We prepared two samples for measuring by this device. Our samples were
carbon quantum dots (CQDs) obtained from orange juice with 2 g thiourea that was
filtered by vacuum, syringe, and centrifuge together (regular filter procedure) and the
chromatography column. We dropped a little of them on the 1 cm x 1 cm lame for

drying and we continue this way until achieving a thick sample on the lame.

They measured at 15-60 °C (20). Figure 4.17 and shows the XRD images of the sample
that was filtered by chromatography column and RFP (regular filter procedure)

respectively.

TEM: We prepared three samples for measuring by this device. Our samples were
carbon quantum dots obtained from orange juice with 2, 1.5, and 0.3 g thiourea since
according to their PL graph (Figure 4.18) they have different intensities in the 325 nm

and 350nm excitation.

FTIR: We used this device for our six samples: three samples from orange juice with
2, 1.5, and 0.3 g thiourea and three samples from citric acid with the same amount of
thiourea (Figure 4.19).
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3. ENERGY

A band gap is the distance between the valence band of electrons and the conduction
band. The band gap illustrates the minimum energy that is required to excite an
electron up to a state in the conduction band where it can participate in conduction.
The lower energy level is the valence band, and thus if a gap exists between this level
and the higher energy conduction band, energy must be input for electrons to become
free [32]. The energy of a photon is related to its frequency/wavelength is the formula
of energy of the photon where h is Planck’s constant and c is the speed of light, v is the

frequency.

E = 7 = hv (31)

The amount of hc is constant (hc=1240 eV. nm)

Table 3.1 : Energy amounts of three samples of orange juice with different amounts
of thiourea at different excitation wavelengths.

Excitation Energy (eV)
wavelength (nm) Amount of thiourea

0.3¢g 159 24
300 3.37 3.20 331
325 3.03 3.02 3.06
350 2.88 2.93 2.99
375 2.68 2.76 2.79
380 2.68 2.76 2.79
400 2.62 2.64 2.66
425 2.50 2.52 2.53
450 2.36 2.47 2.46
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4. RESULT AND DISCUSSION

4.1 The Effect of Filtration and Doping Agent (thiourea)

In order to examine the effect of filtration (pulp-free) and doping of thiourea,
absorption and PL spectra of pure orange juice (PO) and CQDs obtained from N- and

S- doped orange juice (N, S-CQDs) were examined (Figure 4.1).

The absorbance spectrum shows that the absorption of the sample with filter and
without thiourea is better than the pure sample without both of them, but the best result
is for the sample with both filtration (pulp-free) and thiourea (0.1 g). In contrast,
comparing the red and black lines and the blue lines in the PL plot, it is seen that doping
has a significant effect. This shows us that with doping of surface passivation, a
significant result can be achieved in PL emission intensity. Therefore, filtering has

been found to be important.
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Figure 4.1 : Comparison of absorbance and PL spectra of PO and N, S-CQDs
according to filtration procedure and effect of thiourea.

After realizing that filtration is crucial, the effect of different filtration methods was
investigated further (Figure 4.2). In the PL spectroscopy graph, the regular filtration
procedure (RFP) has a huge peak rather than other samples. When the PL emission
spectra of the carbon dots obtained using the column chromatography filtering (CCF)
method are examined, the fact that the maximum PL emission intensity at 454 nm is
very low compared to RFP shows that the CCF method is not very suitable for filtering

carbon dots.
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Figure 4.2 : Comparison of absorbance and PL spectra of the column
chromatography samples (ten were taken sequentially) and RFP (vacuum, syringe,
and centrifuge) sample obtained from N, S-CQDs doping with 2 g thiourea.

4.2 Ultraviolent Visible Near Infrared (UV-Vis-NIR) Spectroscopy

UV-Vis spectroscopy absorption of CQDs explores the optical characteristics of N, S-
CQDs. In order to understand the role of thiourea, the UV-Vis absorption spectra of
CQDs prepared by using different amounts of thiourea (0.05-2 g) with orange juice
were investigated. (Figure 4.3). Absorbance intensities vary with increasing amounts

of thiourea. However, it is increasing in general, except for some deviations.
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Figure 4.3 : Comparison of the UV-Vis spectra of CQDs obtained from different
amounts of thiourea.

