
Journal of 
  Environmental 
Research Article Nanotechnology 

J. Environ. Nanotechnol., Vol. 15(1), 367-377 (2026) 
https://doi.org/10.13074/jent.2026.03.2612016 

Green Engineering and Sustainable Development of 
Nitrogen-doped Carbon Quantum Dots (MPE-NCQDs): 
A Correlative Study of Structure, Composition and 
Photophysical Properties 

Thutipati Appa Rao1,2, Yeduru Venkatesh1, Bonige Kishore Babu2*, Adari Venkata Ramesh1,              
N. Sankara Rao1, R. Ramesh Naidu3  
1Department of Chemistry, Dr. V. S. Krishna Government Degree College (A), Visakhapatnam, AP, India 
2Department of Engineering Chemistry, AU College of Engineering, Andhra University, Visakhapatnam, AP, India 
3Department of Chemistry, Government Degree College, Rajam, Srikakulam, AP, India 
Received: 02.01.2026        Accepted: 16.03.2026       Published: 30.03.2026 
*dr.bkbabu@andhrauniversity.edu.in  

ABSTRACT 

A sustainable one-step microwave-assisted strategy is reported for the synthesis of nitrogen-doped carbon quantum 

dots (MPE-NCQDs) using malic acid as a bio-derived carbon precursor in the presence of polyvinylpyrrolidone and 

ethanolamine. The approach integrates rapid carbonization with in situ surface passivation and heteroatom incorporation, 

enabling controlled formation of emissive carbon nanostructures under mild processing conditions. The resulting MPE-

NCQDs exhibit uniform nanoscale characteristics, good aqueous dispersibility, and stable photoluminescence, arising from 

the combined influence of carbon core structure and surface functional chemistry. Systematic structural and photophysical 

analyses reveal that emission behaviour is governed by the interplay between precursor chemistry, nitrogen configuration, 

and surface passivation, rather than by size effects alone. By correlating sustainable precursor design with microwave 

processing and structure–property relationships, this work addresses a key gap in the development of environmentally benign 

CQD systems. The findings highlight the potential of malic-acid-based, microwave-derived N-CQDs as versatile platforms 

for optoelectronic and sensing-related applications. 

Keywords: Carbon quantum dots; Microwave synthesis; Nitrogen doping; Sustainable precursors; Structure–property 

correlation. 

GRAPHICAL ABSTRACT 

 

1. INTRODUCTION 

Carbon quantum dots (CQDs) represent an 

emerging subclass of zero-dimensional carbon 

nanostructures whose appeal arises from the convergence 

of nanoscale confinement, favourable 

photoluminescence behaviour, and intrinsic 

biocompatibility. The sub-10 nm dimensions of CQDs 

impose spatial confinement on charge carriers, leading to 

excitation-wavelength-dependent emission while 

simultaneously promoting aqueous dispersibility and 

chemical stability. (Qiao et al. 2020; Elkun et al. 2024). 

Unlike traditional semiconductor quantum dots, CQDs 

exhibit negligible toxicity, allowing their deployment in 
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biologically and environmentally relevant applications 

such as sensing, imaging, and catalytic systems (Wu et 

al. 2017; Derfus et al. 2004; Qiao et al. 2020). As a result 

of these combined attributes, CQDs have been actively 

explored across optoelectronic devices, fluorescence-

based sensing platforms, bioimaging systems, 

photocatalytic processes, and environmental monitoring 

technologies. (Lin et al. 2016; Yuan et al. 2020; Pandey 

et al. 2021; Venkatesh et al. 2025). The functional 

performance of CQDs is governed not solely by the 

dimensions of sp²-hybridized carbon domains, but by the 

coupled influence of quantum confinement and surface-

state engineering arising from functional groups and 

heteroatom incorporation to tailor their optical and 

electronic behaviour. Despite the availability of both 

bottom-up (hydrothermal, solvothermal, microwave) and 

top-down (electrochemical, combustion, exfoliation) 

synthetic strategies, persistent challenges remain in 

simultaneously achieving high quantum yield, uniform 

size distribution, reproducible surface passivation, and 

scalable processing. (Li et al. 2010; Lu et al. 2011; 

