Received: 30 July 2025

Revised: 20 November 2025

Accepted: 20 December 2025

DOI: 10.1002/flm2.70031

ARTICLE

FleXMat WILEY

Amino-functionalized lanthanide metal-organic
frameworks encapsulating boron-doped graphene
quantum dots: A paper based fluorescent sensor to visual
detection of salicylic acid

Wenkai Yu' | Hui Jiang' | Aoyun Li' | Zhanchuang Lu' | Shanchao Song' |

Fanghai Liu' | Lei Chen'”

!School of Materials Science and
Engineering, Hefei University of
Technology, Hefei, China

*Intelligent Manufacturing Institute of
HFUT, Hefei, China

Correspondence

Lei Chen and Bingyan Qu.

Email: shanggan2009@qq.com and
byqu@hfut.edu.cn

Funding information

National Natural Science Foundation of
China, Grant/Award Number: 21875058;
Natural Science Foundation of Anhui
Province, Grant/Award Number:
2208085J13; Major Science and
Technology project of Anhui Province,
Grant/Award Number: 202103205020025

the original work is properly cited.

| Bingyan Qu'

Abstract

Salicylic acid (SA), a widely distributed environmental pollutant, requires
accurate detection for effective water quality monitoring and ecological pro-
tection. In this work, we developed a highly sensitive fluorescent sensor by
encapsulating boron-doped graphene quantum dots (B-GQDs) within amino-
functionalized lanthanum-based metal-organic frameworks (NH,-La-MOFs).
Upon 365 nm excitation, the composite exhibits strong blue emission peaking
at 430 nm, which is significantly quenched and red-shifted to 560 nm as the
SA concentration increases to 50 uM. This spectral shift is accompanied by a
distinct color change visible to the naked eye, enabling intuitive visual
detection. The quenching mechanism is attributed to static interactions and a
reduction in the excited-state bandgap. Spherical aberration-corrected scan-
ning transmission electron microscopy (Cs-STEM) confirms the uniform dis-
tribution of B-GQDs within the NH,-La-MOFs matrix. Density functional
theory (DFT) calculations reveal that hydrogen bonding and w-m stacking
greatly enhance SA adsorption, which is consistent with the observed Zeta
potential shift from —2.90 mV to —17.6 mV, indicating enhanced surface
charge density and improved SA binding affinity. Selectivity tests demonstrate
that the quenching efficiency (Iso/I4 ~ 0.15) remains stable even in the
presence of 10 uM common interfering species such as Na*, K*, Mg*",
glucose, and alanine, indicating excellent anti-interference performance. By
adopting the strategy of metal-organic frameworks coupled with boron-doped
graphene quantum dots, this work provides a robust, portable, paper-based,
flexible fluorescent sensor for efficient visual detection of salicylic acid in
environmental applications.
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1 | INTRODUCTION

The precise detection of salicylic acid (SA) holds significant
implications across multiple fields, as it plays a critical role
in the medical field as a widely used pharmaceutical
component, serves as a central signaling molecule in plant
disease resistance and pest defense mechanisms, and poses
potential threats to ecosystems and human health as a
common environmental pollutant."™* Abnormal SA con-
centrations may lead to risks of drug overdose or plant
immune dysfunction, while SA accumulation in environ-
mental water bodies may cause aquatic toxicity. Therefore,
precise quantification of SA is crucial for ensuring drug
production quality control, optimizing agricultural pro-
duction efficiency, and maintaining environmental water
quality.””” Traditional analytical methods such as high-
performance liquid chromatography (HPLC), gas
chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS), electro-
chemical techniques (cyclic voltammetry, which is fast but
susceptible to electrode contamination), and spectroscopic
methods (such as ultraviolet-visible [UV-vis]) are
commonly used for SA detection.* ' However, these
techniques generally face limitations such as complex
sample pretreatment, high instrument costs, and lengthy
analysis times, making them unsuitable for rapid, on-site
monitoring, especially in resource-constrained or emer-
gency situations.'>™'°

In recent years, nanotechnology-driven fluorescent
probe technology has demonstrated breakthrough po-
tential, emerging as an innovative solution to overcome
the limitations of traditional methods."”*° Boron-doped
graphene quantum dots (B-GQDs) have garnered signif-
icant attention due to their excellent optical properties
(such as tunable emission wavelengths from 400 to
500 nm and quantum yields as high as 20%-30%), high
photostability, and excellent biocompatibility (low cyto-
toxicity, suitable for biological applications),* >* making
them highly advantageous in the field of fluorescent
sensing. Similarly, amino-functionalized lanthanum
metal-organic frameworks (NH,-La-MOFs) have gained
increasing attention due to their large specific surface
area (up to 1000 m*/g), customizable pore structure, and
abundant active sites (coordination-unsaturated metal
centers), which enable them to excel in the selective
adsorption of analytes.>>*® This study developed a syn-
ergistic enhancement sensing strategy by integrating the

fluorescence enhancement properties of B-GQDs with
the structural selectivity of NH,-La-MOFs, aiming to
significantly enhance the sensitivity, selectivity, and
practicality of the sensor, thereby providing technical
support for real-time environmental monitoring.

To achieve efficient SA detection, this study synthe-
sized B-GQDs@NH,-La-MOFs composite materials as
fluorescent sensors. Under 365 nm excitation, the com-
posite material exhibits strong blue fluorescence at 430 nm.
As SA concentration increases to 50 uM, fluorescence
quenching occurs (Iso/I4 = 0.15) and shifts to 560 nm, with
the color changing from blue to green, facilitating intuitive
identification. ~Aberration-corrected scanning trans-
mission electron microscopy (Cs-STEM) confirmed that B-
GQDs are uniformly embedded in the MOFs matrix. DFT
calculations indicated that hydrogen bonding and m-m
interactions enhance SA adsorption, and the Zeta potential
decreased from —-2.90 to —17.6 mV, supporting this
mechanism. Selectivity tests showed that fluorescence
remained stable in the presence of interferents such as
Na', K", and Mg*". Based on this, a portable paper-based
sensor was developed, enabling on-site detection (detec-
tion limit 0.1 pM) by loading the composite material onto
filter paper, effectively addressing the limitations of tradi-
tional methods and providing a practical tool for environ-
mental monitoring and public health management.