The peak less than 300 nm is assigned to the 1 — m* transition of aromatic sp? domains
of the conjugated C=C bands from a carbon core. Moreover, the UV absorption peak
at wavelengths over 300 nm is attributed to the presence of n — m* transition from
C=0 bands or other functional groups like NH2 and SOzH [12]. According to Figure
4.4, CQD samples containing 0.05, 0.1, 0.3, and 0.5 g of thiourea have two absorption

shoulders below 300 nm, which can be assigned to the n—m* transition. On the other
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hand, in the CQD sample containing 2 g of thiourea, in addition to the =—m* transition,

there is another peak at 301 nm, which can be attributed to the n—7* transition.

E - 2gr thiourea
[1+] 3
- m 2.0
=z T 1.5
= E
o al
= c 10,
% :
§ 205
Z2dnm 285 nm 0.0
200 250 200 350 200 250 200 350
Wav elength {nm) Wavelength (nm)

Figure 4.4 : n—n*and n—z* transition of UV absorption.
4.3 Photoluminescence (PL) Spectra

In the context of spectroscopy, the emission spectra refers to the output of a
fluorophore at a specific wavelength, commonly referred to as the emission maximum
[33, 34]. Conversely, the excitation maximum is the wavelength that excites the

fluorophore [34].

Figure 4.5 depicts the photoluminescence spectroscopy of CQDs extracted from
orange juice with varying concentrations of thiourea. The analysis shows an increase
in photoluminescence intensity with an increase in the concentration of thiourea, as
evidenced by the graph. The maximum fluorescence intensity is observed at 0.9 g

thiourea.

In accordance with Figure 4.6, three samples of carbon quantum dots (CQDs) obtained
from orange juice with varying amounts of thiourea (0.3, 1.5, and 2 g) were selected
due to their distinct photoluminescence (PL) intensities at excitation wavelengths of
325 nm and 350 nm. The emission peak intensities were attributed to the n—n*
transition of the C=0 on the CDs. Also, the effect of thioura is obvious in the Figure
4.6 (d). Furthermore, Figure 4.7 displays the normalized PL intensity of CQDs
obtained from orange juice and citric acid, using the same amounts of thiourea. These
emission peaks, specifically the maximum peak, exhibited a slight shift towards longer

wavelengths. Hence, Figure 4.7 demonstrates that the N, S-CDs are excitation-
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dependent. As the excitation wavelength increased gradually from 300 to 450 nm, the
maximum PL peak of the N, S-CQDs shifted from 367 to 527 nm (Figure 4.7(a)).

180
160 4
1404
120 4
100

PL Intensity (au.)

400 450 500 S50 600 650
Wavelength (nm}

Figure 4.5 : PL spectroscopy of orange juice samples with different amounts of
thiourea at 380 nm excitation.

In Figures 4.7 (b) and (c), the maximum PL peaks shifted from 388 to 502 nm and 377
to 502 nm, respectively, resulting in red shift. Similarly, Figures 4.7 (d) and (e) depict
the normalized PL intensity of CQDs obtained from citric acids. At excitation
wavelengths of 325 nm and 350 nm, the peaks were blue-shifted, while other
excitations resulted in red-shifts in Figure 4.7 (d). Conversely, in Figure 4.7 (e), the
peaks were blue-shifted at excitation wavelengths of 300 nm and 325 nm, while other
excitations resulted in red-shifts. Additionally, Figure 4.7 (f) exhibited a red-shift.
Tables 4.1 and 4.2 provide further information on these graphs.
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Figure 4.6 : PL spectroscopy of orange juice samples with (a) 0.3 g, (b) 1.5 g, and
(c) 2 g thiourea (d) three certain amount of thiourea at 325 nm excitation.
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Figure 4.7 : Normalized PL intensity of orange juice samples with (a) 0.3 g, (b) 1.5

g, and (c) 2 g thiourea and citric acid samples with (d) 0.3 g. (e) 1.5 g, and (f) 2 g.

Table 4.2 indicates that the emission peak for the sample containing 0.3 g of thiourea

under 325 nm excitation occurs at 441.95 nm, while for the sample containing 1.5 g of

thiourea, it occurs at 418.92 nm, indicating a blue shift. Furthermore, Figure 4.8

reveals that increasing the amount of thiourea in the sample of citric acid results in a

decrease in the PL intensity. The emission maximum for a fluorophore is always at a
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longer wavelength, which corresponds to lower energy than the excitation maximum,
and the difference between these two maxima is known as the Stokes shift [34] (Figure.
4.9). For example, the Stokes shift in the CDs obtained from orange juice containing
0.3 g of thiourea under 325 nm excitation is 85.29 nm (Figure. 4.9 (a)). Additionally,
the Stokes shift is equal to the difference between the peak emission wavelength and
the peak excitation wavelength [35] (Tables 4.1, 4.2, 4.3, and Figure. 4.10).

