@ nanomaterials

Article

Molecular Precursor Engineering of Lignin-Derived Carbon
Dots for Multicolor Fluorescence and Metal-Ion Sensing

Bole Ma 't, Huiqing Wei %, Jiaqi Tan ?, Liheng Chen 23*, Minting Liang ! and Xueqing Qiu 2%*

Academic Editor: Alexey Pestryakov

Received: 3 July 2026
Revised: 25 July 2026
Accepted: 27 July 2026
Published: 28 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 Guangdong Provincial Key Laboratory of Plant Resources Biorefinery, School of Chemical Engineering and
Light Industry, Guangdong University of Technology, Guangzhou 510006, China;
mabole0225@163.com (B.M.)
2 Guangdong Provincial Laboratory of Chemistry and Fine Chemical Engineering Jieyang Center,
Jieyang 515200, China
3 Guangdong Basic Research Center of Excellence for Ecological Security and Green Development in
Guangdong-Hong Kong-Marco Greater Bay Area (GBA), Guangdong University of Technology,
Guangzhou 510006, China
Correspondence: lihengchen@gdut.edu.cn (L.C.); cexqqiu@scut.edu.cn (X.Q.)
* These authors contributed equally to this work.

Abstract

Lignin-derived carbon dots (CDs) are promising sustainable fluorescent nanomaterials for
environmental sensing, yet precise regulation of their emission behavior and ion-recogni-
tion selectivity remains challenging. Herein, a solvent-free precursor—structure—engineer-
ing strategy was developed to prepare lignin-derived CDs with tunable photolumines-
cence and selective metal-ion sensing. Industrial alkali lignin, lysine, and oxalic acid were
used as the carbon source, nitrogen source, and carbonization promoter, respectively,
while cysteine, histidine, and p-phenylenediamine were introduced as functional precur-
sors. The resulting C-CDs, H-CDs, and P-CDs showed distinct optical and sensing prop-
erties. H-CDs exhibited the highest photoluminescence quantum yield of 50.98%, at-
tributed to enhanced graphitic nitrogen formation and electronic conjugation. P-CDs dis-
played a red-shifted emission at approximately 573 nm due to extended m-conjugated do-
mains. Moreover, C-CDs, H-CDs, and P-CDs showed preferential fluorescence responses
toward Fe®, Cu*, and Ag*, with detection limits of 0.26, 0.05, and 0.11 uM, respectively.
The quenching behavior was inconsistent with a dominant dynamic collisional process
and was instead associated primarily with metal-surface interactions. This work clarifies
the precursor-structure-property relationship and provides a sustainable route for de-
signing lignin-derived fluorescent probes.

Keywords: lignin; carbon dots; solvent-free synthesis; precursor engineering;
photoluminescence; metal-ion sensing

1. Introduction

Carbon dots (CDs) are a class of zero-dimensional fluorescent carbon nanomaterials
with typical sizes below 10 nm [1,2]. Owing to their tunable photoluminescence, good
water dispersibility, low cytotoxicity, chemical stability, and abundant surface functional
groups, CDs have attracted broad interest in fluorescence sensing, bioimaging, anti-coun-
terfeiting, photocatalysis, and environmental monitoring [3,4]. In particular, CD-based
fluorescent probes are highly promising for metal-ion detection because their surface ox-
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ygen-, nitrogen-, and sulfur-containing groups can interact with metal ions and induce
measurable photoluminescence changes [5-7]. However, practical sensing applications
still require CDs with controllable emission wavelengths, high fluorescence efficiency,
good environmental stability, and specific ion-recognition capability.

Considerable efforts have been made to regulate the optical and sensing properties
of CDs through heteroatom doping, surface passivation, molecular precursor design, and
reaction-condition control [8,9]. Nitrogen- and sulfur-containing precursors have been
widely employed to introduce surface-active sites and modulate the electronic structure
of CDs, thereby improving their fluorescence response toward metal ions [10,11]. Pan et
al. prepared nitrogen- and sulfur-codoped CDs using lignin as the carbon source and 2-
thiazoline-2-thiol as the nitrogen and sulfur source, demonstrating that heteroatom-con-
taining precursors can enhance metal-coordination-related functionality in lignin-based
carbon systems [12]. Phenylenediamine-derived CDs have also been used to regulate
emission from short to long wavelengths, suggesting that extended conjugation, graphitic
nitrogen formation, and carbon-core growth can reduce the energy gap and promote long-
wavelength emission [13,14]. These studies indicate that precursor molecular structure
plays a decisive role in directing the carbonization pathway, electronic structure, and pho-
toluminescence behavior of CDs [15,16]. However, most precursor—engineering strategies
have been developed using small-molecule carbon sources or relatively simple reaction
systems. Extending these design principles to biomass-derived CDs, especially lignin-de-
rived CDs, remains challenging because of the structural complexity and heterogeneous
carbonization behavior of biomass precursors [17,18].

Lignin, as the most abundant renewable aromatic biopolymer, provides a particu-
larly attractive platform for examining precursor—structure regulation in biomass-derived
CDs [19-21]. Its rich aromatic units and oxygen-containing functional groups are favora-
ble for constructing conjugated carbon domains and surface-active sites, while the con-
version of industrial lignin into fluorescent CDs also offers a promising route for biomass
valorization [22-24]. Previous studies on lignin-derived CDs have mainly focused on im-
proving fluorescence intensity, introducing heteroatom dopants, or developing fluores-
cent probes for specific ions such as Fe?* and Cu?* [25,26]. These works have demonstrated
the feasibility of using lignin as a carbon precursor for functional fluorescent nanomateri-
als [27,28]. Nevertheless, the intrinsic structural heterogeneity of lignin often leads to com-
plicated carbonization pathways, making it difficult to precisely regulate emission wave-
length, surface-state distribution, and sensing selectivity [29,30]. In particular, systematic
studies on how different functional precursor structures modulate both photolumines-
cence behavior and metal-ion recognition in lignin-derived CDs are still limited. Recent
reviews of green and tailored carbon dots have highlighted the importance of precursor
selection, surface coordination groups, heterogeneous emissive states, aggregation behav-
ior, and matrix interference in determining heavy-metal-ion sensing performance [31,32].

