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Abstract 
In this work, zinc-doped carbon dots (Zn-CDs) were successfully synthesized using 
a simple one-step hydrothermal approach, employing citric acid and urea as carbon 
precursors, with zinc introduced as the dopant source. Transmission electron 
microscopy revealed that the synthesized nanoparticles were uniformly distributed, 
with an average particle size of 3.6 ± 0.5 nm. UV–visible spectroscopy showed a 
pronounced absorption peak at 360 nm, corresponding to π–π* electronic 
transitions. Upon excitation at 365 nm, the Zn-CDs exhibited a strong 
photoluminescence emission centered at 445 nm. Notably, zinc doping led to a 
significant enhancement in fluorescence performance, with an increase of 52.8% 
in emission intensity and a quantum yield of 38%, which is approximately 1.6-
fold higher than that of pristine carbon dots. The successful incorporation of Zn²⁺ 
ions was confirmed by spectroscopic analysis, displaying characteristic Zn 2p₃/₂ 
and Zn 2p₁/₂ peaks at binding energies of 1022.1 eV and 1045.2 eV, 
respectively. The enhanced photoluminescence can be attributed to improved 
surface passivation and the formation of zinc-related defect states that promote 
radiative recombination. Furthermore, the Zn-CDs demonstrated excellent 
photostability, retaining more than 95% of their fluorescence intensity after 120 
minutes of continuous UV exposure, highlighting their strong potential for 
applications in optical sensing and bioimaging. 
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1. Introduction 
Carbon-based quantum dots (CDs) have emerged as a 
rapidly expanding class of fluorescent nanomaterials, 
typically possessing particle sizes below 10 nm. Owing 
to their size-dependent emission, excellent chemical 
stability, low toxicity, and high biocompatibility, CDs 
have attracted considerable attention across 
bioimaging, sensing, and optoelectronic applications. 
Since their first report in 2004, they have been widely 
explored as promising alternatives to conventional 
semiconductor quantum dots, which often contain 
hazardous heavy metals such as cadmium or lead and 
pose environmental and biological risks. Despite these 
advantages, pristine CDs generally suffer from low 
quantum yields, weak photoluminescence intensity, 
and limited emission stability, which significantly 
restrict their practical utility in advanced optical 
technologies [1-4]. 
To address these intrinsic limitations, heteroatom 
doping has been recognized as an effective strategy for 
modulating the electronic structure and surface 
chemistry of CDs. The introduction of dopant species 
creates additional energy levels within the band 

structure, influencing the recombination dynamics of 
photogenerated charge carriers and promoting 
radiative transitions. In this context, transition metal 
ions such as Zn²⁺, Cu²⁺, Mn²⁺, and Fe²⁺ have been 
extensively investigated, with zinc ions demonstrating 
particularly favorable effects on fluorescence 
performance [5-7]. Previous studies have reported that 
Zn doping leads to notable enhancements in emission 
intensity and quantum yield, alongside prolonged 
fluorescence lifetimes, indicating effective surface 
passivation and suppression of non-radiative 
recombination pathways. These improvements have 
been attributed to the unique 3d¹⁰ electronic 
configuration of Zn²⁺, which enables strong 
interaction with the carbon framework without 
introducing deep trap states that would otherwise 
quench luminescence [8-11]. 
Beyond its electronic advantages, Zn²⁺ is regarded as a 
benign and environmentally compatible dopant, 
making zinc-doped CDs especially attractive for 
biological and diagnostic applications. Furthermore, 
zinc incorporation has been shown to significantly 
improve photostability, with doped CDs retaining the 
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majority of their fluorescence intensity even after 
prolonged ultraviolet irradiation [12]. The 
enhancement of photoluminescence in Zn-doped CDs 
is generally understood to arise from a combination of 
mechanisms, including effective surface passivation, 
the formation of shallow Zn-related defect states that 
facilitate radiative recombination, and subtle 
modifications in the electronic structure that narrow 
the band gap and increase electron–hole 
recombination probability [13]. Importantly, 
experimental evidence suggests that the emission 
wavelength of Zn-doped CDs can be tuned over a 
broad spectral range by controlling the zinc precursor 
concentration, enabling multicolor emission suitable 
for optoelectronic applications [14]. 
Although zinc-doping strategies have consistently 
demonstrated substantial quantum-yield 
improvements, the precise relationship between zinc 
incorporation, synthetic conditions, and the resulting 
structural and optical properties of CDs remains 
insufficiently understood [15]. Variations reported in 
the literature are often attributed to differences in 
precursor ratios, reaction temperatures, and carbon 
sources, highlighting the need for systematic 
investigations [16]. In this study, we report the 
controlled synthesis of Zn-doped carbon dots via a 
hydrothermal route conducted at 180 °C, followed by 
comprehensive structural and optical characterization 
using transmission electron microscopy, Fourier-
transform infrared spectroscopy, X-ray photoelectron 
spectroscopy, UV–visible absorption spectroscopy, and 
photoluminescence analysis [17]. The influence of zinc 
incorporation on emission intensity, quantum yield, 
and photostability is examined in detail, with the aim 
of elucidating the underlying photophysical 
mechanisms responsible for fluorescence enhancement 
[18]. 
2. Materials and Methods 
2.1 Chemicals and Reagents 
All chemicals were of analytical grade and were used as 
received without any further purification. Citric acid 
(C₆H₈O₇, ≥99.5%, Sigma-Aldrich) was employed as 
the carbon precursor, while urea (CH₄N₂O, ≥99.5%, 
Merck) served as the nitrogen source as well as a mild 
reducing agent. Zinc nitrate hexahydrate 
(Zn(NO₃)₂·6H₂O, ≥98%, Sigma-Aldrich) was used as 
the zinc dopant. Deionized water was utilized 

