
Journal Pre-proof

Gamma irradiation of graphene quantum dots with ethylenediamine: Antioxidant for
ion sensing

Svetlana Jovanović, Slađana Dorontić, Dragana Jovanović, Gabriele Ciasca,
Milica Budimir, Aurelio Bonasera, Michelangelo Scopelliti, Olivera Marković, Biljana
Todorović Marković

PII: S0272-8842(20)31792-2

DOI: https://doi.org/10.1016/j.ceramint.2020.06.133

Reference: CERI 25560

To appear in: Ceramics International

Received Date: 10 May 2020

Revised Date: 4 June 2020

Accepted Date: 11 June 2020

Please cite this article as: S. Jovanović, Slađ. Dorontić, D. Jovanović, G. Ciasca, M. Budimir, A.
Bonasera, M. Scopelliti, O. Marković, B. Todorović Marković, Gamma irradiation of graphene quantum
dots with ethylenediamine: Antioxidant for ion sensing, Ceramics International (2020), doi: https://
doi.org/10.1016/j.ceramint.2020.06.133.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.

https://doi.org/10.1016/j.ceramint.2020.06.133
https://doi.org/10.1016/j.ceramint.2020.06.133
https://doi.org/10.1016/j.ceramint.2020.06.133


1 

 

Gamma irradiation of graphene quantum dots with ethylenediamine: antioxidant for ion 

sensing 

Svetlana Jovanovića*, Slađana Dorontića, Dragana Jovanovića, Gabriele Ciascab, Milica Budimira, 

Aurelio Bonaserac, Michelangelo Scopellitic, Olivera Markovićd, Biljana Todorović Markovića 

a“Vin ča“ Institute of Nuclear Sciences - National Institute of the Republic of Serbia, University of 

Belgrade, P. O. Box 522, 11001 Belgrade, Serbia 

bIstituti Biologici–Istituto di Fisica, Università Cattolica del Sacro Cuore, largo Francesco Vito 1, 

00168 Roma, Italy 

cDept. of Physics and Chemistry - Emilio Segrè - University of Palermo and Consorzio 

Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali (INSTM) - Palermo Research 

Unit, viale delle Scienze, bdg. 17, 90128 Palermo, Italy 

dDepartment of Chemistry, IChTM, University of Belgrade, Njegoševa 12, 11000 Belgrade, Serbia 

Abstract 

Due to the low consumption of chemicals, the absence of toxic residual side products, the procedure 

simplicity and time-saving aspects, gamma irradiation offers advantages over the classical chemical 

protocols. We successfully employed gamma irradiation in order to introduce N-atoms in Graphene 

Quantum Dots (GQDs). By irradiating GQDs water dispersions in the presence of isopropyl alcohol 

and ethylenediamine, at doses of 25, 50 and 200 kGy, we attached amino groups onto GQDs in a 

single synthetic step. At the same time, a chemical reduction is achieved, too. Selected conditions 

induced incorporation of N-atoms within GDQs atomic lattice (around 3 at%), at all applied doses. 

Additionally, the C-atoms percentage was highly increased, from 63 to 79 at% or higher. The zeta 
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potential of dots changed from -34.6 to +9.1 mV, due to the modification of functionalizing groups 

localized at the surface. Produced chemical changes lead to the desired alteration of the GQDs 

optical properties, such as an increased photoluminescence intensity, a higher photoluminescence 

quantum yields (from 2.07 to 18.40%) and a narrowing of the spectral features in the emission 

spectra. The ability of gamma-irradiated GQDs to quench free radical species was investigated and 

positively assessed; additionally, non-enzymatic optical detection of Cu(II) ions using GQDs as a 

sensor was studied and the detection limits are herein reported. These results suggest that GQDs can 

be potentially applied as smart photoluminescent sensors for metal cations. 

Keywords: Carbon; Chemical properties; Optical properties; Sensor. 

1. Introduction 

Graphene Quantum Dots (GQDs) are zero-dimensional carbon-based nanomaterial. They were 

discovered in 2008. by Ponomarenko et al. [1] Both graphene sheets and oxygen-containing 

functional groups are typically present in the GQDs structure [1, 2]. Graphene constitutes the core 

component of the dots, while oxygen-containing functional groups are located on the basal plane 

(epoxy or hydroxyl groups) or at the edges (carboxyl or carbonyl groups) [3-5]. Depending on the 

number of graphene layers, dots can be defined as single GQDs-with one graphene layer, double- or 

few-GDQs with more graphene layers [6]. The lateral size of GQDs is usually lower than 100 nm 

and the height is in the range 0.4-3 nm, depending on the graphene layers number [7].  

Oxygen-containing functional groups are responsible for good solubility in polar solvents such 

as water or ethanol [7, 8] in the concentration of 5 mg mL-1 [9] or even higher, > 15 mg mL-1 [10]. 

Properties that distinguish GQDs from other carbon nanomaterials such as carbon nanotubes and 

graphene, are high dispersibility in water and polar organic solvents, photoluminescence [11], good 

biocompatibility [12]. In comparison with conventional inorganic quantum dots, GQDs are less 
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toxic and more resistive to photobleaching under prolonged light irradiation with respect to 

luminescent organic dyes [13]. Moreover, GQDs show intense optical absorption in the UV region, 

with Photoluminescence (PL) usually emitted in the visible part of the spectrum [14].  

