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Mercury ion (Hg?*), as one of the most toxic heavy metal ions, accumulates easily in the environment,
which can generate potential hazards to the ecosystem and human health. To effectively detect and re-
move Hg2+, we fabricated four types of carbon dots (CDs) using carboxymethyl nanocellulose as a carbon
source doped with different elements using a hydrothermal method. All the CDs exhibited a strong fluo-
rescence emission, excitation-dependent emission and possessed good water dispersibility. Moreover, the
four fluorescent CDs were used for Hg?* recognition in aqueous solution, where the CDs-N exhibited
better sensitivity and selectivity for Hg2+ detection, with a low limit of detection of 8.29 x 10-¢ mol/L.
It was determined that the fluorescence quenching could be ascribed to a photoinduced charge-transfer
processes between Hg2+ and the CDs. In addition, the CDs-N were used as a smart invisible ink for anti-
counterfeiting, information encryption and decryption. Furthermore, the CDs-N were immersed into a
cellulose (CMC)-based hydrogel network to prepare fluorescent hydrogels capable of simultaneously de-
tecting and adsorbing Hg?*. We anticipate that this research will open possibilities for a green method

to synthesize fluorescent CDs for metal ion detection and fluorescent ink production.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With rapid industrial development, metal contamination is a
significant issue to potable water security [1]. Among the metal
ions, mercury ion (Hg?") is recognized as one of the most haz-
ardous metal contaminants [2,3], which would pose a significant
threat to human health and environmental ecology. When mer-
cury ions enter the human body, the mercury ions will cooper-
ate with thiol group in proteins, thus significantly affecting human
mental and neurological function [4,5]. There is thus urgent need
for a system capable of sensitively and efficiently detecting mer-
cury ions in wastewater. At present, various detection techniques
have been successfully developed to recognize mercury ions, such
as chromatography, inductively coupled plasma-mass spectrome-
try, atomic fluorescence technology and electrochemistry. Among
which, fluorescence sensors exhibit great potential due to their
simplicity, excellent sensitivity and selectivity [6-10]. Currently,
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various responsive mechanisms, including intramolecular charge
transfer, inner filter effect and chelation quenched fluorescence,
have been employed for the detection of mercury ions.

So far, carbon dots (CDs) have received wide attention because
of their excellent water solubility, low toxicity, biocompatibility,
chemical stability and good energy and charge transfer proper-
ties [11-13]. Owing to these advantages, CDs are considered as
promising fluorescent probes for the detection of Hg2* [14-16].
However, the high-cost of the raw material and low production
yield hinder the development of industrial applications of CDs. Re-
cently, a variety of raw biomass materials (juice, grapefruit peel,
rice husk, etc.) have been used as carbon precursors to address
these issues. Cellulose, the most abundant natural biomass on the
earth, is renewable, non-toxic, completely biodegradable, and ex-
hibits excellent biocompatibility [17-19]. It represents a promising
and inexhaustible raw material for the preparation of carbon nano-
materials that could realize the sustainable future development
of human society. More importantly, the synthesized CDs from
carboxymethyl nanocellulose (C-CNC) possess abundant carboxyl
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Fig. 1. Characterization of CDs-C, CDs-N, CDs-B and CDs-S. (a) Transmission electron microscopic (TEM) images and particle size distribution of CDs-C, CDs-N, CDs-B and
CDs-S. Scale bar: 20 nm. (b) FT-IR spectra of CDs-C, CDs-N, CDs-B and CDs-S. (c) XPS survey spectrum. (d) High resolution XPS spectra of C 1s of CDs-C. (e) The N 1s spectra

of CDs-N.

groups, offering the potential for chemical modification. Recent
research has reported on various carboxymethyl nanocellulose-
based CDs with excellent biodegradability, compatibility and op-
tical properties [20,21]. However, the existing cellulose-based CDs
are still largely underdeveloped with a bottleneck generated by the
low quantum yield and the limited fluorescence sensing capacity.
Notably, the CDs doped with the N, B, S and other elements can ef-
fectively tune the photoluminescence properties and enhance the
quantum yield [22-24]. Moreover, CDs doped with different ele-
ments contain abundant functional groups on their surfaces, which
can improve the sensitivity for metal ions [25]. We thus expected
that the nanocellulose-based CDs could be further modified with
various functional groups for enhanced optical performance and
sensing properties.