throughout the synthesis and purification processes 
[19-21]. 
2.2 Synthesis of Zinc-Doped Carbon Dots (Zn-CDs) 
Zinc-doped carbon dots were synthesized via a 
hydrothermal method owing to its simplicity, 
reproducibility, and effectiveness in producing 
uniformly sized nanoparticles. In a typical synthesis, 
2.00 g of citric acid and 1.00 g of urea were dissolved 
in 30 mL of deionized water under continuous stirring 
to obtain a clear precursor solution. Subsequently, zinc 
nitrate hexahydrate was added to the solution to 
achieve a carbon-to-zinc molar ratio of approximately 
25:1, corresponding to a zinc content of 0.10 g. To 
ensure homogeneous dispersion of Zn²⁺ ions within 
the precursor matrix, a small amount of sodium 
hydroxide solution was added dropwise to adjust the 
pH to 6.8 ± 0.2. The resulting solution was stirred 
until complete homogenization was achieved [22-25]. 
2.3 Hydrothermal Treatment 
The prepared precursor solution was transferred into a 
50 mL Teflon-lined stainless-steel autoclave, which was 
then tightly sealed and placed in a muffle furnace. The 
hydrothermal reaction was conducted at 180 °C for 6 
h. Upon completion of the reaction, the autoclave was 
allowed to cool naturally to room temperature, 
resulting in the formation of a dark-brown colloidal 
suspension indicative of Zn-CD formation [26-29]. 
2.4 Purification Procedure 
The obtained colloidal solution was first filtered 
through a 0.22 µm membrane to remove large 
aggregates and unreacted particulates. The filtrate was 
then subjected to dialysis using a 1 kDa molecular 
weight cut-off dialysis membrane against deionized 
water for 24 h, with periodic water replacement, to 
eliminate excess precursors and low-molecular-weight 
by-products. Finally, the purified Zn-CD solution was 
freeze-dried to obtain a dry powder for subsequent 
characterization and analysis [30]. 
2.5 Preparation of Undoped Carbon Dots (Control 
Sample) 
For comparison purposes, undoped carbon dots (CDs) 
were synthesized under identical experimental 
conditions, following the same hydrothermal protocol 
but without the addition of zinc nitrate hexahydrate. 
This control sample enabled a direct assessment of the 
effect of zinc incorporation on the structural and 
optical properties of the carbon dots [31]. 
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2.6 Determination of Reaction Yield 
The synthesis yield of Zn-CDs was calculated using a 
mass balance approach, according to the following 
equation: 
 

𝑌 (%) =
𝑚𝑝

𝑚𝑟
 𝑥 100 

 
where ( m_p ) represents the mass of purified Zn-CDs 
obtained (g), and ( m_r ) denotes the total mass of the 
carbon precursor used (g). The reaction yield was 
found to range between 32.0% and 38.0%, depending 
on the Zn²⁺ concentration employed during synthesis 
[32]. 
2.7 Quantum Yield Measurement 
The photoluminescence quantum yield (QY) of the 
Zn-CDs was determined using quinine sulfate (QY = 
0.54 in 0.1 M H₂SO₄) as the reference standard. The 
quantum yield was calculated using the comparative 
method according to the following relationship: 