Herein, we report a solvent-free precursor-structure—engineering strategy for pre-
paring lignin-derived CDs with tunable photoluminescence and selective metal-ion sens-
ing capability. Industrial alkali lignin was used as the carbon source, lysine as the nitrogen
source, and oxalic acid as the carbonization promoter. Cysteine, histidine, and p-phe-
nylenediamine were selected as functional molecular precursors to modulate heteroatom
configuration, conjugated domains, and surface coordination sites. The resulting C-CDs,
H-CDs, and P-CDs exhibited distinct optical and sensing behaviors. H-CDs showed the
highest photoluminescence quantum yield of 50.98%, mainly associated with enhanced
graphitic nitrogen formation, whereas P-CDs displayed a red-shifted emission at approx-
imately 573 nm due to the extended aromatic conjugation induced by p-phenylenedia-
mine. Moreover, C-CDs, H-CDs, and P-CDs showed selective fluorescence responses to-
ward Fe®, Cu?, and Ag?, respectively, with H-CDs achieving a low detection limit of 0.05
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uM for Cu?. This work establishes a structure—property relationship among precursor
molecular structure, carbon-dot composition, fluorescence behavior, and ion-recognition
performance, providing a sustainable approach for designing lignin-derived fluorescent
nanomaterials for environmental sensing.

2. Experimental Section
2.1. Materials

Industrial alkali lignin was used as the carbon source and was obtained from Shan-
dong Longlive Bio-technology Co., Ltd. (Yucheng, Shandong, China). l-Lysine, cysteine,
histidine, and p-phenylenediamine, all of analytical grade, were purchased from Shang-
hai Macklin Biochemical Co., Ltd. (Shanghai, China). Oxalic acid, used as the foaming
agent, was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). De-
ionized or ultrapure water, as specified, was used throughout the experiments. The metal
salts used in the ion-sensing experiments were prepared as aqueous stock solutions before
use and included copper sulfate, copper chloride, silver nitrate, ferric chloride, ferrous
chloride, anhydrous aluminum chloride, potassium chloride, sodium chloride, magne-
sium chloride hexahydrate, lead chloride, cobalt chloride hexahydrate, and nickel chlo-
ride. Unless otherwise specified, all metal salts were of analytical grade. Copper sulfate,
copper chloride, silver nitrate, ferric chloride, anhydrous aluminum chloride, sodium
chloride, lead chloride, cobalt chloride hexahydrate, and nickel chloride were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Ferrous
chloride, potassium chloride, and magnesium chloride hexahydrate were purchased from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Hydrochloric acid was pur-
chased from Guangzhou Chemical Reagent Factory (Guangzhou, China), and sodium hy-
droxide was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China).

2.2. Synthesis of Lignin-Derived Carbon Dots

Lignin-derived CDs were prepared through a solvent-free spatially confined carbon-
ization method. Typically, lignin, lysine, oxalic acid, and a selected functional precursor
were thoroughly ground in an agate mortar until a homogeneous solid mixture was ob-
tained. The mixture was then transferred into a flask and heated in an oil bath at 180 °C
for 6 h under atmospheric pressure.

For the preparation of C-CDs, lignin, lysine, oxalic acid, and cysteine were used at
masses of 0.30, 1.50, 2.40, and 0.20 g, respectively. For H-CDs, lignin, lysine, oxalic acid,
and histidine were used at masses of 0.60, 1.50, 2.40, and 0.60 g, respectively. For P-CDs,
lignin, lysine, oxalic acid, and p-phenylenediamine were used at masses of 0.30, 1.50, 2.40,
and 0.30 g, respectively. After the reaction, deionized water at 25 °C was added to disperse
the carbonized products. The obtained dark dispersion was centrifuged at 10,000 rpm for
5 min to remove insoluble residues and large particles. The supernatant was dialyzed
against deionized water using a dialysis membrane with a molecular weight cutoff of 1000
Da for 48 h. The purified dispersion was then filtered through a 100 nm microporous
membrane and freeze-dried to obtain solid CD powders.

2.3. Characterization

The morphology and particle-size distribution of the CDs were characterized using
a field-emission transmission electron microscope (Talos F200S, FEI Company, Hillsboro,
OR, USA). Before TEM observation, the diluted CD aqueous dispersion was filtered
through a 0.22 um microporous membrane, dropped onto an ultrathin carbon-coated cop-
per grid, and naturally dried. High-resolution TEM was used to observe the lattice struc-
ture of the CDs. UV—-vis absorption spectra were recorded using a UV-8000S UV-vis spec-
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trophotometer (Shanghai Metash Instruments Co., Ltd., Shanghai, China). For samples
available as freeze-dried powders, the CD powders were dissolved in ultrapure water to
prepare aqueous dispersions with a concentration of approximately 1 mg-mL-. For sam-
ples without sufficient solid product, the dialyzed and filtered CD dispersions were di-
rectly diluted before measurement. For fluorescence quantum yield measurements, the
absorbance of the sample solution at the excitation wavelength was controlled below 0.1.
Photoluminescence spectra were recorded using a FluoroMax-4 spectrofluorometer
(HORIBA Jobin Yvon, Edison, NJ, USA). Before measurement, the freeze-dried CD pow-
ders were dissolved in ultrapure water and treated by ultrasonication to obtain clear and
homogeneous dispersions. Excitation spectra, emission spectra, and excitation—emission
matrix spectra were collected to characterize the fluorescence behavior of the samples.
Time-resolved fluorescence decay curves were recorded using the same excitation and
emission wavelengths for each CD/metal-ion pair. The decay curves were fitted using a
biexponential model, R(t) = Biexp(-t/t1) + B2exp(-t/t2), and the intensity-weighted average
lifetime was calculated as tavg = XBiti?/ZBiti. The fluorescence quantum yield was deter-
mined by a comparative method using quinine sulfate dissolved in 0.1 mol-L-' H25Os as
the standard reference. The quantum yield of quinine sulfate was taken as 55% under 350
nm excitation. The absorbance values of both the sample and reference solutions at the
excitation wavelength were kept below 0.1. Fourier-transform infrared spectra were rec-
orded using a Nicolet iS50R FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). The dialyzed and filtered CD dispersions were freeze-dried before testing. The
dried CD powders were mixed with spectroscopic-grade KBr, ground thoroughly, and
pressed into transparent pellets for FTIR measurement. X-ray diffraction measurements
were performed using a D8 ADVANCE X-ray diffractometer (Bruker AXS GmbH, Karls-
ruhe, Germany). X-ray photoelectron spectroscopy was performed using an ESCALAB
250Xi X-ray photoelectron spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
For XPS measurement, the freeze-dried solid samples were directly used after pressing.
High-resolution spectra of C 1s, N 1s, O 1s, and S 2p were recorded when applicable.
Additional experimental details are provided in Sections S1-56 of the Supplementary Ma-
terial.

3. Results and Discussion
3.1. Precursor-Engineered Solvent-Free Synthesis and Photoluminescence Regulation

A solvent-free spatially confined carbonization strategy was developed to prepare
lignin-derived carbon dots (CDs) with tunable photoluminescence and selective metal-ion
sensing capability. As illustrated in Scheme 1, the synthesis involved direct thermal treat-
ment of a solid precursor mixture composed of industrial alkali lignin, lysine, oxalic acid,
and a selected functional molecular precursor. Compared with conventional hydrother-
mal or solvothermal methods, this solvent-free process avoids the involvement of bulk
solvent molecules during carbonization and provides a concentrated reaction environ-
ment [33]. Such a locally confined environment is beneficial for promoting dehydration,
condensation, aromatization, and surface-state construction among the solid precursors
[34].