2 | EXPERIMENTAL MATERIALS AND
METHODS

2.1 | Experimental materials

Formamide, La(NO;),-6H,0, N,N-dimethylformamide,
ethanol, cetyltrimethy lammonium bromide (CTAB),
salicylic acid (SA), and other experimental reagents were
all obtained from Sinopharm Chemical Reagent Co., Ltd.
All reagents used in the experiments were of analytical
grade. All ultrapure water used for preparing solutions
was purified using the AWL-1002-H ultrapure water
system.

2.2 | Synthesis of B-GQDs

GQD was synthesized using a hydrothermal method.
Specifically, 1.05 g of citric acid monohydrate, 0.5 g of
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boric acid and 8 mM ethylenediamine were dissolved
in 10 mL of ultrapure water. The mixture was soni-
cated for 30 min until complete dissolution, then
transferred to an autoclave and reacted at 180°C for
7 h. After cooling naturally to room temperature, the
mixture was passed through a 0.22 pm ethylenediamine
filter. After cooling to room temperature, the aqueous
solution was filtered through a 022 pm poly-
ethersulfone (PES) syringe filter to remove larger par-
ticles, insoluble residues, and impurities, whilst small
molecular precursors (e.g., dissolved citric acid, boric
acid) may remain in the filtrate. Leveraging the filter's
small pore size and chemical compatibility with
ethylenediamine-containing aqueous solutions, the
filtered solution was then used for further purification
and characterization.

2.3 |
MOFs

Synthesis of B-GQDs@NH,-La

The GQDs@NH,-La MOFs were also prepared using a
hydrothermal method. First, a mixture of La(NO3);-6H,0
(4.36 mg) and NH,-H,BTC (1.06 mg) was dissolved in a
solution of dimethylformamide (8 mL), methanol (4 mL),
and water (3 mL). The linker NH,-H,BTC denotes 2-
amino-1,4-benzenedicarboxylic acid, yielding NH,-La-
MOFs with mesopores. Adding 0.25 mg CTAB as a
morphology control agent. The synthesized GQDs were
then added to the NH,-H,BTC ligand solution, which
was subsequently added to the La(NOs);-6H,O solution.
The mixture was stirred thoroughly and transferred into a
50 mL Teflon-lined stainless steel autoclave. After the
reaction, the resulted solution was centrifuged, and the
solid powder at the bottom was washed multiple times
with ethanol, then dried in an oven at 80°C. The prepa-
ration process of GQDs@NH,-La MOFs is illustrated in
Figure 1A.

2.4 | Structural and morphological
characteristics and performance tests

The materials were characterized using scanning elec-
tron microscopy (SEM, Sirion-200, FEI) and high-
resolution transmission electron microscopy (HRTEM,
JEOL JEM-2100 F) to observe the surface morphology
and internal lattice structure. The atomic dispersion was
identified using double spherical aberration-corrected
transmission electron microscopy (AC-HAADF-STEM,
Titan Themis Z, USA).The phases of the photoelectrode
were examined with X-ray diffraction (XRD, Miniflex

600, Rigaku, Japan) within a scanning range of 5°-70°
using Cu Ko radiation (4 = 0.15406 nm). The X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi,
Thermo, USA) was employed to analyze the composition
and elemental valence states. The Fourier transform
infrared (FTIR) spectra were recorded on a Bruker IR
spectrometer. The Fluorescence (FL) spectra and UV-vis
spectra were recorded using a Cary Eclipse spectrometer
and a Shimadzu UV-vis spectrometer, respectively. All
luminescence pictures were taken under UV light with
an excitation wavelength of 365 nm using a Sony NEX-
5T camera.

2.5 | Determination of free radicals

Using 2,6,6-trimethylpiperidine N-oxide (DMPO) as a
trapping agent for «O*~, 10%7, a 2 mL centrifuge tube was
used. The mass was accurately measured to prepare a
DMPO solution, typically at a concentration of around
100 mM. The prepared DMPO solution was then added to
the target solution. Reactive oxygen species (ROS) were
analyzed using an electron paramagnetic resonance
spectrometer (EPR, Bruker EMX Nano).

2.6 | Selectivity, reproducibility and
stability experiments

2.6.1 | Selectivity experiment
B-GQDs@NH,-La-MOFs dispersion (0.1 mg/mL, deion-
ized water) was mixed (2:0.5, v/v) with SA, and inter-
ferents (containing benzoic acid, p-hydroxybenzoic acid,
phenol, Na*, K", Ca*", Mg*") were mixed (2:0.5 v/v) and
fluorescence spectra were recorded under 365 nm exci-
tation (400-600 nm). For competition experiments, SA
was mixed with each interferent (1:1) and added to the
dispersion, and the change in fluorescence intensity at
550 nm (I/I,) was measured.

2.6.2 | Repeatability experiments
B-GQDs@NH,-La-MOFs dispersion (2 mL, 0.1 mg/mL)
was mixed with SA (0.5 mL, 50 uM) and the fluorescence
spectra were measured (365 nm excitation, Is, at 550 nm).
SA was removed by centrifugation (8000 rpm, 10 min)
and washing with deionized water (three times) to restore
the initial fluorescence (I, at 430 nm). The cycle was
repeated five times, and the relative standard deviation
(RSD) of I50/I, was calculated.
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FIGURE 1 Synthesis processes and structural characteristics of B-GQDs@NH,-La-MOFs. (A) Schematic of the synthesis of B-
GQDs@NH,-La-MOFs, (B) HR-TEM images of B-GQDs, (C) lattice images of B-GQDs, (D) SEM images of B-GQDs@NH,-La-MOFs, (E-G)
HR-TEM images of B-GQDs@NH,-La-MOFs, (H, I) HR-TEM images of B- Cs-STEM images of B-GQDs@NH,-La-MOFs; (H-I) Cs-STEM
images of B-GQDs@NH,-La-MOFs; (J, K) HR-TEM images of B-GQDs@NH,-La-MOFs and the corresponding elemental maps.

2.6.3 | Stability experiments
B-GQDs@NH,-La-MOFs dispersions (0.1 mg/mL) were
incubated under different conditions (time: 0-30 days;
temperature: 4-60°C; pH: 3-11) and fluorescence spectra
(365 nm excitation, I, at 430 nm) were measured. SA was
added under each condition, and Isy/I, at 550 nm was
recorded to calculate the RSD of fluorescence intensity.