Stefanakis et al. 2014; Sarkar et al. 2016; Sasikumar et 

al. 2024; Venkatesh et al. 2025). Nevertheless, many 

existing synthetic strategies suffer from high production 

costs, complex processing steps, and limited 

environmental sustainability, underscoring the 

importance of developing simple, economical, and eco-

friendly fabrication routes (Atchudan et al., 2020; Qi et 

al., 2023). 

Among the various chemical modification 

strategies explored, heteroatom incorporation has proven 

particularly effective in perturbing the electronic 

structure of CQDs and modulating their radiative 

recombination pathways. In particular, nitrogen 

incorporation is known to introduce additional electronic 

states, enhance electron-donor characteristics, and 

improve surface passivation, thereby promoting radiative 

recombination and increasing fluorescence efficiency 

(Pandey et al. 2021; Elkun et al. 2024; Venkatesh et al. 

2025). Microwave-assisted processing has attracted 

increasing interest due to its ability to deliver rapid, 

volumetric heating that accelerates carbonization while 

minimizing energy consumption and reaction time (Qu et 

al. 2012; Choi et al. 2017; Kumar et al. 2020). However, 

the optical performance of microwave-derived CQDs 

strongly depends on the rational selection of carbon 

precursors, dopant sources, and passivating agents, 

which collectively govern defect density and surface-

state distribution. 

To place these structure–property 

considerations into context, several studies have 

systematically examined how different synthetic 

strategies and precursor combinations influence the 

fluorescence quantum yield of CQDs. A growing body of 

literature demonstrates that fluorescence quantum yield 

in CQDs is highly sensitive to the combined effects of 

precursor molecular structure, dopant chemistry, and 

surface passivation strategy. Amphiphilic CQDs have 

been reported to show fluorescence quantum yields of 

≤20% (Tan et al. 2016; Bhamore et al. 2018), which 

significantly constrains their practical utilization. This 

relatively low efficiency underscores that simple surface 

amphiphilicity alone is insufficient to suppress 

non-radiative recombination pathways, necessitating 

more deliberate control over dopant chemistry and 

surface states. Previous studies have reported the 

fabrication of CQDs via single-step microwave 

approaches using citric acid and thiourea in formamide, 

achieving moderate quantum yields (Venkatesh et al. 

2025). In related work, highly luminescent S, N-co-

doped carbon quantum dots synthesized from o-

phenylenediamine and DL-DOPA achieved a quantum 

yield of approximately 17% under short microwave 

irradiation times (Venkatesh et al. 2025 a, b). It has also 

been shown that precursor composition and solvent 

environment critically influence emission behaviour, 

enabling the formation of blue- or green-emissive CQDs 

with quantum yields reaching up to ~42% (Qiao et al. 

2020). Together, these reports reveal that enhanced 

quantum yield is not governed by a single parameter but 

arises from the coupled effects of dopant type, molecular 

precursor structure, reaction medium, and surface 

passivation strategy (Choi et al. 2017; Cui et al. 2021; Li 

et al. 2022; Barman et al. 2014). These studies 

collectively indicate that while nitrogen doping plays a 

central role in improving luminescence, its effectiveness 

is closely linked to precursor chemistry, reaction 

medium, and surface passivation rather than dopant 

incorporation alone (Lin et al. 2016; Tadesse et al. 2020; 

Liu et al. 2018; Ding et al. 2014) 

Recent efforts have therefore shifted toward 

integrating heteroatom doping with intrinsic surface 

functionalization using small organic molecules or 

polymeric stabilizers (Choi et al. 2017; Tan et al. 2016; 

Ding et al. 2014; Kolanowska et al. 2022). Within this 

context, the choice of carbon precursor becomes critical, 

as precursor molecular structure directly governs 

dehydration pathways, nucleation behaviour, and the 

nature of surface functional groups formed during 

carbonization (Qiao et al. 2020; Stefanakis et al. 2014; 

Zhang et al. 2016; Zhu et al. 2009). Such systems 

facilitate controlled carbonization, suppress non-

radiative defects, and generate diverse emissive surface 

states without requiring post-synthetic modification 

(Kumar et al. 2020; Li et al. 2022; Barman et al. 2014). 