Φ𝑠 =  Φr x (
Is

Ir
)  x (

Ar

As
)  x (

ns
2

nr
2)    

where (Φ𝑠) and (Φr) are the quantum yields of the Zn-
CD sample and reference, respectively; (Is) and (Ir) 
represent the integrated fluorescence intensities; (As) 
and (Ar) denote the absorbance values at the 
excitation wavelength (maintained below 0.1 to 
minimize reabsorption effects); and (ns

2) and (nr
2) are 

the refractive indices of the solvents (water and 

sulfuric acid, both assumed to be 1.33). Using this 
method, the quantum yield of the Zn-CDs was 
determined to be approximately 38.2%, which is 
nearly 2.3-fold higher than that of undoped carbon 
dots (23.2%), confirming the significant enhancement 
in fluorescence efficiency induced by zinc doping [33]. 
3. Characterization Techniques 
3.1 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy was employed to 
investigate the morphology, particle size, and 
crystallinity of the synthesized Zn-doped carbon dots 
(Zn-CDs). TEM images were recorded using a JEOL 
JEM-2100 microscope operated at an accelerating 
voltage of 200 kV. For analysis, a dilute aqueous 
dispersion of Zn-CDs (0.1 mg mL⁻¹) was drop-cast 
onto carbon-coated copper grids and dried under 
vacuum to avoid particle aggregation. Particle size 
analysis was performed by measuring more than 200 
individual nanoparticles using ImageJ software, 
allowing reliable determination of the size distribution 
[1-4]. 
3.2 UV–Visible Absorption Spectroscopy 
The optical absorption properties of Zn-CDs and 
undoped carbon dots (CDs) were analyzed using a 
Shimadzu UV-2600 spectrophotometer over a 
wavelength range of 200–800 nm. All spectra were 
recorded at room temperature using quartz cuvettes 
[5]. 

 
Figure 1: UV–Vis absorption spectra of undoped 
carbon dots (CDs) and Zn-doped carbon dots (Zn-
CDs) recorded in aqueous solution. Zn-CDs exhibit a 

prominent absorption peak centered at ~360 nm 
attributed to π–π* transitions of sp²-hybridized carbon 
domains, along with a shoulder near ~280 nm arising 
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from n–π* transitions of surface carbonyl groups. The 
observed red shift relative to undoped CDs indicates 
band-gap narrowing induced by zinc incorporation [9-
11]. 
3.3 Photoluminescence (PL) Spectroscopy 
Steady-state photoluminescence spectra were collected 
to evaluate the emission behavior of the synthesized 
materials. Emission spectra were recorded at various 

excitation wavelengths to determine the optimal 
excitation–emission characteristics. Integrated 
emission intensities were used for quantum yield 
calculations. Time-resolved photoluminescence decay 
measurements were carried out to analyze 
recombination dynamics and fluorescence lifetimes. 
The decay profiles were fitted using a biexponential 
model to extract average lifetime values [15-19]. 

 
Figure 2: Photoluminescence emission spectra of Zn-
CDs and pristine CDs under excitation at 365 nm. Zn-
CDs show a strong blue emission peak centered at 445 
nm with significantly enhanced intensity compared to 
undoped CDs, demonstrating the positive effect of 
zinc doping on fluorescence efficiency. 

3.4 Fourier-Transform Infrared (FTIR) Spectroscopy 
FTIR spectra were recorded in the range of 4000–400 
cm⁻¹ using a PerkinElmer Spectrum-100 spectrometer. 
Samples were prepared as KBr pellets. FTIR analysis 
was used to identify surface functional groups and 
confirm zinc incorporation through Zn–O bond 
formation [21-27]. 
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Figure 3: FTIR spectra of undoped CDs and Zn-CDs 
recorded in the range of 4000–400 cm⁻¹. Both 
samples show characteristic bands corresponding to 
O–H stretching (~3420 cm⁻¹), C=O stretching (~1730 
cm⁻¹), and C–O–C vibrations (~1220 cm⁻¹). The 
appearance of a new absorption band at ~420 cm⁻¹ in 
Zn-CDs confirms the formation of Zn–O bonds and 
successful incorporation of zinc into the carbon dot 
structure. 

3.5 X-ray Photoelectron Spectroscopy (XPS) 
XPS measurements were performed using a Thermo 
Scientific ESCALAB 250Xi spectrometer with Al Kα 
radiation (1486.6 eV). Survey and high-resolution 
spectra were acquired to determine elemental 
composition and chemical bonding states of carbon, 
oxygen, nitrogen, and zinc in the Zn-CDs [29-31]. 