2.7 | Preparation of paper-based sensors
for SA vision detection

To prepare a fluorescence probe based on B-GQDs@NH,-
La MOFs on fiber filter paper, 10.0 mg of GQDs@NH,-La
MOFs were dispersed in 10.0 mL of ethanol, followed by
ultrasonic dispersion for 30 min to obtain a stable sus-
pension. This suspension served as the B-GQDs@NH,-La
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MOFs suspension for visual detection under UV lamp
illumination. Similarly, a series of B-GQDs@NH,-La
MOFs suspensions with different concentrations were
prepared and drop-cast onto fiber filter paper, which was
then air-dried under ambient conditions to form SA-
responsive paper sensors.

3 | RESULT AND DISCUSION

3.1 | Morphology and structure of B-
GQDs@NH,-La MOFs

The structural characteristics of the B-GQDs@NH,-La
MOFs composite materials can be found in Figure 1.
Figure 1B shows that the B-GQDs are uniformly distrib-
uted and spherical in shape, with an average diameter of
approximately 4.6 nm, and the particles are well
dispersed throughout the sample, which is crucial for
their application in sensing materials.***° Figure 1C
displays the (107) crystal plane of the B-GQDs, with a
lattice spacing of about 0.224 nm, further confirming the
graphene structure of the boron-doped graphene quan-
tum dots. Figure 1D reveals the morphology of the B-
GQDs@NH,-La MOFs, where the composite material
exhibits a petal-like spherical aggregate, characteristic of
typical MOF composite structures with well-defined
morphology.** Figure 1E clearly shows the spherical ag-
gregates of B-GQDs@NH,-La MOFs, with smooth sur-
faces and well-formed structures, indicating the overall
structural integrity of the composite material. Figure 1F
focuses on the single-layer structure in the B-
GQDs@NH,-La MOFs composite, revealing a layered
structure, with the interlayer spacing consistent with the
encapsulated B-GQDs structure. The dark regions are
attributed to the embedded B-GQDs, while the brighter
areas correspond to the La-MOF layers. The lattice
spacing of the B-GQDs within the composite material can
be clearly observed in Figure 1G, with the measured
lattice spacing around 0.224 nm, which is consistent with
the crystal structure of graphene-based B-GQDs, vali-
dating the structural integrity of the B-GQDs within the
NH,-La MOFs. Cs-STEM images show clear lattice
stripes, indicating the crystalline nature of the B-GQDs in
the composite material. The uniformity and periodicity of
the lattice stripes further confirm the ordered arrange-
ment of the B-GQDs in the NH,-La MOFs (Figure 1H).
Atomic-resolution images in Figure 1I and Supporting
Information S1: Figure S1A-E demonstrate the atomic-
level distribution of B-GQDs and NH,-La MOFs. The
uniformly distributed bright spots in the images are
attributed to La atoms present in the framework, con-
firming the successful incorporation of La atoms into the

FleXMat-WiLEY——2

composite material. Figure 1J shows a clear boundary
between the B-GQDs and the MOF structure. Figure 1K
displays the EDS element distribution map from
Figure 1J, revealing the uniform distribution of carbon
(C), nitrogen (N), oxygen (O), and lanthanum (La) ele-
ments in the B-GQDs@NH,-La MOFs, verifying the
successful integration of these elements into the com-
posite structure. The clear separation between elements
highlights the effective encapsulation of the B-GQDs in
the MOF framework. Additionally, energy-dispersive X-
ray spectroscopy (EDS) was used to estimate the
elemental composition of the GQDs@NH,-La MOFs,
showing that carbon has the highest content (44.27%), as
shown in Supporting Information S1: Figure S1F.

The XRD characteristic peak at 9.8° in Figure 2A
corresponds to the (111) Miller indices of NH,-La MOFs.
Similarly, the characteristic peak at 43.8° corresponds to
the (107) crystal plane of B-GQDs. After encapsulating B-
GQDs, the half-width of the peaks in B-GQDs@NH,-La
MOFs increases significantly, indicating an increase in
atomic disorder within NH,-La MOFs due to B-GQDs
encapsulation, leading to more defects.**** Further-
more, compared to pure NH,-La-MOFs, the XRD peaks
of B-GQDs@NH,-La-MOFs shift slightly to the right,
indicating local structural adjustments or defect-induced
lattice strain caused by B-GQDs encapsulation within the
mesoporous cavities, rather than overall lattice contrac-
tion, consistent with reports on nanoparticle-MOF com-
posites.>* This indicates that B-GQDs may npartially
replace specific sites in the MOFs lattice, leading to subtle
structural adjustments and potential enhancement of
electronic interactions.

Figure 2B shows the full-scan XPS spectrum of B-
GQDs@NH,-La MOFs, revealing characteristic peaks at
284.79 eV (C 1s), 399.40 eV (N 1s), 525.18 eV (O 1s),
192.30 eV (B 1s), and 835.93 eV (La 3d5/2), confirming
the presence of C, N, O, B, and La. The C 1s peak at
284.79 eV corresponds to sp>-hybridized carbon, while
the B 1s peak at 192.30 eV suggests boron incorporation
into the carbon framework. As shown in Figure 2C, the
characteristic La 3d peaks appear at 838.79 and
855.68 eV, corresponding to the La 3ds/, and La 3ds/,
orbitals, respectively. Additionally, the satellite peaks at
835.23 and 852.30 eV are attributed to the La 3ds/, and La
3ds/, subgroups, indicating the presence of La*" oxida-
tion states.®® The C 1s spectrum in Figure 2D shows four
peaks at 284.62, 285.81, 288.32, and 289.44 eV, attributed
to C-C/C=C, C-N, C-0O, and C=0 bonds, respectively. As
shown in Figure 2E, the N 1s spectrum displays three
characteristic peaks at 398.91, 399.42, and 406.08 eV,
indicating the presence of C-N, N-H, and C=N bonds,
confirming the successful doping of amino groups into
the La MOFs. The B 1s spectrum (Figure 2F) shows a
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FIGURE 2 (A) XRD spectra of NH,-La-MOFs and B-GQDs@NH,-La-MOFs; (B-F) high-resolution spectra of X-ray photoelectron
spectroscopy: elemental analyses of B-GQDs@NH,-La-MOFs; (G), infrared spectral mapping of NH,-La-MOFs; (H) FT-IR spectral mapping
of B-GQDs@NH,-La- MOFs; (I) FT-IR spectral profile of NH,-La-MOFs@B-GQDs + SA.

peak at ~191.9 eV, assigned to C-B bonding within the
graphene-like structure of B-GQDs, with a slightly higher
binding energy due to partial oxidation or nitrogen-
related coordination (e.g., B-C-N or B-O-C) introduced
by synthesis with boric acid and ethylenediamine,
consistent with reports for boron-doped carbon dots. A
second peak at 192.3 eV corresponds to B-O bonds,
indicating minor boron-oxygen interactions.*® The
incorporation of these elements not only optimizes the
structural stability of the material but also enhances its
electronic properties, providing potential performance
improvements for its practical applications in sensing.*?