FL Intensity (a.u.)
n
)

350 400 450 00 550 800
Wavwelength (nm}

Figure 4.8 : PL spectra of CQDs obtained from citric acid with three certain
amounts of thiourea at 325 nm excitation.

The Full Width at Half Maximum (FWHM) is a parameter commonly used to describe
the width of a peak in a function or curve [36]. A larger FWHM value indicates a wider
beam spread, which leads to more light diffusion [36]. Hence, lower FWHM values
are preferred (Tables 4.2 and 4.3). Among the three orange juice samples, the FWHM
value at 450 nm excitation wavelength is better. Generally, a large FWHMas, a small
FWHMem, and a large Stokes shift are advantageous for many bio-imaging
applications since they allow for high-resolution and high-contrast bio-images [35].
As demonstrated in Figure 4.10 (a), the Stokes shift gradually decreases upon the
addition of thiourea in the CDs samples from orange juice, whereas this is not the case
for the CDs samples from citric acid. Furthermore, Figure 4.10 (b) illustrates the
dependence of the FWHM value on the amount of thiourea in the CDs samples from
orange juice; the FWHM value decreases as the amount of thiourea increases, and the

FWHM values are narrower and lower than those of the CDs samples from citric acid.

In addition, the energy dependency can be deduced from Tables 3.1, 4.3, and 4.6,
which indicate that as the exciting wavelength increases, the bandgap energies
decrease for different amounts of thiourea. The excitation dependency is due to the

presence of different functional groups with various band gap energy levels [35].
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Figure 4.9 : Excitation and emission graphs of CQDs obtained from orange juice
with (a), (b) 0.3 g thiourea at 325 nm and 350 nm, (c), (d) 1.5 g thiourea at 325nm
and 350 nm, and (e),(f) 2 g thiourea at 325 nm and 350 nm excitation.

Table 4.1 : Stoke shift of CQDs obtained from orange juice with certain amounts of
thiourea at different excitations.

CQDs obtained from orange juice

Amount of thiourea (g)

at 325 nm at 350 nm
0.3 85.29 84.85
15 64.74 80.71
2 69.17 80.03

According to Figure 4.11, excitation-dependent emission properties of the six CDs
species as obvious in the figure and by comparing the PL positions (symbols e) of
CQDs obtained from orange juice and citric acid. The excitation wavelengths ranging
is from 300 nm to 450 nm. The emission peak position of all samples shifts to longer

wavelengths resulting in an emission redshift.
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Figure 4.10 : (a) A linear correlation between the stokes shift and amounts of
thiourea. (b) A linear correlation between the FWHM and amounts of thiourea.
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Figure 4.11 : PL peak position (@) as a function of the excitation wavelength for
orange juice (a) 0.3 g, (c) 1.5 g. and (e) 2 g and citric acid (b) 0.3 g, (d) 1.5 g, and (f)
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Table 4.2 : Optical properties CQDs obtained from orange juice with different
amounts of thiourea.

Amount of UV-vis PL
thiourea (g)  Aans FWHM Xem Nex Stokes shift ~ FWHM
(nm) (nm) (nm) (nm) (nm) (nm)
240 86.6459 367.83 300 67.83 128.22
261 65.36 411.95 325 86.95 105.09
428.29 350 78.29 111.94
460 375 85 108.97
03 460 380 80 109.71
468.92 400 68.92 116.09
494 425 69 115.01
526.90 450 76.9 109.13
258 54.80172 390 300 86.92 117.18
301 17.81749 410 325 85 96.74
421 350 73 99.77
448.02 375 76 93.76
15 448.02 380 71 98.73
468 400 68.92 102.40
490 425 63.92 97.7
502.98 450 52.98 86.15
257 50.14925  375.59 300 75.59 103.15
300 13.65854  405.07 325 80.07 90.2
416.96 350 66.96 93.97
445 375 70 94.07
? 445 380 65 96.05
465 400 65 94.22
491 425 66 97.9
503.88 450 53.88 88.42
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Table 4.3 : Optical properties of CQDs obtained from citric acid with different
amounts of thiourea.