Due to these properties, GQDs have been investigated for possible applications in sensing [14-

17]. As fluorescent probes, GQDs were investigated for the detection of metal ions, pesticides or 

other organic species [14]. Scientific research is funneling huge resource to optimize and improve 

sensing methodologies. Environmental chemistry urges new sensitive and low-cost approaches for 

the determination of toxic species or dangerous analytes in different matrices, ranging from soil 

samples, liquid aqueous waste and air samples collected in urban areas [18-20]. Food analysis is 

another field where it is extremely valuable the possibility to assess the presence of toxic molecules, 

or species intimately related to the undergoing spoilage processes [21, 22]. Amines are one of the 

most well-known examples of biomolecules whose presence and concentration is related to the 

quality of food matrices [23]; several colorimetric strategies have been reported and reviewed in the 

literature, based on the evolution of either light absorption [24-26] or emission features [27, 28]. In 

the case of optical sensing, information can be retrieved focusing on GQDs absorbance and 

fluorescent emissions; thus, modification of absorbance intensity, or fluorescence quenching 

efficiency is a well-assessed tool for revealing an analyte, as a result of interaction between GQDs 

probe and investigated species [16]. In contrast to different methods for the detection of metal ions, 

such as atomic absorption, plasma-mass and plasma-atomic emission spectroscopies, the fluorescent 

probes with GQDs have higher sensitivity and selectivity [29]. Other advantages of this approach 

are dispersibility in aqueous solution, low-cost, good reproducibility and biocompatibility [16]. 

The ability of GQDs to detect Fe(III) ions by quenching of photoluminescence has been 

reported by Zhou et al. [30] A polycyclic aromatic hydrocarbon (PAH), such as pyrene, 

benzo[a]pyrene, or naphtho[2,3–1]pyrene) under acidic conditions and hydrothermal reduction with 
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hydrazine hydrate was used for GQD production. Fe(III) ions show selective affinity to quenching 

GQDs photoluminescence, with a detection limit as low as 5 · 10-9 M. Also, the redox couple 

Fe(II)/Fe(III) may be used for the detection of oxidant species such as hydrogen peroxide [30]. 

Pesticides are another example of the environmentally relevant analyte to be assessed, which can 

also be detected by GQDs [31]. Roushani et al. have developed a dual photoluminescent sensor for 

the detection of both Hg(II) ions and Malathion (2-(dimethoxyphosphinothioylthio) butanedioic 

acid diethyl ester), which is widely applied in the agriculture as an insecticide [31]. GQDs were 

synthesized using a bottom-up method, pyrolyzing citric acid at 190 ºC under atmospheric pressure. 

It was observed that the PL of GQDs was quenched by mercury ions and restored by the addition of 

Malathion. These PL intensity variations showed acceptable linearity for both analytes in the 

concentration ranges 1-10 µM and the limit of detection (LOD) for Malathion was 0.5 µM (R2 = 

0.99) [31].  

To explore the potential use of GQDs as sensors in PL-based detection methodologies, it is 

desirable to improve their optical properties such as PL intensity and quantum yield. Among 

different strategies to achieve improved PL features, the heteroatoms incorporation within the GQD 

structure is broadly investigated [32-35]. There are already several reports in the literature where S, 

N, B, P, Se, and other atoms were incorporated within carbon-based quantum dots during GQDs 

synthesis [36-40]. 

Among graphene-based nanomaterials used as a pristine scaffold for the synthesis of GDQs, 

graphene oxide (GO) is one of the most reported. In a recent report, it was irradiated in the presence 

of ethylenediamine (EDA) and the incorporation of N atoms was observed [41]. By irradiating a 

GO water dispersion, in the presence of 3 vol% of EDA with doses of 5.3, 15, 20 and 35.3 kGy, Li 

et al. observed the elimination of the hydroxyl, epoxide and carboxyl groups as well as 

incorporation N-atoms in the GO structure. The highest percentage of N-atoms incorporation was 
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achieved under samples irradiation at a dose of 35 kGy, and it was 10.44 at% [41]. Another study 

showed that GO irradiated at a dose of 25 kGy, in water/ethanol mixture with alkylamine of various 

lengths such as octadecylamine, or dodecylamine, tetradecylamine and hexadecylamine, leads to 

chemical reduction as well as attaching of N-functional groups in the GO structure [42]. 

In this paper, we document the PL intensity increase of GQDs by introducing N-atoms in their 

structure by using a specifically designed protocol based on the gamma irradiation of pristine GDQs 

in the presence of EDA. We applied doses of 25, 50 and 200 kGy on the base of our previously 

reported approach, which proved significant improvement of PL intensity and chemical reduction at 

these doses [11, 13, 43]. To explore the possible applications of new GQDs, we analyzed 

antioxidative properties and variations in emitted PL spectra in the presence of Cu(II) ions. The 

ability of gamma-irradiated GQDs to quench free radicals was investigated using the DPPH assay, 

Experimental section [44]. Additionally, modified GQDs were investigated as a fluorescent probe 

for the detection of Cu(II) ions.  

2. Experimental 

2.1. Synthesis of pristine and modified GQDs 

For the synthesis of pristine GQDs, we used previously described, electrochemical top-down 

procedure [45]. The starting material consisted of the spectroscopic graphite electrode purchased 

from Ringsdorff Werke GmbH (Bonn, Germany), 99.999% purity and ø = 3.05 mm. First, electrodes 

were thoroughly washed with MiliQ water and ethanol. 3 g of NaOH was dispersed in ethanol (96 

vol%) and was used as the electrolyte. Then, the electrodes were immersed in the dispersion. 

Graphite electrodes were used both as cathode and anode. The current was set at 20 mA, while the 

applied potential was 20 V. After 24 h, the electrolyte changed color from pale yellow to dark 

brown. In order to isolate GQDs, we first evaporated ethanol under reduced pressure, then the crude 
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material was redispersed in water. We used MWCO 3.5 kDa dialysis bags in order to remove the 

residual NaOH from GQDs. The pH value of the solution was constantly monitored and, when pH 

reached a value of 7, water was changed one more time and the dispersion was collected the next 

day. After dialysis, water was evaporated from GQDs dispersion and the powder was collected.  

These dots are labeled in the paper as pristine Graphene Quantum Dots (p-GQDs). 

