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Introduction

In the current study, we prepared zinc-doped carbon dots
(Zn-CDs) through a one-step hydrothermal method using
citric acid and urea as precursors, and carbon and urea as
the sources of dopant, respectively. TEM images showed
that the resultant nanoparticles had a mean diameter of 3.6
+ 0.5 nm. Ultraviolet in visible spectroscopy showed that
there was a strong absorption band at 360nm, which
showed the presence of pi-pi transitions. The
photoluminescence emission had a peak of 445 nm, which
was attained at excitation of 365 nm. The Zn-CDs
exhibited 52.8 per cent enhancement of the fluorescence
intensity as well as a quantum yield of 38 percent, which is
nearly 1.6 times greater than that of undoped carbon dots.
The incorporation of Zn ?* ions was confirmed by Fourier-
transform infrared (FTIR) spectroscopy, with binding-
energy peaks centred at approximately 1022.1 eV (Zn 2p
3/2) and 1045.2 eV (Zn 2p 1/2). The effect of improved
surface passivation and zinc-induced defect states that will
provide a radiative recombination mechanism can explain
the observed enhancement of photoluminescence. It was
also found that the synthesized Zn2-CDs were highly
photostable, with over 95 per cent of their fluorescence
remaining intact following 120 min of continuous UV
irradiation, illustrating their future use in optical sensing
and bioimaging.

Carbon-based quantum dots (CDs) form an increasingly popular category of
fluorescent nanomaterials, typically smaller than 10nm. They have unique optical and
electrical properties such as size-dependent emission, chemical stability, and
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biocompatibility. Since their original publication in 2004, CDs have received
significant attention as alternatives to standard semiconductor quantum dots as a
relatively inexpensive substitute, the dots of which frequently include toxic heavy
metals such as cadmium or lead. However, the pristine CDs usually exhibit low
quantum yields (QY) that are less than 150 rates, weakened photoluminescence, and
low emission stability, thus limiting their usage in biomedicine, sensing, and light-
emitting technologies. Another method that has been suggested to overcome such
drawbacks is heteroatom doping to tune the electronic structure and surface chemistry
of CDs. The formation of dopant species provides the impurity levels of energy that
affect the recombination process of the photogenerated charge carriers, which leads to
an increase in the radiative transitions. Some of the metal ions investigated have
included Zn**, Cu®*, Mn*, and Fe**, which have shown to be especially useful in
increasing fluorescence efficiency. Wang et al. (2023) claimed that Zn doping
enhanced the intensity of the emission of CDs by 52%, and Kumar et al. (2025) found
that Zn incorporation increased the quantum yield by 19 to 36%. Li et al. (2024) have
shown that ZnC interactions increase the fluorescent lifetime by about 1.8ns, and thus
proved the presence of zinc passivation of surface trap states. The 3d'° electronic
configuration of the Zn?* jon allows it to react well with the carbon core without
creating deep trap states to kill luminescence. Additionally, Zn®" is a benign,
environmentally and biologically compatible dopant, which is useful in biosensing
and fluorescence-based diagnostics. Chen et al. (2025) also demonstrated that Zn-
loaded CDs do not lose more than 90 percent of their fluorescence strength after 2
hours of uninterrupted UV radiation exposure, which further demonstrates that it is
more photostable than both nitrogen and sulfur doped analogues.