Malic acid represents a strategically advantageous carbon 

precursor owing to its low molecular weight, 

biocompatibility, and the presence of multiple carboxyl 

and hydroxyl functionalities, which facilitate controlled 

dehydration, homogeneous nucleation, and the 

generation of oxygen-rich surface states during CQD 

formation (Xu et al. 2014; Mujahid, 2024; Cui et al. 

2021). Ethanolamine serves as an efficient nitrogen 

source while simultaneously introducing amine-based 

surface states, whereas polyvinylpyrrolidone (PVP) acts 
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as a stabilizing and passivating polymer that enhances 

colloidal stability and emission efficiency (Ding et al. 

2014; Choi et al. 2017; Kolanowska et al. 2022). The 

combined use of these components enables simultaneous 

control over composition, surface chemistry, and 

photophysical response, offering a platform to 

systematically establish structure–property relationships 

in nitrogen-doped CQDs (Barman et al. 2014; Cui et al. 

2021). 

Despite these advances, existing studies often 

address individual aspects such as quantum yield 

enhancement, green synthesis, or microwave processing 

in isolation, without fully developing an integrated 

structure–property framework that links sustainable 

precursor design, heteroatom incorporation, and 

photophysical performance (Qiao et al. 2020; Kumar et 

al. 2020; Mujahid, 2024). In this study, we employ malic 

acid, PVP, and ethanolamine to synthesize nitrogen-

doped CQDs (denoted MPE-NCQDs) via a one-step 

microwave-assisted strategy. The approach enables rapid 

carbonization and surface modification while avoiding 

prolonged thermal treatments (Stefanakis et al. 2014; 

Zhang et al. 2016; Zhu et al. 2009). We systematically 

investigate the morphology, composition, surface 

chemistry, and photophysical behaviour of the resulting 

MPE-NCQDs using complementary analytical 

approaches. By correlating precursor chemistry, 

nanoscale structure, heteroatom incorporation, and 

photophysical response, this work is designed to address 

the combined gap of limited structure–property 

correlation in sustainable, microwave-assisted CQD 

systems, rather than focusing on quantum yield 

improvement alone. 

2. EXPERIMENTAL PROCEDURE 

2.1 Materials 

Malic acid (MA, ≥99%), polyvinylpyrrolidone 

(PVP, MW ≈ 40,000), and ethanolamine (EA, ≥99%) 

were obtained from Sigma-Aldrich chemicals. Each 

reagent was utilised without subsequent purification, and 

DI water was employed in every stage of the 

experiments. 

2.2 Characterization 

Optical characterization of the MPE-NCQDs 

was performed using UV–visible absorption 

spectroscopy (Shimadzu UV-2450 PC) recorded over the 

200–800 nm range, and steady-state photoluminescence 

spectroscopy (Horiba Jobin Yvon, Fluorolog-3) at 

ambient temperature. Time-resolved photophysical 

properties were examined by time-correlated single-

photon counting (TCSPC) using pulsed excitation at 360 

nm on a Horiba Fluoromax Plus system. Surface 

functional groups and chemical bonding environments 

were analysed by Fourier-transform infrared (FTIR) 