 Gamma irradiation was used to modify the GQDs structure. The reaction medium consisted of a 

mixture of 4 vol% EDA, 3 vol% isopropyl alcohol (IPA) and GQDs in ultrapure water in the final 

concentration of 1 mg mL-1. Before irradiation, samples were sonicated while bubbling with Ar in 

order to remove molecular oxygen from the dispersion. Then, these mixtures were irradiated using 

irradiation units with Co-60 as an irradiation source. Applied doses were 25, 50 and 200 kGy. After 

irradiation, GQDs were isolated from the irradiation medium by dialysis and the resulting water-

dispersions of gamma-irradiated GQDs were dried. Collected powders were used for further 

analysis. Obtained samples irradiated with doses of 25, 50 and 200 kGy were named GQDs-25-

EDA, GQD-50-EDA and GQDs-200-EDA, respectively.  

 2.2. Methods  

Absorption measurements were performed at a Shimadzu UV-2600 UV-Visible 

spectrophotometer (Shimadzu Corporation, Tokyo, Japan) in the 200-800 nm range with 1 nm step. 

The GQD powders were dispersed in ultrapure water in a concentration of 0.25 mg mL-1 and 

recorded at 20 °C under a normal atmosphere.  

The PL measurements of the samples were conducted on Horiba Jobin Yvon Fluoromax-4 

spectrometer (Horiba, Kyoto, Japan), equipped with Peltier element and magnetic stirrer for 

cuvette, using quartz cell with 1 cm path length and 4 mL volume. Excitation wavelengths were in 

the 300-400 nm range. The GQD samples were dispersed in methanol, in a concentration of 0.25 

mg mL-1. The spectra were collected in the air environment at a temperature of 25 °C in the quartz 
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cuvette. Fluorescence quantum yields (QY) were estimated by integrating the area under the 

fluorescence curves using the equation below [46]: 

QYGQDs=QYREF(AREF/AGQDs)(FGQDs/FREF)(nGQDs/nREF)
2 

where QY is fluorescence quantum yield, F is integrated fluorescence intensity, A is the absorbance 

values, n is the refractive index of the solvent, while subscripts ‘REF’ and ‘GQDs’ refer to the used 

reference (Rhodamine B, QY=31%) and GQDs samples [46, 47].  

Atomic Force Microscopy (AFM) measurements were performed using Quesant (Agoura Hills, 

CA, Unites States) microscope operating in tapping mode in the air, at room temperature. We used 

the Q-WM300 AFM probe, rotated, monolithic silicon probe for non-contact high-frequency 

applications. Standard silicon tips (NanoAndMore Gmbh, Wetzlar, Germany) were used, with a 

force constant of 40 N/m. For the preparation of sample surfaces, GQDs were dispersed in MiliQ 

water in a concentration of 0.25 mg mL-1. Dispersions were spin-coated on mica which was used as 

the substrate. For AFM images analysis, Gwyddion 2.53 software was used [48].  

Transmission Electron Microscope (TEM) JEOL JEM-2100F (JEOL, Ltd., Tokyo, Japan) was 

used to analyze GQDs structure and morphology. Powder samples of GQDs were dispersed in water 

in a concentration of 1 mg mL-1 and deposited on carbon laced copper grids. The lateral size of 

GQDs and interlayer distance was measured from TEM images using ImageJ software. 

Dynamic Light Scattering (DLS) and ζ-Potential measurements were performed with a 

Zetasizer Nano ZS instrument (Malvern, Herrenberg, Germany) equipped with a 633-nm He–Ne 

laser and operating at an angle of 173°. Measurements were performed at a fixed position (4.65 

mm) with an automatic attenuator and at a controlled temperature (20 °C). For each sample, ten 

measurements were averaged and the number weighted size distribution of the particles was 

retrieved. Solvent-resistant micro cuvettes (ZEN0040, Malvern, Herrenberg, Germany) have been 
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used for experiments with a sample volume of 40 µL. DLS measures the intensity based on the 

autocorrelation function: 

 G2(τ)=〈I(t+τ)I(t)〉/〈I〉
2 

where τ is the lag time and the brackets represent the ensemble average. The G2 (τ) can be related 

to the field autocorrelation function g1(t) through the Siegert relation G2(τ)=1+β|g1(t)|
2, where β is 

an instrumental constant equal to 1 in our setup. ζ-potential of p- and gamma-irradiated GDQs was 

calculated from the electrophoretic mobility by means of the Henry correction to Smoluchowski’s 

equation, implemented in the Z-sizer data-analysis software. To this purpose 5 measurements were 

averaged.  

Fourier Transform-InfraRed (FTIR) spectra were obtained in attenuated total reflection (ATR) 

mode on the Thermo Scientific Nicolet 6700 FTIR instrument (Thermo Fischer Scientific, Waltham, 

MA, United States). The spectral resolution was 2 cm-1. GQD in the form of powders were used for 

FTIR measurements. 

X-ray Photoelectron Spectroscopy (XPS) was acquired by using a ULVAC-PHI PHI500 

VersaProbe II scanning microprobe (ULVAC-PHI, Inc., Chigasaki, Japan), with an Al Kα source 

(1486.6 eV), 100 µm spot, 25 W power, 15 kV acceleration and 45° take-off angle. All spectra were 

collected using a dual neutralization system (both e− and Ar+). 

 Radical scavenging activity (RSA) was also investigated. The molecule of 2,2-diphenyl-1-

picrylhydrazyl (DPPH) was used to investigate the antioxidative activity of pristine and gamma-

irradiated GQDs. First, DPPH, in a concentration of 120 µM in methanol, was added to GQDs 

dispersions. GQDs were also dispersed in methanol. The concentrations of GQD dispersions ranged 

2.5-200 µg/ml while the amount of DPPH was kept at the same level in each mixture. Both DPPH 

and GQDs samples were mixed and then absorption for 1 hour. After incubation, UV-Vis spectra of 
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each mixture were measured by recording the intensity of absorbance in the range of 350-800 nm. 