A combination of several processes plays a role in the observed enhancement of
fluorescence with Zn doping: (i) surface passivation, reducing non-radiative
recombination centers; (ii) energy-level alignment, whereby Zn-induced defect states
act as shallow traps, which enhance radiative recombination; and (iii) a minor change
in the electronic structure, which decreases the band gap, thereby increasing the
likelihood of electron-hole recombination. The experimental evidence also shows that
the concentration of the precursor of Zn can be used to tune the emission peak to
either 420 nm or 490, allowing multi-color emission to be used in optoelectronics. Zn
-doping protocols are proven and effective as reported quantum -yield improvements
of 40 -65% in publications as of 2023 and 2025. However, the mechanism and extent
of incorporation of zinc that affect the structural and optical characteristics of the CDs
by various synthetic pathways are still unclear. The differences observed in reports
are usually explained by the differences in the ratios of the precursors, temperature of
the reaction, or the source of carbon used. This paper, therefore, seeks to prepare Zn-
dotted carbon dots through a controlled hydrothermal method at 180 °C temperature
with an elaborate characterization package including TEM, FTIR, XPS, UV-Vis, and
fluorescence spectroscopy. We will examine the influence of Zn inclusion on
emission intensity, quantum yield, and photostability systematically with the view of
unraveling the underlying photophysical processes involved in causing fluorescence
to increase.

Materials and Methods

Materials

We used all of the reagents in their purest analytical form without additional
purification. It was synthesised using the following materials: citric acid (CgHgO7) as
a carbon precursor (> 99.5% Sigma-Aldrich); urea (CH4NO) as a nitrogen source and
mild reducing agent (> 99.5% Merck); zinc nitrate hexahydrate (Zn (NO3) 2H,0) as
the Zn dopant (> 98% Sigma-Aldrich); and deionised water
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Zinc-Doped Carbon Dots

Synthesis of zinc-Darabontate (Zn0.05) or Zinc- Tetrazole (Zn0.5) of Carbon Dots is
prepared by incubating the biosensor with 20 ml of 0.1 M Zinc Chloride.

The hydrothermal route was selected due to its simplicity, reproducibility, and ability
to produce nanoparticles of similar size.

The precursor solution should be prepared.

Citric acid and urea were dissolved in 30mL of deionised water to give a solution,
where 2.00g of citric acid and 1.00g of urea were used. A molar ratio of C: Zn of
about 25:1 of zinc nitrate hexahydrate (Zn (NO3), 6H,0 (0.10g of Zn) was timely
added to attain the desired loading of Zn. A slight portion of NaOH was added to the
solgtion to adjust the pH to 6.8-0.2 and achieve the homogeneous distribution of the
Zn <" ions.

Hydrothermal treatment

A 50-mL stainless-steel Teflon-coated autoclave was used to transfer the
homogeneous precursor solution to it. The autoclave was closed and put in a muffle
furnace at 180 °C for 6 h. On completion, the system was left to cool to ambient
temperature to yield a dark-brown colloidal suspension.

Purification

The colloid was initially filtered using a 0.22 -membrane to eliminate large particles.
After that, the filtrate was dialysed (cut-off of 1-kDa) with deionised water over 24 h
to remove precursors and by-products that were not reacted.

We freeze-dried the purified Zn-CD solution to produce a dry powder for further
testing.

Control Sample
We prepared undoped carbon dots (CDs) in the same conditions, but with the
exception of Zn (NO3,OH,0), in order to arrive at a clear comparison basis.

Determination of Reaction Yield

The reaction yield was determined through the use of the mass-energy balance
method.

The relationship used to compute the synthesis yield was as follows:

Y (%) = —2 x 100

My

Where: = mass of purified Zn-CDs acquired (g)

= the aggregate mass of the carbon precursor used (g)
The outcome was measured between 32, 0 -38, 0 -34, depending on the Zn? *
concentration in the reaction medium.

Measurement of Quantum Yield (QY)
Quinine sulphate (0.54 in 0.1 M H 2 SO 4) was used as the reference standard to
measure the quantum yield (0.54) of Zn -CDs.
Where: ®; = Quantum Yield of Zn-Cadmium Sulphide
® r QY of conventional quinine sulphate
|_sand I_r = the aggregate fluorescence intensity of the sample and the reference
As, Ar = absorbance values at the excitation wavelength (<0.1 to minimise
reabsorption)
, , = the refractive indices of solvents (e.g., water = 1.33 and H>SO. = 1.33)
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The quantum yield of the Zn-CDs was 38-2% (2.32 times higher than in the case of
undoped CDs), which was 23-2%.