In this system, industrial alkali lignin was used as the primary carbon source. Its
abundant aromatic units provide a structural basis for the formation of sp? carbon do-
mains, while its oxygen-containing functional groups can participate in condensation and
surface functionalization reactions [35]. Lysine was introduced as both a nitrogen source
and a foaming-assisted component. During thermal treatment, lysine may undergo de-
composition, dehydration, and condensation reactions, generating gaseous products and
crosslinked intermediates [36]. These processes contribute to the formation of a foamed
and spatially confined microenvironment, which helps restrict excessive aggregation of
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Scheme 1. Flow chart of the solvent-free preparation of carbon dots.

On this basis, cysteine, histidine, and p-phenylenediamine were introduced to regu-
late the carbonization pathway, heteroatom configuration, conjugated structure, and sur-
face coordination sites of the resulting CDs. The selection of these three molecules was
based on their distinct molecular structures and electronic characteristics. Cysteine con-
tains amino, carboxyl, and thiol groups, which can participate in condensation reactions
and provide sulfur-containing surface sites for metal-ion coordination [37]. Histidine con-
tains an imidazole heterocycle with relatively high thermal stability, which can serve as
an effective nitrogen-containing structural unit during carbonization. The imidazole ring
is expected to promote nitrogen incorporation into the carbon framework and favor the
formation of graphitic nitrogen. In contrast, p-phenylenediamine possesses a rigid aro-
matic skeleton and two electron-donating amino groups, making it favorable for rt-conju-
gation extension, charge-transfer interactions, and long-wavelength emission [38].

The influence of precursor structure was first reflected in the visual appearance of
the products. As shown in Figure 1a, the aqueous dispersions of C-CDs, H-CDs, and P-
CDs displayed yellow-green, yellow-brown, and reddish-brown colors under natural
light, respectively. A similar color-deepening trend was observed for the corresponding
freeze-dried powders in Figure 1b. These color differences indicate that the electronic
structures and visible-light absorption abilities of the CDs were significantly affected by
the functional precursors. C-CDs showed the lightest color, which can be attributed to the
aliphatic structure of cysteine and its limited ability to promote extended conjugated-do-
main growth. H-CDs exhibited a deeper color, suggesting that the imidazole ring in histi-
dine enhanced the formation of nitrogen-containing conjugated structures. P-CDs showed
the darkest reddish-brown color, consistent with the strong ability of p-phenylenediamine
to extend aromatic conjugation and increase visible-light absorption.

The photoluminescence behavior further confirmed the precursor-dependent regu-
lation of the CDs. As shown in Figure le—g, the emission spectra of Cn-CDs, Hn-CDs, and
Pn-CDs under 480 nm excitation varied significantly with the type and amount of func-
tional precursor. A common excitation wavelength of 480 nm was selected for the precur-
sor-loading series because all three sample series exhibited measurable excitation re-
sponses at this wavelength, allowing their long-wavelength emission profiles to be com-
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pared under identical excitation conditions. This result demonstrates that the functional
precursor not only affects CD formation but also modulates the emissive states. For cys-
teine-modified CDs, the photoluminescence quantum yield (PLQY) first increased and
then decreased with increasing cysteine dosage, as shown in Figure 1c. This trend suggests
that cysteine plays a dual role during carbonization. At an appropriate dosage, cysteine
can provide reactive amino and thiol groups, increase nucleation sites, and passivate sur-
face defects at the carbon-core edges. These effects reduce non-radiative recombination
and improve radiative transition efficiency. Meanwhile, Figure 1d shows that cysteine ad-
dition also increased the product yield compared with the system without cysteine, indi-

cating that cysteine promoted the conversion of carbon sources into solid fluorescent
products.
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Figure 1. (a) Colors of the different carbon-dot dispersions after dialysis and filtration under natural
light. (b) Photographs of the corresponding freeze-dried carbon-dot samples. Comparisons of (c)
photoluminescence quantum yield and (d) product yield between Cx-CDs prepared using the oil-
bath-based spatially confined method and the corresponding Cx-CDs-CO samples prepared using a
constant-temperature oven. Photoluminescence emission spectra of (e) Cx-CDs, (f) Hx-CDs, and (g)
Px-CDs with different functional-precursor loadings under 480 nm excitation. In the sample codes
Cx-CDs, Hx-CDs, and Px-CDs, x denotes the mass, in grams, of cysteine, histidine, and p-phenylene-
diamine used in the precursor mixture, respectively. The suffix “~CO” denotes the corresponding

constant-temperature oven control.

However, excessive cysteine caused a decline in PLQY. This phenomenon can be at-
tributed to over-crosslinking-induced quenching. When the cysteine content is too high,
abundant reactive groups may accelerate intermolecular dehydration and condensation,
producing a dense crosslinked network. Such a network can shorten the distance between
emissive domains, enhance chromophore-chromophore interactions, and increase non-
radiative energy dissipation. Therefore, an optimized cysteine dosage is necessary to bal-
ance surface passivation and structural over-condensation.
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The optimized PLQYs and product yields of the three CDs are summarized in Table
S1. C-CDs, H-CDs, and P-CDs showed PLQYs of 29.62%, 50.98%, and 40.78%, respectively.
Among them, H-CDs exhibited the highest PLQY, indicating that histidine is particularly
effective in improving fluorescence efficiency in the solvent-free lignin-based system. This
enhancement is mainly associated with the imidazole ring of histidine, which facilitates
nitrogen incorporation and graphitic nitrogen formation during carbonization. Graphitic
nitrogen can regulate the electronic density of sp? carbon domains, enhance 7t-electron
delocalization, and suppress non-radiative recombination. As a result, the radiative re-
combination efficiency of H-CDs is significantly improved.

Although P-CDs did not show the highest PLQY, they exhibited the most pro-
nounced long-wavelength emission. The emission maximum of P-CDs shifted to approx-
imately 573 nm, indicating a significant red shift compared with the other samples. This
red-shifted emission can be attributed to the rigid aromatic skeleton and strong electron-
donating ability of p-phenylenediamine. During carbonization, p-phenylenediamine can
interact with lignin-derived aromatic fragments through m-mt interactions and participate
in the construction of extended conjugated domains. In addition, the amino groups of p-
phenylenediamine may interact with oxygen-containing groups in lignin, generating
charge-transfer-related emissive states. Both conjugation extension and charge-transfer
interactions reduce the effective energy gap of the CDs, resulting in emission at longer
wavelengths [39].