The molecule of DPPH is a stable radical with a maximum of absorption at 515 nm [49]. When 

DPPH radicals react with antioxidants, these radicals were quenched which can be observed by 

color changing from violet to yellow as well as the intensity lowering of the absorption band at 515 

nm in UV-Vis spectra. The absorbance was measured at a Shimadzu UV-2600 UV-Visible 

spectrophotometer (Shimadzu Corporation, Tokyo, Japan). For comparison, we used ascorbic acid 

methanol solutions, at 10-200 µM concentration range. The radical scavenging activity (RSA) was 

calculated according to the formula: 

 RSA(%) = (Ac – AGQDs) / Ac ⋅ 100 

where Ac is the intensity of absorption of control (DPPH in methanol) and AGQD is the intensity of 

the absorption band of a mixture of GQDs with DPPH also in methanol. All measurements were 

repeated three times. 

Fluorescence quenching with different concentrations of Cu(II) ions was studied. The total 

concentration of GQDs dispersed in ultrapure water was 0.03 mg mL-1. Different volumes of the 

Cu(II) solution were added to the prepared dispersion in order to adjust the final measured 

concentrations (0-80.5 µmol L-1). Before every measurement, the mixture of solutions was 

incubated for 5 minutes at room temperature. For each concentration of Cu(II) ions, measurements 

were repeated three times. The fluorescence emission spectra were recorded using a Horiba Jobin 

Yvon Fluoromax-4 spectrometer under 360 nm excitation wavelength. 

 3. Results and discussion 

3.1. UV-Vis spectroscopy 

To investigate the optical properties of GQDs, we used UV-Vis spectroscopy and the obtained 

absorption spectra are presented in figure 1. For all samples, the high-intensity absorption is 
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observed at lower wavelengths, and decreases exponentially with the increase of wavelength. The 

main absorption band in the spectrum of p-GQDs is centered at around 220 nm and it stems from π-

π* transitions of aromatic C-C bonds. This band is also observed in samples of GQDs-25-EDA, 

GQDs-50-EDA, and GQDs-200-EDA and it is shifted to the lower wavelength for all the three 

samples (around 200 nm). This shift could be attributed to the changes in the prevalence of aromatic 

bonds. The band at 365 nm which stems from n-π* transitions in C=O bonds is observed in the 

spectrum of p-GQDs. Additionally, similar shoulder bands are observed more clearly in gamma-

irradiated samples, located at 248 nm for GQD-25-EDA, 249 nm for GQDs-50-EDA and 270 nm in 

the spectrum of GQDs-200-EDA. These bands origin from carbonyl functional groups and shifts in 

their positions can also be an indication of changes in the chemical environment of these functional 

groups. Thus, the chemical composition of each GQD sample has to be investigated. 

 [Figure 1. here]  

3.2 Photoluminescence spectroscopy  

The fluorescence emission spectra of modified GQDs under different excitation wavelengths in 

the range of 300 - 400 nm are presented in figure 2. To closely investigate PL properties of GQDs, 

the position, FWHM and the intensities of each band are listed in table 1. 

As it can be observed in all the spectra, at different excitation wavelengths, the maximum of the 

emission band is shifted. This kind of behavior is called excitation-dependent PL and it is often 

observed in samples of GQDs [50-52]. Although a great scientific effort was invested in finding a 

reason for this GQDs property, there is still a lot of discussion in order to better elucidate the 

mechanism behind this phenomenon [50]. Different models explaining the PL behavior of GQDs 

coexist in the literature: size-dependent quantum confinement effects [53], surface trap states 

determined by functional groups [54], armchair vs. zigzag configuration of edges [55], the 
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electronegativity of heteroatoms [56, 57]. Each model explains multicolor, excitation-depended PL 

emission at some level.  

Herein, it can be observed that GQDs irradiated in the presence of EDA showed a less 

pronounced excitation-dependent behavior: in the case of p-GQDs, the emission bands shifted from 

430 to 490 nm, while in the case of all gamma-irradiated samples, these shifts are about 25 nm in 

magnitude,  for example, 445 to 468 nm (GQD-25-EDA), 450 to 473 nm for GQDs-50-EDA and 

431 to 461 nm for a dose of 200 kGy. These results show that synthesized GQDs emit violet to blue 

and even green light, while after gamma irradiation, dots emit mostly blue light. Several research 

reports indicated that blue photoluminescence of GQDs stems from sp2 core, while green originates 

from functional groups [58, 59]. Other studies proved that carboxyl and amide edge groups are 

responsible for the efficient green emission and that the blue emission results from the presence of 

hydroxyl groups [60, 61]. Thus, before discussing PL origin and excitation-dependent PL emission, 

both the size and chemical composition, including the level of heteroatoms in GQDs must be 

assessed in detail. 

The intensity of PL is varying with excitation wavelengths, as well. In the case of p-GQDs, the 

highest intensity is observed when GQDs were excited with light at 360 nm, which is the same as in 

the case of GQDs-200-EDA (figure 2, d). In the case of GQDs irradiated at 25 and 50 kGy, the 

highest intensities in emission spectra were observed under 380 and 400 nm excitation wavelengths 

(Table 1).  

Table 1. Data retrieved by recording wavelength-dependent light emission spectra for p-GDQs and 

the gamma-irradiated samples. The position of emission maximum at excitation wavelengths 

indicated as a subscript, FWHM, and the intensity of observed bands. 