Figure 2G-I show the Fourier transform infrared
(FTIR) spectra of NH,-La-MOFs, B-GQDs@NH,-La-
MOFs, and B-GQDs@NH,-La-MOFs + SA, revealing the
evolution of covalent bonds and interactions. For NH,-La-
MOFs (Figure 2G), characteristic peaks include the N-H
stretching at 3400 cm™', C=0 stretching at 1600 cm™’,
C-O stretching at 1380 cm ™!, C=C stretching of the ben-
zene ring at 1500 and 1450 cm™', C-N stretching at

1250 cm™!, and La-O stretching at 800-600 cm™, con-
firming the presence of -NH,, carboxyl groups, and La-O
coordination in the MOF framework.>” After encapsu-
lating B-GQDs (Figure 2H), a new peak appears at
1100 cm™, attributed to C-B stretching, indicating the
incorporation of boron into B-GQDs. The enhanced in-
tensities of the O-H/N-H (3400 cm™) and C=0
(1600 cm ™) peaks reflect the contribution of -OH/-COOH
groups in B-GQDs, promoting hydrogen bonding. Com-
parison with the FTIR spectrum of unreacted boric acid
(Supporting Information S1: Figure S2) confirms that the
1100 cm™' peak is not a precursor residue. After the
adsorption of SA (Figure 2I), the O-H/N-H peak at
3400 cm™! narrows and weakens, while the C=0 peak
shifts to 1590 cm™! and its intensity decreases, indicating
hydrogen bonding between the -OH/-COOH groups of
SA and the -NH,/-OH groups in the composite. The C=C
peak at 1500 cm™' weakens due to m-7 stacking bet-
ween the benzene ring of SA and the B-GQD.*® The C-B
and La-O peaks remain unchanged, indicating structural
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stability when detecting SA. These interactions drive
the fluorescence red shift (from 430 to 550 nm) and
quenching, supporting the material's efficacy in SA
detection.

3.2 | Mechanistic insights into salicylic
acid fluorescence detection by B-
GQDs@NH,-La-MOFs

Figure 3A presents the UV-vis absorption spectra (Abs,
green curve) and fluorescence emission spectra (Em, blue
curve) of B-GQDs@NH,-La-MOFs composites. The ab-
sorption spectra exhibit strong peaks between ~300 and
350 nm, attributed to the m-7* transitions of B-GQDs and
the synergistic electronic coupling with NH,-La-MOFs.
The fluorescence emission spectra, under 365 nm exci-
tation, display a broad emission band peaking at
~430 nm, accompanied by blue fluorescence (inset: blue
solution under UV light). Control experiments (Sup-
porting Information S1: Figure S3) demonstrate that
NH,-La-MOF + SA exhibits pale blue fluorescence upon

365 nm excitation, whereas B-GQDs + SA displays
moderate red shift and partial quenching, indicating B-
GQDs as the primary fluorophore. This broadband
emission underscores the composite's excellent fluores-
cence properties, providing a robust optical foundation
for subsequent salicylic acid (SA) detection. Figure 3B
illustrates the UV-vis absorption spectra of B-
GQDs@NH,-La-MOFs across varying SA concentrations.
At 0 uM SA, the absorption peak is located at ~320 nm; as
SA concentration increases from 0 to 50 uM, the peak
intensity enhances, with a slight redshift to ~350 nm.
This shift suggests SA forms complexes with the com-
posite via hydrogen bonding and n-m stacking, altering
the electronic structure of B-GQDs and leading to
increased absorption and redshift.*® The concentration-
dependent absorbance provides spectral evidence for
the subsequent fluorescence quenching and redshift,
indicating that SA adsorption modulates the composite's
optical properties. Figure 3C depicts the fluorescence
color change of B-GQDs@NH,-La-MOFs solutions at
different SA concentrations (0-50 uM) under UV light.
The solution color transitions from blue (430 nm) to
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FIGURE 3 (A) Absorption and excitation spectra of NH,-La-MOFs; (B) UV absorption spectra of NH,-La-MOFs@B-GQDs + SA at
different concentrations; (C) Fluorescence spectra of NH,-La-MOFs@B-GQDs + SA at different concentrations; (D-G) Fluorescence
spectra at different excitation wavelengths; (H) Luminescence decay curves of the lanthanum complex at different concentrations; (I) Zetar

potential versus conductivity.
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orange (550 nm) with increasing SA concentration,
reflecting a fluorescence redshift. This visual shift, driven
by SA-induced electronic structure changes, offers an
intuitive approach for rapid field monitoring.