With this research, a series of CDs including CDs containing car-
boxyl groups (CDs-C), amine-modified CDs (CDs-N), boron oxygen-
modified CDs (CDs-B) and sulfhydryl-modified CDs (CDs-S) were
prepared using a one-pot hydrothermal method. As expected, the
four CDs display a visible blue emission and excitation-dependent
properties. Moreover, the four CDs as sensors were employed to
detect Hg2t. Notably, the CDs-N exhibited excellent sensitivity and
selectivity for Hg** compared with other functional group mod-
ified CDs. Density functional theory (DFT) calculations confirmed
that the high binding energy of CDs-N to Hg** and charge transfer
between spatially separated amine groups contribute to the strong
fluorescence quenching. The CDs-N was used as a fluorescent ink
for anti-counterfeit printing. Furthermore, CDs-N was successfully
encapsuled into a hydrogel for the detection and removal of Hg?+.

Four types of CDs were prepared via a hydrothermal treatment
method using C-CNC as the carbon source. As shown in Fig. 1a, all
samples demonstrate a typical spherical shape and a good disper-
sity in aqueous solution. The average size of the synthesized CDs-C,
CDs-N, CDs-B and CDs-S were determined to be 0.47, 1.12, 0.55 and
0.52 nm, respectively. Moreover, the chemical structure and com-
position of four CDs were measured using Fourier transform in-
frared (FT-IR) analysis. In Fig. 1b, the CDs-C show the -OH stretch-
ing vibrations at 3300 cm~! and the characteristic band of C=0 at
1771 cm~!, which indicates the presence of carboxylic acid groups
on the CDs-C. The stretching vibrations peak of -NH, and C-N on
CDs-N are found at 1569 and 1070 cm™!, respectively [26]. For the
CDs-B, the emergence of peaks at 1030, 1190 and 1450 cm~! im-
ply the presence of the B-O-C, C-B and B-O bonds [27]. It was also

found C-S stretching vibrations at 1153 cm~! in the CDs-S. These
FT-IR analyses confirmed that the -NH,, B-O bond and -SH groups
are successfully loaded on the CDs. Furthermore, the presence of
carboxyl groups on CDs-N, CDs-B, and CDs-S was found to be in-
conspicuous. The incorporation of distinct functional groups into
CDs enables diverse detection outcomes when applied to different
samples. To further confirm the above FT-IR results, the X-ray pho-
toelectron spectrum (XPS) of the CDs-C, CDs-N, CDs-B and CDs-S
were also investigated. In the XPS spectrum, the C, O, N, B and S
elements can be observed in the four different CDs (Fig. 1c). The C
1s spectra of CDs-C can be divided into three peaks at 284.7, 286.1
and 288.2 eV, which corresponded to C-C, C-O and C=0 bonds, re-
spectively (Fig. 1d). The result demonstrated the existence of car-
boxyl group on the CDs-C. After modification, the slight change
of C 1s can be seen (Fig. S1 in Supporting information). For the
CDs-N, the C 1s showed three components that are assigned to C-
C (284.6 eV), C-O/C-N (285.9 eV) and C=0 (287.8 eV) bonds (Fig.
S1a in Supporting information). The difference in C 1s of 288.7 eV
(C=0/C-0-B) in the CDs-B and 285.6 eV (C-O/C-N/C-S) in the CDs-
S were observed (Figs. S1c and e in Supporting information). The
observed difference of four CDs further suggested that the reaction
between the C-CNC and different functional groups. For the CDs-N,
the N 1s reveal the presence of C-N-C (399.1 eV), O=C-N (399.9
eV) and N-H (400.9 eV) groups, which further suggests the suc-
cessful reaction of the urea with the carboxyl group in C-CNC (Fig.
1e) [28]. Based on the above experimental evidence, it can be de-
duced that the four CDs possess different functional groups, which
can generate different fluorescence and sensing properties.
Subsequently, the photophysical properties of four CDs were ex-
amined in detail. As shown in Figs. 2a-d, the ultraviolet-visible
(UV-vis) spectra displayed a peculiar absorption band in the range
of 200-300 nm for the four types of CDs, which may be related
to the m-m* transitions. The weak absorption shoulder at 300-
450 nm is related to the n-z* transition of C=0 on the surface
[25]. The observations confirm that the functional surface states
can produce different energy states. Moreover, the four solutions
of CDs exhibited a bright blue fluorescence under UV light. All CDs
displayed a strong fluorescence emission at 434-437 nm under ex-
citation at 360 nm. Furthermore, CDs-C, CDs-N, CDs-B and CDs-S
displayed excitation-dependent properties, with emission maxima
at 438, 435, 437 and 452 nm, respectively, under the optimal ex-
citation wavelength of 360 and 380 nm (Figs. 2e-h). The fluores-
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Fig. 2. Fluorescence properties of CDs-C, CDs-N, CDs-B and CDs-S. (a-d) Normalized absorbance and intensity of CDs-C, CDs-N, CDs-B and CDs-S (insert: images of CDs-C,
CDs-N, CDs-B and CDs-S solutions under UV irradiation). (e) The 3D fluorescence spectra of CDs-C, (f) CDs-N, (g) CDs-B and (h) CDs-S at different excitation wavelengths.
(i-1) Fluorescence response of the CDs-C, CDs-N, CDs-B and CDs-S (0.25 mg/mL) with different concentrations of Hg?* (0-400 pmol/L) (Aex =360 nm).