Sample Emission position/nm FWHM/nm  Intensity/cps 
p-GQDs 430Ex 300 

442Ex 320 
127 
116 

903749 
1847283 
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455Ex 340 

466Ex 360 

478Ex 380 

495Ex 400 

115 
114 
131 
120 

2501273 
2807654 
2488539 
1976938 

GQD-25-EDA 445 Ex 300 

440 Ex 320 
442 Ex 340 
448 Ex 360 
460 Ex 380 
468 Ex 400 

150 
120 
110 
121 
121 
131 

995415 
2000990 
3283672 
4466185 
5063667 
5019524 

GQD-50-EDA 450 Ex 300 
445 Ex 320 
446 Ex 340 
451 Ex 360 
462 Ex 380 
473 Ex 400 

160 
129 
116 
109 
121 
130 

933955 
1681550 
2613572 
3552914 
4027447 
3990662 

GQD-200-EDA 431 Ex 300 
430 Ex 320 
433 Ex 340 
442 Ex 360 
455 Ex 380 
463Ex 400 

127 
116 
111 
109 
120 
130 

1221731 
1859705 
2470557 
2839841 
2700198 
2436757 

 

The changes can also be noticed in the values of full width at half-maximum (FWHM) of emission 

bands (Table 1). Upon excitation, at 340 and 360 nm the emission bands are the narrowest for p-

GQDs. In the case of gamma-irradiated samples, these values are a bit lower (109 csp compared to 

115 for p-GQDs).  

[Figure 2. here]  

Relative Quantum Yield (QY) of photoluminescence was calculated using Rhodamine B as a 

reference. In table 2, the values of QY obtained at two different excitation wavelengths are 

presented. The largest increase in PL QY is noticed for GQDs-200-EDA, 18.40 at the excitation 

wavelength of 320 nm.  

Table 2. The values of intensities of emission and adsorption bands and relative QY obtained at two 

excitation wavelengths. 
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Sample Iex320 Iex340 A320 A340 QY320 (%) QY340 (%) 

p-GQDs 24874229 23450791 0.177 0.144 2.07 1.45 

GQDs-25-EDA  65230867 83253437 0.198 0.165 5.11 4.69 

GQDs-50-EDA  23037085 27649752 0.190 0.162 1.87 1.59 

GQDs-200-EDA 48028778 59680118 0.198 0.166 18.40 16.61 

Rhodamin B 298523499 423235189 0.148 0.122 31 31 

 

Analysis of PL properties showed that gamma irradiation in selected condition induced significant 

changes in optical properties: 

• a less pronounced excitation-depended behavior, emission peak shifts of about 30 nm under 

the excitation from 300 to 400 nm; 

• a small reduction in the bandwidth (FWHM); 

• higher intensity of emission bands; 

• significantly higher PL QYs. 

3.3 AFM analysis 

AFM images (figure 3) reveal that p-GQDs, GQDs-25-EDA and GQDs-50-EDA are highly 

dispersed in water with a typical topographic height between 0.5 and 2 nm. The height histograms 

presented in each AFM image indicates that most GQDs consist of ca. 1–4 graphene layers [62]. 

Compared to p-GQDs, both GQDs-25-EDA and GQDs-50-EDA samples have larger percentages of 

single-layer GQDs. In the case of GQDs-25-EDA, the low-height fraction of GQDs is the most 

abundant fraction. These results suggest that gamma irradiation in this specific experimental setup 

increases the level of layer separation and thus, increases the dispersibility of GQDs in water. 

On the contrary, irradiation at 200 kGy induces the formation of large agglomerates with a height 

of around 10 to 20 nm (figure 3d). As can be observed, the lateral size of particles is much larger 
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compared to other samples (up to 200 nm), while in other AFM images lateral size is below 50 nm. 

Additionally, the particles in agglomerates can be observed and their size is in the range of 30 nm.  

[Figure 3. here]  

Presented results indicate that in the selected medium, gamma irradiation at low doses induces the 

lowering in the GQDs height due to the lower number of graphene layers in their structure. 

Unexpectedly, irradiation in the same medium at 200 kGy induce a significant increase in GQDs 

height and caused observable agglomeration.  

3.4 DLS and Zeta Potential measurement 

The size distribution of GQDs was further investigated using DLS, while the stability of colloidal 

particles as well as the surface charge on the particles, was measured by determining zeta-potential 

(ζ).  

The results of DLS analysis are presented in figure 4, while measurements of ζ are displayed in 

figure 5. The obtained average hydrodynamic diameter of particles was the lowest for p-GQDs 

(13.85 nm), while for all gamma-irradiated GQDs the higher values are observed: 45.64 nm, 44.21 

and 71.65 nm, for GQDs-25-EDA, GQDs-50-EDA and GQDs-200-EDA, respectively.  

[Figure 4. here]  

To estimate the surface charge density, ζ was measured, at pH 7. Due to the presence of 

deprotonated oxygen functional groups such as carboxyl, GQDs are usually negatively charged [63, 

64]. The measured ζ for p-GQDs is -34.6 mV. Gamma irradiation in the selected medium induced 

significant changes in ζ: -18.8, -15.1 and +9.1 mV at the doses of 25, 50 and 200 kGy, respectively. 

While p-GQDs, GQDs-25-EDA and GQDs-50-EDA are negatively charged, the dominant 

functional groups at the surface of GQD-200-EDA are positively charged moieties. Thus, it is 

plausible to say that gamma-irradiated GQDs possess a lower number of oxygen-containing 
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functional groups than p-GQDs. Additionally, GQDs-200-EDA are positively charged probably due 

to these events: 

1. the lowering of negatively charged carboxyl groups; 

2. the increasing of positively charged N-functional groups in GQDs structure. 

These changes will be investigated by FTIR and XPS in the following part of the manuscript.  

[Figure 5. here]  

3.5 TEM measurement 

The morphology of gamma-irradiated GQDs is further investigated using TEM (figure 6). In the 

case of GQDs-25-EDA, particles with the lateral size between 23 and 44 nm are observed, while for 

GQDs-50-EDA few layers dots with diameter from 28 to 40 nm are indicated in figure 6, b. As for 

GQDs-200-EDA, large disc-like structures are observed. 