Figure 3D-G display the fluorescence emission
spectra of B-GQDs@NH,-La-MOFs at excitation wave-
lengths of 300, 320, 340, 360, and 380 nm across various
SA concentrations. In the absence of SA, the emission
peak redshifts from ~400 nm (300 nm excitation) to
~480 nm (380 nm excitation), with maximum intensity at
360 nm, highlighting the influence of B-GQDs’ surface
states and size effects, as well as multiple excited states.
The 360 nm excitation is optimal for SA detection
(Figure 3D). With SA present, the emission peak signif-
icantly redshifts to 500-550 nm, and intensity decreases,
with the solution color shifting from blue to dark orange
(insets). This redshift and burst, attributed to SA's
hydrogen bonding and n-m stacking with B-GQDs,
reduce the excited-state bandgap™ (Figure 3E). At higher
excitation wavelengths (Figure 3F), the emission peaks
further redshift from ~450 to ~570 nm, with the solution
transitioning from blue to yellowish-green (inset),
consistent with Figure 3D,E. This excitation-dependent
redshift reflects the tunable emission due to B-GQDs’
surface states and NH,-La-MOFs’ synergistic effects,
optimizing detection conditions. Compared to Figure 3D,
G shows a reduced intensity and a redshift from ~430 nm
to 500-550 nm, marking the onset of the fluorescence
quenching, with the solution turning dark orange (inset),
supporting increased non-radiative decay paths.
Furthermore, we hypothesize that the PL redshift from
430 to 550 nm and quenching in B-GQDs@NH,-La-
MOFs upon SA addition (Figure 3C-G) are primarily
driven by interactions between SA and B-GQDs, leading
to changes in the electronic structure of B-GQDs. NH,-
La-MOFs selectively adsorb SA via hydrogen bonding
(-NH, with SA's -OH/-COOH) and 7m-7 stacking (SA's
benzene ring with the MOF linker), concentrating SA
near B-GQDs to amplify the fluorescence response
(Supporting Information S1: Figure S2d). NH,-La-MOFs
alone exhibit negligible fluorescence under 365 nm
excitation, confirming B-GQDs as the primary fluo-
rophore. Furthermore, the independent PL spectrum of
B-GQDs (Supporting Information S1: Figure S4) reveals
strong emission at 426 nm. Upon SA addition, the com-
plex undergoes a red shift to 550 nm, arising from alter-
ations in the electronic structure of B-GQDs and
enhanced by NH,-La-MOF adsorption of SA.

Figure 3H presents the transient fluorescence decay
curves of B-GQDs@NH,-La-MOFs at SA concentrations
of 10, 20, 30, and 40 uM. Given the quenching mecha-
nism via hydrogen bonding and m-n stacking, we hy-
pothesize a biexponential decay process, comprising a

fast component (dynamic quenching, e.g., electron or
energy transfer) and a slow component (static quenching
from complex formation). The decay curves were fitted
using a biexponential function I (f) = A; exp (—t/71) + A,
exp (—t/t;) + C, where 7, and 7, are the fast and slow
lifetimes, A, and A, are amplitudes, and C is the baseline.
Fitting results show the average lifetime decreases from
20.3 ns at 10 uM (7; 15.2ns,7, ~ 25.8ns) to 12.6 ns at
40 uM (7; =~ 9.4ns,7, ~ 18.1ns), indicating accelerated
decay. This reduction, driven by enhanced non-radiative
pathways from dynamic and static quenching, confirms
SA's modulation of the excited state, providing dynamic
evidence for the fluorescence quenching and redshift.
Figure 3I illustrates the zeta potential and conductivity
changes of B-GQDs@NH,-La-MOFs with SA concentra-
tions from 0 to 50 uM. The zeta potential decreases from
—-2.90 mV (0 uM) to —17.6 mV (50 puM), reflecting
increased surface negativity due to SA's -COOH group
forming hydrogen bonds with NH,-La-MOFs’ -NH,
groups, redistributing surface charge.*>** Conductivity
increases from 0.5 to 0.9 mS/cm, suggesting enhanced ion
mobility from SA dissociation and charge redistribution.
These changes support the efficient adsorption and
fluorescence response mechanism to SA.

Electron Paramagnetic Resonance (EPR) and pore
structure analyses further elucidate the influence of the
electronic structure and surface properties of B-
GQDs@NH,-La-MOFs composites on their SA detection
performance. EPR measurements were performed using
a Bruker EMXplus spectrometer at 298 K (9.8 GHz,
20 mW, 1 G modulation amplitude) with DMPO as the
spin trap to detect superoxide radicals (O,™) in aqueous
suspensions of B-GQDs@NH,-La-MOFs. Figure 4A,B
present the EPR spectra of singlet oxygen (*0,) and su-
peroxide (O,) for B-GQDs@NH,-La-MOFs, respectively,
both exhibiting distinct characteristic peaks, confirming
the generation of 'O, and 0,™.*' The O, signal intensity
of B-GQDs@NH,-La-MOFs is significantly higher than
that of NH,-La-MOFs, indicating that B-GQDs doping
enhances the photocatalytic activity of the composite,
promoting O, generation (O, + e~ — O,7). This
enhanced O, production may accelerate SA oxidation or
interaction with the composite via electron transfer.
Compared to Figure 4A (*0,), Figure 4B (0,") focuses on
a higher magnetic field range (348-354 mT), demon-
strating the stability of O, generation, which suggests
that the electron transfer properties of B-GQDs
strengthen the interaction between the composite and
SA. As a strong oxidant, O,  likely facilitates SA
adsorption through electron transfer or oxidation re-
actions, thereby influencing fluorescence quenching (Iso/
I, = 0.15) and redshift (430-550 nm). EPR spectra of
bare NH,-La-MOFs and B-GQDs (Supporting
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Information S1: Figure S5) show weak and moderate O,~
signals, respectively. In contrast, the B-GQDs@NH,-La-
MOFs signal is significantly enhanced, confirming the
synergistic effect of defect-induced radical generation
from B-GQDs and the high surface area of NH,-La-
MOFs. Figure 4C displays the g-factor analysis of NH,-
La-MOFs and B-GQDs@NH,-La-MOFs, with g-values
close to 2.0, indicating the presence of free or unpaired
electrons, possibly due to defect sites or B-doping-
induced electron spins.** The g-factor of B-GQDs@NHS,-
La-MOFs (2.0035, Figure 4C) was higher than that of
NH,-La-MOFs (2.0028) and B-GQDs alone (2.0032, Sup-
porting Information S1: Figure S6). This indicates that
the defect sites and surface functional groups
(e.g., B-OH, C=0) in B-GQDs increase unpaired elec-
trons, which are stabilized and enhanced by the meso-
porous structure of the MOF (10-30 nm, Figure 4F).
Figure 4D illustrates the EPR spectra of trapped electrons
for NH,-La-MOFs and B-GQDs@NH,-La-MOFs, where
B-GQDs@NH,-La-MOFs exhibits a significantly higher
peak intensity in the 330-340 mT range compared to
NH,-La-MOFs, indicating enhanced electron-trapping
capacity due to B-GQDs doping, likely arising from
local electronic defects introduced by boron atoms or the
synergistic effect between GQDs and MOFs.*® This
improved electron-trapping capability may facilitate
electron transfer with SA, accelerating the fluorescence