The product yields also showed a clear precursor-dependent trend. As listed in Table
51, C-CDs and H-CDs exhibited relatively high yields of 31.80% and 33.13%, respectively,
whereas P-CDs showed a much lower yield of 11.18%. This difference indicates that high
fluorescence performance and high product yield are controlled by related but not iden-
tical factors. Cysteine and histidine can participate in condensation reactions and stabilize
carbonized intermediates, while the foaming behavior promoted by lysine provides spa-
tial confinement for CD formation. In contrast, p-phenylenediamine lacks easily cleavable
gas-generating groups and tends to undergo premature carbonization or aromatic stack-
ing. These processes weaken the foaming-assisted spatial confinement effect and reduce
the conversion efficiency into well-dispersed CDs. Therefore, the photoluminescence
properties and synthetic efficiency of lignin-derived CDs are jointly governed by the mo-
lecular structure of the functional precursor and the confined carbonization environment.

3.2. Morphology, Particle Size, Optical Absorption, and Emission Characteristics

The morphology and microstructure of the precursor-engineered CDs were charac-
terized by high-resolution transmission electron microscopy. As shown in Figure 2a—c and
Figure S1, C-CDs, H-CDs, and P-CDs all displayed nearly spherical nanoparticles with
good dispersibility. No obvious aggregation or large carbonized residues were observed,
indicating that the solvent-free spatially confined carbonization strategy, followed by cen-
trifugation, dialysis, filtration, and freeze-drying, produced well-dispersed nanoscale CDs.
The uniform morphology also suggests that the locally confined reaction environment ef-
fectively restricted uncontrolled growth of carbonized intermediates.

High-resolution TEM images revealed clear lattice fringes in the three CDs (Figure
2a—c). The interplanar spacing was approximately 0.216 nm, which can be assigned to gra-
phitic carbon domains. This result confirms that lignin aromatic units underwent conden-
sation, aromatization, and partial graphitization during thermal treatment. Although the
overall carbon structure remained partially amorphous, the presence of graphitic domains
indicates the formation of sp? carbon-core structures, which are essential for photolumi-
nescence generation and electronic transitions.
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Figure 2. HR-TEM images of (a) C-CDs, (b) H-CDs, and (c) P-CDs. Particle size distribution histo-
grams of (d) C-CDs, (e) H-CDs, and (f) P-CDs. (g—i) UV-Vis absorption and PL spectra of C-CDs, H-
CDs, and P-CDs; (j-1) PL spectra of C-CDs, H-CDs, and P-CDs at different excitation wavelengths.

A comparison among the three samples shows that their local structural order dif-
fered. C-CDs contained both amorphous regions and graphitic lattice domains, suggest-
ing a relatively disordered carbon-core structure. This may be caused by the aliphatic na-
ture and thermal decomposition behavior of cysteine, which can disturb the ordered
stacking of lignin-derived aromatic fragments. In contrast, H-CDs and P-CDs exhibited
clearer and more extended lattice fringes, indicating a higher degree of local graphitiza-
tion. For H-CDs, the imidazole ring of histidine may promote nitrogen incorporation and
ordered carbon-core growth. For P-CDs, the aromatic skeleton of p-phenylenediamine can
enhance m-m interactions with lignin-derived aromatic units and facilitate conjugated-do-
main extension. These morphological observations are consistent with the precursor-de-
pendent optical behavior discussed above.

The particle size distributions are shown in Figure 2d—f. C-CDs, H-CDs, and P-CDs
had average diameters of approximately 3.59, 3.78, and 4.26 nm, respectively, with most
particles distributed within 2-6 nm. These sizes are within the typical range of carbon
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quantum dots. The slight increase in average particle size from C-CDs to P-CDs suggests
that aromatic and heterocyclic precursors may promote the growth of carbonized do-
mains. In particular, P-CDs showed the largest average size, which may be attributed to
stronger aromatic condensation and 7-7t stacking induced by p-phenylenediamine. The
relatively narrow size distribution of H-CDs suggests that histidine helped regulate nu-
cleation and growth more uniformly in the confined carbonization environment. By con-
trast, the broader size distribution of C-CDs indicates that cysteine may lead to less uni-
form carbon-core evolution because of its easier thermal decomposition.

The UV-vis absorption spectra and PL spectra further provide information on the
electronic structures of the CDs. As shown in Figure 2g—i, all three CDs exhibited an ab-
sorption band around 280 nm. This band is generally assigned to the t—m* transition of
aromatic C=C bonds, indicating the formation of conjugated sp? domains. In addition,
shoulder absorption in the 300-350 nm region was observed, corresponding to n—m* tran-
sitions of C=0O or C=N groups [4]. The presence of these absorption features indicates that
the CDs contained both aromatic carbon cores and surface oxygen/nitrogen-containing
functional groups.

Although the UV-vis absorption features of the three CDs were similar, their PL emis-
sion behaviors were markedly different. This indicates that the fluorescence differences
cannot be explained solely by the presence of basic sp? carbon frameworks. Instead, the
emissive behavior is strongly influenced by surface states, nitrogen configurations, sulfur
incorporation, and conjugated-domain distributions. H-CDs showed high fluorescence ef-
ficiency, whereas P-CDs showed a distinct red-shifted emission. These differences corre-
spond well to the molecular structures of histidine and p-phenylenediamine, respectively.

As shown in Figure 2j-1, the three CDs exhibited excitation-dependent emission be-
havior. With increasing excitation wavelength, the emission peaks shifted to different de-
grees. Such excitation dependence is a common feature of CDs and usually reflects the
existence of multiple emissive centers or heterogeneous energy levels [40]. In the present
system, these emissive centers may include carbon-core-related states, surface defect
states, heteroatom-induced states, and molecular or conjugated structures derived from
the functional precursors. The excitation-dependent behavior therefore supports the con-
clusion that the photoluminescence of these lignin-derived CDs results from the combined
contribution of carbon-core states and precursor-regulated surface or molecular states.

For C-CDs, the relatively disordered carbon-core structure and sulfur-containing sur-
face sites may create diverse surface defect states, resulting in moderate fluorescence effi-
ciency. For H-CDs, the enhanced graphitic nitrogen content and more ordered carbon-
core structure contribute to efficient radiative recombination. For P-CDs, the extended ar-
omatic conjugation and charge-transfer-related structures shift the emission toward
longer wavelengths. Therefore, the morphology, particle size, UV-vis absorption, and PL
emission results collectively demonstrate that precursor molecular structure plays a cen-
tral role in regulating both the physical structure and optical properties of lignin-derived
CDs.