Amount of PL
thiourea with 0.32 Energy
g citric acid Aem Dex Stokes shift FWHM (eV)
9 (hm) (nm) (nm) (nm)
454 300 154 130.89 2.73
441.95 325 116.95 101.4 2.8
446.95 350 96.95 95.18 2.77
458.95 375 83.95 98.82 2.7
o3 460 380 80 101.81 2.69
483.92 400 83.92 123.75 2.56
518.95 425 93.95 106.84 2.38
531.94 450 81.94 104.67 2.33
421 300 121 115.38 2.94
418.92 325 93.92 106 2.95
436.95 350 86.95 99.76 2.83
461 375 86 101.77 2.68
" 461 380 81 102.06 2.68
478 400 78 115.27 2.59
501 425 76 117.07 2.47
528.88 450 78.88 100.98 2.34
418 300 121.95 115.93 2.93
421.95 325 96.95 106.17 2.93
438 350 88 100.87 2.83
460 375 85 103.96 2.86
’ 460 380 80 108.06 2.86
477 400 77 114.55 2.59
508.95 425 83.95 114.23 2.43
528.96 450 78.96 97.53 2.34

26



4.4 Quantum Yield (QY)

The efficiency of photon emission, as defined by the ratio of the number of photons
emitted to the number of photons absorbed, is referred to as the quantum yield (QY)
[23]. In order to measure the photoluminescence (PL) brightness, QY is determined.
Quinine sulfate (C40Hs0N40gS) is commonly used as a fluorescence standard due to its
PL excitation and emission wavelength similar to carbon dots (CDs). Among various
parameters affecting QY, particle size is regarded as one of the most crucial factors
[23]. In particular, an increase in particle size is generally found to reduce the QY
efficiency. Moreover, doping with nitrogen (N) and sulfur (S) atoms can enhance QY
by improving the emission through a fluorescence-enhancing effect [37].

In this study, we observed that the particle size of CQDs synthesized using the
microwave-assisted method was generally large, leading to decreased QY values.
Furthermore, we found that the addition of thiourea as a doping agent to the carbon
source could reduce the particle size and increase the QY. To determine QY,
absorbance and PL intensity were measured and plotted against quinine sulfate
(QY=0.54) as a reference in 0.1 M H>SOs4. The equation used to calculate QY is
provided below (Eqg. 4.1). Finally, the results presented in Figure 4.18 demonstrate a
significant increase in QY with the addition of thiourea as a doping agent. The
subscripts “s” and “r” are for carbon dots and quinine sulfate as a reference,
respectively.

QY, = QY Exirx (2—)2 4.1)

“I” corresponds to the integrated PL intensity, “A” corresponds to the absorbance

[199e2]

measured at the excited wavelength, and “n” refers to the solvent refractive index
(1.33).

In this study, stock solutions were prepared with 103 M of quinine sulfate dissolved in
0.1 M H2SOa. In order to prevent errors resulting from self-absorption, a series of
standard solutions were prepared at concentrations lower than 10 M by diluting the
reference stock solution to have an absorbance of 0.1 and less than 0.1. In addition, a
series of samples of CDs that are orange juice with different amounts of thiourea (0.3,
1.5, and 2 g) were prepared where their absorbances were lower than 0.1 at 325 nm.

Then measured their PL intensities with an excitation of 325 nm were integrated. QY
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of the orange juice samples with 0.3, 1.5 and 2 g thiourea were 2.4 %, 5.9 %, and 7.1

%, respectively (Figure 4.12).
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Figure 4.12 : The integrated PL emission intensity of the orange juice samples with
(@) 0.3 g, (b) 1.59, and (c) 2 g thiourea and (d) quinine sulfate as a reference.

Table 4.4 : Comparison of QY values of CQDs obtained by using citric acid-
containing fruits with different parameters (synthesis method, time, power used and

temperature).
Precursor 2?(?;(1 Method 2;11:1116) Terril(;vgre;tilre ?‘V:; Ref.
Strawberry J N HT 720 180 °C 6.3 [38]
Lemon J - HT 720 150 °C 21.37 [39]
Lemon J - MW 5 800 W 0.74 [40]
Grapefruit J N, S HT 360 180 °C 84.93 [41]
Orange J - HT 150 120 °C 26 [42]
Orange J N, S MW 15 800 W 7.1  in this study
Tomato - HT 360 180 °C 9.7 [43]
Pomelo N, S HT 300 180 -C 17.31 [44]
Pineapple - HT 360 200 -C 10.65 [45]