cence tunability of four types of CDs is presumably due to the in-
homogeneity of the particle sizes and the numerous emissive traps
of surface states formed by the -OH, -COOH, -NH,, B-O bond and
-SH functional groups. Moreover, the relative quantum yield of the
CDs-C, CDs-N, CDs-B and CDs-S were determined to be 0.98%, 2.8%,
1.25% and 10.46%, respectively.

To further explore the fluorescence mechanism, the four CDs
were used to detect Hg2*. Upon the addition of Hg2*, the fluo-
rescence intensity of the CDs-C showed a significant decreased un-
der 360 nm excitation (Fig. 2i). Simultaneously, the CDs-N, CDs-B
and CDs-S also displayed a similar fluorescence quenching in the
presence of Hg?+ (Figs. 2j-1). By calculating the emission inten-
sity ratio of Iy/I versus the concentration of HgZ* (0-100 pmol/L),
an excellent linear response was obtained with RZ=0.988 (Fig.
S2a in Supporting information). The detection limit of the CDs-C,
CDs-N, CDs-B and CDs-S were calculated to be 1.95 x 10> mol/L,
8.29 x 10-% mol/L, 1.05 x 10~ mol/L and 2.53 x 10~> mol/L based
on 3 §/k (where § stands for the standard deviation of the blank
four CDs solutions, and k is the slope of the linear plots.), show-
ing a good sensitivity for HgZ+ [29]. In addition, four types of CDs
showed a great selectivity for Hg2t (Fig. S3 in Supporting informa-
tion). These results indicate that energy transfer can occur between
the CDs and Hg2* in solution, thus resulting in a distinct fluores-
cence quenching. For comparison, it was found that the CDs-N ex-
hibit a better detection capability toward Hg2*. The fluorescence
lifetimes and zeta potential of four CDs indicate that a high affin-
ity between the amino group on the CDs-N and the Hg?* may con-
tribute to the excellent fluorescence performance (Fig. S4 and Ta-
ble S1 in Supporting information). Meanwhile, the pH investigation
further confirmed that the applicability of CDs-N for Hg2* (Fig. S5
in Supporting information).