3.3. Surface Chemical Composition and Structural Origin of Tunable Photoluminescence

To further reveal the structural origin of the precursor-dependent photolumines-
cence, FTIR, XRD, and XPS analyses were performed. FTIR spectroscopy was first used to
identify the surface functional groups of the CDs. As shown in Figure 3a,b, all three CDs
exhibited broad absorption bands at 3400-3500 cm™!, which are assigned to O-H and N-H
stretching vibrations. These bands indicate that the CD surfaces contained abundant hy-
droxyl and amino groups. Such hydrophilic groups are important for maintaining good
water dispersibility and can also act as active sites for metal-ion coordination.
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Figure 3. FTIR spectra of (a) C-CDs, H-CDs, and P-CDs and (b) enlarged FTIR spectra; (¢) XRD
patterns; (d) XPS survey spectra; high-resolution fitted spectra of (e) C 1s and (f) N 1s.

The absorption near 2920 cm™ corresponds to aliphatic C-H stretching vibrations,
indicating the presence of residual aliphatic structures or surface alkyl fragments. The
peak around 1650 cm™ can be attributed to C=C or C=N stretching vibrations in aromatic
or conjugated structures, confirming the formation of conjugated carbon domains. The
absorption around 1100 cm™ is associated with C-O or C-N vibrations, suggesting that
oxygen- and nitrogen-containing groups were retained or generated during carbonization.
The similarity of the major FTIR peaks indicates that the three CDs possessed comparable
types of surface functional groups. However, differences in peak intensity and chemical-
state distribution, as further confirmed by XPS, indicate that the relative abundance and
bonding configurations of these groups varied with the functional precursor.

The carbon structural order was investigated by XRD. As shown in Figure 3c, all CDs
exhibited broad diffraction peaks centered at approximately 21.3°. The broad nature of the
diffraction peaks indicates that the CDs were mainly composed of amorphous or low-
graphitized carbon structures. This result is consistent with the TEM observation that the
CDs contained short-range ordered graphitic domains but lacked long-range crystalline
order. Compared with C-CDs, H-CDs and P-CDs showed slightly sharper diffraction
peaks, suggesting a modest increase in local carbon ordering. This trend agrees with the
clearer lattice fringes observed in Figure 2a—c and supports the role of histidine and p-
phenylenediamine in promoting carbon-core organization.

XPS analysis provided detailed information on elemental composition and chemical
bonding states. As shown in Figure 3d, C, N, and O were detected in all samples, while S
was detected only in C-CDs. This confirms that nitrogen and oxygen were common ele-
ments in all CDs, whereas sulfur was specifically introduced by cysteine. The high-reso-
lution C 1s spectra in Figure 3e were deconvoluted into C-C/C=C, C-O/C-N, and C=0/O-
C=0 components. According to Table S2, C-C/C=C was the dominant carbon species in all
CDs, confirming that sp? carbon frameworks were successfully constructed. H-CDs
showed a relatively higher C-C/C=C content than the other samples, indicating a higher
degree of carbon-core conjugation. This result is consistent with the high PLQY and im-
proved local graphitization of H-CDs.

The N 1s spectra shown in Figure 3f reveal key differences among the three CDs.
Nitrogen species mainly existed as graphitic nitrogen, amino-related nitrogen, and pyri-
dinic nitrogen. H-CDs contained a relatively high proportion of graphitic nitrogen, ac-
counting for more than one quarter of the total nitrogen species. Graphitic nitrogen is in-
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corporated into the carbon framework and can effectively modulate the electronic struc-
ture of sp? domains. Its presence enhances m-electron delocalization, improves electronic
transition pathways, and reduces non-radiative recombination. Therefore, the high gra-
phitic nitrogen content provides direct structural evidence for the superior PLQY of H-
CDs.

In contrast, P-CDs showed a higher proportion of -NH:-related nitrogen species. This
resultindicates that p-phenylenediamine introduced amino-rich surface structures during
carbonization. These amino groups may play two roles. First, they can contribute to sur-
face-state emission by modifying the electronic environment of the CDs. Second, they can
serve as coordination sites for metal ions, especially Ag*. The red-shifted emission of P-
CDs is therefore associated not only with enlarged aromatic conjugation but also with
amino-modified surface states and possible charge-transfer structures.

For C-CDs, the high-resolution S 2p spectrum in Figure S3 confirmed the presence of
C-Sbonds. This demonstrates that sulfur from cysteine was successfully incorporated into
the CDs, although the sulfur content was relatively low. The absence of strong sulfur-
related absorption in the FTIR spectra can be explained by the low sulfur content and
overlap with other vibrational bands. Even at low content, sulfur-containing sites can sig-
nificantly affect coordination behavior because sulfur atoms have strong affinity toward
certain metal ions and can alter the local electronic environment of the CD surface.

The O 1s spectra in Figure S2 further confirmed the presence of oxygen-containing
groups such as C=0 and C-O. These groups are important for maintaining aqueous sta-
bility and providing metal-ion binding sites. The coexistence of carbonyl, hydroxyl, amino,
and sulfur-containing groups creates a chemically rich surface environment for fluores-
cence sensing.

Overall, the FTIR, XRD, and XPS results show that the three CDs shared similar basic
carbon skeletons but differed in local graphitization, nitrogen configuration, sulfur incor-
poration, and surface amino-group distribution. These structural differences explain the
distinct optical behaviors of the CDs. H-CDs achieved the highest PLQY because histidine
promoted graphitic nitrogen formation and carbon-core conjugation. P-CDs showed red-
shifted emission because p-phenylenediamine extended m-conjugated domains and intro-
duced amino-rich surface states. C-CDs showed moderate fluorescence and Fe3*-respon-
sive surface chemistry because cysteine introduced sulfur-containing coordination sites.
Thus, the structural characterization results establish a direct connection between precur-
sor structure and photoluminescence regulation. These surface chemical features provide
potential metal-binding sites, while their actual involvement in the sensing process is ex-
amined below by comparing the pristine and metal-treated CDs.

3.4. Environmental Stability and Selective Fluorescence Sensing of Metal Ions

The environmental stability of fluorescent probes is crucial for practical sensing ap-
plications. Therefore, the fluorescence responses of C-CDs, H-CDs, and P-CDs were eval-
uated under different pH and thermal/light conditions. As shown in Figure 4a—c, C-CDs
and P-CDs maintained relatively stable fluorescence intensity in the pH range of 3-11.
However, their fluorescence was significantly quenched under strongly acidic or strongly
alkaline conditions. This behavior suggests that the emissive states of C-CDs and P-CDs
are stable under neutral and weakly acidic or alkaline conditions but are sensitive to ex-
treme pH environments. Under strong acid or base, surface functional groups such as hy-
droxyl, carboxyl, amino, or carbonyl groups may undergo protonation or deprotonation,
altering the surface electronic structure and increasing non-radiative recombination path-
ways [41].
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Figure 4. (a—c) pH-dependent PL intensity and (d-f) PL stability under visible light irradiation at
different temperatures of C-CDs, H-CDs, and P-CDs. The data in panels (a—c) are presented as the
mean + SD of three replicate measurements (n = 3), and the error bars represent SD. Panels (d-f)

show representative stability measurements.