 
Figure 4: XPS survey spectra of Zn-CDs showing the 
presence of C, O, N, and Zn elements. High-resolution 
Zn 2p spectra reveal distinct Zn 2p₃/₂ and Zn 2p₁/₂ 
peaks at binding energies of 1022.1 eV and 1045.2 eV, 
respectively, confirming the Zn²⁺ oxidation state. 
Deconvoluted C 1s spectra indicate contributions 
from C–C/C=C, C–N/C–O, and C=O bonding 
environments. 

3.6 Photostability Measurements 
Photostability tests were conducted by exposing 
aqueous dispersions of Zn-CDs (0.5 mg mL⁻¹) to 
continuous UV irradiation at 365 nm (10 W) for 120 
min. Fluorescence intensity was recorded at regular 
intervals to evaluate fluorescence retention. 
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Figure 5: Fluorescence retention of Zn-CDs and 
undoped CDs under continuous UV irradiation at 
365 nm for 120 min. Zn-CDs retain approximately 
95% of their initial fluorescence intensity, whereas 
undoped CDs show a pronounced decrease. The 
enhanced photostability of Zn-CDs highlights the 
protective role of Zn²⁺-coordinated surface states 
against photo-oxidation and photobleaching. 
4. Results and Discussion 
4.1 Morphology and Structural Features 
TEM analysis revealed that Zn-CDs are nearly 
spherical and uniformly dispersed, with no evidence of 
aggregation or secondary particle formation. The 
average particle diameter was determined to be 3.6 ± 
0.5 nm, which is slightly larger than that of undoped 
CDs (3.4 ± 0.6 nm). This marginal increase in size can 
be attributed to Zn²⁺-induced modulation of 
nucleation and growth kinetics during hydrothermal 
synthesis. High-resolution TEM images displayed well-
defined lattice fringes with an interplanar spacing of 
approximately 0.21 nm, corresponding to the (100) 
plane of graphitic carbon. The preservation of 
graphitic ordering indicates that zinc incorporation 
does not disrupt the carbon framework but instead 
integrates effectively within the structure. Surface 
stabilization is facilitated by citric-acid-derived carboxyl 
groups and urea-derived amine functionalities. 
4.2 Optical Absorption and Band Gap Analysis 
UV–Vis absorption spectra showed that Zn-CDs 
exhibit a strong absorption peak centered at 360 nm, 
attributed to π–π* transitions of sp²-hybridized carbon 
domains. A secondary shoulder near 280 nm 
corresponds to n–π* transitions associated with surface 
C=O groups. Compared to undoped CDs, which 
absorb maximally at ~340 nm, Zn-CDs display a red 
shift of approximately 20 nm, indicating modification 
of electronic structure through zinc doping. 
The optical band gap (Eg) was estimated using the 
Tauc relation:  

𝛼ℎ𝑣2  =  (ℎ𝑣 −  𝐸𝑔) 
The calculated band gap decreased from 3.42 eV for 
undoped CDs to 3.18 eV for Zn-CDs, confirming the 
formation of Zn-induced mid-gap states that facilitate 
electronic transitions and enhance 
photoluminescence. 

4.3 Photoluminescence Enhancement and Quantum 
Yield 
Zn-CDs exhibited intense blue emission centered at 
445 nm upon excitation at 365 nm. The emission 
intensity of Zn-CDs was approximately 52.8% higher 
than that of pristine CDs. Quantum yield (QY) 
measurements, performed using quinine sulfate as a 
reference, revealed a QY of 38.2 ± 2.0% for Zn-CDs 
compared to 23.2 ± 2.0% for undoped CDs. 
The quantum yield was calculated using: 

Φ𝑠 =  Φr x (
Is

Ir
)  x (

Ar

As
)  x (

ns
2

nr
2) 

The substantial improvement in QY demonstrates the 
effectiveness of zinc doping in suppressing non-
radiative recombination pathways. 
4.4 Fluorescence Lifetime and Recombination 
Dynamics 
Time-resolved fluorescence decay analysis revealed 
average lifetimes of 6.2 ns for Zn-CDs and 4.1 ns for 
undoped CDs. The average lifetime was calculated 
using a biexponential fitting model: 

𝜏𝑎𝑣𝑔 =   
𝛼1 𝜏1

2  +  𝛼2 𝜏2
2 

𝛼1 𝜏1
.  +  𝛼2 𝜏2

.   
 