HT: Hydrothermal

, MW: Microwave, Juice: J
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Table 4.4 presents the quantum yield (QY) data of citric acid-containing fruits utilized
in prior studies to synthesize carbon quantum dots (CQDs). This table compares the
QY values obtained from diverse synthesis methods and factors such as time, power,
or temperature. The highest QY value of 84.93% was attained from grapefruit juice
via hydrothermal synthesis with nitrogen (N) and sulfur (S) doping. In contrast, the
lowest QY value of 0.74% was achieved through the microwave-assisted method
without surface passivation. Despite the frequent use of the hydrothermal method for
CQD synthesis in the literature, there are limited studies on microwave-assisted
synthesis methods. Therefore, in this thesis, the microwave-assisted method was
preferred since it allows for homogeneous heat distribution and very short time CQD
synthesis (at 800 W, 15 min). Remarkably, the QY value of CQDs synthesized from
orange juice by doping with N and S is more promising than those attained from
hydrothermal techniques for a longer duration, such as strawberry juice [38], tomato
[43], and pineapple [45]. Hence, microwave-assisted techniques can save time and

offer homogeneous heating, making them a viable alternative to traditional methods.

4.5 3D Graphs of Emission and Excitation

Interestingly, it is quite clear from the 3D contour map that the effects of thiourea
doping in orange juice and citric acid on the PL emission intensities are opposite to
each other (Figure 4.13). According to Ludmerckzi et al. [46], the oblique lines also
observed in the 3D contour map graphs are due to particle scattering effects. The effect
of the excitation wavelength and thiourea amounts (0.3, 1.5, and 2 g) on the PL
emission intensity from Figures. 4.13 (a) to (c) increases with a maximum at 400 nm
in the red region, when excited at 330 nm. The PL emission of these samples (orange
juice with different amounts of thiourea) is dependent on the excitation wavelength.
From Figures. 4.13 (d) to (f), the maximum emission wavelength shifts dramatically
from 450 to 430 nm. In addition, the 3D contour map graph in Figure 4.13 (d) indicates
the presence of three components. In the first one, emission increases with a maximum
of 450 nm in the red region when excited at 350 nm. Moreover, the second one is in
the blue region, the PL emission of which peaks at around 480 nm with an excitation
of 270 nm, and the third one PL emission wavelength shifts to 520 nm with an
excitation of 430 nm. The PL emission of these samples (citric acid with different

amounts of thiourea) is also dependent on the excitation wavelength. According to
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Figure 4.13 (f), surprisingly, the PL emission intensity is completely quenched
probably due to the formation of hydrogen bonds with water on the surface (Figure

4.8).
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Figure 4.13 : 3D excitation-emission-intensity spectra of orange juice with (a) 0.3 g,
(b) 1.5 g, and (c) 2 g thiourea and citric acid with (d) 0.3 g, (¢) 1.5g,and (f) 2 g
thiourea.

4.6 Solvent Effect

The solubility of carbon-based nanomaterials like carbon nanotubes, fullerenes, and
graphene in water is weak. In addition, they have a strong shortcoming of fluorescence

in the visible area. However; CQDs can take part in the chemiluminescence reaction
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as oxidants, emitting species, and energy acceptors of chemical reactions. CQDs are
also comfortably dispersed in protic and aprotic solvents owing to carboxyl, hydroxyl,
and carbonyl groups [47].

In this study, CQDs obtained from orange juice doped with thiourea using microwave-
assisted synthesis dispersed easily in protic (ethanol, methanol) and aprotic
(acetonitrile, and acetone) solvents, but they cannot disperse in the non-polar solvents
like chloroform and n-hexane. The interaction between carbon dots and solvents has a
vital role in the wavelength of photoluminescence emissions. The effect of the solvent
on fluorescence depends on both its polarity and the nature of the carbon dots.
Although the absorption of CQDs is independent of the nature of the solvent, their PL
spectra are significantly dependent on it since there are functional groups on the carbon
dots’ surface that are available to solvent molecules. Therefore, strong interactions of
carbon dots with solvent molecules can have a significant effect on fluorescence.
However, fluorescence properties are complicated owing to dependence on excitation
wavelength and solvent nature. Different parameters such as hydrogen bonding ability
and polarization of dipole moment are considered in the determination of solvent-

solute interaction and solvent environments.