[Figure 6. here]  

Based on AFM, DLS and TEM analyses, we concluded that gamma irradiation in all selected 

conditions leads to the increase in particle size. At a lower dose, such as 25 kGy a decrease in the 

heigh of particles was observed, while the lateral size was increased compared to p-GQDs (13.85 

nm to 45.64 nm, based on DLS). The highest applied irradiation dose (200 kGy) induced a large 

increase in the height of GQDs (from 1.14 nm as observed for p-GQDs to 24 nm, as observed for 

GQD-200-EDA), as well as in the diameter. Considering the changes in surface charge of particles, 

the particles probably lost the electrostatic stabilization due to large changes in chemical structure.  

 3.6 FTIR analysis 

The structure of GQDs was analyzed using FTIR spectroscopy (figure 7.). The bands at 3155, 

3283 and 3414 cm-1 detected in the spectrum of the p-GQDs stem from the vibrations of O-H bonds 
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in hydroxyl groups attached to carbon atoms of GQDs [65]. Next, we observed low-intensity bands 

located at 2970, 2931 and 2860 cm−1. These bands are the result of vibrations in C–H bonds in –CH 

and –CH2 groups [13, 65]. Two bands, at 2697 and 2781 cm−1 were also observed and assigned to 

bonds in the aromatic aldehyde [13]. The band at 1700 cm-1 stems from the vibration of C=O bonds 

in carboxyl functional groups [66]. At around 1570 cm-1 strong band is noticed and it stems from 

stretching vibration of the C=C bonds in aromatic domains [66]. Finally,  a band centered at 1010 

cm-1 which associated with the vibration of C−O bonds, and a second band located at 1365 cm-1, 

which is due to symmetric stretching of O−C=O groups were found [65].  

In the FTIR spectra of GQDs gamma-irradiated with EDA, significant changes have been 

observed compared to the pristine material. Firstly, the bands at 3155, 3283 and 3414 cm-1 

completely vanished from all irradiated GQDs. The only low-intensity band, at around 3360 cm-1 is 

observed. This change can be interpreted as removing OH functional groups. A new band at 3360 

cm-1 arises from N−H bonds [67]. All three low-intensity bands at 2970, 2931 and 2860 cm−1 are 

observed in the FTIR spectra of gamma-irradiated GQDs which is an indication that CH− bonds in 

GQDs are preserved after irradiation in the presented condition. The next difference is noticed for 

bands located at 2697 and 2781 cm−1 in the spectrum of p-GQDs. These bands have disappeared 

upon gamma irradiation of GQDs with EDA. Considering that those bands are assigned to aromatic 

aldehyde, we suggest that in the presented condition, C=O bonds are removed due to reductive 

conditions. Next, at 1700 cm-1 the band is found only in the spectrum of GQDs-200-EDA, for 

GQDs-25-EDA the band at 1630 cm-1 is noticed while in the spectrum of GQDs-50-EDA we do not 

observe any feature in this region. All three samples show the band at 1570 cm-1 which proves that 

π-conjugated domains are preserved after gamma irradiation. The band at 1365 is shifted at 1375 

cm-1 and it has a lower intensity, suggesting a reduction of O−C=O groups. The high-intensity band 

at 1066 cm-1 is present in all three spectra of gamma-irradiated GQDs. This band stems from the 
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C−N vibration of amine functional groups [42, 68]. These results proved the successful 

incorporation of nitrogen atoms into the GQD structure by the presented irradiation process. Also, 

these spectra prove a significant lowering in O-containing functional groups.  

 [Figure 7. here]  

3.7 XPS analysis  

In figure 8 (a-c), the high-resolution XPS spectra are shown. The analysis of the C1s band of 

GQDs-25-EDA showed the following composition: C=C = 89.42%; C-O/C-N = 6.50%;  C=O = 

4.45%. In the sample of GQDs-50-EDA:  C=C = 78.99%; C-O/C-N = 16.26%; C=O = 4.75%. In 

the case of GQDs-200-EDA: C=C = 96.91%; C=O = 3.09%. 

Table 3. The chemical composition of GQD samples in the atomic percentage. 

Sample %C %O %N 

p-GQDs [69] 63.00 37.00 0.00 

GQDs-25-EDA 84.42 12.57 3.01 

GQDs-50-EDA 81.90 15.08 3.02 

GQDs-200-EDA 85.21 11.63 3.16 

These results show that gamma irradiation in the presence of EDA and IPA induces the binding 

of amino groups in GQD structure while other oxidized N-functional groups are not detected. 

Presented XPS data are in agreement with FTIR analysis, which also proves the presence of amino 

groups in gamma-irradiated samples. Also, in FTIR spectra, band at 1700 cm-1 is observed in p-

GQDs and assigned to carbonyl groups of COOH functional groups. In the case of GQDs-50-EDA 

the band in this area did not observe, but in the XPS spectrum C=O groups are detected. Also, zeta 

potential is higher than in the case of GQDs-25-EDA, -15.1 mV. Due to the negative value of 

particles charge, it is obvious that GQDs-50-EDA are still posses negatively charged carboxyl 

functional groups. Thus, the band assigned to C=O vibrations in COOH groups is probably covered 

with band higher intensity, such as strong band at 1565 cm-1. 
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At 200 kGy, the GQDs structure is highly reduced, sp2 domains are restored and the band at 1700  

cm-1 stems from the vibrations of the carbonyl, C=O bonds which are in conjugation with aromatic 

graphene domains. 

Additionally, a significant lowering in O content (11.63%) is observed, as well as, an increase in 

% of C=C bonds for GQDs irradiated at a dose of 200 kGy. This result suggests that the highest 

chemical reduction has occurred under these irradiation conditions. 

[Figure 8. here]  

Based on the presented results, we conclude that the highest amount of O functional groups such 

as COOH is in the sample of p-GQDs. At pH 7, carboxyl groups are deprotonated and negatively 

charged, thus ζ is very low (-34.6 mV). After the irradiation at a dose of 25 kGy, a significant 

lowering in O content is observed leading to GQDs with a lower number of COOH groups as well 

as a higher amount of positively charged amino groups. Both structural changes resulted in a higher 

value of ζ. The treatment of GQDs with the dose of 50 kGy, the amount of COOH is further 

lowered and the number of amino groups is increased. The largest ζ is measured for GQDs-200-

EDA (+9.1 mV) and it is assigned to the largest lowering in negatively charged carboxyl groups and 

increased in positive ammonium groups.  