Characterization Techniques

Transmission Electron Microscopy (TEM)

The morphology and the size of the particles of the ZnCDs were analyzed using a
JEOL JEM-2100 that was run at 200kV. The drop-casting of a 0.1mg/mL aqueous
dispersion on carbon-coated copper grids with the subsequent vacuum drying was
used to prepare the samples. A diameter of 3.6.5nm was obtained after analysis of 200
particles.

UV-Vis Spectroscopy

The optical absorption spectra were collected at a Shimadzu UV 2600 spectrometer at
wavelengths between 200 and 800nm. Zn 2 CDs had a strong absorption at 360 29nm,
which was assigned to pp* transitions in sp” high domains, and a shoulder at 280
29nm, the npp"* transitions of the C=0 moieties on surfaces.

Photoluminescence (PL) SPectroscopy

FTIR spectra (4000400cm™) were obtained with a PerkinElmer Spectrum -100 and
KBr pellets. The presence of carboxyl and hydroxyl functionalities was ascertained
through the presence of the 1730 cm™ (C=0), 1220 cm™ (C-0), and 3420 cm™ (O-H)
peaks. The appearance of a new band at 420 cm™ suggested the formation of a Zn-O
bond, which was a successful doping.

X-ray Photoelectron Spectroscopy (XPS)

Incidence of Zn 2p 3/2 and Zn 2p 1/2 at 1022.1 and 1045.2 eV, respectively, indicated
the incorporation of 2p + Zn? in Thermo Scientific ESCALAB 250Xi with Al K
(1486.6 eV) radiation. C 1s, O 1s, and N 1s spectra revealed that there were bonding
motives that were consistent with a carbon-oxygen-nitrogen structure.

Photostability and Fluorescence Retention Tests

Zn-CDs 0.5mg/ml™ were irradiated with UV565nm (10W) light, and after 120min, the
sample fluorescence decreased by 5 per cent compared to undoped CDs, which
decreased by 3 per cent. This shows the excellent optical stability of the doped
material.

Results and Discussion

Morphology and Structural Characteristics

TEM images show Zn-doped CDs to be almost spherical, homogeneous, and the mean
size is 3.6 0.5nm. Lattice fringes are viewed at high resolution in images with a
spacing of 0.21 *nm, which is equal to the (100) plane of a graphitic carbon structure.
This small diameter increase (3.4 £ 0.6 nm compared to undoped CDs) can be
explained by Zn?*-induced adjustment of nucleation kinetics by hydrothermal
synthesis. None of the aggregation or formation of a second particle was observed,
which indicated good surface stabilization by citric-acid-derived carboxyl and urea-
derived amine groups.

UV-Vis Absorption Analysis

Figure 2 shows that Zn-CDs had a strong absorption peak at 360nm compared to the
undoped CDs at 340nm, which indicates a red-shift of about 20nm. This change is an
indication of the creation of mid-gap states through Zn doping, thus reducing the
optical band gap. The band gap energies were calculated using the relation given by
Tauc, which is 3.42 eV in the case of undoped CDs and 3.18 eV in the case of Zn-
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doped CDs, a decrease of 0.24 eV that contributes to increased electronic transitions
and photoluminescence.

UV-Vis Absorption Spectra of Carbon Dots
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Utilising Tauc's relation, we determined the optical band gap (E<sub>g</sub>):

(ahv)® = A(hv — Ey)

Figure 3 above depicts Zn-CDs to have a peak of PL at 445nm when excited at 365nm.
The intensity of the emission of Zn -CDs was 52.8 percent higher than the emission of
undoped CDs. The quantum vyield of Zn -CDs (38 4.5) surpassed that of the pristine
CDs (23 4.5), which was determined by measuring the total emission intensities.
Average lifetimes of 6.20™ ns and 4.10™ ns were determined for Zn-CDs and undoped
CDs, respectively, by time -resolved fluorescence decay (Figure 4), respectively, and
confirmed an increased radiative recombination rate. Biexponential fit showed decay
constants that explain the inhibition of non-radiative reaction pathways, which can be
explained by Zn?* surface passivation.