Identifying the dipole moment of electron balances is important because it can
illustrate how electron distribution alters under excitation [47]. Through the process of
absorption, the energy fluorophore undergoes excitation to attain a higher energy state,
thereby entering a state of greater energy. There will be an alteration in the dipole
moment. Moreover, solvent relaxation occurs when the dipole moment of the
surrounding solvent reduces the energy of the excited state of the fluorophore,
affecting molecules, causing a red shift in the wavelength. Furthermore, when the
polarity of the solvent is increased, the energy level of the excited state is decreased.
In non-polar solvents, the excited state of the fluorophore is unstable, thus producing
a correspondingly larger energy gap between the ground and excited states [48].
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Table 4.5 : The value of FWHM of CQDs obtained from orange juice and three certain amounts of thiourea, which dissolved in different polarity

solvents.
Excitation wavelength (nm)
Amount of Relative Dipole moment
thiourea (g) i o P50 375 400 425 450 Polarity [49,50] (50,51]
FWHM
0.3 128.22 105.09 105.51 111.32 109.63 111..95 109.12
W 1.5 117.18 96.74 99.77 93.76 94.87 97.7 83.83 1 1.84D
2 103.16 90.02 93.97 91 94.22 93.78 88.42
0.3 149.26 95.03 98.3 104.81 107.41525 108.26 96.64
M 1.5 117.18 90 93.11 90.19 99.13 104.26 92.79 0.762 2.8D
2 112.68 90 90.86 92.43 100.32 106 98.31
0.3 123.41 87.41 91.18 102.69 110.27 114.43 97.51
E 1.5 103.05 85.2 89 99.23 112.71 105.1 91.62 0.654 237D
2 118.8 89.85 92.39 103.03 112.67 104.97 97.77
AN 0.3 130.9 86.45 93.72 109.91 112 112.78 108.52
1.5 101.75 82.62 84.66 98.68 110.9 104.22 94.06 0.46 344D
2 118.79 84.66 93.17 104.61 116.02 105.052 95.67
0.3 210.63 94.76 97.86 104.43 102.17 107.54 100.81
A 1.5 196.21 88.47 95.62 92.96 108.17 105.84 96.73 0.355 2.69 D
2 206.99 94.76 100.81 94.99 113.12 103.03 91.86
0.3 90.16 79.16 92.91 98.81 100.943 99.05 97.51
C 1.5 108.83 95.03 102.82 100.88 97.91 100.54 75.81 0.259 1.15D
2 148.53 133.38 113.65 103.05 101.63 101.61 96.26
0.3 231.34 94.76 231.34 94.76 100.81 107.54 103.24
NH 1.5 57.98 53.34 57.98 53.34 76.37 64.53 41.09 0.009 0.08D
2 55.76 42.78 55.76 42.78 43.95 64.13 98.98

Water, M: Methanol, E: Ethanol, AN: Acetonitrile, A: Acetone, C: Chloroform, and NH: N-hexane.
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Table 4.6 : The energy of CQDs that was dissolved in three different kinds of

solvents.
Amount of Excitation wavelength (nm)
Solvents thiourea (g) 300 325 350 375 400 425 450
Energy (eV)

0.3 3.13 3.15 3 283 266 253 244

C 1.5 3.02 302 298 276 266 251 250
2 2.53 269 263 266 258 248 242

0.3 3.28 305 298 270 265 254 239

A 1.5 3.04 301 29 279 260 248 240
2 3.03 3.09 297 281 278 245 241

0.3 3.43 298 293 279 262 248 238

M 1.5 3.14 3.06 296 269 280 247 241
2 3.26 3.10 3 279 267 248 240

From Table 3.1, it can be deduced that as the exciting wavelength increases, bandgap
energies decrease for different amounts of thiourea due to the redshift of the emission

wavelength according to the results of Table 4.2.

CQDs prepared using different thiourea amounts were examined in different solvents
(acetone, chloroform, and methanol) (Table 4.6). Obviously, as the exciting
wavelength increases, bandgap energies decrease for different amounts of thiourea,
which had different solvents because it is noticeable that the results in red-shift actions.
Also, this reduction in energy gaps of carbon dots with increasing the solvent polarity
(Tables 4.5 and 4.6) is assignable to the positive fluorescence solvatochromism [51]
(solvatochromism could be a reversible alter of the absorption or outflow range of a
fabric that's actuated by the activity of solvents [51]), which is related to the carbon
dots from aromatic compounds shifted to the longer wavelengths as the solvent
polarity increases (Figure 4.15, Table 4.7) [51]. According to the Figure 4.14, we
selected solvents such as methanol (M), ethanol (E), acetonitrile (AN), and chloroform
(C) to admit that stokes shift and emission energy are linearly dependent on empirical

polarity parameter E1 (30) [52].