spectroscopy (BRUKER system) in the mid-infrared 

region. Morphological characterization was carried out 

using transmission electron microscopy (JEOL JEM-

2100 PLUS, 200 kV) to determine particle shape, size 

distribution, and dispersion, while atomic force 

microscopy (NTEGRA Prima AFM, NT-MDT 

Technology), operated in semi-contact mode, was 

employed to probe surface topology and height profiles, 

with image analysis performed using Gwyddion 

software. Elemental composition and spatial distribution 

were examined by field-emission scanning electron 

microscopy (FE-SEM, SIGMA 300 GEMINI) equipped 

with an energy-dispersive X-ray (EDX) detector, 

providing complementary compositional information 

rather than morphological detail. Crystallographic 

characteristics were analysed using X-ray diffraction 

(Bruker D8 Advance) with Cu Kα radiation (λ = 1.5418 

Å) at a step size of 0.02° under 2θ scanning mode. 

2.3 Synthesis of MPE-NCQDs 

Aqueous solutions of MA (3 g) and PVP (1 g) 

were prepared and combined with ethanolamine (5 mL) 

under continuous mixing to form a uniform precursor. 

The precursor solution was subjected to microwave 

irradiation (900 W) for 2.2 min, during which a dark 

brown coloration developed, indicating carbon dot 

formation (Zhu et al. 2009; Stefanakis et al. 2014; Zhang 

et al. 2016). After natural cooling, the reaction mixture 

was diluted with deionized water and centrifuged at 3500 

rpm (corresponding to approximately 1500 × g) for 30 

min. The supernatant was purified by dialysis using a 

1000 Da cutoff membrane for 24 h, filtered through a 

0.22 µm membrane, and dried at 60 °C to obtain the final 

MPE-NCQD powder. 

2.4 Quantum Yield Determination 

The fluorescence quantum yield (Φ) of the 

MPE-NCQDs was determined at an excitation 

wavelength of 360 nm by a relative method using quinine 

sulphate in 0.1 M H₂SO₄ as the reference fluorophore (Li 

et al. 2010; Esfandiari et al. 2019). The aqueous 

dispersion of MPE-NCQDs and the reference solution 

were diluted to maintain a low absorbance (A < 0.1) at 

the excitation wavelength to minimize inner-filter effects. 

Fluorescence spectra were recorded under identical 

instrumental conditions, with all measurements 

performed in triplicate, and the integrated emission 

intensity was plotted as a function of absorbance. The 

quantum yield was calculated using the following 

equation, and the reported values represent the mean ± 

standard deviation obtained from three independent 

measurements:  

                       Φ𝑠 = Φ𝑟 (
𝐼𝑠

𝐼𝑟
) (

𝐴𝑟

𝐴𝑠
) (

𝑛𝑠

𝑛𝑟
)
2

                  … (1) 

where Φᵣ and Φₛ denote the quantum yields of 

the reference and sample, respectively; Iᵣ and Iₛ 
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correspond to the integrated fluorescence intensities; Aᵣ 

and Aₛ represent the absorbance at the excitation 

wavelength; and nᵣ and nₛ denote the refractive indices of 

the respective solvents. 

3. RESULTS AND DISCUSSION 

3.1 Fabrication and Structural Elucidation of 
MPE-NCQDs 

The MPE-NCQDs were successfully developed 

via the single-step microwave-assisted approach utilising 

MA, PVP, and EA as carbon as well as nitrogen sources, 

as depicted in Scheme 1. The schematic illustrates the 

sequential processes of precursor dehydration, polymer-

assisted carbonization, and simultaneous nitrogen 

incorporation under microwave irradiation, highlighting 

the role of PVP and ethanolamine in surface passivation 

and defect-state formation (Zhu et al. 2009; Stefanakis et 

al. 2014; Zhang et al. 2016). 