3.8 Antioxidative activity of GQDs modified by EDA and gamma irradiation 

The ability of modified GQDs to scavenge radical we conducted DPPH assay and the results of 

these measurements are presented in figure 9. This experiment is based on the measurement of the 

absorption spectra of DPPH radicals. A stabile DPPH radical shows a strong absorption band 

centered at 515 nm. If the compound or material is able to quench free radicals, the intensity of 

absorption at 515 nm decreases. Herein, we mixed different amounts of GQDs with DPPH 
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methanol solution and kept in dark for 1h. Afterward, the absorption spectra are recorded. A well-

known antioxidant l-ascorbic acid is used as a reference.  

The intensity of the main DPPH band decreases with the concentration of gamma-irradiated 

GQDs, for all GQDs samples. This trend proves that modified GQDs possess antioxidative activity, 

similar to p-GQDs [12]. By calculating RSA activity (see Methods section), as shown in figure 9d, 

we observed that all samples of GQDs have similar antioxidative activity. The increased 

antioxidative activity is observed when GQDs are chemically reduced and primary amino groups 

are attached [49]. This behavior is assigned to a strong hydrogen donation ability. Herein, proton 

donating ability of GQDs is not changed significantly compared to p-GQDs, but all dots are able to 

induce free radicals quenching. 

[Figure 9. here]  

3.9. Detection of Cu(II) ions 

Figures 10a and 10b show fluorescence emission spectra of mixture p-GQDs and GQDs-200-

EDA with different concentrations (0-80.5 μmol L−1) of Cu(II) ions under excitation wavelength at 

360 nm. The results show that the fluorescence intensity of emission decreases with the increase in 

Cu(II) ions concentration in both measured solutions, p-GQDs and GQDs-200-EDA. The 

relationship of integrated fluorescence intensity for p-GQDs and GQDs-200-EDA in the presence of 

Cu(II) ions is presented in the figures 10c and 10d, while the insets show linear plots of the Cu(II)-

induced fluorescence emission quenching obtained according to the Stern-Volmer equation [70]: 

A/A 0 = 1 + Ksv [Cu(II)]        (2) 

where A0 and A correspond to the integrated fluorescence intensities in the absence (A0) and in the 

presence of the Cu(II) ions (A) with a different region of concentrations [Cu(II)], while Ksv is the 

Stern-Volmer quenching constant, corresponding to the slope (S) from linear data fitting using Eq. 

(2). 
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The collected data follow the linear model of Stern-Volmer equation in the 0.3-6.4 μmol L−1 and 

0.3-16.1μmol L−1 ranges for p-GQDs and GQDs-200-EDA, respectively.  

The limit of detection (LOD) was calculated using the following equation: 

LOD = 3SD/Ksv        (3) 

where SD represents the standard deviation. Тhe obtained LOD is evaluated to be 0.187 nmol L−1 

(R2 = 0.974) and 153 nmol L−1 (R2 = 0.984) for p-GQDs and GQDs-200-EDA, respectively. The 

LOD values are in a similar range with recently published results [71, 72]. A near 1 determination 

coefficient (R2) qualifies p-GQDs and GQDs-200-EDA nanoparticles as efficient quenchers. 

[Figure 10. here]  

4. Discussion and conclusions 

By gamma irradiation of GQDs in the presence of EDA, IPA, and Ar atmosphere, the chemical 

modification of dots structure is achieved; primary amines are attached to the GDQs scaffold. 

Although different doses of irradiation were applied, similar amounts of N-atoms are detected in all 

samples (3.01-3.16 at%). Thus, gamma irradiation enables the GQD functionalization with amino 

groups in the presence of EDA, while the applied dose does not affect the number of incorporated 

amino groups. This result is different from the results obtained by gamma irradiation of GO with 

EDA, where the number of N-groups depended on the applied doses [41]. Thus, we assume that the 

amount of EDA added before irradiation may have an impact on the number of incorporated N-

atoms. Also, the structure of GQDs is additionally modulated due to reduction irradiation condition 

and relative abundance of sp2 C-atoms is significantly increased compared to p-GQDs, from 63% 

(obtained for p-GQDs) to 79% or higher. These results prove that significant restoring of sp2 C-

atoms is achieved in selected conditions. Also, at a dose of 200 kGy, the percentage of sp2 C-atoms 

is the highest (96%) while C-O bonds are not detected. In this case, a dose of gamma irradiation 

significantly affected the amount of both sp2 C- and C in O-functional groups. 
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Due to lowering in the abundance of O- functional groups, gamma-irradiated GQDs are less 

dispersible in water, where AFM analysis reveals the presence of agglomerated nanoparticles, while 

DLS shows a large increase in hydrodynamic volume (from 13.85 nm measured for p-GQDs to 

71.65 nm, for GQDs-200-EDA). This may affect the ability of GQDs to penetrate the cells as well 

as reduced the quality of the thin films when these dispersions are used for deposition. The large 

changes in surface charge are also noticed by investigation of ζ, which shows that charge changed 

from -34.6 mV for p-GQDs to -18.8, -15.1 and +9.1 mV for GQDs-25-EDA, GQDs-50-EDA and 

GQDs-200-EDA, respectively. In the case of p-GQDs, the negative charge of particles is due to 

deprotonated carboxyl groups, while in the case of gamma-irradiated GQDs, the higher values are a 

consequence of lowering in the number of carboxyl functional groups, as well as the increase in the 

number of positively charged primary amine groups. The highest value of surface charge for GQDs-

200-EDA nanoparticles is related to the largest lowering in carboxyl group content, and the 

attachment of amine groups.  