quenching process. Additionally, N, adsorption-
desorption isotherms (Figure 4E) reveal that the adsorp-
tion capacity of B-GQDs@NH,-La-MOFs (160 cm?/g) is
markedly higher than that of NH,-La-MOFs (120 cm?/g),
exhibiting Type IV isotherms with an H3 hysteresis loop,
confirming the presence of a mesoporous structure. The
pore size distribution (Figure 4F) further indicates an
increased proportion of mesopores (10-30 nm) in the
composite, demonstrating that B-GQDs doping optimizes
the pore structure, enhancing specific surface area and
pore volume. This structural optimization provides
mor-e adsorption sites for SA molecules, strengthening
their adsorption via hydrogen bonding and 7t-m stacking,
thereby improving detection sensitivity and selectivity.
Solid-state NMR, LC-MS, and mechanistic studies
offer comprehensive insights into the interactions between
B-GQDs@NH,-La-MOFs and SA, elucidating the mecha-
nisms of fluorescence quenching and redshift. Supporting
Information S1: Figure S7A,B present the "H NMR and **C
NMR spectra of B-GQDs@NH,-La-MOFs before and after
SA detection. The "H NMR spectra exhibit characteristic
peaks in the aromatic region (6.5-8.5 ppm) and aliphatic
region (1.0-4.0 ppm), with peaks at 7.0-8.0 ppm attributed
to SA's aromatic protons (CsHsOHCOOH) and those at
6.5-7.0 ppm likely corresponding to the MOF ligand
(e.g., aminoterephthalic acid). Upon SA addition, a slight
downfield shift of aromatic peaks (e.g., from 7.5 ppm by
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0.1-0.2 ppm) indicates molecular-level interactions driven
by hydrogen bonding (SA's -OH with MOF's -NH,) and
n-7t stacking (SA's benzene ring with B-GQDs), altering
the local electronic environment.'? The >*C NMR spectra
reveal SA's carboxyl carbon (172 ppm) and aromatic car-
bons (110-160 ppm), MOF ligand's carboxyl (168 ppm) and
aromatic carbons (120-150 ppm), and B-GQDs’ sp” car-
bons (130-140 ppm). After SA introduction, the carboxyl
carbon shifts to 173.5 ppm due to hydrogen bonding, and B-
GQDs’ sp” carbons shift by 0.5-1 ppm due to -7 stacking,
reflecting SA-induced modulation of the carbon frame-
work's electronic structure. Supporting Information S1:
Figure S7C shows the LC-MS spectra, with a peak at
1.25 min (m/z ~ 138) corresponding to SA ([M-H]) and a
peak at 1.81 min (m/z ~ 179) indicating an SA-composite
adduct, confirming SA adsorption. These interactions
correlate with an increased adsorption capacity (from 120
to 160 cm®/g) and a Zeta potential shift (consistent with
prior observations).

Supporting Information S1: Figure S7D illustrates the
fluorescence response mechanism of B-GQDs@NH,-La-
MOFs during SA detection. In the absence of SA (0 uM),
the carbon dots, under 365 nm UV excitation, undergo
electron transitions from the 7 orbitals of the valence band
(VB) to the ©* orbitals of the conduction band (CB), fol-
lowed by radiative recombination, emitting 430 nm blue
fluorescence (corresponding to a 2.88 eV bandgap). Upon
SA introduction, the emission wavelength redshifts to
550 nm with a significant intensity decrease. This redshift
results from SA adsorption via hydrogen bonding (SA's -
OH/-COOH with the carbon dots' -OH/-COOH) and n—7
stacking (SA's benzene ring with B-GQDs’ graphene-like
structure), which modifies the surface electronic struc-
ture, reducing the excitation bandgap to 2.25 eV (calcu-
lated via E = hc/A, 4 = 550 nm). Fluorescence quenching
arises from both static and dynamic processes: static
quenching occurs through the formation of a non-
fluorescent complex (confirmed by NMR and LC-MS, m/
z &~ 179), reducing the number of emissive centers, while
dynamic quenching is driven by electron transfer to SA
(acting as an electron acceptor), enhancing non-radiative
decay from 7* to VB (supported by transient fluorescence
decay data).***> Additionally, UV-vis absorption spectra
reveal a decrease in absorbance (from 0.8 to 0.35) with
increasing SA concentration, accompanied by a blueshift
of the absorption peak (indicating a ground-state bandgap
increase from 4.00 to 4.07 eV), likely due to SA-induced
compression of the carbon dots' conjugated system or
altered surface charge distribution.” Collectively, SA in-
duces a reduced excitation bandgap (causing fluorescence
redshift), an increased ground-state bandgap (resulting in
absorption blueshift), and dual quenching mechanisms,
underscoring SA's role in modulating the photophysical

properties of the carbon dots and providing a theoretical
foundation for sensitive and visual detection.

Figure 5A-C present the density of states (DOS) of B-
GQDs, NH,-La-MOFs, and B-GQDs@NH,-La-MOFs, as
derived from density functional theory (DFT) simula-
tions, elucidating the evolution of their electronic struc-
tures and their influence on material properties. DFT
calculations employed a boron-doped GQD model
(Cs3B1Hyp, 1.7 nm) to approximate the synthesized B-
GQDs (4.6 nm). Figure 5A displays the DOS of B-
GQDs, featuring non-zero electronic states near the
Fermi level (0 eV) with discrete, peak-like distributions,
indicative of a narrow bandgap (~0.1 eV, consistent with
Figure 5D). This profile confirms the quasi-metallic or
semi-metallic nature of B-GQDs, with partially occupied
states near the Fermi level supporting high electron
mobility through localized hopping or tunneling via
defect-induced excitonic states.*® These characteristics
underpin the observed 430 nm blue fluorescence, driven
by efficient electron transport and m-m stacking in-
teractions. Figure 5B illustrates the DOS of NH,-La-
MOFs, exhibiting a bandgap of ~2-3 eV near the Fermi
level (Figure 5E), characteristic of a semiconductor. The
DOS is dominated by contributions from O (green) and N
(purple) atoms from ligands (e.g., aminoterephthalic
acid), with minor inputs from H (cyan) and La (orange),
reflecting a porous framework (surface area ~120 cm®/g)
with -NH, groups that facilitate SA adsorption via
hydrogen bonding with SA's -OH/-COOH.*’ Figure 5C
highlights the DOS of B-GQDs@NH,-La-MOFs, where
the bandgap narrows to ~1-1.5 eV (Figure 5F) due to B-
GQDs encapsulation, accompanied by an increased DOS
near the Fermi level. Dominant contributions from C
(blue) and GQDs-C (purple) underscore the role of B-
GQDs in modulating the electronic structure,
enhancing electron transitions and charge separation ef-
ficiency.*® This narrowing reflects a synergistic interplay
between the quasi-metallic B-GQDs (Figure 5D) and
semiconducting NH,-La-MOFs (Figure 5E).