From Table 4.5, it is obvious that full width at half-maximum (FWHM) values change
for each solvent which shows that these values are solvent-dependent. In addition,
when these values are compared in their group, we notice that they have undercharged
thiourea amounts. The maximum values of FWHM of three samples of water are at
the 300 nm excitation and the minimum values are at the 450 nm excitation. Some of
the other solvents have maximum values of FWHM on the 300 nm excitation. The

results of chloroform show that the samples with 1.5 and 2 g thiourea have maximum
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FWHM values on 300 nm excitation and minimum values on 450 nm excitation. In
contrast, the results of the n-hexane solvent are not similar to others. In ethanol and
methanol solvents with 0.3 and 2 g thiourea, the minimum values of FWHM are on
325 nm excitation. Figure 4.15 (b) shows the PL emission of CQDs doped with the
thiourea in different solvents at 325 nm excitation, PL intensities decrease from water

to n-hexane.
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Figure 4.14 : (a) A linear correlation between the Stokes shift and empirical polarity
parameter. (b) A linear correlation between the emission energy and polarity
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Figure 4.15 : The effect of different solvents environment on CQDs doped with
thiourea 0.3 g (a), (b) and 1.5 g (¢), (d) at 325 nm excitation.
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According to Table 4.7, by increasing the polarity (n-hexane to water) the emission
peak shifts to a longer wavelength [53]. However, according to Figure 4.16. the PL
emission intensity decreases with increasing solvent polarity when the excitation
wavelength is greater than 325 nm. In contrast, PL emission intensity increased with
the active role of functional groups in the core of CDs at excitation wavelengths lower
than 325 nm excitation apart from acetone, (Lex is >350 nm), and chloroform (Aex is >
425 nm).

Table 4.7 : Emission peaks of CQDs obtained from orange juice with different
amounts of thiourea (excitation 325 nm) which were dissolved in the different
solvents with different polarities.

Xem (NM)
Solvents Thiourea (g)
0.3 1.5 2

N-hexane 405.71 359.67 364.33
Chloroform 393.03 399.2 462.11
Acetone 406 399.2 405.52
Acetonitrile 411.06 400.17 406.29
Ethanol 411.06 401.04 408.80
Methanol 408 407.94 402.80
Water 415 411.22 402.80
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Figure 4.16 : The PL intensity of orange juice samples with 2 g thiourea were
dissolved in (a) water, (b) methanol, (c) ethanol, (d) acetonitrile, (e) acetone, (f)
chloroform, and (g) n-hexane.
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4.7 X-Ray Diffraction (XRD)

The interaction of the incident X-rays with the sample produces constructive

interference and a diffracted X-ray when conditions satisfy Bragg’s law:
nA = 2dsin® (4.2)

where n is an integer, A is the wavelength of the X-rays beam, 0 is the diffraction angle,
and d is the distance between the atomic layers in a crystal [54]. Figure 4.17 shows
the XRD patterns of CQDs gained from orange juice with 2 g thiourea that was filtered
by different methods. The black line was obtained using a chromatographic column
filter, and the red line was obtained using an RFP method. Their peaks are at 23.89°
and 28.30°, respectively, of which both are corresponding to (002) hkl plane [53], and
the d value of both of them is 0.36 nm and 0.32 nm respectively. 0.36 nm is larger than
the graphitic interlayer spacing (0.34 nm), providing that the nature of CQDs has a
weak crystalline structure [6,54]. Therefore, the results obtained by the RFP method
according to the lattice parameters are more reasonable.

(002} —— chromatography filier
@x=2332

ntensity (au.)

2% (degres

Figure 4.17 : XRD patterns of CQD using chromatography filter and RFP with 2 g
thiourea.

4.8 Transmission Electron Microscopy (TEM)

By imaging with TEM, a beam of high-energy electrons is passed through a carbon
dots sample, a part of the beam is transmitted and this part when projected on a
fluorescent screen. As a result, TEM images are gained (Figure 4.18). Using Image J
software, CQD particle size analysis was performed and distribution histograms were

drawn.
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Figure 4.18 : TEM images (a, c, e) and their corresponding histograms of orange
juice samples with thiourea 2 g (b), 1.5 g (d), 0.3 g (f).

It is impossible to observe the additional features like‘d” spacing or fringe formations
or defects in the structure of CQDs with images obtained by TEM analysis probably
due to resolution and image phase contrast. According to Figure 4.18, by increasing
the amount of thiourea the size of particles becomes smaller. Therefore, it can be said
that the QY increases as the particle size decreases. The average diameter of the CQDs
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in samples with 2 g and 1.5 g thiourea is approximately the same, around 30-50 nm,
whereas, for the sample with 0.3 g thiourea, it is approximately 45 nm.