H-CDs displayed better pH tolerance than the other two samples. Its fluorescence
intensity remained stable from pH 1 to 11 and decreased significantly only under strongly
alkaline conditions. This broad pH stability can be attributed to the relatively high gra-
phitic nitrogen content of H-CDs. Unlike surface amino or carboxyl groups, graphitic ni-
trogen is embedded in the carbon framework and is less susceptible to protonation or
deprotonation. Therefore, the electronic structure and emissive states of H-CDs are more
stable over a wide pH range. This result is consistent with the XPS analysis, which shows
that histidine promotes graphitic nitrogen formation.

The thermal and light stability results are shown in Figure 4d—f. Under visible-light
irradiation, the fluorescence intensity of all CDs gradually decreased with increasing irra-
diation time, and the fluorescence decay became more pronounced at higher temperatures.
This trend can be explained by thermally activated non-radiative relaxation [42]. As the
temperature increases, molecular vibration and rotation become more intense, leading to
enhanced energy dissipation through non-radiative pathways. Among the three samples,
P-CDs showed the most obvious attenuation at 40 °C after 48 h, retaining approximately
70% of the initial fluorescence intensity. The lower thermal stability of P-CDs may be re-
lated to its higher content of surface amino groups. These amino groups are sensitive to
hydrogen-bond rearrangement and surface-state fluctuation under thermal disturbance,
which can affect the emissive states and accelerate fluorescence decay.

Despite fluorescence attenuation under high temperature and prolonged irradiation,
the three CDs maintained acceptable fluorescence stability under conditions relevant to
aqueous environmental sensing. Their stability in neutral and weakly acidic or alkaline
media provides a basis for subsequent metal-ion detection experiments.

The metal-ion selectivity of the CDs was investigated by adding different metal ions
and recording fluorescence intensity changes. As shown in Figure 5a—c, the three CDs ex-
hibited clearly different fluorescence responses toward metal ions, demonstrating that
their ion-recognition behavior was strongly influenced by precursor-induced surface
chemistry. C-CDs showed a selective response toward Fe®. This selectivity can be at-
tributed to sulfur- and oxygen-containing functional groups introduced by cysteine. Fe3*
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has strong affinity for oxygen-containing groups such as hydroxyl and carbonyl groups,
and sulfur-containing sites may further enhance complexation. The observed response is
consistent with the interaction of Fe3* with oxygen- and sulfur-containing surface sites.
The nature of the quenching process is discussed below using the fluorescence-lifetime
and XPS results.
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Figure 5. Fluorescence intensity changes of (a) C-CDs, (b) H-CDs, and (c) P-CDs in the presence of
different metal ions (10 mM). Fluorescence response and linear fitting curves of different carbon
dots toward target metal ions. (d) Fluorescence response and low-concentration linear fitting of C-
CDs toward Fe®. (e) Fluorescence response and low-concentration linear fitting of H-CDs toward
Cu?. (f) Fluorescence response and low-concentration linear fitting of P-CDs toward Ag*. The insets
show the low-concentration Stern—-Volmer linear fits Comparison of fluorescence response of (g) C-
CDs, (h) H-CDs, and (i) P-CDs in different water matrices. The data in panels (g-i) are presented as
the mean + SD of three replicate measurements (1 = 3), and the error bars represent SD. Panels (a—f)

show representative measurements.

H-CDs exhibited the strongest fluorescence response toward Cu?. In the presence of
high Cu? concentration, the fluorescence intensity of H-CDs decreased to approximately
15% of its initial value, indicating highly efficient quenching. This strong response is
mainly attributed to the imidazole-derived nitrogen sites introduced by histidine. Imid-
azole nitrogen atoms possess strong coordination ability toward Cu?, enabling the for-
mation of stable surface complexes. The strong response is consistent with the interaction
of Cu?* with histidine-derived nitrogen sites. However, the steady-state fluorescence re-
sponse alone does not establish the corresponding excited-state pathway. In addition, the
high graphitic nitrogen content of H-CDs may facilitate coupling between the carbon core
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and surface interaction sites, further improving quenching efficiency and sensing sensi-
tivity.

P-CDs displayed a relatively selective response toward Ag*. The amino-rich surface
derived from p-phenylenediamine provides suitable binding sites for Ag* coordination.
At higher Ag* concentrations, solution turbidity was observed, suggesting possible in-
terparticle interactions. In the absence of direct particle-size measurements, aggregation
is considered a possible secondary contribution rather than a confirmed mechanism [43].

These results show that selective ion recognition can be achieved by regulating the
surface coordination environment of lignin-derived CDs through precursor molecular en-
gineering. Cysteine favors Fe* recognition, histidine favors Cu? recognition, and p-phe-
nylenediamine favors Ag* recognition. The sensing behavior therefore follows the struc-
tural features of the functional precursors.

3.5. Quantitative Detection, Practical Water-Sample Analysis, and
Structure—Property Relationship

After confirming the selective fluorescence responses, quantitative sensing experi-
ments were conducted by adding different concentrations of the corresponding target ions.
As shown in Figure 5df, the fluorescence intensities of C-CDs, H-CDs, and P-CDs de-
creased progressively with increasing concentrations of Fe*, Cu?, and Ag?, respectively.
The continuous decrease in fluorescence intensity indicates that the target ions effectively
interact with the CD surfaces and induce concentration-dependent quenching.

At relatively high ion concentrations, the fluorescence intensity decreased sharply.
This strong quenching can be attributed to the rapid occupation of surface coordination
sites and enhanced electron-transfer or aggregation-related processes. At low concentra-
tions, the fluorescence intensity exhibited an approximately linear relationship with ion
concentration, allowing quantitative detection. The corresponding linear calibration
curves are shown in inserts of Figure 5d-f, and the analytical parameters are summarized
in Table S3.

For C-CDs, a linear response toward Fe® was obtained in the range of 0.4-10 uM,
with a correlation coefficient of 0.9085 and a limit of detection (LOD) of 0.26 uM. Although
the linearity was lower than those of H-CDs and P-CDs, the result still confirms the feasi-
bility of cysteine-modified lignin-derived CDs for Fe3* detection. The moderate sensitivity
of C-CDs may be related to the relatively low sulfur content and the heterogeneous dis-
tribution of surface binding sites.