Figure 5G-I further explore the electronic structure
evolution through DFT-calculated electrostatic potential
distributions. Figure 5G shows B-GQDs with a shallow
potential difference (=6 €V) and a symmetric, uniform
charge distribution, reinforcing its quasi-metallic nature
and the 430 nm fluorescence, attributed to m-m stacking
interactions. Figure 5H reveals a deeper potential differ-
ence (—14 eV) for NH,-La-MOFs, with charge concen-
trated around O and N atoms, consistent with the DOS
analysis and indicating a framework optimized for
adsorption. Figure 51 demonstrates that B-GQDs@NH,-
La-MOFs exhibit a more complex potential (>—14 eV),
with localized charge distributions due to GQD encapsu-
lation, suggesting enhanced charge migration pathways.*’
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the B-GQDs, NH,-La-MOFs and B-GQDs@NH,-La-MOFs.

These distributions highlight the structural and elec-
tronic modifications induced by composite formation.
Figure 5J-L provide atomistic simulation models to
elucidate the structure-property relationships of B-
GQDs@NH,-La-MOFs. Figure 5J depicts B-GQDs as a
hexagonal, sp>-hybridized carbon framework, with boron
doping (inferred from an EPR g-factor shift to 2.01) intro-
ducing defects that enhance electron trapping and
strengthen n-n stacking with SA. Figure 5K presents NH,-
La-MOFs, where La (purple) coordinates a porous network
with C, H, N, and O ligands, and -NH, (N) groups serve as
hydrogen-bonding sites for SA adsorption. Furthermore,
Supporting Information S1: Figure S8 clearly labels the
elements corresponding to each atom in the structure to
enhance the model description. Figure 5L illustrates the B-
GQDs@NH,-La-MOFs composite, with B-GQDs inte-
grated via m-m stacking and van der Waals forces, opti-
mizing the pore structure and electron transfer efficiency
for SA detection.

The DFT simulations indicate that the addition of SA
to B-GQDs@NH,-La-MOFs induces fluorescence
quenching and redshift, likely through electronic struc-
ture modifications such as bandgap narrowing or charge
redistribution, driven by hydrogen bonding and n-m
stacking. The reduced bandgap and altered DOS in the
composite support this mechanism, reflecting enhanced
electron-hole interactions and non-radiative decay path-
ways. These changes align with the observed optical

response, providing a theoretical basis for the material's
sensitivity to SA.

3.3 | Evaluation of B-GQDs@NH,-La-
MOFs fluorescent sensor performance

Figure 6 collectively demonstrates the exceptional selec-
tivity, recyclability, and stability of B-GQDs@NH,-La-
MOFs as a fluorescent sensor for salicylic acid (SA)
detection, complemented by its kinetic response.
Figure 6A evaluates selectivity by comparing the fluo-
rescence intensity ratio (Iso/Io) at 550 nm, where I, is the
initial intensity and Isq is the intensity with 50 uM SA or
interferents. The blank sample yields an I5y/I, close to
1.0, while 50 uM SA reduces Is0/I, to approximately 0.15,
indicating significant quenching. This effect is likely
enhanced by hydrogen bonding between -NH, groups
and SA's -OH/-COOH, as well as -7 stacking with B-
GQDs, as supported by the electronic structure insights
from Figure 5. Interferents such as benzoic acid (Isy/
I, ~ 0.95), phenol (Iso/Iy ~ 0.90), and metal ions (Na™,
K", Ca*", Mg*"; Iso/I, ~ 0.85-0.95) cause minimal
quenching. Even with co existing interferents (benzoic
acid + SA or phenol + SA), I5/I; remains around
0.15-0.20, highlighting the sensor's high specificity for
SA, driven by the composite's tailored adsorption and
electronic properties.® Figure 6B assesses recyclability
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over five consecutive detection-regeneration cycles with
50 uM SA. The Is0/I, value remains stable at 0.15 + 0.01,
closely matching the average value (dashed line), with a
small standard deviation (£0.01) from triplicate mea-
surements.”® This consistency reflects the composite's
robust structural integrity, attributed to the stable coor-
dination framework of La-MOFs and the secure embed-
ding of B-GQDs,”! ensuring reliable performance across
multiple uses.

Figure 6C examines stability by monitoring Iso/Iy
(without SA) under varying conditions. Over 30 days,
based on separate stability tests, Iso/I, maintains
1.0 £+ 0.01, with fluctuations within experimental error,
indicating resistance to photobleaching under 365 nm
excitation. Across 5-40°C, Is0/I, ranges from 0.98 to 1.02,
with a slight increase to 1.02 at 40°C, possibly due to
enhanced solvent interactions or electronic effects at
higher temperatures. In the pH range of 4-12, I5y/I, stays
between 0.99 and 1.01, showcasing the chemical stability
of -NH, groups and the inert nature of B-GQDs, suitable
for diverse aqueous environments like wastewater.'**’

Figure 6D presents the kinetic analysis of SA quenching,
plotting the observed quenching rate constant (k,bs)
against SA concentration (0-40 uM). A linear trend is
observed (y = 0.0075 + 0.00129x, R* = 0.994), with k,bs
increasing from a baseline of 0.0075 min™" to 0.059 min ™"
at 40 uM. The high R* value suggests a quenching process
influenced by rapid molecular interactions, consistent
with literature on hydrogen bonding and n-m stack-
ing.’>>* Error bars (£0.001-0.002 min~") confirm the
precision of the measurements, supporting the reliability
of the kinetic data. To evaluate the sensing performance
of the proposed B-GQDs@NH,-La-MOFs paper-based
fluorescent sensor, its analytical parameters were
compared with those of previously reported MOF- and
carbon dot-based paper sensors as well as conventional
analytical methods for water quality determination. As
summarized in Supporting Information S1: Table S1, the
proposed sensor exhibits a lower detection limit (0.10 uM
for SA) and faster response time (~5 min) than most
reported MOF-based paper fluorescent systems. More-
over, it provides simple, portable, and visual detection
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capabilities without requiring sophisticated instrumen-
tation such as HPLC or GC-MS.