Photoluminescence (PL) and Quantum Yield

The spectra taken in FTIR (Figure 5) reported OH stretching on 3420, C=0 on 1730
L and C-O-C at 1220™. The formation of Zn-O bonds at 420 in the Zn-CD spectrum
indicated the incorporation of the dopant. Not only is energy transfer promoted by the
appearance of these surface states, but also aqueous solubility and colloidal stability.
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Photoluminescence Emission Spectra
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The quantum yield of Zn -doped carbon dots (Zn -CDs) was 38000.55601 + 2, and the
quantum yield of pristine carbon dots (CDs) was 23000.82093 + 2. The improvement
may be measured in the following way:

Iz,.cps — Icp

> % 100% = 52.8%
I(-.'»D:\:

Enhancement Ratio (ER) =

Where Zn? CDs and CDs are the total emission intensities. Figure 4 shows that the
time-resolved fluorescence decay analysis of Zn-CDs provided average lifetimes of
6.2 ns, and undoped CDs provided 4.1 ns, which proves the enhancement of the rate
of radiative recombination. To obtain the mean fluorescence lifetime (1), a
biexponential fit was used:

B Alle -+ Ag?‘f
Al‘i"l —+ Ag?‘g

T

In this case, T 1 and t 2 are the coefficients of amplitude, and t 1 and t 2 are the
constants of decay. The longer half-life of Zn-CDs implies non-radiative decays are
inhibited, which confirms the idea that non-radiative decays are suppressed by Zn2 +
ions being used to passivate the surface.

Fourier-Transform Infrared (FTIR) Spectroscopy

Figure 5 shows Fourier—transform infrared (FTIR) spectra of the two materials that
contain broad OH stretching vibrations at 3420 cm™, C=0 stretching vibrations at
1730 cm™, and C-O-C vibrations at 1220 cm™.
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FTIR Spectra of Carbon Dots
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When Zn-CDs are incorporated in the carbon skeleton, a new absorption band at -420
cm™ indicates the appearance of Zn -O bonds, which proves the presence of the
dopant in the carbon skeleton. The energy transfer is promoted through this bonding,
which results in more surface states. Aqueous solubility and colloidal stability
improvements are made by polar functional groups.

X-ray Photoelectron Spectroscopy (XPS) Analysis

XPS (Figure 6) shows Cls, Ols, Nls, and Zn 2p distinct Zn -CD peaks. It has two
typical peaks of Zn 2p 3/2 at 1022.1 eV and Zn 2p 1/2 at 1045.2 eV, which reveals the
existence of Zn®*. The deconvolution of the C 1s spectrum will result in the following
peaks:

284.6 eV (C—C/C=C, sp? hybridisation),

285.8 eV (C-N/C-0),

288.2 eV (C=0).

The improvement of C-N and C-O peaks with the introduction of Zn implies a higher
level of oxidation of the surfaces and a higher level of zZn**. The elemental
composition is confirmed by the survey spectra: C 63.4, O 24.1, N 9.3, Zn 3.2, which
is an adequate doping concentration.

XPS Zn 2p Core-Level Spectrum of Zn-Doped Carbon Dots
1.0 Zn 2p
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The deconvolution of the C 1s spectrum will result in the following peaks:
284.6 ¢V (C—C/C=C, sp? hybridisation),

285.8 eV (C-N/C-0),

288.2 eV (C=0).
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The improvement of C-N and C-O peaks with the introduction of Zn implies a higher
level of oxidation of the surfaces and a higher level of Zn*. The elemental
composition is confirmed by the survey spectra: C 63.4, O 24.1, N 9.3, Zn 3.2, which
is an adequate doping concentration

Photostability and Fluorescence Retention

A 120-minute exposure to ultraviolet radiation of 365 nm (10 W) revealed that Zn-
CDs exhibited 95 -20% of the original fluorescence intensity, but undoped CDs
exhibited 78 -3%.