For H-CDs, a good linear response toward Cu? was observed in the range of 0.2-10
uM, with a correlation coefficient of 0.9571 and an LOD as low as 0.05 uM. This was the
lowest detection limit among the three systems, indicating that H-CDs possessed the high-
est sensing sensitivity. The excellent Cu?* detection performance arises from the combina-
tion of high PLQY, stable emissive structure, and strong Cu?" coordination ability of histi-
dine-derived nitrogen sites. A high initial fluorescence intensity provides a larger signal
window, while the specific Cu?* binding sites ensure efficient fluorescence quenching [44].

For P-CDs, the fluorescence intensity showed a linear response to Ag* over the range
of 0.4-10 pM, with a correlation coefficient of 0.9659 and an LOD of 0.11 puM. The relatively
good linearity indicates that Ag*-induced quenching occurred in a concentration-depend-
ent manner. The amino-rich surface of P-CDs provides potential Ag* interaction sites,
while interparticle interactions may provide an additional contribution at elevated Ag*
concentrations. The low-concentration data showed approximately linear Stern—Volmer
relationships. The apparent Stern—Volmer constants were 8.15 x 102, 4.13 x 103, and 1.19 x
103 M for C-CDs/Fe*, H-CDs/Cu?, and P-CDs/Ag", respectively. The non-unity inter-
cepts and deviations from linearity over the broader millimolar concentration range indi-
cate non-ideal Stern—Volmer behavior, which may reflect heterogeneous surface sites and
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progressive occupation of the available interaction sites. The Stern—-Volmer results were
therefore not used alone to distinguish static from dynamic quenching. The correspond-
ing linear ranges, coefficients of determination, apparent Stern—Volmer constants, and de-
tection limits are summarized in Table S3.

The mixed-ion experiments revealed probe-dependent matrix effects, as shown in
Figure S8 and summarized quantitatively in Table S6. For C-CDs, the mixed-ion back-
ground alone caused a 4.5% decrease in fluorescence intensity, while the net Fe*-induced
quenching increased from 25.3% to 40.6%. For H-CDs, the mixed-ion background de-
creased the baseline fluorescence by 22.1%, whereas the net Cu?*-induced quenching
changed from 87.3% to 83.8%. For P-CDs, the mixed-ion background caused a 5.3% de-
crease, while the Ag*induced quenching changed from 35.2% to 39.3%. Thus, the target-
ion responses remained distinguishable under the tested competitive ionic conditions, alt-
hough appreciable probe-dependent matrix effects were observed.

The practical applicability of the CDs was further evaluated in deionized water, tap
water, and simulated wastewater. As shown in Figure 5g—i, C-CDs, H-CDs, and P-CDs
retained effective fluorescence responses toward their target ions in different water matri-
ces. These results indicate that the target-ion responses remained detectable in the tested
water matrices, although their magnitudes were affected by the sample composition. For
C-CDs and H-CDs, the fluorescence quenching efficiencies in tap water and simulated
wastewater were close to those in deionized water, indicating that the Fe* and Cu?* re-
sponses were retained in the tested matrices, although complete absence of matrix inter-
ference cannot be assumed. These results demonstrate that the fluorescence responses
were retained in the tested water matrices. However, because spike recoveries against in-
dependently known concentrations were not determined, these experiments should be
regarded as matrix-tolerance tests rather than full analytical validation in real samples.

In contrast, P-CDs showed slightly stronger fluorescence quenching in tap water and
simulated wastewater, especially at higher Ag* concentrations. This phenomenon may be
caused by the higher ionic strength of complex water matrices. Coexisting ions can com-
press the electrical double layer on the CD surface, reduce electrostatic repulsion between
particles, and promote Ag*mediated aggregation [45]. In addition, some ions or compo-
nents in complex water samples may participate in cooperative coordination, further en-
hancing the interaction between Ag* and amino-rich P-CD surfaces. Although matrix ef-
fects influenced the response of P-CDs to some extent, the fluorescence quenching re-
mained clear, indicating that P-CDs still possess practical sensing potential.

3.6. Metal-lon Coordination and Fluorescence-Quenching Mechanism

To clarify the fluorescence-quenching mechanism and distinguish static coordination
from dynamic collisional quenching, the concentration-dependent fluorescence responses,
time-resolved fluorescence decay curves, and XPS spectra before and after metal-ion ad-
dition were analyzed collectively. The XPS comparison focused on changes in heteroatom-
related surface components and on the appearance of metal-associated signals. The C-
C/C=C component at 284.8 eV was used only for charge correction and was therefore not
interpreted as independent evidence that the carbon core remained unchanged.

For C-CDs/Fe*, the C-O/C-N component shifted from approximately 286.15 to
286.68 eV. The O 1s components originally located at approximately 531.45 and 533.20 eV
were redistributed after Fe** addition, accompanied by changes in the S 2p component
distribution. Characteristic Fe 2p features were observed at approximately 711.68 and
724.88 eV. These results support the participation of oxygen- and cysteine-derived sulfur-
containing sites in Fe* coordination. For H-CDs/Cu?, the principal N 1s component
shifted from approximately 399.90 to 399.58 eV, and the O 1s envelope also underwent
substantial redistribution. The appearance of Cu 2p features at approximately 932.98 and
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952.78 eV further confirmed the association of Cu? with H-CDs. These changes are con-
sistent with coordination involving histidine-derived nitrogen sites and oxygen-contain-
ing surface groups. For P-CDs/Ag*, changes were observed in both the N 1s and O 1s
regions. In addition, a Ag 3d doublet was detected at approximately 367.48 and 373.58 eV,
with a spin—orbit separation of approximately 6.10 eV. These results support Ag* coordi-
nation involving the amino-rich nitrogen sites and oxygen-containing groups on the P-
CD surface. The complete charge-corrected spectra of the three metal-treated systems and
the representative binding-energy changes are provided in Figures S5-57 and Table S5,
respectively.

The fluorescence decay curves were adequately described using a biexponential
model, and the corresponding decay curves and fitting parameters are presented in Figure
54 and Table 5S4, respectively. The intensity-weighted average lifetime changed only from
4.741 to 4.794 ns for C-CDs/Fe* and from 6.634 to 6.582 ns for P-CDs/Ag"*. The substantial
fluorescence-intensity decrease without appreciable lifetime shortening is consistent with
a predominantly static, coordination-mediated quenching contribution in these two sys-
tems. For H-CDs/Cu?, the average lifetime increased from 4.645 to 5.858 ns, while the
contribution of the long-lived component increased from 61.07% to 69.48%. This behavior
is inconsistent with a dominant dynamic collisional-quenching pathway and suggests that
Cu? coordination preferentially suppresses short-lived emissive sites, thereby redistrib-
uting the residual emission toward longer-lived surface states. Therefore, the H-CDs/Cu?*
response cannot be described as simple static quenching solely on the basis of the lifetime
data.