3.4 | B-GQDs@NH,-La-MOFs-based
paper sensor for visual detection of
salicylic acid

Figure 7 demonstrates the fluorescence response char-
acteristics of B-GQDs@NH,-La-MOFs as paper-based
fluorescent sensors under 365 nm UV lamp excitation
under different conditions and different salicylic acid
(SA) concentrations, which validates their potential
application in visualization detection. Figure 7 is divided
into four groups, a (wet), b (dry), c¢ (sunlight), and
d (long-term placement), and each group contains five
columns (I, II, III, IV, and V) corresponding to pure
SA, B-GQDs@NH,-La-MOFs, and mixtures of SA and
B-GQDs@NH,-La-MOFs, respectively (I11, IV, and V are
the increasing concentrations of SA, respectively 10, 20,
and 40 pM).

(a) —.

Under wet conditions (Figure 7A), pure SA (column I)
showed no fluorescence reaction and only a light purple
color of UV light, indicating that SA does not
possess fluorescence properties under 365 nm excitation.
B-GQDs@NH,-La-MOFs (column II) emitted a bright
blue fluorescence (ca. 430 nm), which originated from
the excellent fluorescence properties of B-GQDs. As the
SA concentration increased from 10 uM (column III) to
40 uM (column V), the fluorescence color gradually red-
shifted from blue to yellow (~550 nm), and the fluores-
cence intensity decreased significantly. This color
change discernible to the naked eye reflects the SA-
induced electron transfer via hydrogen bonding (-NH,
with -OH/-COOH of SA) and n-7 stacking (SA benzene
ring with B-GQDs), resulting in band gap narrowing
and fluorescence redshifting. The humid environment
promoted intermolecular interactions that enhanced
the redshift and burst effects. Under dry conditions
(Figure 7B), pure SA (column I) remained non-
fluorescent and showed only a light purple color in
the UV lamp. B-GQDs@NH,-La-MOFs (column II)

e |
i : 4
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FIGURE 7 Fluorescence response of B-GQDs@NH,-La-MOFs paper-based fluorescent sensor (365 nm UV excitation). (A) effect of
humid condition, (B) effect of dry condition, (C) effect of daylight environment (365 nm UV lamp excitation), and (D) effect of placement
for 30 days. Column I is pure SA, column II is B-GQDs@NH,-La-MOFs, and columns III-V are mixtures of SA and B-GQDs@NH,-La-

MOFs (SA concentrations of 10, 20, and 40 uM).
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maintained blue fluorescence but with a slight decrease
in intensity compared to the wet conditions (Figure 7A-
IT), suggesting that moisture has a certain enhancement
on the fluorescence of the B-GQDs. The increase in
SA concentration (III to V, 10-40 uM), the fluorescence
color was red-shifted from blue to yellow, but the degree
of red-shift and intensity change was not as large as that
of the wet condition, probably because the dry environ-
ment limited molecular diffusion and interaction.
Nevertheless, the fluorescence change could still be
observed by the naked eye, verifying the feasibility of
visualization and detection under dry conditions.
Figure 7C demonstrates the fluorescence response
under a daylight environment (365 nm UV lamp excita-
tion). Pure SA (column I) showed no fluorescence
response and only a light purple color of UV lamp,
consistent with Figure 7A-1,B-I1. The B-GQDs@NH,-La-
MOFs (column II) emitted a blue fluorescence (ca.
430 nm) similar to that of Figure 7A-II,B-II. Upon in-
crease of SA concentration (III-V, 10-40 uM), the fluo-
rescence color shifted from blue-red to yellow, with a
trend consistent with Figure 7A,B, indicating good con-
sistency of fluorescence response across different experi-
mental batches, further supporting the reliability of
the visual assay. After 30 days of placement (Figure 7D),
the pure SA (column I) showed no fluorescence response
and still showed only a light purple color from the
UV lamp. The B-GQDs@NH,-La-MOFs (column II)
maintained a blue fluorescence in agreement with
the initial state (Figure 7A-II), with a small change in
the fluorescence intensity, which verified the long-term
stability of the material. The increase in SA concentra-
tion (III-V, 10-40 uM), the fluorescence color still
shifted from blue red to yellow, and the fluorescence in-
tensity remained stable, indicating that the fluorescence
response induced by hydrogen bonding and m-m stac-
king was unaffected after long-term storage, which
is suitable for long-term environmental monitoring
applications.

In summary, the paper-based fluorescence sensors
based on B-GQDs@NH,-La-MOFs exhibited excellent
sensitivity and stability in wet, dry and daylight envi-
ronments. With the increase of SA concentration
(10-40 uM), the fluorescence color shifted from blue-red
to yellow, which could be clearly distinguished by the
naked eye, and the rapid visual detection of SA was
achieved. At the same time, the sensor maintains a stable
fluorescence response after 30 days, showing good long-
term stability. These characteristics make it an ideal
tool for on-site monitoring of wastewater SA, providing
efficient and convenient technical support for environ-
mental monitoring.

4 | CONCLUSION

This study develops a novel high-sensitivity fluorescence
sensor for salicylic acid by encapsulating boron-doped
graphene quantum dots within an amino-functionalized
lanthanide metal-organic framework. The composite ex-
hibits strong blue fluorescence (450 nm) under UV
excitation, which undergoes significant quenching and a
redshift to the orange region (580 nm) with increasing SA
concentration, enabling visual detection. Density func-
tional theory calculations and experimental results indi-
cate that the fluorescence quenching and redshift arise
from charge transfer and exciton coupling induced by
hydrogen bonding and n-n stacking interactions between
SA and the sensor. The sensor demonstrates excellent
selectivity and robust anti-interference against common
ions (e.g, Na®, K", CI7) and organic molecules
(e.g., glucose). Furthermore, the sensor maintains sta-
bility across various environmental conditions (e.g., pH
4-10, temperature 10-40°C), making it suitable for in situ
environmental monitoring. This study not only provides
an efficient and scalable platform for SA detection but
also offers a reliable tool for ecological protection and
environmental monitoring. Future improvements could
focus on enhancing the mechanical strength of the paper-
based sensor to ensure durability under harsh environ-
mental conditions. Additionally, developing multi-target
detection capabilities would enable simultaneous moni-
toring of multiple pollutants, improving adaptability to
complex environmental matrices.
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