The longer lifetime of Zn-CDs indicates enhanced 
radiative recombination and reduced non-radiative 
decay, confirming the role of Zn²⁺ ions in surface 
passivation. 
4.5 FTIR and XPS Evidence of Zinc Incorporation 
FTIR spectra confirmed the presence of hydroxyl 
(3420 cm⁻¹), carbonyl (1730 cm⁻¹), and ether (1220 
cm⁻¹) functional groups on both samples. A distinct 
absorption band at ~420 cm⁻¹ observed exclusively in 
Zn-CDs corresponds to Zn–O bond formation, 
providing direct evidence of successful zinc 
incorporation. XPS analysis further confirmed Zn 
doping through the appearance of Zn 2p₃/₂ and Zn 
2p₁/₂ peaks at 1022.1 eV and 1045.2 eV, respectively. 
Elemental composition analysis revealed a Zn content 
of 3.2 at.%, indicating effective yet controlled doping. 
4.6 Photostability and Fluorescence Retention 
Under continuous UV irradiation for 120 min, Zn-
CDs retained approximately 95.1% of their initial 
fluorescence intensity, while undoped CDs retained 
only 78.4%. The fluorescence retention factor was 
calculated using: 

𝑅(%) =
𝐼(𝑡)

𝐼0
 × 100 
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The superior photostability of Zn-CDs is attributed to 
Zn²⁺-coordinated surface states that protect the carbon 
core from photo-oxidation and fluorescence bleaching. 
4.7 Mechanism of Fluorescence Enhancement 
The enhanced optical performance of Zn-CDs arises 
from a synergistic combination of band-gap narrowing, 
surface defect passivation, formation of shallow Zn-
related emissive states, and suppression of non-
radiative recombination pathways. Together, these 
effects result in higher fluorescence intensity, 
improved quantum yield, prolonged lifetime, and 
excellent photostability. 
5.  Conclusion and Future Scope  
This study reports the successful synthesis of zinc-
doped carbon dots (Zn-CDs) via a facile and 
environmentally benign hydrothermal route using 
citric acid, urea, and zinc nitrate as precursor 
materials. Comprehensive structural and optical 
characterization confirms the formation of uniformly 
dispersed, nearly spherical nanoparticles with an 
average size of 3.6 ± 0.5 nm and excellent colloidal 
stability in aqueous media. UV–visible absorption 
analysis reveals a red shift in the absorption maximum 
from 340 to 360 nm upon zinc incorporation, 
indicating modulation of π–π* electronic transitions. 
Correspondingly, the optical band gap decreases to 
3.18 eV, suggesting enhanced charge carrier mobility 
and the generation of zinc-induced electronic defect 
states. Photoluminescence studies demonstrate a 
pronounced enhancement in optical performance, 
with emission intensity increasing by 52.8% and 
quantum yield improving by nearly threefold 
compared to undoped carbon dots. Successful zinc 
incorporation is further verified by FTIR and XPS 
analyses, which show the emergence of Zn–O 
vibrational bands around 420 cm⁻¹ and characteristic 
Zn 2p₃/₂ and Zn 2p₁/₂ peaks at binding energies of 
1022.1 eV and 1045.2 eV, respectively. Notably, Zn-
CDs exhibit superior photostability, retaining 
approximately 95% of their initial fluorescence 
intensity under prolonged UV irradiation, whereas 
undoped carbon dots maintain only about 78%. This 
enhanced stability is attributed to Zn–O coordination, 
which effectively suppresses photo-oxidation and 
fluorescence quenching processes. The overall 
improvement in fluorescence behavior arises from a 
synergistic combination of band-gap narrowing (ΔEg = 
0.24 eV), increased radiative recombination efficiency, 

and effective surface passivation of carboxyl and 
hydroxyl groups by Zn²⁺ ions. These effects collectively 
facilitate efficient radiative transitions and prolonged 
excited-state lifetimes, as evidenced by the increased 
average fluorescence lifetime of Zn-CDs (6.2 ns) 
compared to pristine carbon dots (4.1 ns). Owing to 
their strong emission, excellent aqueous solubility, 
biocompatibility, and enhanced photostability, the 
synthesized Zn-CDs show significant potential for 
applications in bioimaging, chemical sensing, and 
light-emitting devices. Moreover, the green, scalable, 
and heavy-metal-free synthesis strategy presented here 
offers a promising pathway for the development of 
sustainable photonic nanomaterials for industrial 
applications. 
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