In order to further understand the luminescence and detection
mechanism of the four CDs, molecular modelling based on DFT
was performed. The proposed structure for the four CDs is a sin-
gle layer graphene as the carbon core (Fig. S6 in Supporting infor-
mation). It can be seen that the functional groups functionalized

coronene models exhibit a planar structure, and the electron pair
on functional groups and the 7 orbital of coronene formed a big
conjugated 7 orbital, generating interactions with the Hg2* ions.
The distances between Hg2* and the carboxyl (-COOH), amino (-
NH,), boron oxygen (-B-0) and sulfhydryl (-SH) groups of the four
CDs were 3.636, 3.604, 3.578 and 2.645 A, respectively, indicating
that the interactions existed among CDs with mercury ions. In ad-
dition, the corresponding binding energies (BE), Mulliken charges
of Hg?*+ as well as the charges transfer from four CDs to Hg** were
calculated (Table S2 in Supporting information). Notably, the BE of
CDs-N/Hg2* is calculated to be —357.43 kcal/mol, which is much
higher than the other three complexes with BEs values ranging
from —346.94 kcal/mol to —356.47 kcal/mol. The excellent BE of
CDs-N/Hg2* indicated that the -NH, on the surface of CDs-N have
a higher affinity for Hg2t. Moreover, the superior charge transfer
from CDs-N to Hg2* (2.011) further confirmed that the CDs-N pre-
ferred to form stable complexes with Hg?* rather than the other
three CDs. The above results revealed that the CDs-N can preferen-
tially detect Hg?t over the other three CDs, which was in good
agreement with the fluorescent selectivity and sensitivity of the
CDs for Hg2t.

The identification of the charge transfer process between func-
tional groups and Hg?* ions as a quenching mechanism for fluores-
cence CDs provides a powerful toolbox for a better understanding
of their use in technological applications. Inspired by the excellent
optical properties, the prepared CDs-N can be applied in diverse
applications including anti-counterfeiting, sensing and adsorption
of metal ions.

These high-performance CDs-N with excellent photostability ex-
hibit great potential for anti-counterfeiting applications. The exper-
iment is carried out using a pen with an aqueous solution of CDs-
N as the fluorescent ink (Fig. 3a). In Fig. 3a, the CDs-N were used
and painted on a hybrid filter membrane for investigating the anti-
counterfeiting properties. The rich surface functional groups confer
the CDs-N with good adhesion to the hybrid filter membrane, and
hence diverse fine patterns (watering cans, clouds, butterflies and
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Fig. 3. Anti-counterfeiting application of CDs-N. (a) Images of printed patterns on
hybrid filter membrane for CDs-N. (b) Images of information encryption using the
CDs-N ink in daylight and under UV light.

flowers) were obtained by writing with a pen (Fig. 3a). It can be
clearly observed that these patterns are basically colorless and in-
visible in sunlight, while exhibiting a bright blue light under UV
irradiation. Encouraged by the excellent properties, CDs-N aqueous
was coated on a hybrid filter membrane for information encryption
under daylight and information decryption under UV light (Fig. 3b).
The numeral “888” is hand-drawn using a fountain pen and vis-
ible under daylight. Remarkably, even when a portion of the nu-
meral “8” is entirely covered with Hg2* solution and allowed to
dry, the displayed numeral under daylight remains unchanged as
“888”. However, under 365 nm ultraviolet excitation, distinct nu-
merals such as “123”, “456”, “666”, “678”, and “789” become dis-
cernible. These results again corroborate the strong quenching ef-
fect of Hg2+ on CDs-N and highlights the remarkable potential of
CDs-N for highly effective anti-counterfeiting applications. In ad-
dition, the fluorescence code can also be achieved using a smart
phone. As shown in Fig. S7 (Supporting information), the quick re-
sponse (QR) code on the filter paper displayed a bright blue QR
code under UV irradiation.

Moreover, the QR code produced no information under day-
light, while the stored message “carbon dots” can be obtained
by scanning with a smartphone under UV irradiation, suggesting
that the information could be encrypted multiple times and trans-
mitted using this material. These results confirmed that the anti-
counterfeiting technology with CDs-N can provide a promising ap-
plication in the field of high-level security.