 

Scheme 1: Illustrative schematic for MPE-NCQD formation via a one-pot microwave-driven route 

The microwave-assisted route enables rapid 

carbonization and passivation within minutes, providing 

a uniform and efficient synthesis pathway for highly 

fluorescent carbon dots. This rapid, volumetric heating is 

particularly effective in promoting simultaneous 

carbonization and surface passivation, which helps 

suppress non-radiative defect formation at early stages of 

nucleation (Kumar et al. 2020; Cui et al. 2021). The 

morphological characteristics of MPE-NCQDs were 

examined utilising TEM. As represented in Figure 1(a–

b), the obtained nanoparticles were approximately 

spherical, monodispersed, and well separated, indicating 

effective surface passivation by PVP- and ethanolamine-

derived functional groups (Ding et al. 2014; Choi et al. 

2017). The lack of clearly resolved lattice fringes in the 

high-resolution TEM micrograph points to a non-

crystalline carbon structure, a characteristic feature 

frequently associated with doped CQDs. This 

observation reflects short-range ordering at the nanoscale 

rather than long-range crystallinity (Zhai et al. 2012; Cui 

et al. 2021). The size distribution histogram of the 

nanoparticles (Figure 1(d)) revealed an average particle 

diameter of nearly 3.6 nm, indicating the nanoscale 

nature of the MPE-NCQDs (Venkatesh et al. 2025). Such 

small dimensions favour quantum confinement effects, 

which are known to contribute to size-dependent optical 

transitions in carbon-based quantum dots (Li et al. 2010; 

Barman et al. 2014). 

The thickness of MPE-NCQDs was further 

evaluated by AFM, and the height profile demonstrated 

that the average thickness of the particles was around 6.6 

nm (Figure 1(c) and 1(f)), suggestive of stacked or 

multilayer-like carbon domains formed during 

microwave carbonization, rather than definitive 

multilayered graphene-like structures (Stefanakis et al. 

2014; Cui et al. 2021). The elemental constituents of the 

MPE-NCQDs were examined by EDX spectroscopy, as 

represented in Figure 1(e). The EDX analysis revealed 

carbon (73.97 wt.%, 75.23 atomic %), nitrogen (11.26 

wt.%, 10.55 atomic %), and oxygen (14.77 wt.%, 14.22 

atomic %) as the dominant elements, confirming 

effective nitrogen doping within the carbon matrix along 

with the presence of oxygen-based surface moieties (Lin 

et al. 2016; Tadesse et al. 2020). The coexistence of O, 

C, and N elements indicates that the MPE-NCQDs are 

rich in hydrophilic surface groups, contributing to their 

excellent aqueous dispersibility and optical behaviour. 

These surface functionalities also act as emissive or 

passivating sites, linking the observed composition 

directly to the photoluminescence behaviour discussed in 

the subsequent section (Barman et al. 2014; Li et al. 

2022). Minor variations between the elemental 

compositions obtained from EDX and XPS analyses can 

be attributed to their fundamentally different probing 

depths, with EDX providing bulk-sensitive information 

while XPS selectively reflects surface-enriched 

heteroatom distributions (Esfandiari et al. 2019; Cui et 

al. 2021). 

Moreover, the crystallographic nature of the 

MPE-NCQDs was examined by XRD analysis. As 

represented in Figure 2(a), a broad diffraction feature 

appearing around 2θ ≈ 26.7° was detected and assigned 

to the (002) reflection of graphitic carbon. The 

corresponding broad peak signifies the presence of 

amorphous or turbostratic carbon, providing 

complementary evidence of limited long-range order in 

the carbon framework, which is consistent with the TEM 

findings and previous literature reports (Li et al. 2020, 

Zhou et al. 2022). The observed pattern confirms partial 
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graphitic ordering within an amorphous matrix, typical of 

heteroatom-doped CQDs. This interpretation is further 

supported by the SAED pattern (Figure 2(c)), which 

displays diffuse concentric rings rather than sharp 

diffraction spots, indicating the absence of long-range 

crystallinity and reinforcing the amorphous or 

turbostratic nature of the MPE-NCQDs (Stefanakis et al. 

2014; Cui et al. 2021). 