One of the most significant changes is noticed in the QY of PL. We observed the increase in both 

intensity and QY of PL. The highest QY was measured for GQDs-200-EDA, 18.4% at the 

excitation wavelength of 320 nm. Our previous study showed that gamma irradiation with IPA also 

increased QY of PL, from 1.0 to 6.1%, after irradiation at a dose of 200 kGy [13]. The changes in 

PL can be explained by increased sp2 C atoms and the lowering of oxygen-containing functional 

groups [13, 59]. Unexpectedly, the relative QY was the lowest for GQDs-50-EDA possible due to 

defect formation in graphene lattice and consequently the lowering in sp2 hybridized C atoms. It 

was observed that gamma-irradiated GQDs possess the ability to quench radical species as well as 

to detect Cu(II) ions.  

In conclusion, for the first time gamma irradiation was successfully used in order to introduce N-

functional groups in GQDs structure. Apart from amine groups, irradiation caused a significant 
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chemical reduction of dots. These chemical changes were yield to 9-fold increased 

photoluminescence QY and the formation of positively charged nanoparticles with the ability to 

quench free radicals and detect Cu(II) ions. Owing to the highest increase in the PL intensity and 

the ability to quench PL in the presence of metal ions, GQDs-200-EDA is the most effective 

material among our library of modified GDQs to be applied for the detection of environmentally 

relevant pollutants. 
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Figure Cations 

Figure 1. UV-Vis spectra of p-GQDs (black curve), GQDs-25-EDA (red curve), GQDs-50-EDA 

(green curve) and GQDs-200-EDA (blue curve). 

Figure 2. Emission spectra of p-GQDs (a), GQDs-25-EDA (b), GQDs-50-EDA (c) and GQDs-200-

EDA (d) under excitation wavelengths of 300, 320, 340, 360, 380 and 400 nm. 

Figure 3. AFM images and histograms of the height distributions of p-GQDs (a), GQDs-25-EDA 

(b), GQDs-50-EDA (c) and GQDs-200-EDA (d).  

Figure 4. DLS diameter distribution for p-GQDs (a), GQDs-25-EDA (b), GQDs-50-EDA (c) and 

GQDs-200-EDA (d).  

Figure 5. Zeta potential values measured for p-GQDs, GQDs-25-EDA, GQDs-50-EDA and GQDs-

200-EDA.  

Figure 6. TEM images of GQDs-25-EDA (a), GQDs-50-EDA (b) and GQDs-200-EDA (c). 

Figure 7. FTIR spectra of p-GQDs (black curve), GQDs-25-EDA (red), GQDs-50-EDA (green) 

and GQDs-200-EDA (blue). 

Figure 8. High-resolution XPS spectra of GQDs-25-EDA (a), GQDs-50-EDA (b), and GQDs-200-

EDA (c). 

Figure 9. DPPH test for GQD-25-EDA (a), GQD-50-EDA (b) and GQD-200-EDA (c). RSA values 

calculated at concentrations from 0 to 200 µM or µgmL-1 for ascorbic acid and GQD samples (d). 

Figure 10. The fluorescence emission spectra of the: a) p-GQDs and b) GQDs-200-EDA in the 

presence of various Cu(II) ions concentrations (0 - 80.5 μmolL−1). The dependence of integrated 

fluorescence intensity for c) p-GQDs and d) GQDs-200-EDA in the presence of various 

concentrations of Cu(II) ions (0 - 80.5 μmolL−1) and corresponding insets show Stern-Volmer plots 
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of the Cu(II)-induced fluorescence emission quenching. Error bars are too small to be shown on 

plots. 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Data retrieved by recording wavelength-dependent light emission spectra for p-GDQs and the 

gamma-irradiated samples. The position of emission maximum at excitation wavelengths indicated as a 

subscript, FWHM, and the intensity of observed bands. 

Sample Emission position/nm FWHM/cps  Intensity/cps 
p-GQDs 430Ex 300 

442Ex 320 

455Ex 340 

466Ex 360 

478Ex 380 

495Ex 400 

127 
116 
115 
114 
131 
120 

903749 
1847283 
2501273 
2807654 
2488539 
1976938 

GQD-25-EDA 445 Ex 300 

440 Ex 320 
442 Ex 340 
448 Ex 360 
460 Ex 380 
468 Ex 400 

150 
120 
110 
121 
121 
131 

995415 
2000990 
3283672 
4466185 
5063667 
5019524 

GQD-50-EDA 450 Ex 300 
445 Ex 320 
446 Ex 340 
451 Ex 360 
462 Ex 380 
473 Ex 400 

160 
129 
116 
109 
121 
130 

933955 
1681550 
2613572 
3552914 
4027447 
3990662 

GQD-200-EDA 431 Ex 300 
430 Ex 320 
433 Ex 340 
442 Ex 360 
455 Ex 380 
463Ex 400 

127 
116 
111 
109 
120 
130 

1221731 
1859705 
2470557 
2839841 
2700198 
2436757 

 

 



Table 2. The values of intensities of emission and adsorption bands and relative QY obtained at two 

excitation wavelengths. 

Sample Iex320 Iex340 A320 A340 QY320 (%) QY340 (%) 

p-GQDs 24874229 23450791 0.177 0.144 2.07 1.45 

GQDs-25-EDA  65230867 83253437 0.198 0.165 5.11 4.69 

GQDs-50-EDA  23037085 27649752 0.190 0.162 1.87 1.59 

GQDs-200-EDA 48028778 59680118 0.198 0.166 18.40 16.61 

Rhodamin B 298523499 423235189 0.148 0.122 31 31 

 

 



Table 3. The chemical composition of GQD samples in atomic %. 

Sample %C %O %N 

p-GQDs [57] 63.00 37.00 0.00 

GQDs-25-EDA 84.42 12.57 3.01 

GQDs-50-EDA 81.90 15.08 3.02 

GQDs-200-EDA 85.21 11.63 3.16 
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