Inspired by the sensing properties of CDs, the four CDs were en-
capsuled into a cellulose-based hydrogel by hydrogen bonding to

Chinese Chemical Letters 35 (2024) 109021

prepare fluorescent hydrogels for the simultaneous detection and
adsorption of Hg2* ions [30,31]. As shown in Fig. 4a, the scanning
electron microscope (SEM) images confirmed that the cellulose-
based hydrogel exhibited a porous structure and three-dimensional
network, which would provide numerous adsorption sites for the
removal and detection of Hg?* ions. Moreover, energy-dispersive
X-ray spectroscopy (EDS)-mapping indicates uniform dispersion of
C, O and N elements in the cellulose-based hydrogel, suggesting
that the hydrogel contains various functional groups for the ad-
sorption of metal ions (Fig. 4b). The fluorescent hydrogels were
prepared by immersing the four CDs into a cellulose-based hy-
drogel network for the sensing and removal of HgZt (Fig. 4c).
As shown in Fig. 4d, the sodium carboxymethyl cellulose/CDs-N
(CA/CDs-N) hydrogel exhibits a fluorescence quenching upon the
addition of the Hg?*. Similar fluorescence quenching was observed
for the CA/CDs-C, CA/CDs-B and CA/CDs-S hydrogels (Fig. S8 in
Supporting information). A linear response of four fluorescent hy-
drogels toward Hg2* was observed (Fig. 4e). The detection limit
of four fluorescent hydrogels were calculated to be 8.53 x 10>,
473 x107°, 9.01 x 10~> and 2.51 x 10~* mol/L, respectively. Par-
ticularly, the CA/CDs-N showed a better fluorescence sensing for
Hg2+, which is consistent with the above results for the four CDs
solutions. In addition, the fluorescent hydrogel also showed an ob-
vious fluorescence quenching for Hg?* in the coexistence of multi-
ple heavy metal ions (Fig. S9 in Supporting information). The excel-
lent fluorescence quenching may be ascribed to the higher coordi-
nation interaction between Hg?* and the functional groups of the
CDs-N. Furthermore, the excellent mercury uptake capacity suggest
that the CA/CDs-N hydrogel could be an effective sensor for envi-
ronmental remediation (Fig. S10 and Table S5 in Supporting infor-
mation).

In summary, the green synthesis of fluorescent CDs from C-
CNC and dopants (urea, boron acid, glutathione) were achieved us-
ing a hydrothermal method. The four CDs synthesized exhibited
good dispersion in aqueous solution and good fluorescence prop-
erties. Moreover, CDs-C, CDs-N, CDs-B and CDs-S were applied as
the highly selective, sensitive, and effective sensors for the detec-
tion of Hg?*. CDs-N was found to have a better sensitivity for Hg?*
with a detection limit of 8.29 x 10~% mol/L, which was associated
with the high affinity between the -NH, of the CDs-N and Hg?*.
DFT calculations further revealed that CDs-N preferred to absorb
HgZ+ on the surface and they can form stable complexes. Based
on its high-performance, the CDs-N were successfully used as fluo-
rescence inks for anti-counterfeiting applications. Furthermore, the
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Fig. 4. Applications of fluorescent hydrogels. (a) SEM images and (b) EDS mapping of cellulose-based hydrogel. (c) Schematic of fluorescent hydrogel for the detection and
adsorption of Hg?+. (d) The fluorescence intensity of CA/CDs-N hydrogel for Hg?*. (e) Fluorescence intensity ratios (Ip/I) of the CA/CDs-N hydrogel for Hg?* (Aex= 360 nm).
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fluorescent hydrogels containing CDs-N were used to detect and
remove Hg2*t, revealing its potential in real world environmental
applications. Moreover, the exhausted hydrogel materials can be
vulcanized and then used for solar steam generation, realizing the
sustainable development of materials. This study not only provides
a green method for the preparation of CDs for the sensing of mer-
cury ions, but also helps understand the fluorescence mechanism
and the performance of CDs in existing technological applications.
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