 

Fig. 1: (a, b) TEM images represented the morphology of MPE-NCQDs, (c) AFM image depicted the surface topology, (d) 
histogram obtained from TEM images showed particle size distribution, (e) EDX spectrum represented elemental composition 
and (f) histogram of height profile showed the thickness of MPE-NCQDs 

 

Fig. 2: (a) XRD pattern represented the amorphous nature of MPE-NCQDs, (b) FTIR spectrum depicted the various surface 
functional groups and (c) SAED pattern showed the diffraction features of the synthesized MPE-NCQDs 

The surface functional moieties of the MPE-

NCQDs were examined using FTIR spectroscopy 

(Figure 2(b)). The FTIR spectrum exhibited a broad 

absorption band around 3393 cm⁻¹, indicating N–H or O–

H stretching vibrations, confirming the existence of 

amine or hydroxyl moieties (Kim et al. 2017; Bera et al. 

2018; Li et al. 2022, Huang et al. 2024). The prominent 

vibrational bands at 2945, 2919, and 2874 cm⁻¹ are 

assigned to sp²/sp³ C–H stretching vibrations. A weak 

peak at 1774 cm⁻¹ represents the carbonyl stretching of 

O–C=O groups, while a prominent band at 1648 cm⁻¹ 

indicates C=O stretching of amide (CONH) groups. 
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Additional peaks observed at 1492 cm⁻¹ indicate C=N 

stretching, while the band near 1460 cm⁻¹ arises from 

C=C skeletal vibrations. 

For a comprehensive assessment of surface 

elemental composition, valence states, and chemical 

bonding environments, X-ray photoelectron 

spectroscopy (XPS) analysis was performed, as shown in 

Figure 3. The survey XPS spectrum (Figure 3a) reveals 

three dominant signals corresponding to carbon, 

nitrogen, and oxygen, confirming the successful 

incorporation of heteroatoms within the carbon 

framework (Zhai et al. 2012; Cui et al. 2021). The 

characteristic core-level peaks located at binding 

energies of approximately 285 eV, 399 eV, and 531 eV 

are assigned to C 1s, N 1s, and O 1s, respectively. 

Quantitative analysis of the survey spectrum indicates 

that the MPE-NCQDs consist of approximately 73.61 

atomic % carbon (71.15 wt.%), 11.18 atomic % nitrogen 

(12.77 wt.%), and 15.21 atomic % oxygen (16.09 wt.%), 

suggesting effective nitrogen doping together with 

oxygen-rich surface functionalization, rather than bulk 

compositional dominance. 

The high-resolution C 1s spectrum (Figure 3b) 

can be deconvoluted into four distinct components 

centred at ~284.9, 285.9, 287.7, and 289.2 eV, 

corresponding to sp²-hybridized graphitic carbon 

(C=C/C–C), sp³ carbon bonded to heteroatoms (C–N/C–

O), carbonyl or imine groups (C=O/C=N), and carboxyl 

or ester functionalities (O=C–O), respectively (Barman 

et al. 2014; Kolanowska et al. 2022). These features 

indicate the coexistence of conjugated carbon domains 

and heteroatom-derived surface functionalities, which 

are known to play a critical role in governing emissive 

behaviour in carbon-based quantum dots. 

The N 1s core-level spectrum (Figure 3c) 

exhibits two primary components located at 

approximately 399.8 and 401.0 eV, which are attributed 

to pyrrolic nitrogen (C₂–N–H) and graphitic nitrogen (N–

C₃), respectively (Lin et al. 2016; Shan et al. 2021). 

Pyrrolic nitrogen is generally associated with defect-

related emissive sites, whereas graphitic nitrogen 

contributes to modulation of the electronic structure of 

the carbon core, together influencing the observed 

photoluminescence behaviour. 

The O 1s spectrum (Figure 3d) displays two 

major peaks at ~531.5 and 532.8 eV, assigned to carbonyl 

(C=O) and hydroxyl/ether (C–OH/C–O–C) 

functionalities, respectively (Saljoughi et al. 2020; 

Huang et al. 2024). The presence of these oxygen-

containing groups supports the FTIR results and indicates 

a hydrophilic, passivated surface chemistry consistent 

with the observed aqueous dispersibility of the MPE-

NCQDs. 