4.9 Fourier Transformation Infrared Spectroscopy (FTIR)

FTIR is employed for the identification of components and functional groups present
on the surface of CQDs. It has been confirmed from the FTIR spectra that the CQDs
have functional groups on their surface, which ensures their solubility in various
solvents (Tables 4.5 and 4.8).

Table 4.8 : Identification of different species and their band adsorption observed
from the FTIR spectrum [55-60].

Wavenumber (cm?) Assignment”
3400-3200 vs (O-H)
3400-3200 vas (N-H)
2200-2000 v (C=N)
1680-1620 v (C=C)
1700-1600 v (C=0)
1200-1100 v (C-S)

1200-1100 vas (C-O-C)
900-669 aromatic out of plane @ (C-H)

*v = stretching, B = bending, s = symmetric, and as = asymmetric.

FTIR spectrum of two samples (orange juice or citric acid) with different amounts of
thiourea (0.3, 1.5, and 2 g) was shown in Figure 4.19 and 4.20 (a) and (b). In the FTIR
spectrum, there are hydrophilic groups such as symmetrical and asymmetrical
stretching of O-H and N-H peaks at 3200-3400 cm™ [55, 56]. In addition, the peaks at
around 2070-2154 cm, correspond to the stretching of C=N [57]. Meanwhile, the
peaks at 1633-1640 cm™ are attributed to the stretching vibration of the C=C and C=0
groups [56, 58].
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Figure 4.19 : FTIR spectrum of N, S doped carbon dots derived from orange juice
with (a) 0.3 g, (c) 1.5 g, and (e) 2 g thiourea and from citric acid with (b) 0.3 g, (d)
1.5 g, and (f) 2 g thiourea.

The effect of the amount of thiourea doping is visible in the FTIR spectra. In Figure
4.19 (b), 4.20 (b) and (c), it is observed that a small peak starts the band at 1100-1200
cmt, where the C-S bond and asymmetric stretch C-O-C groups are present [55, 59].
Interestingly, this peak becomes more pronounced with an increase in the amount of
thiourea. On the other hand, the bands belonging to these stretching vibrations are not
observed in Figure 4.19 (a), 4.20 (a), and (c) yet, but with the increase in the amount
of thiourea, these stretching vibrations begin to occur clearly in Figure 4.19 (c) and
4.20 (a). With the formation of these stretching vibrations, the decrease in the aromatic
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out-of-plane C-H bending vibrations in the 669-900 cm™ spectral region [60] proves

the incorporation of sulfur into the structure of the CQDs.
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Figure 4.20 : FTIR spectrum of CQDs obtained from (a) orange juice and (b) citric
acid with certain amounts (gram) of thiourea (c) orange juice and citric acid with

0.3 g thiourea.
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5. CONCLUSION

This study reports on the synthesis and characterization of carbon dots that were
synthesized successfully from orange juice with different amounts of thiourea through
a microwave heating approach, which can be avoiding wasting time, and the heating
of microwave techniques is homogenous. In addition, this method is a green, cheap,
and simple approach.

We investigated the optical, structural, and in situ properties of the CQDs. After,
detecting the effect of N, S- doping on the optical properties of CQDs, we selected
three samples of c-dots with (0.3, 1.5, and 2 g) thiourea due to their PL spectra
graphics. The spherical shape of the carbon core structure CQDs obtained from orange
juice provided NS/CQDs with remarkable QY. Therefore, we synthesized CQDs by
citric acid and these certain amounts of thiourea for comparison to the acting of the
thiourea. By adding thiourea in the samples with citric acid, PL intensity decreases due
to the formation of hydrogen bonds with water on the surface.

Also, the size distributions and average diameters of CQDs achieved from orange juice

were obtained by TEM analyses.

Carbon dots fabricated in this study exhibited strong excitation-depend and solvent-
depend properties. As the excitation wavelength changed the emission wavelength
changed. The solvent polarity increased the PL emission wavelength shifted to a longer

wavelength (redshift), which is positive fluorescence solvatochromism.

XRD analyses indicated the amorphous nature of carbon dots. Moreover, FTIR
spectroscopy identified chemical bonds in a molecule and functional groups and
indicated the effect of the amount of thiourea doping. C-S and C-H are chemical groups

that have an effective role in our synthesis system.
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