Photostability Comparison Under 365 nm UV Irradiation
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The photostability factor (R%) can be determined via

I
R(%) = 1_:} x 100

In this case, I(t) and I O represent the intensity of the emissions at time t and the initial
intensity, respectively. Therefore, the percentage of RZn +=95.1 and RcD=78.4
indicates that the Zn -doped system has an improved optical durability. This stability
is increased due to the shielding effect of Zn** coordinated surface states, which
prevent oxidation and bleaching of the photons in the

Mechanism of Fluorescence Enhancement

The operative mechanisms of Zn -CDs can be explained in the following
diagrammatic summary:

Band-gap narrowing: These defect levels in the conduction band are produced by the
introduction of Zn®* and decrease the effective band gap (0.24 eV).

Surface passivation: Zn®* reacts with oxygen-containing functional groups (— COOH,
-OH) to reduce surface defects and non-radiative trap states.
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Radiative Recombination Efficiency (nr):

Ky
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" ket R

Assuming k rad and k non-rad are radiative and non-radiative rate constants,
respectively. Characteristics of experimental photoluminescence lifetime show that
Zn doping reduces k non-rad by about 35%.

Defect -emission: Zn®* forms localised centres, which serve as recombination centres
to emit blue-green (445 nm) instead of pure CDs (435 nm).

A combination of all these factors promotes increasing fluorescence, quantum vyield,
and photostability.

Conclusion and Future Scope

This paper shows the preparation of zinc-doped carbon dots (Zn-CDs) according to a
simple hydrothermal process using citric acid, urea, and zinc nitrate as raw materials.
The structural and optical characterisation of the nanoparticles produced proves the
fact that monodisperse, spherical nanoparticles with the average diameter of
3.6 £0.5'm and the maximum dispersion stability in aqueous media are obtained. UV
Vis spectroscopy reveals a change in the absorption maximum from 340 nm to 360
nm, which demonstrates that incorporation of zinc changes p p electronic transitions.
The optical bandgap is reduced to 3.18 eV, which is a testament to an increase in the
electron mobility and formation of defects at the electron. Photoluminescence
research demonstrates that the intensity of emission and quantum vyield (by 52.8
percent and 65 percent, respectively) have increased by a factor of two and three,
respectively, compared to undoped carbon dots. FTIR and XPS are used to prove the
successful doping of the Zn when the presence of Zn-O vibrations at the range of
about 420cm 420cm™ of the substance is observed, and Zn 2p at 1022.1eV and
1045.2eV. Samples with a doped system also have an improved optical stability, with
95 002 of the fluorescence intensity remaining constant after a stabilization period in
the presence of UV light in the sample, whereas it stays at 78 003 in undoped CDs.
The major process that supports this photostability is the establishment of a ZnO
coordination bond, which prevents photo-oxidation and quenching processes.

The rise in total fluorescence may be explained by a combination of shortening of
band-gap (AE g = 0.24 ¢V), radiative recombination rate increase, and passivation of
Zn®* at carboxyl and hydroxyl sites. All these contribute to enabling effective
radiative transitions and long excited states, as the average fluorescence lifetime
(6.2ns vs. 4.1ns of virgin CDs) indicates. Practically, Zn-CDs can have good
prospects as bioimaging, chemical sensors, and light-emitting applications because of
their efficient emission of light, biocompatibility, and solubility in water. The
synthesis route that was used is environmentally friendly and scalable without the use
of heavy metals and with the use of green precursors, making it a potential route to
industrial photonic applications.
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