In combination with the EDX analysis, these 

findings highlight the distinction between bulk-sensitive 

(EDX) and surface-sensitive (XPS) compositional 

information, explaining minor discrepancies between the 

two techniques. Overall, the revised XPS analysis shifts 

the discussion from a purely descriptive listing of spectral 

features to an interpretative framework, emphasizing the 

role of surface chemistry and heteroatom configuration 

in regulating the photophysical properties of the MPE-

NCQDs. 

3.2 Photophysical Investigation 

To examine the photophysical characteristics of 

the MPE-NCQDs, steady-state and time-resolved 

spectroscopic analyses were performed. The absorption 

and emission spectra of the MPE-NCQDs dispersed in 

water are shown in Figure 4(a). The absorption profile 

displays two distinct bands centred at approximately 228 

and 360 nm. The sharp peak at 228 nm is attributed to the 

π→π* transition of aromatic sp² carbon domains (C=C), 

while the broader band around 360 nm originates from 

the n→π* transition associated with surface carbonyl 

(C=O) or imine (C=N) functional groups (Bera et al. 

2018). Similar absorption features have been widely 

reported for heteroatom-doped carbon quantum dots 

synthesized via microwave and hydrothermal routes, 

where π–π* transitions arise from graphitic sp² cores and 

n–π transitions are associated with surface defect or 

heteroatom-containing functional states, thereby 

supporting the assignments made here (Li et al. 2010; 

Zhai et al. 2012; Cui et al. 2021). 

The corresponding excitation and emission 

spectra reveal a strong emission centred at ~460 nm upon 

excitation at 360 nm, with a photoluminescence quantum 

yield of approximately 42% (Figure 4(a), Table 1). These 

optical features suggest the coexistence of graphitic cores 

and surface defect states that are likely to contribute to 

radiative recombination in the MPE-NCQDs (Barman et 

al. 2014; Liu et al. 2018). Under UV illumination, the 

aqueous dispersion of MPE-NCQDs exhibits bright 

photoluminescence, whereas under ambient light it 

appears orange-to-red, demonstrating strong emissive 

behaviour (Scheme 1). 
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Fig. 3: (a) XPS survey spectrum illustrated the elemental composition of MPE-NCQDs, while deconvoluted high-resolution 
spectra of (b) C1s, (c) N1s and (d) O1s represented the detailed chemical bonding states

The PL spectra recorded at various excitation 

wavelengths (Figure 4(b)) exhibit clear excitation-

dependent emission behaviour. As the excitation 

wavelength is increased from 260 to 550 nm, the 

emission maxima gradually red-shift with a concomitant 

decrease in intensity. This behaviour is further supported 

by the normalized PL spectra shown in Figure 4(c), 

confirming the wavelength-dependent shift. Such 

excitation-dependent photoluminescence is a 

characteristic feature of carbon quantum dots and is 

generally attributed to the presence of multiple emissive 

centers associated with surface states and defect sites 

(Puvvada et al. 2012; Wang et al. 2020). The observed 

PL behaviour can be rationalized by the synergistic 

contribution of quantum confinement effects within the 

sp² carbon domains and surface-state-mediated electronic 

transitions. The presence of nitrogen- and oxygen-

containing functional groups introduces localized energy 

levels within the bandgap, resulting in excitation-

dependent emission characteristics (Zhu et al. 2009; 

Chandra et al. 2011; Puvvada et al. 2012; Zhai et al. 

2012; Ma et al. 2012). Additional effects such as 

interlayer charge transfer, excitonic coupling, and 

solvent–surface interactions may further modulate the 

optical response (Li et al. 2022; Barman et al. 2014). 