Taken together, none of the three systems exhibited the lifetime shortening expected
for a dominant dynamic collisional process. The XPS and lifetime results therefore support
a major contribution from metal-surface coordination rather than a dominant dynamic
collisional-quenching pathway. For C-CDs/Fe* and P-CDs/Ag", the nearly unchanged av-
erage lifetimes are consistent with predominantly static coordination-mediated quench-
ing, whereas H-CDs/Cu?* exhibits more complex site-selective behavior. A possible aggre-
gation-assisted contribution may occur at elevated metal-ion concentrations, particularly
in the P-CDs/Ag* system, but aggregation is treated as a secondary possibility rather than
as a conclusively demonstrated mechanism. Because direct particle-size and electrokinetic
measurements were not available, metal-induced aggregation could not be evaluated con-
clusively. The observed turbidity is therefore discussed only as qualitative evidence of a
possible secondary contribution at elevated Ag* concentrations. Direct measurements of
hydrodynamic size and zeta potential as functions of metal-ion concentration would be
required to confirm coordination-induced aggregation and identify any saturation behav-
ior [46,47].

3.7. Precursor-Structure—Property Relationship

Based on the above results, a precursor-structure-property relationship can be es-
tablished for the solvent-free lignin-derived CDs. The common solvent-free spatially con-
fined carbonization system provides a favorable reaction environment for CD formation.
Lysine contributes nitrogen and promotes foaming-assisted confinement, while oxalic
acid facilitates dehydration and carbonization. Within this framework, the functional pre-
cursor determines the heteroatom configuration, surface functional groups, conjugated-
domain structure, and ion-recognition behavior.

Cysteine participates in condensation reactions and introduces sulfur-containing co-
ordination sites, leading to Fe%-selective fluorescence response. Histidine promotes gra-
phitic nitrogen formation through its imidazole ring, increasing carbon-core conjugation
and improving PLQY. As a result, H-CDs combine high emission efficiency, broad pH
stability, and strong Cu?" coordination ability, achieving sensitive Cu?* detection. p-Phe-
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nylenediamine extends m-conjugated domains through its rigid aromatic skeleton and in-
troduces amino-rich surface sites, resulting in red-shifted emission and Ag*selective re-
sponse.

Therefore, the photoluminescence and sensing performances of lignin-derived CDs
are jointly governed by carbon-core ordering, heteroatom configuration, surface-state dis-
tribution, and coordination-site construction. This study demonstrates that precursor mo-
lecular engineering is an effective strategy for simultaneously regulating fluorescence ef-
ficiency, emission wavelength, and ion-recognition selectivity in biomass-derived CDs.

4. Conclusions

In this study, lignin-derived carbon dots with tunable photoluminescence and selec-
tive metal-ion sensing capability were successfully prepared through a solvent-free pre-
cursor—structure—engineering strategy. The results confirm that precursor molecular
structure plays a decisive role in determining the carbon-core ordering, heteroatom con-
figuration, surface-state distribution, and coordination-site construction of lignin-derived
CDs. Histidine was the most effective precursor for improving fluorescence efficiency, as
its imidazole structure promoted graphitic nitrogen formation and enhanced carbon-core
conjugation, leading to the highest photoluminescence quantum yield of 50.98% and im-
proved pH stability. p-Phenylenediamine was more favorable for inducing long-wave-
length emission because its rigid aromatic structure extended m-conjugated domains and
generated charge-transfer-related emissive states, resulting in a red-shifted emission at
approximately 573 nm, although its tendency toward aromatic stacking reduced the prod-
uct yield. Cysteine contributed to surface passivation and sulfur-containing site formation,
thereby improving product formation and providing coordination sites for Fe3* recogni-
tion, but its aliphatic structure limited carbon-core ordering and fluorescence efficiency.
The ion-sensing results further demonstrate that precursor-induced surface chemistry de-
termines metal-ion selectivity: C-CDs, H-CDs, and P-CDs selectively responded to Fe®,
Cu?, and Ag?, respectively, with detection limits of 0.26, 0.05, and 0.11 uM. Their re-
sponses remained detectable in tap water and simulated wastewater, although probe-de-
pendent matrix effects were observed. The quenching behavior was inconsistent with a
dominant dynamic collisional process and was most consistent with a major contribution
from metal-surface complexation. The nearly unchanged lifetimes of C-CDs/Fe3* and P-
CDs/Ag* are consistent with predominantly static quenching, whereas the lifetime redis-
tribution observed for H-CDs/Cu? indicates more complex site-selective coordination be-
havior. Possible aggregation at elevated metal-ion concentrations remains to be evaluated
by direct colloidal measurements. Overall, this work establishes a precursor-structure—
photoluminescence-sensing relationship for lignin-derived CDs and demonstrates that
solvent-free precursor engineering is an effective strategy for designing biomass-derived
fluorescent nanomaterials with tunable emission and targeted ion-recognition functions.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nan016150931/s1. Figure S1. TEM images of (a) C-CDs, (b)
H-CDs, and (c) P-CDs. Figure S2. XPS high-resolution fitted O 1s spectra of C-CDs, H-CDs, and P-
CDs. Figure S3. XPS high-resolution fitted S 2p spectrum of C-CDs. Figure S4. Time-resolved pho-
toluminescence decay curves and corresponding. Figure S5: Charge-corrected high-resolution XPS
spectra and peak deconvolution of Fe3*-treated C-CDs: (a) C 1s, (b) O 1s, (c) N 1s, (d) S 2p, and (e)
Fe 2p. Figure S6: Charge-corrected high-resolution XPS spectra and peak deconvolution of Cu?*-
treated H-CDs: (a) C 1s, (b) O 1s, (c) N 1s, and (d) Cu 2p; Figure S7: Charge-corrected high-resolution
XPS spectra and peak deconvolution of Ag*-treated P-CDs: (a) C 1s, (b) O 1s, (c) N 1s, and (d) Ag
3d; Figure S8. Normalized fluorescence emission spectra of (a) C-CDs/Fe**, (b) H-CDs/Cu?", and (c)

P-CDs/Ag* under single-ion and mixed-ion conditions. The spectra were recorded under 380 nm
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excitation, background-corrected, and normalized to the maximum fluorescence intensity of the cor-
responding blank CD dispersion. Table S1. Reaction conditions, fluorescence quantum yield, and
product yield of different CDs. Table S2. Summary of selected XPS data for C-CDs, H-CDs, and P-
CDs. Table S3. Analytical performance parameters of C-CDs, H-CDs, and P-CDs for metal ion de-
tection.. Table S4. Biexponential fitting parameters of the fluorescence decay curves of the pristine
and target-metal-treated CDs. Table S5. Selected XPS binding energies of the pristine and target-
metal-treated CDs. Table S6. Quantitative fluorescence responses of the three sensing systems under

mixed-ion interference conditions.
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