Table 1. Determined quantum yield (QY) of the as-prepared 
MPE-NCQDs 

Sample 

Integrated 

PL 

Intensity 

(I) 

Abs. at 

360 nm 

(A) 

Refractive 

Index of 

Solvent 

(n) 

Quantum 

Yield at 

360 nm 

Quinine 
Sulphate 

65742.33 0.079 1.33 54% 

MPE-
NCQDs 

50658.74 0.078 1.33 42% 

Fluorescence decay dynamics were further 

investigated by TCSPC using 360 nm excitation, as 

depicted in Figure 4(d). The decay profile follows a 

biexponential model comprising a fast decay component 

(τ₁ = 3.06 ns, 35%) and a slower decay component (τ₂ = 

9.48 ns, 65%). The shorter lifetime component is 

attributed to recombination within the graphitic core, 

whereas the longer component is associated with surface 

defect or trap-state relaxation processes (Bel et al. 2014; 

Flak et al. 2018; Shen et al. 2018; Rodrigues et al. 2021). 

Comparable biexponential lifetimes, typically ranging 

from a few nanoseconds to ~10 ns, have been widely 

reported for nitrogen-doped carbon quantum dots, where 

shorter lifetime components arise from core-state 
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recombination and longer components originate from 

surface- or defect-related states, indicating that the decay 

dynamics observed here are consistent with established 

N-CQD photophysical behaviour (Shen et al. 2018; 

Rodrigues et al. 2021). The quality of the biexponential 

fitting was confirmed by a reduced chi-square (χ²) value 

of 0.9878, indicating excellent agreement between the 

experimental decay profile and the fitted model. 

Collectively, the steady-state and time-resolved 

photophysical analyses indicate that the MPE-NCQDs 

possess multiple emissive centers, a relatively high 

photoluminescence quantum yield (~42%), and complex 

carrier relaxation dynamics, suggesting their potential 

suitability for optoelectronic and fluorescence-based 

sensing applications (Yuan et al. 2020; Wang et al. 2020). 

The refractive index used for quantum yield 

calculations corresponds to that of the aqueous medium 

(n = 1.33), as all measurements were performed in water. 

 

Fig. 4: Optical characterization of MPE-NCQDs in aqueous dispersion: (a) excitation, emission, and normalized absorption 
spectra; (b) emission spectra at multiple excitation wavelengths demonstrating excitation-dependent emission; (c) the 
normalized PL spectra; and (d) the lifetime decay profile of PL produced via TCSPC upon 360 nm excitation 

4. SUMMARY 

We have successfully fabricated a facile one-

step microwave-assisted approach for synthesizing MPE-

NCQDs using malic acid, PVP, and ethanolamine. The 

as-prepared nanoparticles exhibit uniform nanoscale 

dimensions with effective heteroatom incorporation and 

abundant surface functionalization, leading to stable and 

well-dispersed carbon quantum dots (Choi et al. 2017; 

Cui et al. 2021). Structural analyses confirm partially 

graphitic domains embedded within an amorphous 

carbon matrix enriched with surface functionalities, 

which are characteristic of heteroatom-doped CQDs 

(Zhai et al. 2012; Ding et al. 2014). 

Optically, the MPE-NCQDs display efficient 

photoluminescence with a relatively high quantum yield 

and excitation-dependent emission behaviour, reflecting 

the interplay between nanoscale carbon domains and 

surface functionalization (Barman et al. 2014; Li et al. 

2022). These features highlight the role of precursor 

chemistry, heteroatom doping, and surface passivation in 

regulating the emission behaviour of the MPE-NCQDs, 

rather than isolated structural parameters alone (Cui et al. 

2021; Wang et al. 2020). 

Overall, the results suggest that MPE-NCQDs 

are promising candidates for optoelectronic, sensing, and 

biocompatible fluorescence applications (Yuan et al. 

2020; Liu et al. 2018), while future studies will focus on 

establishing structure–property correlations under 

device-relevant conditions, improving emission stability 

under continuous excitation, and evaluating sensing 

performance in complex aqueous environments. 
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